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FOREWORD 

This report, which was authorized by the USAEC Division of Reactor 

Development and Technology, summarizes the current state of pressure ves

sel technology as applied to water-cooled nuclear reactors. It was pre

pared as a task in the ORNL Nuclear Safety Program and is being distrib

uted as an NSIC report to take its place with the other state-of-the-art 

studies that the Center :pe:rtodir.ally issues on topics of significance to 

RA.fPt.y. Tt. i R hy ff.l.r t.hP. mm:;t r.omprehensive treatment of the sub,iect yet 

prepared and should. recej_ve considerable attention in light of the ques

tions on pressure vessel integrity raised by the Advisory Committee on 

Reactor Safeguards (November 24, 1965). 

While the authors emphasize that it is not possible to arrive at an 

absolute position on all important points relative to pressure vessel 

integrity, they do conclude that under the present conditions of quality 

control during fabrication "there is no apparent reason for poor perfor

mance within the design limits specified." The important subjects· of 

design, materials, codes and standards, fabrication, inspection, opera

tion, and maintenance are discussed in detail. The report identifies 

areas in which additional research is needed and provides information 

for evaluating the worth of upgrading codes and standards. The authors 

made extensive use of the nation's authorities on various facets of pres

sure vessel technology. They contacted system designers, material sup

pliers, and experts in the various disciplines involved; visits were made 

to the various industrial organizations that design and fabricate vessels; 

and consultants were retained to review the report and to prepare certain 

sections where such expertise appeared to be warranted. 

Wm.· B. Cottrell, Director 
Nuclear Safety Information Center 
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PREFACE 

The Nuclear Safety Information Center was established in March 1963 

at the Oak Ridge National Laboratory under the sponsorship of the U.S. 

Atomic Energy Commission to serve as a focal point for the collection, 

storage, evaluation, and dissemination of nuclear safety information. A 

system of keywords is used to index the information cataloged by the 

Center. Tbe title, author, installation, abstract, and keywords for each 

document reviewed is recorded on magnetic tape at the central computer 

facility in Oak Ridge. The references are cataloged according to the 

following categories: 

1. General Safety Criteria 
2. Siting of .Nuclear Facilities 
3. Transportation and Handling of Radioactive Materials 
4. Aerospace Safety 
5. Accident Analysis 
6. Reactor Transients, Kinetics, and Stability 
7. Fission Product Release, Transport, and Removal 
8. Sources of Energy Release Under Accident Conditions 
9. Nuclear Instrumentation, Control, and Safety Systems 

10. Electrical Power Systems 
11. Containment of Nuclear facilities 
12. Plant Safety Features 
13. Radiochemical Plant Safety . 
14. Radionuclide Release and Movement in the Environment 
15. Environmental Surveys, Monitoring and Radiation Exposure 

of Man 
16. Meteorological Considerations 
17. Operational Safety and Experience 
18. Safety Analysis and Design Reports 
19. Bibliographies 

Computer programs have been developed which enable NSIC to (1) pro

duce a quarterly indexed bibliography of its accessions (issued with ORNL

NSIC report numbers), (2) operate a routine program of Selective Dissemi

nation of Information (SDI) to individuals according to their particular 

profile of interest, and (3) make retrospective searches of the references 

on the tapes. 

Other services of the Center include principally (1) preparation.of 

state-of-the-art reports (issued with ORNL-NSIC report numbers), (2) prepa

ration of the quarterly technical progress review, Nuclear Safety, 
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(3) answering technical inquiries as time is available, and (4) counsel 

and guidance on nuclear safety problems. 

Services of the NSIC are available without charge to government 

agencies, research and educational institutions, and the nuclear industry. 

Under no circumstances do these services include furnishing copies of any 

documents (except NSIC reports), although all documents may be examined 

at the Center by qualified personnel. Inquiries concerning the capa

bili tie's and operation of the Center may be addressed to 

J. R. Buchanan, Assistant Director 
(Phone 615-483-8611, Ext. 3-7253) 
Nuclear Safety Information Center 
Oak Ridge National Laboratory 
Post Office Box Y 
Oak Ridge, Tennessee 37830 

I 
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ABSTRACT 

The current practices in the .design and fabrication of steel pressure 

vessels for light-water-cooled nuclear reactors in present and immediate

future commercial use are reviewed. The specified service and predicted 

environmental conditions are identified, along with an evaluation of the 

effects of these parameters on materials behavior. Materials fabrication 

and materials properties of interest in pressure-vessel fabrication are 

reviewed, and the metallurgy of these materials is discussed. The basic 

aspects of fracture mechanics and crack growth are examined, with emphasis 

on the low-alloy steels of current interest. The codes and standards ap

plied in the technology are discussed, and areas where augmentation and/or 

revision to. these standards appears warranted are identified. The tech

niques for postoperational and in-service inspection are summarized and 

evaluated, 
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TECHNOLOGY OF STEEL PRESSURE VESSELS FOR 
WATER-COOLED NUCLEAR REACTORS 

G. D .. Whitman G. C. Robinson, Jr. 
A. W. Savolainen 

1. INTRODUCTION* 

This sLunmary review of present-day pressure vessel technology was 

prepared as a task under the U.S. Atomic Energy Commission's augmented 

nuclear safety program. The material, presented as a state-of-the-art 

review) includes the major areas of materials, design, fabrication, and 

inspection to provide a body of information that may be used in the as

sessment of the risk of catastrophic failure of a reactor vessel. The 

requirements set forth in codes and standards are compared with current 

practice, and the identification of potential problem areas where addi

tional research or augmented standards would be useful are discussed. 

Current technology and the immediate-future needs of the technology were 

of primary interest in the preparation of this report. 

The discussion is limited to primary reactor vessels for light-water

cooled nuclear reactors, that is, the boiling-water reactor (BWR) and the 

pressurized-water reactor (PWR) for civilian power application. These 

vessels are identified as Class A vessels in the ASME Code, Section III, 

Nuclear Vessels. This comprehensive review involved the asses::rn1ent of a 

wide range of activiti.es, skills, and disciplines, including the inter

relationship between nuclear designer, fabricator, and operator. Every 

effort was made to provide an accurate reflection of the current atti

tudes of this segment of the nuclear industry, and recognized authori

ties were retained to prepare certain sections and review the entire re

port. The principal designers and builders furnished considerable in

formation. Some information was obtained during the course of the evalua

tion that.was of a proprietary nature, and since a detailed accounting 

of all phases of the technology was not essential to the objectives of 

the report, such information was not included. 

*This chapter was prepared by G. D. Whitman of Oak Ridge National 
Laboratory. 
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The reactor vessel is one of the major components in a nuclear fa

cility in that it performs the very critical functions of housing the 

radioactive core and provides a pressure-tight membrane to retain the 

coolant. Pressure vessel technology per se is not new, and vessels have 

been designed and fabricated that have good performance records of many 

years duration. This was not always the case. In the early 1900's, as 

a result of catastrophic failures of boilers, the ASME undertook the task 

of providing a minimum set of standards for the design, materials, and 

construction of a class of these devices. The first' Boiler Code was pub

lished in 1914. Through the intervening years, additional codes have been 

written and published, with today's accepted standard for nuclear reac

tor vessels being the aforementioned Section III of the ASME Code. The 

primary intent of these codes is to establish levels of safety, and when 

applied within the bounds of good engineering judgment and the limita

tions set forth, a new product of adequate quality should be produced. 

The nuclear industry, as any viable segment of the economy, undergoes 

constant change. Considering the phenomenal growth of nuclear power sta

tions in both numbers and unit size, the potential for catastrophic fail

ure needs to be under constant surveillance. The first water-cooled re

actor vessels were designed and fabricated in accordance with Section I 

of the ASME Code, and these vessels have performed well. As the technology 

progressed and more advanced methods of design and fabrication came into 

general acceptance, standards and codes were published to incorporate a 

more sophisticated level of control on quality, and the product is more 

closely tailored to an intended service. The Section III rules are pri

marily applicable to vessels operating below 800°F, the creep limit for 

the materials of interest. Provisions for limiting primary, secondary, 

and other stresses and stress concentrations, as well as the control of 

stress-cycle fatigue, are incorporated. Rules f'or the control of external 

influences and environmental factors, such as corrosion and radiation ef

fects, are not.specified, but the designer or owner is made responsible 

for taking such into consideration. 

A major emphasis in the technology today is on the fabrication of 

larger vessels. In terms of electric power production, 1000-Mw(e) sta

tions are under contract, and units with up to 1500-Mw(e) capacity are 
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being seriously considered, in contrast to the 200- to 300-Mw(e) stations 

built a few years ago. It should be noted that the smaller units built 

by today's standards are the only ones with any operating history. As 

of this writing, 47 reactors with a total capacity of 27,574 Mw(e) have 

been built, are being built, or are committed under the U.S. commercial 

nuclear power program. 1 

As of today there are only two companies in the United States, Bab

cock & Wilcox and Combustion Engineering, actively engaged in the design 
I 

and fabrication of shop-fabricated vessels of interest in this report. 

Their unique capabilities, facilities, and experience place them in a 

preeminent position in this regard. 

Another factor that just recently came into prominence is field fab

rication of vessels for water-cooled reactors. At sites where there is 

no navigable waterway or overland transportation of a completed vessel is 

not possible, field .fabrication is being considered. In fact, a 545-Mw(e) 

BWR vessel of some 600 tons was subcontracted to Chicago Bridge and Iron 

by General Electric for a plant at Monticello, Minnesota. 1 

The vessels for the two systems of interest have immediately dis

cernible differences in that the BWR vessels are thinner walled, larger 

in diameter, and taller. Table 1.1 gives relative sizes of vessels for 

comparable plants. 

The differences in proportions of the vessels are due primarily to 

the higher pressure of the PWR system and the space needed above the core 

in the BWR for mechanical steam separators. Dimensions of interest for 

Table 1.1. Comparison of Sizes of Pressure 
Vessels for Comparable Plants 

Reactor type 
Identification 
Net electrical output,, Mw 
Design pressure, psi 
Cylinder wall thickness, in. 
Inside diameter, in. 
Height, in. 

BWR 
Dresden-2 
715 
1250 
6 1/8 
251 
816 

PWR 
Palisades 
710 
2500 
8 1/2 
1'72 
480 3/4 
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a nuinber of vessels are listed in Chapter 3 of this report, and Figs. 1.1 

and 1.2 show typical vessel proportions for the BWR and PWR systems, re

spectively. These figures also show the size evolution and the applicable 

AS.ME·Code used in the design and fabrication. 

The plate and forging material from which these vessels are fabri

cated today is low-alloy manganese-molybdenum carbo,n steel, with a nickel 

addition for improved fracture toughness. A quenching and tempering op

eration is used to improve the fracture toughness and, as applied to heavy 

sections, it helps attain the same strength levels as those specified for 

the normalized and tempered grades in lesser thicknesses. The continuing 

development of increasingly larger vessels will eventually involve the 

.use of higher strength materials. The particular requirements for nuclear 

reactor service demand that considerable information be developed on any 

potential material; this information may include the effects of neutron 

irradiation and the effect of flaws· or defects in the behavior of the ma

terial under the conditions of service. 

It is important to emphasize at this point that it is not possible 

to arrive at an absolute position on many key items, and furthermore, in 
t 

order to evaluate the incredibility of failure of a pressure vessel when 

incorporated into a system such as a power reactor complex, limits must 

be specified for the environmental conditions. The nuclear systems de

signer specifies a set of service conditions, including abnormal events, 

that form the basis for design input. The vessel-~esigner provides analy

ses that demonstrate the adequacy of the structure fo~ thes~ specffied 

service conditions, and fabrication is performed with considerable quality 

control so that there is no apparent reason for poor performance within 

the design limits specified. A system of checks and balanc~s is invoked 

throughout the course of a project that establishes multiple review of 

the design, material, ~abrication, and quality control. Checks are made 

on the completed vessel that insure its capability to withstand overpres

sure loading, and measurements are made to check deflections and displace

ments of the loaded vessel to back check the design predictions. 

Information gathered in this review indicates that the industry is 

producing high-quality vessels in terms of the standards set forth and 

required by the Code, since these requirements are generally exceeded in 

\ 
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all phases of the manufacturing process. This practice has evolved be

cause of the recognized importance of vessel integrity to safety and plant 

availability. The vessel is one of the major components controlling con

struction scheduling and involves considerable financial investment, which 

further emphasizes the importance of control on quality to the parties 

concerned. Finally, the difficulties involved in inspection after plant 

startup are an overriding incentive to place quality control in a com

manding position. 

The major subjects discussed in this report identify areas where in

creased knowledge or further augmentation of standards would better es

tablish' limits of certainty on behavior with time and further remove fac

tors of ignorance in design, analysis, and fabrication. It is also im

portant to emphasize that new materials and methods will continue to be 

devised and discovered. A change in material properties to achieve more 

economical construction or increased performance might sacrifice a margin 

of safety previously enjoyed, and therefore more exact predictions of be

havior will be required. 

The subjects covered in this report represent a variety of disciplines 

and skills. Many individuals with different specialities, interests, and 

experience contributed material, and there is some repetition between cer

tain chapters. Although such redundancy was minimized to a degree deemed 

practical, some remains because a more complete presen.tation of a particu

lar subject required emphasis on or assessment of background material 

from a somewhat different viewpoint. 

REFERENCE 

1. Field Fabrication: A New Dimension, Nucleonics, 24(9): 19-20 (Septem
ber 1966). 
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2. CONCLUSIONS AND RECOMMENDATIONS* 

The information developed in this report represents the current nu

clear pressure vessel .technology as obtained from the literature and from 

the experience of those engaged in designing and fabricating steel pres

sure vessels for commercial light-water-moderated and -cooled reactors. 

The detail developed on particular subjects varies, and some of the dis

cussion has been included to present a more complete treatment for those 

not familiar with the fundamentals or particular disciplines involved. 

It is the purpose of this chapter to briefly summarize ·the major obser

vations, conclusions, and recommendations. In most cases this information 

has been used verbatim from the authors' material. Additional detail on 

a particular subject can be obtained from the remaining text and the 

references cited at the end of each chapter. 

The pressure vessels of interest meet the Class A requirements of 

the ASME Code, Section III, Nuclear Vessels. These structures have the 

primary function of containing the reactor core and coolant and are com

pl~cated by penetrations, flanges, and appurtenances needed to permit 

coolant circulation, refueling, reactor control, vessel support, etc., 

consistent with a practical power-producing complex. 

Babcock & Wilcox and Combustion Engineering are thP- only suppliers 

of the shop-fabricated reactor vessels of interest. Their experiencP-, 

facilities, and demonstrated capabilities make them unique in this re

gard. Chicago Bridge and Iron has contracted to fabricate a boiling

water reactor vessel on site, and they have had considerable experience 

in the construction of vessels for the petrochemical industry that have 

required the solution to metallurgical and fabrication problems similar 

to those encountered in the fabrication of large light-water reactor 

pressure ve~sels. General Electric and Westinghouse are the major nu

clear systems designers who, along with Babcock & Wilcox and Combustion 

Engineering, make up the remaining capability in the United States. 

*The chapter was prepared by G. c. Robinson, Jr., and G. D. Whitman 
of Oak Ridge National Laboratory. 
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It may be concluded that the principal organizations involved in 

the design and fabrication of commercial water-reactor vessels are few. 

Their experience, capabilities, interest, and facilities are directed 

toward the production of a reliable product, and there is no evidence 

that recognized quality standards are being compromised. In fact, the 

requirements set forth.in the accepted codes and standards are generally 

exceeded. 

It should be noted that a degree of standardization is being achieved 

wi t.h rP/?/l.rn t.n nP.Ri gn ;:i.nd size to the end that :p:revious experience is 

brought heavily to bear on new j_n:::;tallations. Even though this elimina

tion of "new models" for the immediate period establishes a more mature 

industry, and the extension of the technology to the current generation 

is very rational, operating experience for the larger systems now being 

designed is still nonexistent. 

2.1 VESSEL FEATURES 

The concept of the load-bearing structure is a vertical cylinder 

having hemispherical heads with the upper head being flanged and bolted 

for core access. The material thicknesses for large-size vessels range 

from 7 to 11 in., and the weights approach 1000 tons. Heights vary from 

45 to 70 ft, and vessels with diameters in excess of 20 ft are being 

fabricated. The pressurized-water reactor vessels a~e the heavier wall, 

shorter structures in comparison with the boiling-water reactor vessels. 

The wetted surfaces are clad with a corrosion-resistant material 

for coolant protection. The mid-section of the vessel opposite the re

actor core is free of penetrations and discontinuities; this eliminates 

complications in analysis, fabrication, and insp~ction in the region where 

radiation damage to the ma.t.erial is most likely to occur. 

Penetrations are located in the heads and end regions'of the cylin

drical sections for control, venting, injection, coolant circulation, 

etc., as required primarily for heat removal, control, and safety. The 

largest number of a single.type of penetration is associated with con

trol-rod-drive requirements, and these penetrations are located in the 

vessel head. 
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Generally speaking, pressurized-water reactor vessels are supported 

from pads or nozzles located at the upper cylindrical section. Boiling

water reactor vessels are supported by continuous skirts attached to the 

bottom head. 

The materials of construction are low-alloy steel and manganese

molybdenum steel with a nickel addition. Stainless steel or Inconel clad

ding added on the interior surface of the low-alloy structural steel by 

metallurgical bonding forms the wetted surface. 

The primary evolutionary features have been increases in size and 

attendant weight. The reactor core required to produce sufficient ther

mal energy for current 1000-Mw(e) plants can be housed in a single ves

sel. Studies are being made to extend the technology to vessels for 

cores in 1500-Mw(e) and larger plants. However, it appears that a cur

rent coI1ID1ercial plateau has been achieved at or near the 1000-Mw(e) plant 

level. 

2. 2 ENVIRONMENTAL AND SERVICE CONDITIONS 

Current designs of boiling-water reactor vessels are based on a tem

perature of 575°F and a pressure of 1250 psig. The pressurized-water 

reactor vessels are based on design conditions of 650°F and 2500 psig. 

These specified levels provide margin for operational maneuvering, tran

sients, and set-point ranges for relief and safety valves. 

Methods for effecting water-chemistry control for pressurized-water 

reactors are very similar to those used in modern high-pressure and super

cri tic.al fossil-fueled steam plants. The total solids content level is 

maintained by means of bypass stream flows through demineralizers to 

less than l ppm in order to remove radioactive crud and limit the chloride 

content to less than 0.15 ppm. A bypass stream may also be utilized to 

pass flow through a gas strippe~eaerator to remove xenon, krypton, and 

other gases before returning the stream to the primary loop. Hydrogen 
-

and a pH control chemical, usually hydrazine, are introduced to control 

the dissolved oxygen.level and to maintain a pH between 9.5 and 10. 

Since only stainless steel, Inconel, and Zircaloy are used in the wetted 
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surface regions throughout the primary loop, a major effort has been made 

to effect water conditions that are ideal for these materials. 

Because of the gas stripping action of the condenser in the boiling

water reactor, it is not feasible to utilize hydrogen as in the pressur

ized-water reactor for suppression of the oxygen produced by radiolytic 

decomposition of water in the reactor. In the presence of an excess of 

oxygen, hydrazine uill break down in the reactor environment to form 

nitric acid, and as_ a consequence boiling-water ,reactors have not used 

an oxygen and pH control scheme comparable to that for pressurized-water 

reactors. Developmental programs were undertaken to examine the corro

siveness of an environment that depended on low total dissolved and sus

pended solids, low oxygen and chlorides, variable pH, and a stoichiometric 

ratio of hydrogen and oxygen both in the water and steam phases. Out

of-pile test loop operation of such an environment for stainless steels, 

carbon steels, Zircaloys, Inconel, copper alloys, and copper-nickel alloys 

typical of the entire system have to date demonstrated very low corrosion 

rates and rates of release of corrosion products to systems. 

Radiation effects on the behavior of materials from which reactor 

pressure vessels are fabricated are among the unique factors to be con

sidered in reactor pressure vessel performance. The accumulated neutron 

flux for. energies greater than 1 Mev is the accepted measure of radiation 

dose. The threshold level for incipient damage is generally accepted to 

be 1018 neutrons/cm2, and designers avoid high stresses and discontinu

ities in regions where the accumulated neutron dose will exceed this 

value. Boiling-water reactor vessels receive a lower dose than pressur

ized-water reactor vessels by virtue of a greater clearance between the 

core and the vessel wall, T11i th the resultant attenuation of the radia

tion by the coolant and hardware in the clearance region. 'l'he peak de

sign life dose levels for boiling-water reactor vessels are less than 1019 

neutrons/cm2, with best estimates being less than 5 x 1017 neutrons/cm2 • 

The peak design life dose levels for newer pressurized-water reactor units 

are predicted to be approximately 3 x 1019 neutrons/cm2 • 

A precise understanding of the extent and type of radiation damage 

suffered as a function of radiation dose, dose rate, and temperature has 

not yet been attained. Also, methods for predicting accumulated radiation 
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dosage are subject to considerable uncertainty. Consequently current re

actor vessels are monitored for possible radiation damage by means of 

surveillance programs patterned after ASTM: Standards E 170 and E 199. 

Dosimetry accompanying the surveillance specimens depends upon activation 

analysis, which is. subj~ct to considerable uncertainty due to lack of 

an adequate knowledge of the cross-section data of the useful activants. 

Also a serious gap in the neutron energy spectrum, approximately 1 kev 

to 1 Mev, is measurable only with fissionable materials, and a difficult 

technique and considerable expense are involved. Further basic work on 

cross-section data is needed so that the accumulated data from surveil

lance programs may be beneficial in understanding the basic mechanisms 

of radiation damage. 

Economic considerations usually result in design lives for power 

reactors that vary from 20 to 40 years. All current designs are aimed 

at a life expectancy of 40 years. 

Fatigue analyses of vessels involve loadings from three major cate

gories of cycles. These are (1) startup and shutdown cycles, (2) normal 

operation involving load changes, and (3) transients associated with 

safety action and integrity tests. The permissible temperature and pres

sure rates of change for startup and shutdown are primarily controlled 

by restrictions imposed to insure against the possibility of brittle frac

ture. 

In general, the pressure and temperature transients associated with 

minor load adjustments do not produce severe. service and result in neg

ligible or low calculated cumulative damage factors. The most severe 

transients are associated with safety actions. In order to achieve low 

cumulative damage factors, thermal barriers are required on certain areas, 

such as nozzles. In order to properly interpret the design data as time 

functions of temperature, pressure, and combinations of temperature and 

pressure, specifications must be prepared care:f\tlly, and even with good 

specifications very close coordination is required between system and 

vessel designers so that no misunderstanding exists as to the character 

of these loadings. 

The mechanical loadings considered are piping reactions, loading 

from mechanical devices that are appurtenances to the vessel, hydraulic 
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loading, bolting loads at flanges, and seismic loading. Although load

ings from overpressure tests equivalent in magnitude to the loadings of 

the initial bydrotest are being considered for routine inspections, no 

generally accepted reconunendation in this regard is evident. 

2.3 MATERIALS 

Relatively few materials have been used -or considered for use in 

light-water reactor vessels. This has resulted from a cautious approach 

to mat.eri R.l ::;el er.tion because qualification requires a thorough knowledge 

of the physical and mechanical properties and fabricability of the ma

terial, as well as a backlog of relevant experience and proven economics. 

Some of the early reactor vessels were fabricated from carbon-silicon 

ASTM A 212 grade B steel plate. Although there has been extensive suc

cessful USP. of this steel in steam boiler drums in all thicknesses up to 

the 6- to 7-in. range, its fracture toughness was not as high as desired 

for nuclear vessel service. Later vessels were fabricated from a nickel

modified version of ASTM A 302 grade B plate, a manganese-molybdenum steel.· 

The current designation for this material is ASTM A 533; the correspond

ing forging material is ASTM A 508 class 2. Vessels currently in fab

rication or planned will ucc these materials. 

Since pY<ospective 1500-Mw(e) or larger reactors would involve a tenu

ous extrapolation of the properties of ASTM A 533 grade B class 1 steel, 

two additional high-strength alloys are currently being investigated. One 

is a chromium-molybdenum alloy (2 1/4% Cr--1% Mo) that is defined in ASTM 

specifications A 542 (plate) and A 541 class 7 (forgings). The other is a 

nickel-chromilun-molybdemJm alloy (3% Ni-1.75% Cr--0.5% Mo) that is defined 

in ASTM specifications A 543 (plate) and A 508 class 4 or A 541 class 8 

(forgings) • 

The heavy plate sect.ion::;, .greater than approximately 6 in. in thick

ness, required for light-water reactor vessels are obtainable from a sin

gle source of supply. The prospective demand for heavy plate has not as 

yet appeared attractive enough to warrant the large capital investment 

required for competition in the field. In addition, the present trend 
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is to attempt to develop high-strength alloys that can be used in thinner 

sections. A successful development of this type would favor a broader 

base of competition, since no additional capital outlay would be required. 

In spite of this unique supply feature, the industry has not appeared to 

suffer from extended supply schedules, excessive costs, or reduced quality, 

and no innnediate change in this healthy situation appears imminent. 

For vessel fabrication methods involving the use of electroslag weld

ing, there is a single source of supply of braided wire with the tailored 

chemistry required. Here again, the single source of supply has apparently 

created no serious difficulties. 

The accent on good low-temperature notch toughness in nuclear plate 

and forgings and the desirability of uniformity. of properties has given 

impetus to the use of manufacturing procedures that are generally acknowl

edged to enhance the desired mechanical properties. Examples are the 

preference for basic electric-furnace rather than basic open-hearth methods 

to obtain better homogeneity in the final structure and to reduce phos

phorus and sulfur contents. Vacuum degassing of the charge is also gen

erally used to substantially lower the content of gases, particularly 

hydrogen, to obtain more thorough homogenization of the molten metal and 

to reduce the amount of aluminum required to tie up the residual oxygen 

and consequently reduce the nonmetallic inclusions and possible aluminum 

intermetallic compounds. The improvements in mechanical properties re

sulting from these manufacturing techniques, though not dramatic, are 

significant enough so that consideration should be given to making their 

use mandatory for both plate and forgings. It furthermore appears that 

a very worthwhile endeavor would be a basic investigation of the effects 

on mechanical properties of tramp trace elements, refined control of 

basic constituents, and microstructure variations in both unirradiated 

and irradiated materials. 

The current fabricators are well versed in the techniques for de

vising, developing, and implementing adequate weld processes. In spite 

of the fact that the weld processes used - submerged-arc, electroslag, 

stick-electrode, shielded-metal-arc, and inert-gas-shielded - are common 

to the welding industry in general, the problems peculiar to the nuclear 

pressure vessel industry have required greater effort because of the 
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massive sections involved and the quality desired. In early vessel work, 

a significant number of welding problems arose that required careful 

selection of filler metal and flux and careful qualification of the pro

cedure and therefore entailed a considerable proprietary effort. It is 

anticipated that newcomers to the nuclear pressure vessel field will be 

forced through such a development stage unless appropriate petrochemical 

experience has been accrued. 

Of the current processes used, electroslag welding is perhaps attended 

with the greatt?st. imrPrt.ai nty in q,uali ty d\le to limited experience. Since 

the weld formed may consist of as much as 60% base metal, there is cause 

for concern for reproducibility of the properties because of the high 

degree of filler metal dilution and because of the grossly segregated 

microstructure. It therefore appears prudent to require that each weld

ment include a runoff tab and that the tab be tested for its response to 

the quenching and tempering heat treatments. 

A review of the mechanical property data indicates that the reference 

material, AS'I'M A 533, is generally satisfactory for the presently imposed 

requirements up to sections approximately 12 in. thick. Some uncertainty 

exists in the ability of A 533 steel to meet the required notch impact 

properties in the heavier sections; however, there is some evidence that 

the presently imposed requirement for the Charpy V-notch "fix" may be 

too conservative. Further effort should be invested to clarify this point. 

Since the notch impact properties of A 533 steel are marginal in 

the heavier sections., as has been previously mentioned, consideration 

has been given by industry to the use of ASTM A 542 and A 543 steels for 

the next generation of light-water react.or pressure vessels. 'l'hese ma

terials respond to quenching and tempering heat treatment and have me

chanical properties in the ·high-strength category. As is subsequently 

discussed, the use of high-strength materials will, in general, impose 

a need for a more stringent review of crack-propagation resistance, in

cluding 1:i gre1:iLe1· involveme11t of fro.cturc mcch:1IliC8 techniqi.1es, 

There is some evidence that A 542 steel has a very sensitive rela

tionship between the·tempering temperature and the notch toughness that 

leads to a very disconcerting scatter in the measured values. AS'I'M A 

543 steel is a more highly alloyed steel than A 533 or A 542, and the 
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alloying materials may contribute to greater .difficulties in welding. 

Its high nickel content may contribute to an embrittling effect that can 

result in a loss of notch toughlless. Further effort should be invested 

in the development and qualification of these steels to remove these po

tentially troublesome aspects. 

2.4 EFFECT OF ENVIRONMENT ON MATERIAIS 

The effects of environmental factors, such as temperature, radia

tion, corrosion, and hydrogen embrittlement, are of considerable concern 

with respect to safe operation of nuclear reactor vessels. Perhaps con

cern for the possible problems is emphasized because, in general, they 

are not currently amenable to solution by codification. For this reason, 

Section III of the ASME Code does not give an extensive body of rules, 

but rather an admonition to the designer to make proper provisions for 

environmental factors. 

2.4.1 Te:rrperature 

The consideration of temperature in Chapter 5 is restricted to criti

cal metallurgical effects, since it is apparent that in the broad context 

temperature is a significant parameter in almost every phase of metal

lurgy. Therefore, many other important temperature-related effects are 

considered in Chapter 4 and are summarized in previous Section 2.3. 

Since the maximum temperature at which light-water reactor pressure 

vessels are designed to operate is 650°F, there are no problems solely 

attributable to loss of tensile properties due to temperature. Also creep 

<¥1d stress-rupture effects need not be considered. Therefore the primary 

concern for temperature is its relationship to critical metallurgical ef

fects involving embrittlement. Embrittlement effects are quite complex, 

and the behavior mechanisms of the materials of interest are very di

vergent for comparable temperature treatments. This wide divergence en

sues as a consequence of the great sensitivity to temperature-related 
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metallurgical changes created by seemingly slight variations in alloying 

and tramp element content. 

It is possible that the current reference materials, ASTM A 533, 

A 508, and A 540 steels, may embrittle as a consequence of an aging phe

nomenon involving nickel and aluminum. Fortunately, the current radia

tion-surveillance programs will permit detection of any significant 

changes, and some will permit differentiation between radiation and 

temperat.u:re-r,elatP.d metallurgical effects resulting from placement in 

rP.gionR of low fast-ne~tron flux. It is also possible that similar em

h:rHtling problems may be involved with the usage of the candidate ma

terials, ASTM A 542 and, in particular, A 543 steels, because of their 

higher nickel content, as previously mentioned. The understanding of 

embrittling processes is of paramount importance and should be an area 

for an extensive research effort not only to elucidate the significant 

factors for the reference materials but also for any canidate materials. 

2.4.2 Corrosion 

A tremendous backlog of information, both experimental and opera

tional, has been accumulated during the past 10 to 15 years on the cor

rosion of carbon, low-alloy, and stainless steels in water systems re

lated to nuclear reactor appl.ications. The effects of numerous variables 

on corrosion behavior of these materials have been investigated in a 

thorough manner. Among the variables that have been examined are water 

pH, temperature, time, water velocity, material composition, stress, heat 

treatment, water resistivity, and the presence of oxYgen, hydrogen, and 

other gases in the water. In addition, a fair amount of information is 

available on the crevice and galvanic corrosion of the materials in 

question. In order to minimize the problems of corrosion and of corrosion 

products passing into the recirculating water system, it has been general 

practice to utilize austenitic stainless steel as the major construction 

material on the wetted primary boundary in most designs for water-cooled 

nuclear power reactors. 

Carbon or low-alloy steels have not as yet been used because of the 

question of whether such materials would exhibit acceptable corrosion-
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resistance under the contemplated operating conditions. However, with 

appropriate thickness allowances, general (uniform) corrosion of carbon 

and low-alloy steels for pressure vessels would not present a problem, 

other than perhaps that of iron-to-system release, in the operation of 

water-cooied nuclear reactor systems. The difference in corrosion be

havior of the plain carbon and the low-alloy steels with up to 5% chro

mium is insignificant. 

No noticeable effect has been found on the corrosion of plain carbon 

and low-alloy steels as a function of temperature in the range 500 to 

600°F. However, at temperatures around 140°F, when the reactor is shut 

down and when oxygen is readily available to the system, the corrosion 

rate may be as high as 10 to 15 mpy. The water velocity at which carbon 

and the low-alloy steels are susceptible to erosion~corrosion effects 

has not been established, but it is known that velocities up to 35 fps 

are below the range where effects occur. 

There does appear t9 be an effect of oxygen on the corrosion behavior 

of carbon and low-alloy steels, particularly in low-temperature water 

where the rate is appreciably high. Some differences in behavior, how

ever, have been observed by various investigators in high-temperature 

water that depend on the level of oxygen content. At high-oxygen con

centration levels, better behavior has been obse_rved than at lower oxygen 

levels. In neither case is the rate excessive. The role of dissolved 

hydrogen has not been definitely established, but there is evidence that 

in neutral water, the addition of bydrogen suppresses corrosion attack 

noticeably. 

Water pH, as mentioned above, has been found to exert a rather marked 

effect on the corrosion of carbon and low-alloy steels. Corrosion rates 

decrease as the pH is raised from the range 7.0 to 9.5 to the :r.ange of 

10.5 to ll.5. Tests have shown that at the higher pH, generally obtained 

by the addition of lithium hydroxide, the steady-state rate after 10,000 

hr is about O.l mpy. 

Pitting of pressure-vessel materials, such as the carbon and low

alloy steels, does not appear to be a problem at operating temperatures 

of a nuclear reactor system, but it is highly likely that some pitting 

will occur during reactor startup and shutdown periods despite the high 
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resistivity of the water. It has been determined experimentally that 

pits formed in room-temperature water are not intensified or accelerated 

during subsequent operation in high-temperature water. Once the high

temperature film is formed on pressure-vessel materials, appreciable 

protection is afforded against the formation of pits during later expo

sure to room-temperature conditions. As best as can be determined from 

observations of experimental data, pitting does not present any serious 

problems so far as depth of penetration is 0.oncerned. 

The severity of both crevice and galvanic corrosion (the latter when 

carbon or low-alloy steel is coupled to a more noble material, such as 

austenitic stainless steel) is greatly diminished as the dissolved oxygen 

content of the water is decreased. Galvanic corrosion, as might be ex

pected to occur in a specific case where a defect in a stainless steel 

cladding over a carbon steel or low-alloy base metal would expose the 

latter to the aqueous environment, would be greatly lessened by the high 

resistivity of the water. 

Stress-corrosion cracking of the carbon or low-alloy steels in water

cooled reactor systems does not appear to be a problem simply because no 

mechanism exists whereby concentration effects in water environments could 

produce sufficiently high alkalinity ranges to induce cracking. Experi

mental data for specimens stressed in water systems at pH 10.2 to ll.2 

show no cracking after periods as long as nearly three years during re

actor preoperational and operational times. 

Austenitic stainless steels used as a cladding material for nuclear 

pressure vessels present no problems so far as general pitting, crevice, 

or galvanic corrosion are concerned. Corrosion rates under a wide variety 

of conditions are about 0.1 mpy. Stress-corrosion cracking susceptibility 

remains a constant threat in the case of inadvertent admission of chloride 

ion to the aqueous system. However, except for a few specialty items, 

such as materials of spring temper, stress-corrosion cracking is not 

known to be a problem in primary water systems. 
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2.4.3 Hy-drogen Embrittlement 

Some metals, when stressed, crack on exposure to corrosive environ

ments, but corrosion is not a necessary part of either crack initiation 

or crack growth. Examples of this kind are therefore not properly.called 

stress-corrosion cracking, despite certain similarities. For example, a 

stressed martensitic l2% Cr-Fe stainless steel in dilute sodium chloride 

solution may crack after several months of exposure or, if immersed in 

dilute sulfuric acid, may crack '.vi thin less than 5 min. The failures 

have the outward appearance of stress-corrosion cracking, but, if the 

alloy is cathodically polarized, cracking still occurs. 

The evidence in numerous cases is that the cracking is caused by 

hydrogen entering the metal either through a corrosion reaction that lib

erates hydrogen at the surface or by cathodic polarization. Steels con

taining interstitial hydrogen are not always damaged. They almost always 

lose ductility (hydrogen embrittlement}, but only under conditions of 

sufficiently high applied or residual stress does cracking take place. 

Failures of this kind are called hydrogen stress cracking or hydrogen 

cracking. 

An analysis of the available data shows that it is highly unlikely 

that pressure vessels fabricated from low-alloy steels will undergo hy

drogen damage such as embrittlement, blistering, or fissuring from ser

vice conditions. encountered during operation of water-cooled nuclear re

actor systems. This does not appear to be the case, however, for pressure 

vessels fabricated from plain carbon steel. In the case of plain carbon 

steel the corrosion rate would have to be on the order of less than 0.1 

mpy to insure protection from the damaging effects of hydrogen produced 

from the corrosion reaction. 

The major source of hydrogen in a water-cooled nuclear reactor sys

tem operating at temperatures between 500 and 600°F has been established 

as that produced by the corrosion reaction between the water and the 

carbon steel or low-alloy steel pressure vessel. In the case of the 

Yankee Reactor, for example, it was shown that at operating temperatures 

and coolant conditions, the corrosion rate and the diffusion rate of 
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hydrogen through the vessel wall are such that the maximum hydrogen concen

tration in the steel of the lower head is approximately 0.3 ppm. This 

amount is at least an order of magnitude below the concentration that 

could cause reduction in ductility even at low temperatures. The partial 

pressure of hydrogen equivalent to this concentration was determined to 

be only 21 psi, which is not enough to cause any concern about decarbu

rization reactions. Furthermore, it has been shown from experience that 

no permanent damage to steels of low-alloy types, such as A 302 grade B, 

has been caused by even high pressures of hydrogen at temperatures below 

600°F. During reactor shutdown, the hydrogen-concentration will not 

change appreciably in the steel, so a hydrogen damage problem is most un

likely. 

The literature states that hydrogen damage is most likely to occur 

in high-strength steels. ~~In steels, such as A 302 grade B and other low

alloy compositions, where the tensile strength is on the order of 80,000 

psi, hydrogen embrittlement is rarely encountered. In addition, these 

low-yield-strength steels are stressed to values around two-thirds of 

the yield strength at operating conditions. In contrast, the delayed

failure mechanism of hydrogen embrittlement requires very high stresses 

to become operative, even in the high-strength steels. 

Fin~lly, in instances where a defect exists in a low-alloy steel 

pressure vessel clad with a.usteni tic stainless steel and where the de

fect extends into the base metal, the stainless steel cladding would 

serve as a cathode, and any ·corrosion-generated hydrogen would be dis

charged on the stainless steel surface. The latter is immune to hydrogen 

forms of damage under conditions encountered during nuclear-reactor op

eration. As has been clearly shown in the literature, it is quite dif

ficult to create indications of hydrogen damage in the fully austenitic 

stainless steels. Only by extremely severe treatment, such as cathodic 

charging in poisoned acid solutions, can some signs of hydrogen damage 

be observed. Such treatments are indeed quite removed from conditions 

encountered in the opera.tion of water-cooled nuclear reactor systems. 
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2.4.4 Radiation Effects 

Nuclear reactor pressure vessels are exposed to an environmental 

condition that is almost exclusive to the nuclear energy field, bombard

ment by high-energy particles. Prior to the advent of nuclear energy, 

the materials engineer was concerned with environmental conditions such 

as temperature, stress, strain, and various gaseous and liquid media. 

The nuclear engineer has the same environmental problems and must con

sider, as well, the effects on materials properties of bombardment with 

high-energy nuclear particles. 

The major irradiation-induced changes in the mechanical properties 

of pressure vessel steels are brought about by the displacement of atoms 

within the metal structure by fast neutrons. The primary collision of 

a fast neutron with an atom has a high probability of transferring enough 

energy to the atom to displace the atom from its lattice site. This 

leaves a vacancy in the lattice. The neutron continues to displace atoms 

either until its energy is-dissipated or it escapes from the material. 

A secondary effect results from the energy imparted to the "knock-on" 

atom. This atom collides with other atoms in the lattice, transfers 

energy to them, and removes them from their lattice sites. Finally, these 

"knock-on" atoms come to rest either in vacant lattice sites or inter

stitial positions. These .lattice defects, vacancies, and interstitials 

can be randomly distributed in the material or concentrated in small re

gions termed "clusters" or "spikes." In addition, the capture of a ther

mal (or epithermal) neutron by a lattice atom can result in the emission 

of a gamma photon or particle of sufficient momentum that the atom will 

be displaced from its lattice site by recoil. This effect is, however, 

not considered significant in power reactor pressure vessels. 

Another effect of neutron irradiation may be the transmutation of 

one element to another element. Such effects are regarded as of minor 

significance in pressure vessel steels. 

At the operating temperatures of nuclear power reactor pressure ves

sels, many of the defects will be mobile, and annealing 9f the radiation 

effects may occur. However, in certain temperature ranges, an excess 

concentration of lattice vacancies in a radiation flux can accelerate 
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diffusion-controlled metallurgical reactions. Effects of such reactions 

in pressure vessel steels have either not been observed or not recognized 

as such. 

The defects introduced in metals by nuclear radiation can alter me

chanical properties, such as flow stress and fracture toughness, to a con

siderable extent. Even with this brief review of the mechanisms of radia

tion effects, it is obvious that the critical factors determining radia

tion effects in steels incluc'le r.Clmposi tion, metallurgical structure, neu

tron energy distribution (spectrum), total neutron exposure (dose), and 

exposure temperature and may include rate of bombardment (neutron flux) 

and stress. 

2.4.4.l Effects on Mechanical Properties 

Radiation effects on the physical properties of metals~ for example, 

electrical and thermal resistivity, density, and elastic moduli, have 

been observed ap.d studied in detail. The primary objective of these 

physical property studies has been to understand the mechanism of inter

action of radiation with atoms of a solid and the effect of various lat

tice defects on metal properties. Physical property changes resulting 

from irradiation are rarely of engineering significance above room tem

pe:r;"a ture. 

The mechanical properties of metals, however, may be modified by 

nuclear radiation to a degree that is of considerable engineering sig

nificance. The basic cause of most radiation-induced mechanical property 

changes is generally considered to be the interaction of dislocations 

with the lattice defects, vacancies, clusters, spikes, dislocation loops, 

etc. introduced by radiation. Dislocation motion in the metal lattice 

is either prevented or impeded by these defects and the observed result 

is an increase in the flow stress or yield strength of the metal. Other 

mechanical property changes may be various manifestations of this primary 

effect. 

Accompanying the increaRe in yield strength is a concurrent but gen

erally lesser increase in ultimate tensile strength. As a result, the 

ratio of yield strength to tensile strength tends to approach unity. 

Yield-to-ultimate strength ratios above 0.95 have been observed in steels 
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'irradiated to 7 x 1018 neutrons/cm2 (E > 1 Mev) at iess than 400°F. 

Irradiation to greater than 1 x 10 20 neutrons/cm2 was required to reach 

a ratio of 0.95 when the exposure temperature was 550°F. Ductility pa

rameters generally are decreased by irradiation. The uniform elongation 

(strain prior to onset of "necking") is decreased most rapidly with lesser 

decreases in total elongation and reduction of area. Significant de

creases in reduction of area generally occur only at very high neutron 

doses. Irradiation decreases the rate of work hardening at a given strain 

and the value of the work-hardening exponent. 

The brittle failure of large steel.structures is a problem that has 

attracted the attention of engineers and scientists to an ever-increasing 

extent in the past two decades. The dra.niatic failures of a number of 

merchants ships, bridges, pressure vessels, pipelines, and storage tanks 

by brittle fracture have been widely discussed. The investigations and 

analyses-that-fol-lowed-these incidents showed that the origin of the fail

ures lay in the tendency of a broad class of metals and alloys to exhibit 

low-temperature brittleness. This tendency is increased as a result of 

exposure to radiation, and hence the possible embrittlement of reactor 

pressure vessels in service has been a matter of concern. 

This radiation embrittlement phenomenon is manifested, among other 

ways, by .a shift in the brittle-to-ductile transition,_ or nil-ductility 

transition (NDT), temperature. Data with which to factor the NDT tem

perature shift into design considerations with a high degree of confidence 

have not been established. What have been commonly used in predicting 

this shift as a f'unction of integrated neutron exposure are compilations 

of experimental results obtained for a wide variety of conditions. 

The temperature at which the ductile-to-brittle transition takes 

place is not an inherent constant of the material. Instead, the ductile

to-bri ttle transition temperature depends upon the type of test used to 

measure it and upon the specimen geometry. The transition temperature 

usually increases with the loading rate and the triaxiality of the stress 

state to which the sample is subjected. Many tests have been devised to 

evaluate the ductile-to-brittle characteristics of metals. The Charpy 

·V-notch impact test has been used for most of the studies of radiation 

effects on transition temperature. Most of the other test methods 
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require specimens of substantial size that are too large to be practical 

for exposure in a nuclear reactor. The transition temperature measured 

by the Charpy V-notch impact test has been.correlated with service per

formance in a number of cases. The increases of transition temperature 

with increasing neutron exposure are apparent as are the variations of 

radiation sensitivity of different steels and even of steels of the same 

grade. 

Several methods are used to apply available data on the·radiation

induced transition temperature shift to nuclear pressure vessel opera

tion. The simplest method is to use the upper bound of all the experi

mental results to establish operating limits for the pressure vessel. 

Some advantage may be gained by using the upper bound of experimental 

results for the particular grade of steel used for the pressure vessel, 

and for the operating temperature of the pressure vessel. If irradiation 

data are available for the heats of steel, heat treatments, and tempera

ture of irradiation that correspond exactly to the particular pressure 

vessel, these data may be used to establish operating limits for the re

actor. Lastly, samples corresponding exactly to the pressure vesse·1 are 

irradiated near the pressure vessel wall of the particular reactor. This 

last method, termed "surveillance testing," eliminates most of the un

certainties inherent in the other methods. One drawback of surveillance 

tests is that the data are available only after a considerable period of 

operation of the reactor. 

The safety analyses of many nuclear pressure vessels are based on 

the Naval Research Laboratory's fracture analysis diagram. A major pa

rameter in this analysis is the NDT temperature of the steel as experi

mentally determined by the drop-weight test. Although most radiation 

effects data on notch du<"!tility have been obtained from Charpy V-notch 

impact tests, the Charpy V-notch transition temperature has been corre

lated with drop-weight NDT temperature over a range of temperatures and 

neutron exposures up to 5 x 1019 neutrons/cm 2 for a variety of steels. 

The phenomena of fatigue CFacking and failure of metals must also 

be considered in many structures and components, including nuclear re

actor pressure vessels. The ASME Boiler and Pressure Vessel Code, Sec

tion III, incorporates specific methods of fatigue analysis based on test 
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data for unirradiated steels. The specified methods are based on strain

controlled fatigue data. While a considerable body of strain-controlled 

fatigue data is available for unirradiated pressure vessel steels, only 

a small body of fatigue data is available for irradiated pressure ves

sel steels. 

In unirradiated s.teels the high-cycle fatigue strength is related 

to te~sile strength (higher tensile strength materials have higher fa

tigue strength), and low-cycle fatigue strength is governed by ductility 

(high-ductility materials have higher fatigue strengths in this range 

where plastic flow occurs during each fatigue cycle). Since neutron ir

radiation of steels increases yield and tensile strengths and decreases 

ductilities, it would follow that fatigue strengths would be increased 

in the high-cycle range and decreased in the low-cycle range. However, 

irradiation tests conducted to date have not yielded results consistent 

with this hypothesis. 
1 0n the basis of the small body of data available on fatigue prop

erties of irradiated pressure vessel steels, the radiation-induced changes 

in fatigue strength or life tend to be rather small, and in no case has 

the observed fatigue life been less than three times the allowable de

sign life permit~ed by the Code. However, the data are not conclusive 

and additional study appears warranted. One particular area of ignorance 

is the effect of irradiation on fatigue-crack g~owth rates. Such infor

mation is necessary for predicting the growth of fatigue cracks from pre

operational defects, as well as the initiation and growth of fatigue 

cracks. 

There are no reported data on the creep or stress-relaxation prop

erties of pressure vessel steels for the temperature range in which 

water-cooled nuclear reactor pressure vessels operate (400 to 600°F). 

This situation is readily understandable for several reasons: 

l. Creep, creep rupture, and stress relaxation are observable in 

unirradiated steels only at temperatures several hundreds of degrees 

above the operating range or at stresses considerably higher than those 

that exist in these pressure vessels. 

2. In .this low-temperature range, creep and stress relaxation are 

governed by yield or flow stress. Since yield and flow stresses are 
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increased by irradiation at these temperatures, it follows that creep and 

stress-relaxation rates should be lower in irradiated steels than in un

irradiated steels. 

3. Creep ductility could, in view of decreased tensile ductility, 

decrease as a result of irradiation. However, the magnitude of tensile 

ductility changes does not indicate any problem of creep rupture of re

actor pressure vessels at operating conditions. 

In the current state of the art, the internal surfaces of light

water reactor vessels are clad w:i.th stainless steel weld overlay. Al

though there are no radiation data for overlays per se, the data available 

on welded stainless steel indicate that irradiation will not adversely 

affect the serviceability of commercial water-cooled reactors for present 

or contemplated operating conditions. 

2.4.4.2 Fracture Mechanics 

In the design of nuclear reactor pressure vessels, one of the modes 

of failure that must be considered is brittle fracture. One method of 

insuring against brittle fracture is the imposition of regulations based 

on a ductile-to-brittle transition temperature. However, there are limi

tations to the application of transition temperature concepts to large, 

heavy-section structures such as nuclear reactor pressure vessels, and 

there is a real need for more quantitative methods that can be incorpo

rated into design procedures. The approach known as fracture mechanics 

has received the most attention by theoreticians, experimentalists, and 

designers. Considerable success has been achieved with this approach 

for structures built of materials with low ductility. 

Seve-ral types of specimens are being used by various researchers to 

determine the effects of neutron irradiation on fracture mechanics prop

erties of pressure vessel steels. Some of these are the single-edge

notch (SEN) specimens being used by the U.S. Naval Research Laboratory, 

the double cantilever beam (DCB) being used by the Pacific-Northwest 

Laboratories of Battelle Memorial Institute, and the wedge-opening-loaded 

(WOL) specimens being used by the Westinghouse Atomic Power Division and 

Bettis Atomic Power Laboratory. Data reported on the irradiation of 

fracture mechanics specimens indicate that the temperature shift at a 
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low value of plane-strain toughness (Kic) and a low level of observed 

Charpy V-notch energy correspond closely. 

The increasing activity in the measurement of plane-strain fracture 

toughness of irradiated steels, coupled with anticipated improvements 

and extensions of fracture mechanics.methods to more ductile steels, may 

provide more quantitative design and analysis procedures for insuring 

against brittle failure of nuelear reactor pressure vessels. 

2.4.4.J Critical Factors 

A number of factors inf±.1:1.ence··the-mechan-ical property changes re

sulting from irradiation of metals. Attempts to isolate these factors 

and obtain.general relationships have been largely unsuccessful. Ma

terial parameters such as composition and metallurgical structure and 

exposure parameters such as time-integrated fast-neutron flux and tem

perature are all interrelated. In addition, the relationships between 

flow and fracture properties are not thoroughly understood for unirradi

ated steels. For these reasons, the study of radiation effects is a 

very complex endeavor. The information on the influence of the various 

factors in radiation effects is largely empirical, even though there 

are theoretical bases for interpretation of many of the effects. 

It was realized at an early stage of radiation effects studies that 

radiation-induced changes in mechanical properties were not linear func

tions of the time-integrated neutron flux (also called dose or fluence). 

The precise relationships of the increases in tensile yield strength and 

ductile-to-brittle transition temperature with neutron dose have been 

and still are the subject of some discussion. However, for the range of 

neutron doses of interest with respect to conunercial power reactor pres

sure vessels, the various proposed relationships predict nearly the same 

property c.:hanges. 

Research groups studying the effects of neutron irradiation on me

chanical properties of pressure vessel .steels have conducted most of 

these studies in neutron fluxes several orders of magnitude greater than 

those to which reactor pressure vessels are exposed. While the acceler

ated accumulation of neutron exposure is necessary in order to complete 

research programs in reasonable time periods, there exist questions 

/ 
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reg~rding the application of the results to prediction of the properties 

of pressure vessel steels exposed to long-time low neutron fluxes. Theo

retical studies have indicated that the neutron-flux (dose-rate) and 

neutron-energy spectrum differences between test reactor facilities and 

power reactor pressure vessel locations may be of sufficient magnitude 

to affect the applicability of test reactor program results to power re

actor operation. An interim method of avoiding these problems is the 

i:>urvcillance progra;m clisc.:u.ssed in Chapter 10. 

Study of flux (dose-rate) effects has been difficult because reac

tor facilities that provide widely different neutron fluxes usually have 

quite different neutron spectra. Thus, flux and spectrum effects are 

usually encountered in combination, and separating them is most diffi

cult. 

At the present time the radiation damage suffered by a particular 

steel in a given neutron spectrum in a given exposure time can probably 

be predicted within a factor of' about 3 by comparisons with data obtained 

on specimens of an identical steel irradiated in a very different spec

trum. Much progress has been made toward defining the neutron spectra 

in various reactor facilities, but more information about the nature of 

the damage produced must be obtained.· Computer studies of radiation 

damage show much promise, but more basic information about interatomic 

potentials and interactions of defects in metals is required for input 

to these programs. 

Radiation-induced mechanical property changes are temperature de

pendent. At moderately elevated temperatures many of the defects caused 

by radiation are mobile, and annealing of the radiation effects may oc

cur. Vacancies are mobile at the operating temperatures of nuclear power 

reactor pressure vessels and will diffuse to dislocations, grain bounda

ries, and inclusions or will coalesce to form larger lattice defects. 

In addition, the larger defects will grow by vacancy diffusion at the 

expense of the smaller defects, and the total effect can be strikingly 

similar to aging and averaging in a precipitation-hardenable alloy. The 

temperatures at i:·rhich the major portion of radiation-induced mechanical 

property changes are annealed or recovered are generally lower than for 

recovE;rY of cold work. In fact, the temperature range for the recovery 
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o:f the major portion o:f radiation e:ffects is also the temperature range 

in which most commercial water-cooled nuclear pressure vessels operate. 

Thus there are radiation damage and at least partial recovery o:f the ef

:fects occurring simultaneously in the nuclear pressure vessel. This 

combination of e:ffects has been observed and studied both in accelerated 

irradiations in test reactors and in surveillance programs. 

The e:f:fects o:f irradiation o:f a specific alloy at a given exposure 

temperature can, at present, be determined only by irradiation test. 

There is some evidence that radiation-induced changes of tensile prop

erties are related to changes of transition temperature and, further, 

that temperatures :for "simultaneous recovery" of tensile properties and 

transition temperature are also related. However, some studies have 

shown that tensile properties and transition temperature do not always 

recover at the same temperatures. Yield- and tensile-strength recovery 

may require exposure temperatures l00°F higher than required for transi

tion-temperature recovery. 

A number o:f studies have been conducted in which attempts were made 

to determine the roles of composition, metallurgical structure, and heat 

treatment in radiation effects. A study of medium- and high-strength 

steels led to the :following conclusions: (l) the higher strength steels 

exhibit a general trend toward lower initial NDT; (2) along with higher 

strength and lower initial NDT, there is also a tendency for smaller 

radiation-induced increases in transition temperature; (3) a marked and 

progressive advantage in terms of lower radiation embrittlement is ob

served with the higher strength steels irradiated at 550°F; and (4) there 

appears to be a general ·tendency :for earlier saturation o:f radiation 

embrittlement with increasing strengths; this is particularly marked for 

an irradiation temperature o:f 550°F. 

Other studies indicate that the finer metallurgical structures lead 

to lower radiation sensitivities. The predominant factor appears to be 

the cooling rate from austenitization temperature. Composition vari

ables appear to have an indirect influence on radiation sensitivity, 

primarily by altering the metallurgical structure attainable with a given 

cooling rate from the austenitization temperature. 
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Because the extent of steel embrittlement due to radiation can be 

quite large, several studies have been conducted to assess the possi

bilities of embrittlement relief by means of thermal annealing cycles. 

The majority of these studies have been for single annealing cycles fol

lowing irradiation. A few studies have included reirradiation after 

annealing and multiple irradiation-annealing cycles. A number of fac

tors are operative in determining the effectiveness of postirradiation 

heat treatment. These factors include neutron exposure, the material, 

8-"..'lJu.Sure temperature, ar1d o.nneo.ling temperature and duration. 

Although striking recovery of mechanical properties has been achieved 

through postirradiation annealing, some studies have shown a serious re

embri ttlement phenomenon. Therefore, the measures required to accomplish 

full restoration of properties remain in doubt to a great degree. 

The effects of temperature on radiation-induced property changes in 

pressure vessel steels are complex. It is hoped that study of postir

radiation annealing kinetics and irradiation at elevated temperatures 

will lead to an understanding of radiation effects and recovery. Such 

an understanding should perm.it the prediction of properties for the more 

complex cases of intermediate annealing and changing operating tempera

ture. 

Ther~ exist fewer data on radiation effects in weld metal and weld 

heat-a.ffP.cted zones than on plate materials~ The ma,jor portion of this 

information indicates radiation-induced transition temperature shifts of 

the same magnitude in welds and heat-affected zones as has been described 

for plate materials. 

While the results of irradiation studies conducted to date do not 

perm.it prediction (in a satisfactorily precise manner) of the property 

changes of a given alloy heat treated in a specific manner and exposed 

to a particular nuclear environment, the probable direction of further 

research is evident, and there is considerable promise that materials 

can be produced that are insensitive to radiation effects at the oper

ating temperatures of nuclear power reactor pressure vessels. Until such 

materials can be consistently produced, the irradiated properties of a 

pressure vessel material (plate, forging, weld, or heat-affected zone) 
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must be determined either in a test reactor study or surveillance program, 

or the most pessimistic results must be considered in design and oper

ating procedures. 

2.5 DESIGN 

The publication of Section III, Nuclear Vessels, of the ASME Boiler 

and Pressure Code brought about an emphatic change in philosophy in the 

role and tools of design of nuclear pressure vessel~. Previously design 

was largely accomplished by the adherence to semiempirical code rules 

and by evolutionary solution to problems by a combination of rigorous 

and nonrigorous analytical solutions, experimental techniques, or related 

experience ·in actual fabrication of vessels. In its new role, design is 

intended to give an appraisal in depth of the stress and/or strain state 

with time for the projected loading history in order to evaluate all the 

failure modes and to select materials to accommodate the expected be

havior. However, Section III of the Code was not devised nor intended 

to serve as a comprehensive handbook of analysis for all conceivable 

loadings and environmental conditions but rather to establish the mini

mum requirements that must be met to assure a safe and reliable design. 

Analytical treatments are provided, which although not always the most 

rigorous available, were intended to provide adequate conse~vatism coupled 

with the desirable· element of increased simplicity of solution. In its 

present form; Section III guides the designer toward sophisticated solu

tion of stress problems but allows for pragmatic approaches, since rig

orous theoretical solutions are not always available. 

In the broad context, pressure vessels are subject to the following 

failure modes: (1) excessive plastic deformation, including plastic in

stability and buckling, (2) cracking-leakage or brittle fracture due to 

initial flaws or flaw growth by fatigue or corrosion, (3) ela;:;tic defor

mation, including buckling, and (4) excessive creep deformation or creep 

rupture. In the specific context of light-water reactor vessels, Section 

III provides partial analytical treatments for the solution of only the 

first two categories of problems. Analytical treatment is provided only 
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for crack propagation by fatigue; nothing is provided to assist the de

signer in coping with brittle fracture. The geometries presently used 

and envisioned are not believed subject to elastic instability, and the 

present and immediately forecasted temperature operating conditions do not 

present a creep problem. Nonetheless, development trends toward the use 

of higher strength steels, thinner sections, larger sizes, and higher oper

ating temperatures could require the consideration of these failure modes 

also. The design analyses required by Section III to cover conditions 

for the first two failure modes are based on the following premises: 

1. The materials of construction are ductile and retain significant 

ductility throughout the operating hictory. 

2. The maximum shear stress theory (Tresca theory) describes the 

limiting or ultimate loading possible. 

3. The general theory of elasticity, special cases thereof, and 

approximate strength of materials solutions describe the state of stress. 

4. The states of stress may be categorized as primary, secondary, 

and local or peak so that elastically calculated stresses exceeding the 

yield for the latter two categories may be accommodated by material duc

tility, and a conRP.quent "shakedown" to a stable elastic condition oc

curs. 

5. The adequacy of protection against fatigue failure may be ana

lyzed by the determination of peak stresses, application of the peak 

stresses to a modified Goodman diagram using Miner's hypothesis, and com

parison with strain-controlled fatigue a.a.ta. 

6. The approximations of thin-shell theory, discontinuity analysis, 

and linear superposition of stresses are valid and conservative. 

?. Experimental analyses are to be performed to verify that other

wise unverified approximate analytical solutions are conservative. 

8. Provision shall be made for deterioration of materials due to 

radiation, material instability, and loading effects such that the pre

ceding assumptio11s are always valid. 

Our review of the efforts by the current systems designers and pres

sure vessel designers to implement the design rules of Section III have 

led us to conclude that, in general, an honest and systematic effort is 

made to comply with Code intent. Also it appears that the vast majority 
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of problems encountered with current pressure vessel concepts may be 

adequately handled with current rules. Notwithstanding this generally 

favorable conclusion, we believe that a number of potential problem areas 

exist with respect to the definition of loading conditions, implementa

tion of Code analytical and experimental analyses, and in the review of 

the design effort. We also recognize that vigorous efforts are under 

way by Code committees, by industry groups, and by AEC sponsored organi

zations to deal with many of these problems. The subsequent descriptions 

of the problem areas therefore primarily serve to identify the weaknesses 

and not to indict the present state of technology nor those who employ 

it. 

2.5.l Definition of Loading Conditions 

Obviously, the most rigorous and careful analytical stress analyses 

would be to no avail if the basic character of the loaqing conditions 

were wrongly assessed or interpreted. In general the loading conditions 

described by the system designers appear to be quite conservative for 

the temperature and pressure cycles associated with base-load and load

following plants. 

Definitions of transient conditions that give rise to thermal and 

pressure loading present one of the greatest problems of communication 

between the systems designers and the vessel designer. Some clearly un

ambiguous format needs to be developed to assure accurate statement of 

the problems. 

There has been considerable recent interest in the probability and 

consequences of impact or pressure-pulse loadings resulting from acci

dent conditions. Analyses of such loads are not included in the present 

technology. Neither the probability, character, nor structural response 

to such loadings is presently :\ulown. Whether methods should be developed 

by the Code for analyzing such loading depends upon study of the presently 

unsubstantiated relevancy of the problem. 
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2.5.2 Analytical Ana1yses 

In order to comply with the rules of Section III, the designer must 

perform a complete stress analysis. However, rigorous elastic solutions 

are not available for many areas; for exam~le, they are not available for 

nonradial and cluster nozzles and nozzles in cylinders, and therefore 

approximate solutions must be used. The consequent designer's dilemma 

is that although a vast body of technical literature may be available 

and may pertain to the solution, there usually is little evidence as to 

the correlation of such analytical approaches with experimental analysis, 

and therefore there is no basis for judging the conservatism of the ap

proach. The current vigorous effort by the professional societies to 

identify the most useful and important contributions should be emphasized. 

The strong and vigorous program for theoretical analyses of pressure ves

sels should be continued. Areas such as nozzle-to-cylinder attachments 

and nozzles attached in clusters to vessels are currently of prime im

portance. However, other asymmetric configurations, such as a nozzle 

closely attached to a spherical head-to-cylinder junction, occur in al

most every design. Such problems should also be covered in the general 

outline of analytical work to be done. Unfortunately, these more com

plex problems must often await the successful analysis of the simpler 

problems currently being studied. In addition, the validity of linear 

superposition of stresses and discontinuity analyses for the massive 

sections now employed should be reexamined, and this approach should be 

reviewed for conservatism. 

Studies of welds, heat-affected zones, out-of-roundness, biaxiality 

of stresses as related to fatigue, load-cycling rates, and slow growth 

of cracks by fatigue should be continued and implemented. A vigorous 

effort should be applied to the analysis of brittle failure. Although 

the Griffith-Irwin theory appears to be adequate for brittle materials 

and near brittle materials (highly irradiated), no adequate treatment 

exists for high-strength steels with significant ductility. Some exist

ing evidence indicates that the presently used semiempirical fracture 

analysis diagram approach to fast fracture prevention may be nonconser

vative for fixed-load energy-release-rate conditions. 
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The study of strength of pressure vessels below the transition tem

perature where brittle failure could perhaps occur should be continued. 

In the case of ductile fracture, an extension of the fracture mechanics 

approach probably has the best chance of providing a reliable estimate 

of strength. Section size and stored energy should be considered in the 

transition temperature evaluation of pressure vessels. 

The behavior of flaws in the presence of different geometries, re

sidual stresses, stress gradients, yielding, and irradiation should be 

studied as a function of size. In particular, fracture mechanics should 

be extended to include these variables. 

·The hydrotest and "warm prestressing" should be more carefully evalu

ated as means of preventing failure. In particular, the superposition 

of loadings on nozzles as a part of the hydrotest should be considered. 

2.5.3 Experimental Analyses 

In the present state of the technology, experimental analyses are 

primarily limited to techniques employing strain gage, three-dimensional 

photoelasticity, and photostress techniques. Unfortunately, much of the 

current experimental information is inapplicable due to the lack of rec

ognition that the foregoing techniques should be complementary and par-

:: ticularly that the placement of strain gages must be determined by the 

part geometry and stress-field prediction of the related techniques. 

Also, little recognition has been given to the gross deviations that 

normal vessel tolerances may cause compared with those in models having 

closely controlled tolerances. Such lack of refined techniques causes 

much information to be doubted. 

The current experimental stress analysis efforts should be continued 

and expanded. Such efforts not only give data to support the theoretical 

analyses but also present interim information for design purposes. The 

experimental effort should be expanded to include the more common con

figurations for which theoretical analyses are not currently available. 

These configurations include closely spaced and grossly asymmetric con

figurations (e.g., a large nozzle near a major junction), brackets, and 

general support arrangements other than skirts. 
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2.5.4 Stress Reviews 

Section III of the Code should specify precisely what is acceptable 

as a stress report and what is not. Specifically, it is recommended that 

the stress report contain such details as would be necessary for a third

party review. Also, the fabricator should give evidence as to the accu

racy of his analyses. For example, most boiling- and pressurized-water 

reactor pressure vessels have nozzles that penetrate the cylindrical por

tion of the vessel. Only recently has a method existed for the analysis 

of such a c'l.esign feature, and the procedure is not in cormnon use. Short 

of an experimental analysis, it is difficult to say what would be accept

able for the stress report in this case. 

To maintain a high quality of design and structural performance, it 

is recorrnnended that a review of the stress report by a qualified engineer 

representing the system designer or owner be mandatory. Such a review 

should be timely so that recommendations by the reviewers could be in

corporated into the design. 

2. 6 BASIC ASPECTS OF CRACK GROWTH AND FRACTURE 

Strength failures of structures can be either of the yielding-domi

nant or the ·fracture-dominant type, and defects are of importance in both 

types of failure. The significant defects of concern in fracture-domi

nant failures are crack like in character. In fracture-dominant failures 

the size scale of the defects of major significance depends on the tough

ness of the material. For common structural steels, surface scratches, 

regardless of acuity, do not lower the strength of a tensile specimen un

less the temperature at loading is far below the NDT temperature. The 

artificially introduced flaws used in fracture testing, for example, the 

Charpy V-notch, are indications of the significant flaw size for steels 

in the NDT temperature range when tensile stress equal to the dynamic 

yield stress is applied. Rapid crack propagation at smaller stresses 

or lower loading speeds would require cracks of larger size. At tempera

tures near or above the NDT temperat~re in the vessels of interest in 
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this report, a crack-like flaw of substantial size would have to be pres

ent in order for fracture to occur prior to general yielding. The size 

necessary for crack propagation is a function of toughness and average 

tensile stress. 

Depending on the size and shape of a structural element and on its 

stress-environment history during service, a critical condition for crack 

propagation may develop gradually in the following ways: 

1. crack growth by fatigue, 

2. crack growth by stress corrosion (or hydrogen embrittlement), and 

3. reductions of crack toughness, for example, by radiation damage. 

It is unlikely that a crack large enough for propagation by a nor

mal service load would be introduced during fabrication. In any case, 

the pressure vessels of interest are pressure tested at pressure levels 

larger than the largest expected during service. Thus, attention for 

fracture control should focus on achievement of a satisfactory time dura

tion of fracture-safe operation relative to the three aforementioned con

ditions of crack growth or loss of crack toughness. 

The most reliable indication of defects likely to cause serious 

fracturing Gf the pressure vessels of interest would be obtained through. 

extensive testing of vessels of similar thickness, geometry, materials, 

and fabrication. Such a program would not, however, settle all doubts, 

since differences in design, size, location, and fabrication would re

sult in conditions unique to. a particular vessel. Unq1.i.estionably con

tinued accumulations of experience will be quite helpful, but a require

ment for nearly absolute fracture safety should be based on a very con

servative fracture control plan. For such a plan it must be assumed 

that any crack-like defect which is plausible and which has not been 

proved absent by inspection may actually exist in the vessel. The plan 

must then establish methods of estimating fracture-safe life based on 

stable crack growth data, service environment, and service stress cycles. 

An additional degree of confidence can be predicted if the toughness and 

stress level at the end of the safe life correspond to a leak-before

break condition. A complete specification of such a fracture control 

plan requires a more detailed understanding of progressive fracturing 

than currently exists. However, present fracture mechanics technology 
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provides general features of the control plan and a number of answers 

that are of interest. 

2.6.1 Linear Elastic Modeling of Cracks 

The fracture behavior for which a suitable analysis is needed is 

termed progressive crack extension. The combination of local plastic 

strains, advance sP.parations, elastic constraint, and tension near the 

lP.ading edge of a cr1;1,ck may be sufficient, or less than sufficient? to 

r.ausP. sudden rapid spreading of a. crack. If less than sufficient, that 

is, subcritical in character, plastic strain reversals near the leading 

edge may occur and cause stable growth of the crack. Onset of rapid 

crack extension provides a relatively abrupt end point for stable crack 

growth and initiation of sudden rapid expansion of the flaw. The envi

ronment, with or without fatigue assistance, may cause stabte spreading 

of the crack. 

Studies of running cracks have been conducted with a variety of 

techniques to measure crack speed and stresses near the crack. Progres

sive crack-extensj_on behavior ranges from slow, stable extension through 

the fast, stable regime. At very high crack speeds a limiting velocity 

is observed, and then there are crack division tendencies when the ten

sile driving force is.further increased. A single service fracture fail

ure may exhibit all these crack-extension behaviors. In order to under

stand a.nd prevent such fractures, appropriate use o~ experimental data 

from laboratory testing is essential. The characterization of these 

fractures should permit application of laboratory data to service com

ponents in the simplest adequate way. Linear-elastic fracture mechanics 

provides an appropriate and simple characterization method applicable to 

any component in which there is a reasonable knowledge of the stress dis

tribution. With care the linear analysis method retains usefulness as 

the stress level approaches a general yielding condition. The method is 

not suitable for use at higher stresses. 

For purposes of linear stress analysis, a crack is regarded as a 

flat separation bounded within the material by a leading edge that is 

approximated as a simple curve. At a relatively small tensile stress 
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across the cracked region, plastic strains are confined to a small zone 

at the leading edge of the crack. A stress-intensity parameter, K, is 

normally used to provide a simple characterization of the stress required 

to cause crack extension. The addition of subscripts I, II, or III in

dicates the mode of loading corresponding to opening (tensile), forward 

shear, and parallel shear, respectively. The value Kic indicates a criti

cal value for onset of fast crack extension under an opening mode of 

loading. The use of a strain-energy release rate~ corresponding to a 

K value is optional and equivalent. 

The tensile crack stress field near the leading edge of a crack is 

regarded as either of the plane-strain or of the plane-stress type. The 

plane-strain model is three-dimensional, since the stress conditions 

are uniform in the z direction, parallel to the crack leading edge. The 

crack has a nominally elastically stressed zone, which is large compared 

with the size of the zone containing plastic strains. The plastic zone 

is then held within a plane-strain stress system. If a crack is presumed 

to be a through-crack with the leading edges right through the plate 

thickness, even if the plastic zone is small a plane-strain condition 

near the free surfaces is not possible and plane-stress exists. 

2.6.2 Plasticity Analysis 

Studies of fracture suggest that a close relationship exists between 

plastic flow properties and fracture. It is impossible to explor~ in

terests of this kind in a quantitative manner without the use of analyti

cal models to define properties which can be computed as well as observed. 

Exact elastic-plastic solutions are not available for the tensile cracks 

of interest. Furthermore, structural metals contain fine-scale inhomoge

neities, and this limits the realistic accuracy of any continuum mechan

ics representation. Despite these difficulties, significant progress 

has been made with the aid of several relatively simple analytical methods. 

These are the plasticity adjustment factor, the strip-yield zone concept, 

and the mode III elastic-plastic treatment. 

J 

f 
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2.6.3 Slow, Stable Crack Growth 

In assessing the severity of flaws, the possibility of their growth 

to a dangerous size must be considered in assessing the safety of the 

structure. The effects of repeated loading, including cyclic thermal 

stresses, and/or environment must be considered. 

The increment of crack growth experienced in a cycle of loading de

pends primarily on the stress-intensity factor range, 6K, and secondarily 

on the relative mean value of the stress-intensity factor or relative 

mean load. The frequency of loading, plate-thickness effects, and pro

cessing of material are of secondary importance; however., they must be 

included in a refined analysis. Data, although meager, indicate that 

crack growth rates for A 302 grade B pressure vessel steels under zero

tension loading show similar behavior to those for low-alloy medium

strength rotor steels and high-alloy very-high-strength rocket-engine 

pressure VP.ssels. Available data on A 302 grade B material indicate, 

however, that a simulated boiler-water environment increases the rate of 

fatigue-crack growth by a factor of 2.5. 

2.6.4 Leak Before Break 

The leak-before-break criterion was originally proposed in connec

tion with fracture problems of steel solid-propellant rocket chambers. 

In this instance, leakage prior to catastrophic bursting was not of im

portance in the rocket applications. The criterion was simply a reason

able guess that adequate toughness would permit a crack twice as long as 

the plate thickness to be stable at a tensile stress equal to the yield 

strength of the material. 

With reference to thick-walled reactor pressure vessels, the leak.

before-break criterion can provide additional safety, since crack arrest 

is presumed to occur as the energy is expended in the pressurizing medium. 

In the case of thick-walled reactor pressure vessels, the influence of 

temperature elevation in terms of plane-stress toughening is gradual and 

not very large. No support can be found on this basis for a step-function 

diagram of the limiting allowable load based on a critical temperature. 
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The allowable load based on a leak-before-break approach would be one of 

gradual increase with temperature to the point where decrease of yield 
I 

strength with temperature is a limiting consideration. It appears that 

the application of the leak-before-break criterion is possible; however, 

restrictions must be placed on allowable stresses, since the assumed 

defects are re~atively large and no assumption is made with regard to the 

actual defects that would be established by inspection or testing. 

2.6.5 Fracture Analysis Diagram 

A number of tests of the transition temperature have received con

siderable use to provide fracture-toughness information. In view of the 

complexities of a transition-temperature toughness rating and with the 

aid of a collection of fracture-failure data, Fellini and his associates 

assembled guide lines for fracture-safe design in terms of their NDT type 

of fracture testing. The resulting Naval Research Laboratory's fracture 

analysi~'diagram was intended to provide guidance for fracture-safe de

sign as nearly as possible without reference to loading speed, elastic 

constraint, and crack location, with only gross estimates of stress level. 

Cautions were provided for increases of plate thickness, low shear tear, 

strength, quality level of inspection, and opportunities for growth of 

large flaws under ope~ating conditions. 

Approxiinate methods applicable to low- and medium-strength steels 

can be followed to translate conditions such as the NDT temperature plus 

60°F and the NDT temperature plus 120°F into the design stress level that 

would satisfy a leak-before-break criterion under dynamic conditions of 

loading. The practice appears conservative in reference to low-strength 

steels about 1 in. in thickness. The practice tends to become marginal 

for steels of that thickness with yield strengths above 100,000 psi and 

for low-strength steels with section thickness greater than 2 in. Large 

welded structures are generally designed for stresses below the yield 

strength and, often, service loads are essentially static. Hence, a 

large degree of success from use of the fracture analysis diagram would 

be expected and has been experienced. 
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Relative to the thick-walled pressure vessels of interest here, there 

is a major handicap to the use of the method because the NDT measurement 

points for tough steels of principal interest are too far below the range 

for service operation. A similar handicap would pertain to all the pres

ently customary methods of toughness evaluations in terms of a transi

tion temperature. 

There is also a scarcity of K1c data for high-toughness steels ex

cept at low temperatures. Although htghP.r temperature large-specimen 

data of the Krc type should be available soon, fracture-toughness infor

mation from direct measurement for high-toughness steels at temperatures 

above 200°F will probably require completion of testing plans based on 

one of the plasticity analysis methods previously discussed. 

2.6.6 Recommendations for Fracture Mechanics Research 

Sba.:r.p-notch tests of full section thicknesses should be performed 

over the design temperature range on the materials that are developed 

for service. The notches should be fatigued so as to obtain more exact 

conditions for fracture mechanics analysis. The tests should be both 

static and dynamic and instrumented for load and displacement and either 

crack-opening displacement or transverse contraction at the notch root. 

Since a limited number of tests of full-thickness specimens can be per

formed, tests of intermediate thicknesses, such as one-half or one-fourth, 

should be performed to determine a reasonable full-thickness correlation. 

If full-scale vessel testing of representative thick material is to 

be conducted, a nozzle-to-sphere junction should be included, since the 

intersection region is considered to be the most critical in terms of 

the presence of defects. Further investigations of these regions should 

be conducted with models constructed of a brittle transparent material 

in which stable crack extension is assisted by moisture or a model con

structed of a. low-toughness metal in which stable crack extension is 

produced by fatigue. The residual compressive type of protection that 

might be provided in such complex regions from the overpressure testing 

method should be investie;ated. 



The possibility of having microstructures at welded joints that give 

rise to.low toughness cannot be discounted. Tests of welded joints or 

small-scale tests of the various sections of welded regions should be 

performed. 

For corrosion considerations, a fracture-toughness stress-corrosion

cracking threshold level should be established for the materials con

sidered for vessel fabrication. Determinations should be made for crack 

growth rates for fatigue under plane-strain and plane-stress conditions 

as a function of thermal and environmental conditions of interest. Hope

fully, the fracture-toughness indices for corrosive environments will be 

very close to those determined with no provision for the additional en

vironmental effect. However, if these effects prove to be limiting on 

fracture toughness, they must be considered in any design-life analysis. 

At the present time, correlation studies between plastic flow prop

erties and crack ·toughness need additional support from plasticity analy

ses. Plasticity investigations intended to assist extension of fracture 

mechanics toward basic factors on a finer scale should provide help in 

terms of better. plasticity models. Computer calculations of plastic 

strain f'ields near a tensile crack should be undertaken to assist in the 

characterization work either in terms of a crack-opening displacement 

concept or along the lines of plastic instability. 

The influence of irradiation hardening and embrittlement above a 

dosage of ~019 neutrons/cm2 should be investigated for the influence of 

loading speed on fracture toughness and on isothermal strain hardening. 

2.7 FABRICATION 

The techniques employed in fabricating nuclear pressure vessels are 

not unlike those for heavy-walled vessels for the petrochemical industry. 

A superficial examination reveals that the same types of materials are 

used and that·the same types of procedures are used for cutting, forming, 

welding, and machining. Also, the final general geometries may be quite 

similar. Such a cursory review, however, does not reveal that nuclear 

pressure vessels belong to a quality class primarily by virtue of the 
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refining steps taken throughout design, fabrication, testing, and inspec

tion to assure that the final product is free from any deleterious fault. 

Such special care is reflected in Article 5, Fabrication, of Section III, 

Nuclear Vessels, of the ASME Boiler and Pressure Vessel Code and in the 

continuing review and revisions being made thereto by the Code committees. 

Another subtle and yet significant fact is often overlooked in as

sessing the fabrication problems peculiar to nuclear reactor vessels; 

that is, the two current suppliers of shop-fabricated vessels have ex

tensive backgrounds in the production of many similar vessels for the 

naval reactors program. This association with the naval reactors pro

gram has provided these companies valuable training for their personnel 

and has developed a demonstrated competence that few competitors newly 

arrived on the scene can match. In fact, a lack of similar experience 

to provide awareness of acute problems and a previous developmental so

lution thereto has no doubt been a major contributing factor in the un

pleasant results experienced by vessel-fabricating firms no longer com

peting on the nuclear scene. 

In addition, this previous and continuing association with the naval 

reactors program has developed an attitude toward quality control that 

is almost unique in the industry. There is a considerable effort expended 

by these fabricators beyond the requirements of the Code and also beyond 

the requirements of the customer. An examplP. of this attitude is the 

continued complementary use of the vessel test plates formerly required 

by the 1965 Code Edition and subsequently amended by the winter 1966 

addenda in favor of a welding materials test program. In many other 

areas, fabrication procedures are used that exceed the minimum Code and 

customer requirements not only to protect the fabricators investment but 

also simply to assure that the highest achievable quality is obtained. 

The very fact that this vigilant attitude is manifested and doubt

less required presents a potential danger in that the burgeoning industry 

may lead some, perhaps new, competitors in the field to conclude that 

all problems are solved and such ca:re is passe. However, it is evident 

that one of the prices of quality and reliability in the nuclear pressure 

vessel field is eternal vigilance and that a constant reappraisal must 

be made of the fabrication procedures used and in the minimum standards 
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required by the Code. To this end Code strengthening in the following 

areas is recommended. 

One of the present practices of the current fabricators is the com

prehensive development of written procedures of all operations required 

for fabrication. In order to assure adequate quality control, we be

lieve this should be a Code requirement. 

Consideration should also be given to making mandatory the current 

practice of preheating prior to cutting or weld repair to avoid suscep

tibility to cracking. Also a review should be made of requirements to 

eliminate deleterious heat-affected zones resulting from severe cutting, 

and more thorough outlining of inspection requirements following the 

operation should be required. 

Reexamination should be made of the possible deleterious effects of 

severe cold forming; for example, embrittling may follow such operations 

in subsequent heat treatments. As a consequence, further stipulations 

may be required in Code procedure-qualification requirements. 

It is our opinion that some of the currently permitted nozzle joint 

designs are. inadequate. A reexamination should be made to assure that 

every reasonable effort is made to provide a design that is amenable to 

revealing the flaws likely to exist by nondestructive testing. 

Currently fabricators are running full-range Charpy curves on test 

sections from each plate to develop both the upper and lower shelf values. 

We believe that this practice, or at least the establishment of the upper 

shelf value, should be made mandatory in order to assure that the heat 

treatment has been satisfactory. There is evidence that plates may oc

casionally meet the impact test values presently required and yet have 

a low upper shelf value that indicates inadequate toughness. 

2.8 ·QUALITY ASSURANCE 

As has been previously discussed, perhaps the single most acutely 

significant facet of importance to nuclear reactor vessels is the initial 

establishment and continued enforcement of the goal of quality throughout 

the rank and file of a fabricator's organization. It has been repeatedly 
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demonstrated that adherence to minimal inspection and testing requirements 

as a final acceptance procedure will not assure quality. Rather this goal 

must be infused in the manager, designer, craftsman, and inspector alike. 

A large portion of the total effort and cost of nuclear reactor ves

sels, much greater· than f'or conventional. ves.sels, is associated with 

quality assurance. This additional burden is generally acknowledged to 

be required to assure reliability in the interest of public safety. Our 

review of the current state of t.he i_nc:lustry convinces us that the present 

fabricators are well aware of this need. However, it is exceedingly im

portant that this same principle be developed by others who may enter 

the field. The continued strengthening and updating of Code rules with 

advancing technology is necessary but not sufficient to implement this 

goal. Continued cooperation between the systems designer, fabricator, 

utility customer, and governmental regulatory and safety organizations 

will obviously be required. 

2.8.1 Chemical and Mechanical Properties 

We have been impressed that the current fabricators have developed 

a very significant body of information on quality control procedures 

required for materials and fabrication inspections and tests· and their 

rela.tj.on to design, but to a large. degree this information may be un

correlated. It is therefore not always clear that the present Code rules 

are the most meaningful method of assuring quality. In our subsequent 

criticisms, ue recognize that the solutions may be found"either in the 

development of information from the AEC-ORNL heavy-sections steel tech

nology program and the PVRC industrial cooperative program and/or from 

the existing body of information. Our criticisms therefore underscore 

those areas where information must be available in the public domain to 

·permit analyses and correlations required for development and revision 

of Code rules. 

Information should be developed to determine macroscopically the 

distribution of chemical elements that are prone to segregate, f'or exam

ple, carbon, manganese, and silicon, from top to bottom and through the 
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thickness· of heavy section plates for the materials of interest. Com

plementary with this.study should be a correlation of the impact prop

erties, with impact specimens being taken at locations adjacent to the 

drillings obtained for the .chemical analyses. If an impact test does 

not correlate with the corresponding macroscopic chemical segregation 

analysis, microscopic study of the impact specimen should be made. 

Similarly data should be developed·or existing data used to analyze 

statistically the relevancy of the existing Code rules on the location 

and number of specimens for testing of.mechanical properties, Charpy V

notch "fix" values, and tensile specimen size for both plates and forg

ings. An examination should also be made of what values of the upper 

shelf region. of the Charpy curve are significant to assure adequate tough

ness.· 

There should be a reevaluation of the validity of using test plates 

of similar rather than actual heats for material test certification to 

resolve the question o~ segregation and variant chemistry. As has been 

previously discussed, since base metal is the predominant portion of an 

electroslag weld, verification is needed that the normal variations in 

chemistry to be expected between heats are not harmful. 

An unambiguous method of obtaining impact specimens of heat-affected 

zones needs to be devised. Ideally the specimen notch should be placed 

in the region possessing the poorest impact properties; however, Code 

rules presently permit the actual location to be determined at the dis

cretion and integrity of the tester. 

2.8.2 Flaw Detection 

The techniques required by the Code in nondestructively examining 

the materials forms, welds, and fabricated components of nuclear pressure 

vessels are the same as those employed for conventional vessels, that 

is, ultrasonics, radiography, liquid penetrants, magnetic particles, and 

eddy current or other electrical means. Nuclear vessel inspection re

quirements are·, however, more stringent than those for conventional ves

sels. It is also the general practice in many instances for the fabri

cator to exceed the Code requirements. This additional expenditure in 
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quality control often provides substantial monetary and time savings in 

that significant flaws are discovered early and eliminated before large 

investments in parts are made and possibly lost. 

Although the inspection techniques employed are quite conventional 

and have sufficient inherent capability to reveal the significant flaws, 

there is occasionally a lack of appreciation that these techniques must 

be used in a complementary fashion and also that their use· should follow 

any forming or heat-treating operation likely to initiate or propagate 

flRWS · Tt. A.l Rn Rhnlll fl hP. l'.'P.COgniz.ed that 9Qm~ fabrication procedures 

may require restrictions in order to make subsequent inspections mean

ingful. For instance, surface undulations or roughness_must be con

trolled in order to prevent difficulties in radiography and ultrasonic 

testing. Also sandblasting for surface preparation and cleaning may be 

harmful in that the mechanical peening action may close flaws and thereby 

prevent detection by liquid-penetrant techniques. An additional dif

ficulty is the lack of a calibration standard for magnetic particle and 

liquid-penetrant testing in the codes or standards or otherwise; un

fortunately none appears to be readily available. 

We recommend.that the following specific points be considered in 

future Code revisions: 

1. With regard to tubular products, the Code permits examination 

by either radiographic, ultrasonic, magnetic-particle, liquid-penetrant, 

or eddy-current methods. Since there are times in which a test may be 

applicable but inadequate or inappropriate, it appears that additional 

clarification or supplementary requirements by the Code would be benefi

ci.al. 

2. Additional clarification is needed on the limits of acceptability 

of radiographic examination of tubular products with wall thicknesses 

greater than 1/2 in. 

3. Consideration should be given to the additional requirement of 

ultraso11ic testing of stud bolts. 

4. ~omplementary inspection rather than a choice of either magnetic

particle, liquid-penetrant, or ultrasonic methods would appear to be de

sir·able to assure that all significant flaws· are revealed. 
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5. Uniform methods of testing or demonstrating the competence of 

nondestructive testing operators need to be devised. 

2.8.J Fabrication 

The implementation of all Code process requirements, such as those 

for forming, heat treating, testing, examining, etc., is the province of 

quality assurance in fabrication. Although the Code stipulates many re

quirements with regard to materials, fabrication processes, testing, and 

inspection, many other very crucial details supporting these Code re

quirements are matters of the individual fabricator's choice. For ex

ample, detailed Code postweld heat-treatment requirements obviously imply 

a properly designed and instrumented furnace having adequate control of 

the desired temperature and assurance that undesirable temperature gra

dients do not exist. Also detailed requirements are provided as to ac

ceptable deviations from true part geometry; however, the actual means 

employed for mensuration and the attendant accuracy thereof are left to 

the discretion of the fabricator. These Code omissions are intentional 

and are simply a recognition that undue encroachment has undesirable eco

nomic and legal implications without a commensurate increase in quality. 

By philosophy the Code generally is comprised only of those rules abso

lutely essential for adequate quality and therefore requiring uniform 

industry compliance. 

Nevertheless, the attendant host of implied, unspecified, but re

quired details for nuclear vessels presents a very demanding necessity. 

The demonstrated competence to deal with these problems is limited to 

only a few companies. Assurance of manufacturing competency is at pres

ent accomplished by limiting bid invitations to a select group of firms. 

S0me study is under way to determine the possibility of establishing 

standards for manufacturers so that in the future a perhaps more rational 

basis will be available for judging competency. 

One of the marks of manufacturing competency is the careful detailed 

preparation of all fabrication procedures. Such foresightedness and 

attention to detail has been a principai factor in eliminating major 
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blunders. As previously stated, we believe that such procedures should 

be mandatory provisions of the Code. 

Another area of concern is the relevancy of present requirements of 

"authorized inspectors" as established by the National Board of Boiler 

and Pressure Vessel Inspectors with regard to nuclear pressure vessels. 

The existing requirements are heavily weighted toward the needs of Sec

tions I and VIII rather than III. Consequently presently qualified in

Gpectors may not have sufficient understanding of the design requirements 

and nondestructive test methods required for nuclear vessels. We there

fore recommend the upgrading of qualifications of Code inspectors of nu

clear pressure vessels to a level of competency achieved by profession

ally educated and experienced personnel. An effort in this direction is 

now under way. 

2.8.4 Design 

The role of design in quality assurance has been to a large degree 

discussed previously in Section 2.5. In addition to our previous dis

cussions of analytical and experimental analyses and design review thereof, 

we would like to point out that the current provisions of Section III of 

the Code for rigorous analysis, with its attendant considerable effort 

and cost, also to a degree alleviate this cost burden because of the 

higher stress values permitted. In comparing the previous rules with 

tbosP. of Section III, it is clear that the new rules consider failure to 

be associated rarely with a nominal primary stress but rather with dis

continuities, flaws, and/or associated secondary stresses, so the new 

higher allowable primary stress values should not necessarily result in 

a reduced margin of safety. Nonetheless, a considerable burden is placed 

on the designer with the increased sophistication of Section III to as

sure that quality is not sacrificed. 

2.8.5 Inspection Methods - Capabilities and Limitations 

An evaluation of the present methods of inspection leads us to con

clude that they are generally capable of revealing significant flaws. 



In addition, these methods also provide for· the early rejection of de

fective materials and, as a curbing influence, enhance the production 

of relatively flaw-fr~e welds and thereby minimize the amount of weld 

repair required. We would neither categorize, as some do,. that t.he tech

niques approach infallibility nor, as others do, that they are grossly 

limited as to the type, size, and orientation of flaws that can be es

tablished·. Rather it is clear that each method does have very definite 

limitations and consequently that complementary use of the methods is 

necessary for maximum effectiveness. We do emphasize that those who ex

pect exact numbers and positive assurance of detectability will be dis

appointed, for the effectiveness of nondestructive testing in reactor 

vessel technology is a matter of probability and approximation, not cer

tainty. 

2.9 · TESTING AND SERVICE PERFORMANCE SURVEILLANCE 

Traditionally pressure vessels have been subjected to various tests 

and inspections throughout the course of their operating history to dem

onstrate that continued operation will not result in catastrophic fail

ure. Most .of the techniques currently employed for similar inspections 

and tests for nuclear pressure vessels are patterned after those employed 

in general pressure vessel use. The comparatively more critical function 

of nuclear pressure vessels and the greater attendant difficulty of in

spection due to radioactivity following operation places even greater 

emphasis on the meaningfulness of these inspections and tests. 

2.9.1 Hydrostatic Testing and Postoperational 
Hydrostatic Testing 

Hydrostatic testing has had a long history of Code usage as a tech

nique for inspecting pressure vessels. It usually is recognized as a 

useful leak and strength verification test and it may often serve to de

tect irrr.Proper design, gross flaws, and· faulty materials and to evaluate 

brittle fr~cture susceptibility. Its role has sometimes been described 
• 'J i . 

as beneficial in preventing brittle fracture by the mechanisms described . ' 
as plastic resh~ping,. ~e~ha.Ilical stress relief; stress redistribution, 
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notch nullification, or crack blunting and localized strain hardening, 

among others. On the other hand, it has been ascribed a detrimental 

role because of excessive deformations and metallurgical damage from over

stressing, for example, embrittlement, as a result of the test. A re

view some years ago by the Pressure Vessel Research Committee educed that 

its beneficial effects warranted its continued use. More recently a con

siderable controversy has arisen over the possible merits of conducting 

"warm" or "hot" prestressing via hydrotesting at temperatures approach

ing operating temperatures. This type of test also is credited with pos

sible metallurgical benefits or contrariwise with detriments that either 

prevent or lead to catastrophic failure. 

We believe the excellent record of hydrostatic testing substantiates 

its use for preoperational testing. The potential promise of postopera

tional hot overpressure tests is sufficient to warrant a thorough study 

of the problems. Consideration for adoption as a Code or regulatory re

quirement should hinge upon a metallurgical and fracture analysis evalu

ation for each material of interest. 

2.9.2 Postoperational and In-Service 
Nondestructive Examination 

It iR common practice to subject nonnuclear vessels to nondestruc

tive examination at periodic intervals. The usual techniques employed 

are unaided or optically augmented visual and liquid-penetrant examina

tions. These same practices are to a large measure used or projected 

for use with nuclear vessels. Currently, heavy dependence is placed on 

visual examination. 

Periodic examination of nuclear vessels i~ presently impeded to a 

great degree by (1) the requirement that inspection must coincide with 

scheduled reactor shutdown, (2) the fact that design of internal and ex

ternal reactor core and/or vessel components impede or prevent access 

for inspection, and (3) the fact that the intense background radiation 

limits human access and restricts the application of visual techniques. 

These restrictions and the wide recognition of the inherent limitations 

of unaided visual examination have spurred a considerable interest in 
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developi~g techniques for performing more meaningful .periodic examina

tions and/or•continuous in-service examinations. 

The most promising candidates· for such examinations appear to in

volve some form of ~caustic p~enomena (either sonic or. ultrasonic), al

though radiography and o:ther-methods have been considered. Conceptually, 

either fixed-probe 9r mechanical-scanning-probe acoustic systems appear 

feasible. Considerable development effort would be required before an 
} "' 

operating mechanical-scanning-probe acoustic system could be applied . . . 

as a standard test. for pos~operation examination. Some of the questions 

that must be answered or problems which must-be overcome are listed be

low: 

l. A quantitative determination is needed of the effect on ultra

sonic ,penetration and propagation of the 'austenitic stainless steel weld

overlay cladding. This includes the effects of the attenuation of the 

cladding, the acoustic mismatch at the carbon-cladding interface, and 

the irregular surface of the weld-deposited cladding. 

2. A method is needed for assuring consistent angles of incidence 

of the introduced sound beams. 

J. Complex scahning requirements around nozzles due to joint con

figurations should be studied.· This is especially important because of 

higher stress levels in _these areas. 

4. Consideration should be given to the probable requirement for 

removal of some of the internal components to allow scanning of the areas 

of most concern. This statement presupposes that the optimum scanning 

method would be from the interior of the vessel. The possibility should 

not be overlooked that the optimum scanning .method could be from the out

side of the vessel. This would require the capability of temporarily 

removing external insulation and shielding. 

5. A method is needed for establishing bench marks for orientation 

and reproducing scans at successive inspections~ 

6. A method· is.needed for producing continuous records that can be 

maintained and compared with records from previous inspections. This re

quirement would coordinate closely with the previous one and both would 

be accomplished better with an automated system and thus less dependence 

on_operator interpretation and recording • 

.' 
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7. Assurance is needed that ultrasonic techniques are adequate and 

sufficiently sensitive to detect and properly interpret flaws of concern 

at all suspected orientations in the thick pressure vessel sections being 

used or planned. 

An alternate fixed-probe acoustic scheme can be developed as an ac

tive system in which the probe generates and receives energy or as a 

passive system in which the probe only receives the energy generated by 

other conditions. For both of these fixed-probe systems, further develop

ment would be required before an operating system could be applied as a 

standard test. Many of the questions that must be resolved are common 

to the scanning systems discussed previously. For convenience, the prob

lems that seem to be pertinent are listed here, along with those peculiar 

to the fixed-probe systems. 

1. A determination is needed of the effects on ultrasonic propaga

tion of the weld-overlay cladding and the interface between cladding and 

carbon steel. Probably the probes would be affixed to the outer surface 

of the vessel. 

2. Methods are needed for establishing bench marks for orientation 

and reproducing scans at successive inspections. This would be particu

larly important in the Dickinson system in which sound beam angles can 

be adjusted. 

3. A method for producing continuous records that can be maintained 

and compared with records from previous inspections is needed. As men

tioned earlier, this would coordinate closely with the p~evious require

ment (No. 2) and both would be· accomplished better with an automated sys

tem and thus less dependence on operator interpretation and recording. 

4. Assurance is needed that the ultrasonic techniques are adequate 

and sufficiently sensitive to detect and properly interpret flaws of con

cern at all suspected orientations in the thick pressure vessel sections 

being used or planned. 

5. Assurance is needed that the number, spacing, or position of 

the fixed probes is adequate to detect flaws of concern. This is par

ticularly important around changes of section thickness and various pene

trations such as nozzles. 
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6. A determination should be made of the effect of·radiation and 

other environmental effects on the electrical or mechanical functioning 

of all components and constituents of the·probes. If service life of 

the probes is sig-nificantly affected, means must be devised for removing 

the probes during reactor operation and reestablishing the probe posi

tion, orientation, coupling, calibration, etc., or the system will not 

be usable. 

7. A determination is needed of the effect of radiation damage on 

the ultrasonic properties of the vessel materials, since it may influ

ence the propagation of ultrasonic energy. 

A considerable effort is also being expended on passive systems 

based on the phenomenon of acoustic emission. Detectors would be placed 

at strategic locations to monitor acoustic stress waves released as a 

consequence of.metal deformation or crack propagation. 

As with-previously discussed systems, further development effort 

would be required before an acoustic emission system could be considered 

as standard for postoperation examination. Some of the problem areas 

are common· to the other approaches and will be r_epeated here. The vari

ous con-siderations include the following: 

l. There is need for introduction of stress to generate deformation -

or defect propagation which, in turn, may be detected by the passive probe 

system. For postoperation examination this could be accomplished during 

hydrostatic testing. 

2. A determination is needed of the effect of nozzle and other pene

trations on the propagation of the acoustic wave. 

J. A determination is needed of proper number, position, and spacing 

of probes to assure detection of any stress wave originating within the 

vessel. 

4. A method is needed for producing continuous recor·cls that can l>e 

maintained and compared with records from previous inspections. 

5. A determination is ·needed of the effect of radiation and other 

environmental effects on the functioning of all components and constitu~ 

ents of the probes. 

6. If service life of the probes is significantly affected, means 

must be devised for removing the probes during reactor operation and 

· .. ' 
~ 
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reestablishing the probe position, orientation, coupling, calibration, 

etc., or the system will not be usable. 

7. A determination is needed of the effect of radiation damage on 

the sonic propagation properties of the vessel material at the frequencies 

of interest. 

8. A determination should be made of whether all anticipated fail-. 

ure mechanisms in the .pressure vessel materials will produce a detectable 

stress wave; for example_, how will stress-corrosion cracking differ from 

the failure modes and what will be the effect of hydrogen or radiation 

embrittlement on the generated stress wave? 

9. Data processing systems should be developed that can provide 

prompt display and interpretation of data. 

10. Improved resolution is needed for locating the origins of sig

nals. This will include both improved instrumentation and probes, as 

well as better knowledge of propagation velocities. 

11. It should be determined with assurance that the system can be 

applied to large thicknesses without difficulty. 

12. It should be demonstrated that adequate discrimination can be 

made between signals due to defects and those due to.noises in or around 

the vessel. 

13. Means should be provided for quantitatively relating the signal 

to the increment of crack growth so that record summation can be used to 

determine total crack size. If this latter requirement cannot be sat

isfied, a supplementary means of examination would be needed to investi

gate areas of significant acoustic emission to determine the total crack 

size. 

Although it is more difficult at the present.state of technology to 

hypothesize on the merits of other nondestructive examinations, it would 

appear to be prudent to continue to examine new approaches for feasibility. 

Such studies should continue not.only for those systems that primarily 

monitor fault initiation and growth but also those which deal with the 

change of physical and mechanical properties. A considerable effort has 

already been expended on the search for an easily measured physical prop

erty that can be correlated with mechanical property deterioration as

sociated with radiation damage. Such studies have not succeeded as yet 
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in revealing any significant relations; nevertheless we believe a vigorous 

effort should be continued. 

All the previous discussion of acoustic systems has been primarily 

premised on the assumption that monitoring would be accomplished at shut

down periods determined by normal power scheduling. It may be hypothe

sized as a possible future development that under some conditions an ap

proach to a critical failure condition could be attained over a rather 

short time. In this event it would be necessary to perform examinations 

more frequently than would be afforded by periodic postoperational in

spections. Such examinations could be similar to those previously dis

cussed, with the exceptions of greater frequency of inspection and sub

jection to operating rather than shutdown environments. Operation under 

such conditions places paramount interest in the following problems: 

maintainability, safety, and reliability, with assurance of noninter

ference with reactor system instrumentation and controls and resistance 

to the radiation, temperature, etc. associated with the environment. In 

addition, all the previously listed development problems for scanning 

and fixed-probe acoustic systems and acoustic-emission systems would be 

applicable to in-service systems. 

2.9.J Postoperational Material Surveillance 

Even with the most care:f'Ul attention to materials specifications, 

design details, fabrication procedures, and inspection procedures, it is 

currently not possible to assure the continuance of the initial materials 

properties nor to predict unfailingly any change, deterioration or other

wise, of materials properties with time. The overlapping and possibly 

opposing influences of environmental parameters, such as radiation, tem

perature, stress state, possible corrosive action, etc., regiment against 

a thorough and precise knowledge of the effect of a single environmental 

parameter.· Section III of the Code recognizes the current state of the 

technology in that the designer is warned that such effects shall be 

considered to assure that the design life may be attained. 

The designers currently fulfill a portion of this obligation by con

ducting a materials radiation surveillance program generally in accordance 
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with ASTM E 185, "Recommended Practice for Surveillance Tests on Struc

tural Materials in Nuclear Reactors." These programs are implemented by 

subjecting tensile and impact materials specimens, taken from beltline 

courses of the shell, to temperature and radiation conditions represen

tative of that seen by the vessel. The continuous monitoring of the 

radiation-induced changes thereby permits evaluation of the safety ·and 

reliability of continued operation of the vessel for the prescribed ap

proved opera.ting conditions. Evaluation is currently prcmioed on the 

applicability of the transition-temperature approach, previously discussed 

in Section 2.5. In addition, as a secondary purpose, these surveillance 

tests hopefully will contribute to a basic understanding of radiation 

effects, lead to the ability to forecast radiation effects for each of 

the materials of interest and, as a consequence, eliminate the need of 

a surveillance program. 

Continued vigorous usage of these radiation surveillance programs 

appears to be necessary for moni tori_ng and evaluation and for basic radia- · 

tion~effects studies. In addition, the recommendations previously made 

with regard to specimen preparation and dosimetry should be considered . 
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3. ENVIROl'{MENTAL AND· SERVICE CONDITIONS* 

There have b~en relativel_y minor changes in the design and operating 

conditions during the course of development of light-water reactors. 

Table 3.1 presents· a summary of the conditions and design data for the 

pressure vessels of commercial power reactors up to the present time. 

These 'and other environmental and service Conditions are discussed in the 

following sections. 

3.1 TEMPERATURE 

Current designs of pressurized-water reactor vessels are based on a 

temperature of 650uF and boiling-water reactor vessels on a temperature 

of 575°F. A margin of approximately 40 to 50°F is provided above the 

maximum fluid operating temperature of approximately 600°F for pressurized

water reactor vessels and a margin of approximately 25· to 30°F above the 
·1.1-

maximum fluid operating ~emperature of approximately 545°F for boiling

water reactor vessels. 

3. 2 PRESSURE OR SERVICE LOADING 

Current de.signs of pressurized-water reactor vessels are based on a 

pressure of 2485 to 2500 psig and boiling-water reactor vessels on a pres~ 

sure of 1250 psig. The corresponding operating pressures are 2050 to 
. -

2235 psig for pressurized-water reactor ve"ssels and approximately 1000 

psig f9r boiling-water reactor vessels. The margin between operating 

and design pressure provides,allo:wances for operation rp.aneuvering, sys

tem transients, and a set-point range for relief and safety valves. 

*This chapter was prepared by G. C. Robinson, Jr., and G. D. Whitman, 
Oak.Ridge National Laboratory. 
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Table 3.1. Summary of Design and Operating Conditions for Light-Water Reactor Vessels 

Reactor 
Name 

Shippingport 

Dresden-1 

Yankee 

Saxton 

Indian 
Point-1 

Big Rock 
Point 

Elk River 

Humboldt Bay 

BONTJR 

Pathfinder 

Lacrosse 

San Onofre 

Connecticut 
Yankee 

Oyster Creek 

Nine-Mile 
Point 

Dresden-2 

Malibu 

Millstone 
Point 

Brookwood 

Indian 
Point-2 

PaliaadcG 

Turkey 
Point-3 

TVA Browns 
Ferry 

Type 
of 

Reactor 

PWR 

BWR 

PWR 

PWR 

PWR 

BWR 

BWR 

BWR 

BWR 

BWR 

BWR 

PWR 

PWH 

BWR 

BWR 

BWR 

PWR 

BWR 

BWR 

PWR 

PWR 

PWR 

BWR 

Power Capacity 
(Mw) 

Net 
Thermal Elec-

525 

700 

540 

23.5 

585 

240 

58.2 

240 

50 

188.9 

165 

1210 

1473 

1600 

1538 

2300 

14'/3 

1727 

1300 

2758 

2200 

2097 

3293 

trical 

150 

200 

155 

5 

151 

70 

15 

69 

17 

59 

50 

450 

646 

515 

500 

715 

,50 

549 

420 

8'13 

710 

652 

1075 

Operating 
Pressure 

(psig) 

1985 

1000 

2000 

2000 

1500 

1035-1485b 

936 

1000-1150 

975 

600 

1285 

2050 

2050 

1000 

1000 

1000 

2050 

1000 

2235 

2.235 

2085 

2235 

1005 

ainside radius at tangent to heads. 

Operating 
Temperature 

(o_F) 

512.1-599.9 

499-609b 

55ob 

486.5-519 

593 

425-536 

561 

540 

489 

578 

549-595 

569 

546 

530-546 

547 

546-·592 

546 

581 

570 

545-591.l 

574 

547 

b . 
Maximum. 

Design 
Pressure 

(pGig) 

2500 

1250 

2500 

2485 

1800 

1700 

1250 

1250 

1150 

700 

1400 

2485 

1250 

1235 

1250 

1250 

2485 

2405 

2500 

2485 

1250 

Design 
Tempera

ture 
("F) 

600 

650 

650 

650 

650 

650 

650 

650 

600 

500 

650 

650 

650 

575 

575 

575 

650 

575 

650 

650 

650 

650 

575 

cMinimum. 

Vessel 
Design 

Code 

ASME, Sect. I 

ASME, Sect. I 

ASME, Sect. VIII 

ASME, Sect. VIII 

ASME, Sect. I and 
Navy 

Inside 
Diameter 

109 in. 

12 ft 
2 in. 

109 in. 

58 in. 

117 ft 

Overall 
Lengtha Top Head 

Base Cladding 

31 ft 10 1/4 
6 in. 

40 ft 5 1/4 
10 1/8 in. 

3/8 

31 ft 6 in. 7 

18 ft 5 1/4 

36 ft 
9 3/16 in. 

Wall Thickness (in.) 

Bottom Head 

Base Cladding 

6.2 0.2 

3/8 9 and 
5 1/4 

3 7/8 

4 1/2 

6 15/16 o.io9 

Cylinder 

Base Cladding 

8 3/8 

5 1/4 
6 1/2 

7 7/8 
5d 

6.94 

1/4 

3/8 
3/8 

o.109c 

ASME, Sect. I and 
Navy 

106 in. 28 ft 
8 1/2 in. 

5 1/4 5/32," 5 1/4 
7/32e. 

5/32," 5.5 
7/32e 

ASME, Sect. VIII 7 ft 
and Code Case 1234 

ASME, Sects. I and 10 ft 
VIII and Code 
Cases; Navy 

ASME, Sect. VIII 7 ft 
and Navy 

ASME, Sect. VIII 11 ft 
and Code Cases; 
Navy 

25 ft 

40 ft 5 in. 3 1/2 

26 ft 7 in. 5 1/4 

31 ft 6 in. 2 3/8 1/8 

ASME, Sect. VIII 
and Code Cases; 
Navy 

8.25 ft 37 ft 

ASME, Sect. VIII 
and Code Cases 
1270N, 1273N 

ASME, Sect. VIII 
and Code Cases 
1270N, 1273N 

142 in. 

154 in. 

ASME, Sects. I and 17 ft 
VIII and Code 9 in. 
Cases 1270N, 1~'13.N 

ASME, Sects. I and 17 ft 
VIII and Code 9 in. 
Cases 1270N, 1273N 

ASME, Sect. "III 20 ft 
11 in. 

ARMF.:, Sect. III 154 in. 

ASME, Sect . III 

JISMJi:, S ~t:"t , ·1 I I 

ASME, Sect. III 

18 ft 
8 in. 

132 in. 

J71 in, 

172 in. 

•' 

44 ft 7 1/4 
4 3/8 in. 

7/32 

41 ft 7 3/4 
6 1/8 in. 

7/32 

61 ft 2 in. 4 5/16 7/32 

61 ft 2 in. 4 5/16 7/32 

68 ft 4 3/16 

46 ft 7 3/4 7/32 
6 1/8 in. 

64 ft 8 in. 

39 ft 5 3/8 

42 ft 4 in. 7 

40 ft 7 3/8 
3/4 in. 

5/32 

7/3~ 

1/4 

ASME, Sect. III 155.5 in. 41 ft 6 3/16 5/32 

ASME, Sect. III 251 in. 72 ft 4 0 
6 1/2 in. 

d . 
Multilayer. ~ominal. 

3 5/8 

2 3/16 1/4 

3 1/4 

5 7/~2 

5 3/16 7/32 

8 3/4 7/32 

8 3/4 7/32 

8 J/16 
I 

5 3/16 . 7/32 

4 1/8 

5 5/16 

4 3/8 

4 3/4 

8 

5/32 

7f32 

1/4 

5/32 

3/:16 

3.0 

Cone, 4 3/4 
4 5/16 

3 1/8 

3 

4 

9 3/4 

10 5/8 

7 1/8 

6 1/8 

6 1/8 

9 5/16 

5 11/16 

6 1/2 

il 5/? 

8 1/2 

7 3/4 

6 1/8 

1/4 

1/4 

0.188 

7/32 

3/16 

1/8 

1/8 

3/16 

3/16 
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3.3 PROCESS FLUIDS 

In the current designs of both boiling-water and pressurized-water 

reactors, it is a common practice to employ corrosion-resistant materials 

on the wetted primary boundary and to use treatment measures that produce 

high-purity water. The primary motivations for this practice are two

fold: (1) to prevent a corrosion rate that results in the transport and 

deposition of radioactive crud into components where accumulation might 

impede mechanical action or prevent contact maintenance and (2) to pre

vent deleterious accumulation of corrosion products or other solids on 

critical heat transfer surfaces, such as the fuel elements and tubes of 

heat exchangers. Test loop operation and reactor operating experience 

to date have given no evidence of severe corrosion. Although various 

mechanisms, such. as hydrogen embrittlement of the base material at breaks 

in the stainless steel cladding, are considered as potential problems, 

no evidence of such mechanisms exists to date. 

Methods for effecting water chemistry control for pressurized-water 

reactors are similar to those used in modern high-pressure and supercri

tical fossil-fired steam plants. Figure 3.1 shows a simplified flow 

diagram of a typical pressurized-water reactor and illustrates the prin

cipal equipment used to effect water chemistry control. A by-pass stream 

flows through demineralizers to reduce the total solids to a very low 

level (<l ppm) and thereby remove radioactive crud and limit the chloride 

content to an acceptable level. A bypass stream may also flow through a 

gas-8tripping deaerator to remove xenon, krypton, and other gases before 

returning to the primary loop. Hydrogen and a pH control chemical, usu

ally hydrazine, are introduced into the bypass strea~ to effect control 
' of dissolved oxygen and to maintain a high pH level. Boron, usually in 

the form of boric acid, is used for chemical shim reactivity control. 

The boric acid is introduced into the primary loop batch-wise via the 

metering pump and removed as required via a bypass stream by means of 

demineralizers. Since only stainless steel, Inconel, and Zircaloy are 

used as the wetted surfaces throughout the primary loop and the various 

. l 

.J 
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Fig. 3.1. Simplified Flow Diagram of Pressurized-Water Reactor Il
lustrating Water Chemistry Control. 

auxiliary loops, the primary effort has been to effect water conditions 

considered ideal for these very corrosion-resistant alloys. 

Because of the gas-stripping action of the condenser in the boiling

water primary loop, it is not feasible to utilize hydrogen as in the 

pressurized-water reactors for suppression of the oxygen produced by 

radiolytic decomposition of the water in the reactor. In the presence 

of an excess of oxygen, hydrazine will break down in the reactor environ

ment to form nitric acid. Consequently boiling-water reactors have not 

used oxygen and pH control schemes comparable to those of pressurized

water reactor systems. Figure 3.2 shows a simplified flow diagram of a 

typical boiling-water reactor to illustrate the scheme used for water 

chemistry control. Since the measures employed for pressurized-water re

actors to control oxygen and pH would be ineffective, a development pro

gram was instituted to examine the corrosiveness of an environment that 

depended on low total dissolved ?Jld suspended solids, low oxygen and 

chlorides, variable pH, and a stoichiometric ratio of hydrogen and oxygen 

both in the water and steam phases. Out-of-pile test loop operation of 
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ORNL-DWG 67-27!2 

REACTOR 

CLEANUP HEAT 
DEMINERALIZER EXCHANGER 

Fig. 3.2. Simplified Flow Diagram of Boiling-Water Reactor Illus
trating Water Chemistry Control. 

such an ~nvironment for not only stainless steel but also carbon steels, 

Zircal?ys, Inconel, copper alloys, and copper-nickel alloys typical of 

conventional condensate and feedwater systems have demonstrated to date 

very low corrosion rates and rates of release of corrosion products to 

systems. 

Table 3.2 lists the coolant conditions specified for both early and 

recent designs of boiling-water and pressurized-water reactors. Typical 

pressurized-water reactor coolant conditions are: 

Dissolved oxygen 
Chloride 
Total dissolved solids 

(excluding boron) 
Total suspended solids 
Hydrogen 
pH 
Conductivity 
Boron 

:::;().l ppm 
4).15 ppm 
:::;().50 ppm 

~.o ppm 
25-35 cc (STP)/kg 
9 .5-10 
1-2 µmho/cm 
0-23,000 ppm 

Typical boiling-water reactor coolant conditions (liquid phase) are: 

Dissolved oxygen 
Chloride 
Total suspended solids 
pH 
Conductivity 

:::;().l ppm 
:::;().l ppm 
~.2 ppm 
4-10 
0.1 µmho/cm 
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Table 3.2. Summary of Coolant Conditions of Light-Water Reactors 

Dissolved Total Total Total other Conduc- Radiolitic Oxygen Radioactivitya 
Type Chloridea Fluoridea Dissolved Suspended Hydrogenb Composition of Major Gas in (count~/IDl) Reactor Oxygen a Halogensa Elementsa tivitya pHb pH Con.trol Reactivity 

Name of (ppm) (ppm) Solidsa Solids a [cc (STP)/kg] Components Production Feed Control Reactor (ppm) (ppm) (ppm) (ppm) (ppm) (rriho/ cm) [cfm/Mw(t)] (ppb) Iodine Total 

Shippingport PWR 0.14 0.5 o.oo4-o.1 15-60 7-75 9.5-l0.5 Zirconium fuel, stainless steel LiOH, o.6 ppm N0.1:i~ 

system 

Dresden-1 BWR (c) 0.1, o.5d l 6.5-7.5 Zirconium and stainless steel o.o4 10 None None 
fuel, stainless st.eel system, 
Mon el and copper-nickel feed-
water heater tubes, carbon 
steel feedwater piping 

Yankee PWR O.l 0.1 2.0 Boron, 5 24-45 2 Stainless steel fuel, stainless Hydrogen and hydra- Core 4, chemical 
steel system zine injection, ion shim, 1000 ppm boron 

exchanee 

Saxton PWR 0.14 0,1 0.5 PotacEium, 3,8; 25-35 
boron, 2500 

Indian Point-1 PWR 0.01 0.1 1.0 Boron, 40 as boric 20-40 7,0 Stainless steel fuel 30 None 3000 ppm boron for 
acid shutdown 

Big Rock Point BWR (c) 0.1, o.5d O.l l 5 .5-8.5 Stainless steel fuel, stain~ess 0.07 10 None None 
steel system, Admiralty and 
70% Cu-3o% Ni feedwater heater 
tubes, carbon steel feedwater 
piping I 

Elk River _BWR o.o4 O.l 0 0.1 6.7 Zirconium fuel, stainless steel 4 x 10- 4 9 x losif None None 
system 5 x la2 

Humboldt Bay BWR 0.5 0.1, o,5d Boron, 100 l 5.5-8.5 Stainless steel fuel, stainless o.o4 5 50 None None 
steel system, Admiralty feed-
water heater tubes (being 
changed to stainless steel), 
carbon steel feedwater piping 

BONUS BWR 0,5 <L.O <J.O.O l 6.5-7.5 Zirconium and Incnnel fuel; 0,05 ::l5 <35 None None 
stainless steel system; Ad-
miralty, copper-nickel, and 
carbon steel feedwater system 

Pathfinder BWR O.l Boron, 100 5, lOe 4-10 20 

Lacrosse RWR O.l 7 5 x 10- 5 to 5 x 10- 4 

molar KOH (tenta-
tive) 

San Onofre PWR O.l 0.15 0,15 0.5 25-35 5 x lo-s to 5 x 10- 4 

molar KOH 

Connecticut PWR O.l 0.15 0,15 o.5f 25-35 
Yankee 

Oyster Creek llWH (c) -·- rl l 5.5-8.5 Stainless steel feedwater None None 0.1, o.; ., 
heater t.ub:i.ng, carbon steel ! 
feedwater piping, zirconium 
fnel, stainless steel system 

Brookwood BWR 0.1 0.15 O.l o.5r Lithium, 0.2-2.2 25-35 Inj,ection of 7 Li ~s 
Li OH 

Indian Point-2 PWR O.l 0.15 O.l 1.0 Boron, 0-23,000 as 25-35 0.3 x 10- 4 to Boric acid 
boric acid 3.2 x 10- 4 molal 

strong base, or up 
to 20 ppm NH 3 

Palisades PWR 0.1 0.15 0.5 Lithium, o.25-'2 .o; 25-35 5.2-9.5 Zirconium fuel, stainless steel 7Li level controlled Borio acid 
boron, 0-1720 system by mixed-bed resins 

Turkey Point-3 PWR O.l 0.15 0.1 1.0 Boron, 0-23,000 as 25-35 0.3 x 10- 4 to Boric acid 
boric acid 3;2 x 10- 4 molal .. strong base, or up 

to 20 ppm NH3 

aSI>er.ified maximum, ~ot specified; normally 0.2 to 0.3 ppm due to 2H20 ..... 2H2 + 02 ~wo weeks per year. fExclusive of. a_dditives. 

bSpecified range, i·•,.•c:tloil e.11d o.ir inlcaJrogo into :f'eedwv.ti:-:i:-. 0 Tra.noiont, gTn r.nnrleni;ate. 
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3. 4 RADIATION 

The primary conc~rn with respect to radiation is the well-known em

brittling effect of neutron irradiation on carbon and low-alloy steels. 

Although in other types of reactor, for example, the aqueous homogeneous, 

the effect of radiation is also important in its effect on coolant condi

tions that are detrimental to. the wetted boundary of the pressure vessel, 

there are no known or suspected similar detrimental reactions catalyzed 

by- radiation in the pressurized- and boiling-water reactors. Such ef

fects· are considered highly unlikely. It is anticipated that the con-· 

siderable good out-of-pile test experience will be verified as reactor 

operating experience is rapidly accumulated. 

The current stated aim of water-reactor designers is to avoid high 

stresses and discontinuities in regions of the vessel where it is esti

mated that the accumulated fast-neutron (>l Mev) flux over the reactor 

life will exceed 1018 neutrons/cm2 . Consequently, the only region for 

which any embrittlement or shift in the design transition temperature is 

anticipated is the cylindrical belt region at the core center line. Al

though the methods of estimation of flux, ·energy spectrum, rate e:ffects, 

monitor c:ross section, and axial and radial profiles have significance 

in the estimation of radiation damage, the current dat~ generally pre-

· sented for safety evaluation are the nominal and maximum time-integrated 

fast-neutron (>l Mev) flux values for the belt-line location and the antici

pated design transition temperature shifts for each. Table 3.3 presents 

the data currently available f'or safety evaluation of radiation damage. 

3. 5 DOSIMETRY 

In the context of this report, neutron dosimetry is linked inseparably 

to the effects of neutron irradiation on pressure vessel steels. The 

following discussion of the development of neutron dosimetry, the present 

state of dosimetry art, and the course of future development accents the 

experimental techniques in use and the various schemes proposed for re

porting data. Radiation damage is fully discussed in Section 5.4, and 



Reactor Name 

Shippingport 

Dresden-1 

Yankee 

Saxton 

Indian Point-1 

Big Rock Point 

Elk River 

Humboldt Bay 

BONUS 

Pathfinder 

Lacrosse 

San Onofre 

Connecticut Yankee 

Oyster Creek 

Nine-Mile Point 

Dresden-2 

Millstone Point 

Brookwood 

Indian Point-2 

Palisades 

Turkey Point-3 

TVA Browns Ferry 

·Dresden-3 

Quad Cities-1 

Monticello 

Vermont Yankee 

ainitial. 

bGuaranteed. 

Type 
of 

Reactor 

PWR 

BWR 

PWR 

PWR 

PWR 

BWR 

BWR 

BWR 

BWR 

BWR 

BWR 

PWR 

PWR 

BWR 

BWR 

BWR 

BWR 

BWR 

PWR 

PWR 

PWR 

BWR 

BWR 

BWR 

BWR 

BWR 

Method of 
Establishing 

Flux 
Spectrum 

Calculation and 
measurement 

Calculation and 
measurement 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 

Calculation 
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Name of 
Code 
Used 

Type 
of 

Code 

PlMG Diffusion 

PlMG Di:t'i'usion 

PlMG Diffusion 

Cl7 

PlMG Diffusion 

PlMG Diffusion 

PlMG Diffusion 

PlMG Diffusion 

C-17 (fast), 
WAFlB (ther
mal) 

PlMG Diffusion 

Number 
of 

Energy 
Groups 

10 

55 
55 

55 
55 
10 

55 

cM. S. Hersh, F, A, Brandt, and B. C. Beaudreau, Dresden (I) Nuclear 
Power Station Reactor Vessel Steel Surveillance Program, USAEC Report 
GECR-5165, General Electric Company, May 1966. 

dJ. P. Higgins, Modified Surveillance Program for General Electric 
DWR Prcooure Veooel ·steels, USAEC Report APED-5490, General F.ledric 
Company, May 1967. 

Axial 
Peaking 
Factor 
Used in 

Table 3.3. Data for Estimation of Radiation Damage 

Radial Material Arrangement, 
Kind, and Thickness 

Reactor Assumed Assumed 
Life Thermal Plant 

Power 

Calculated Integrated Flux Over Reactor 
Life at Vessel Inner Surface at 

Belt Line (neutrons/ ~2 ) 
Belt Line 

Initial NDT 
Temperature 

Estimated NDT Shift at 
Belt Line at End of 
Reactor Life (°F) 

Calculation 
(years) (Mw) Factor 

Thermal O.l to 1.0 Mev >1.0 Mev 
(OF) 

Minimum Maximum 

Reference Data 
(Curves) Used to 
Correlate NDT 

Shift with 
Neutron Exposure 

1.5 

1.5 

1.43 

1.8 

1.5 

1.5 

l.) 

1.5 

1.5 

Mean core diameter, 58 in.; 3/8-in.
thick stainless steel core barrel; 
1-in.-thick stainless steel thermal 
shield 

0.5 in. otainless steel, 6.5 in. H£0, 
1.5 in. stainless steel, 2.75 in. 
H20, 3 in. stainless steel, 4 in. 
H20, 0.25 in. stainless steel 

20 

40 

30 

5 

40 

40 

20 

20 

20 

20 

20 

30 

30 

40 

40 

40 

40 

40 

225 

626 

600 

615 

157 

51 

163 

50 

200 

1347 

1473 

1860 

1846 

2467 

1727a 
2011b 

1300 

2758 

2450 

0.8 

0.85 

0.60 

0.80 

1.0 

0.80 

1.0 

1.0 

0.80 

0.9 

0.9 

1.0 

1.0 

1.0 

1.0 
1.0 

o.8 
o.8 
o.Ro 

8.4 x lol 9 

4 .0 x 101 9 

8.2 x lol 9 

4.7 x 1020 

2.5 X lifO 

2.2 X lifO 

5,6 x 1019 

9.7 x lol 9 

2.23 x 1019 

4.1 x lol 9 

3,3 X 1019 

3.8 x 1019 

Not available 

9.0 x lol 9 

4.1 x 101 9 

3.2 x 1019 

1.2 x 1019 

' 

6.o x 1019 

2 .. 5 x 1019 

2.0 x 1019 · 

. 7:.5 x 1018 

3:.63 x 1018 

l!.9 x 1019 
' 

3.4 x 1018 
f 

1.65 x lc1 9 

i
1.14 x 1018 

91.5 x 1018 

6.1 x 1019 

2:.5 x 1019 
I h 

9'.2 x 1017 

1!.26 x 1017h 

2!.4 x 1017h 

4.~ x 1017h 
4.9 x 1017h 

2'.2 x 1019 

0.9 x 101 9 

91,4 x 1018f 

60 

<:LO 

25 

-30 

~10 

30 

~10 

<10 

10 

~10 

~10 

~o 

40 

320 

150 

205 

215 

135 

25 

10 

10 

0 

0 
0 

400 

160 

305 

225 

320 

50 

310 
60 

260 

80 

320 

245 

70 

60 

20 

40 
40 

233 

168 

175 

See footnote c 

See footnote d 

See footnote e 

See footnote g 

See footnote i 

See footnote i' 

See footnote i 

See footnote i 

40 

40 

40 

40 

40 

40 

2300 

3293 

2467 

2527 

1674 

1593 

o.8 
1.0 

1.0 

1.0 

1.0 

1.0 

1.6 x 1020 3 .8 x 101° 21.6 x 101 9 250 

eF. A. Brandt, Humboldt Bay Power Plant Unit No. 3 Reactor Vessel Steel 
Surveillance Program, USAEC Report GECR-5492, General Electric Company, May 
1967. 

fMaximum. 

gOll.k. Ridge National Laboratory, Solid State Division Annual Progress 
Report for Period Ending August 31, 1959, USAEC Report ORNL-2829 • 

.. hEstimated. 

I ~1 h 
3'.5 x hr 7 

<i'..o x l019f 
l h 

2.4 x 1017 
h 

51.4 x 1017 
h 

1:.0 x 1017 

~o 

"'40 

~o 

~o 

~o 

0 

0 

0 

0 

40 

20 

20 

50 

0 

See footnote i 

See fuutnute i 

See footnote i 

See footnote i 

See footnote i 
i I 
G. F. Carpenter, N. R. Knopf, and E. S. Byron, Anomalous Embrittling 

Effects Observed During Irradiation Studies on Pressure Vessel Steels, 
Nucl. Sci. Eng., 19(1): l&-38 (May 1964). 

jAs~umed. ,, 
,! ., 
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therefore only brief mention of radiation damage theories is provided in 

this section where such references will provide clarity . 
. , ~~").. .. 

Throughout the course of development of light-water reactor tech-

nology, there has been recognition of the potential deleterious effect 

of neutron irradiation on pressure vessel steels. Experimental studies 

were initiated early in the 1950's at a number of laboratories to assess 

.the quantitative changes that could be expected. Since there was a great 

urgency for data, all the early irradiations took place in experimental 

reactors at accelerated conditions, that is, at instantaneous dose rates 

many orders of magnitude greater than anticipated for the affected pres

sure vessel structure. 

A number of methods.were available at that time for measurement of 

neutron flux; for example, there was proton recoil spectroscopy, crystal 

spectroscopy, photographic plates and emulsions, and activation analysis. 

Except.for activation analysis, however, none of these was suitable for 

monitoring steel irradiation, either because of excessive space requirements 

or because of sensitivity to the high gamma intensities or temperature 

conditions 'that existed at the irradiation position. Activation analysis 

therefore became, by default, the standard technique for flux measurement. 

Many major difficulties, some of which a:r:e <lis<.:ussed below, plagued 

the experimenter in the use of activation analysis. As a consequence 

some reliance was initially placed on corroboration of activation analysis 

data with data furnished by the experimental reactor operating staff. Also .. 
in many instances radiation damage data were based solely on the data 

furnished by the reactor staff. Such "staff" data were generally obtained 

from calculations, estimations, or· surveys at low power levels.and usually 

did not take into account changes in fuel loading or control rod program

ming and structural changes at the irradiation position. The resulting 

data correlations were often marginal or poor. 

Some of the requisite properties of activation monitors for ideal 

dosimetry are the following: 

1. The threshold energy should be sensitive to the complete energy 

spectrum. 

2. The daughter product of the detector material should decay by a 

single radiation process and should have a relatively long half-life. 
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3. The detector material and product should be chemically and physi

cally stable and compatible with the environment and operating conditions 

of the irradiation space. 

4. The detector material should be available in a form for which 

there are insignificant competing nuclear reactions. 

5. The daughter product should be insensitive to ionizing radiation. 

6. The daughter product radiation should be easily isolated and 

measured accurately .. 

In practice most of the candidate materials for activation monitor

ing fail to fulfill one or more of the preceding requirements. A further 

factor is cost. Although technically the fission thre.shold monitors are 

feasible and satisfactory and they are the only ones available that cover 

the portion of the neutron spectrum from thermal to fast, the high cost 

of an analysis has severely limited their use. Most of the early experi

menters used 59Co or cadmium-shielded 59Co, 32s, and 58Ni to monitor the 

thermal, resonance, and fast fluxes, respectively. Since these activants 

are virtually insensitive in the range from 1 kev to 1 Mev, this portion 

of the spectrum was neglected. Because of this limitation, the reporting 

of fluxes grea.ter than 1 Mev became the vogue, a.nd some experimenters 

gave these measurements a quasi-physical-property status. However, with 

subsequent improvements in dosimetry and·with the development of damage 

theories that reflect experimental evidence, there has been increased 

attention to the need for monitoring and reporting fluxes less than 1 Mev. 

3.5.1 Damage Models 

Many theoreticians have advanced models of radiation damage. Among 

them are Kinchin and Pease, 1 Snyder and Neufeld,2 Brinkman, 3 Churchman, 

Mogford and Cottrell, 4 Rossin, 5 Dahl and Yoshikawa, 6 and Beeler. 7 Some 

of the parameters considered in these studies are (1) energy and tempera

ture dependence of rarli r1.tion damage .• (2) energy dependence of neutrons 

and primary knock-on atoms for production of vacancies, interstitials, 

and displacement spikes, (3) precipitation of impurity atoms, (4) effect 

of channeling and quasi-r.hanneling along preferential lattice directions, 

(5) space dependence of production of vacancies, interstitials, and 
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displacement spikes, and (6) annihilation of damage by overlapping of 

~amage areas. Although no well-ordered consensus may yet be written, 

these studies have revealed many of the factors that provide logical ex

planations for the radiation damage effects observed experimentally. 

There is general agreement by theoreticians and experimenters that in

creased attention shouJ_d be given to the assessment of fluxes less than 

1 Mev, with the precise method of reporting the flux and energy threshold 

for damage dependent upon the particular damage model employed. Even 

more important, it has become increasingly clear that a basic understand

ing of the damage process will require more precise knowledge of the flux 

spectrum and the flux spatial profile. The need for better characteri

zation of the incident flu'.x has given impetus recently to the determina

tion of better activation-monitor cross sections. 

3 .5 • 2 Dosimetry Methods 

In activation analysis, three different types of nuclear reaction 

are used to monitor the flux spectrum. -A.large group of activants has 

an exceedingly high probability for an (n,y) reaction for thermal ener

gies; in fact, this probability.of reaction is only exceeded by sharply 

peaked resonance energy (n,y) reactions for epithermal energies. To 

sep~rate these two competing reactions, some monitors are clad with cad

mium to virtually prevent any incident thermal-neutron flux and provide 

a means for assessing tl~e activation due only to. thermal energies. Decay 

activity of the activated monitor is counted by a Geiger-Mueller counter 

or by gamma-ray spectroscopy. The count rate observed is compared with 

that of control monitors exposed to a standard flux in order to determine 

the flux level. 

Fissionable materials constitute the second grouping of activation 

monitors. Following irradiation the fission products are chemically 

separated and the radioactivity counted. The observed activity can then 

be related to the flux by the known yield percentage of the fission prod

uct. Uranium-235 and 239 Pu have been used to determine the thermal flux; 

and 23 7Np, 238u, 236u, and 232 Th, because of their close approximation 

to threshold-energy step functions, have been used to measure flux over 
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the range from 0.5 to 3 Mev. However, the high cost and complexity of 

the analysis have drastically curtailed the use of this group of moni

tors. 

The third group of monitors consists of those having an (n,p) or 

(n,a) nuclear reaction. Although these reactions occur to some extent 

throughout the complex flux spectrum, the primary activants have reactions 

approximating a step function at energy levels of 2 Mev and greater. 

Figure 3.3 shows the probability of the (n,p) reaction for 32s as a func

tion of neutron energy. 8 The irregularities of cross section versus 

energy depicted by this activant are typical of the behavior of most of 

the activants of this group. In spite of the irregularities of the shape 

of the cross section versus energy curve exhibited by these monitors, 

the assumption is made that the behavior can be approximated by the con

version of the actual curve shape to one of a step function. Figure 3.4 

illustrates a typical activant cross-section versus energy curve with 

such a superimposed, idealized threshold-energy step function. 

Most of the irradiation experiments conducted to date have been based 

primarily on the use of this last group of monitors. The experimenter 

is usually faced with the dilemma that insufficient space exists to permit 

•• ·_'f"• 
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Fig. 3.3. A Cross Section or Probability for 32s(n,p)32 P Reaction • 
It increases rapidly with neutron energy and reaches an irregular plateau 
at about 3 Mev. (From Ref. 8) 
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Fig. 3.4. Illustration of Method for Conversion of a Typical Cross
Section Curve to an Idealized Threshold-Energy Step Function. (From 
Ref. 8) 

the use of monitors that provide for synthesizing the incident flux spec

trum. From the earliest experiments until recently, the usual practice 

has been to employ threshold-type monitors, su~h as 32s(n,p)32 p or 

·ssNi(n,p)58co, to determine the flux level and to assume that the inci

dent flux has the form of the fission spectrum d.etermined by Watt9 . or 

by Cranberg and his co-workers. 10 More recently experimenters have used 

one or more of the now available computer codes to determine the spatial 

and energy profile of the incident neutron flux, but there has been a 

continued dependence on threshold-energy-type monitors to fix the absolute 

flux level. 

3.5.3 ·Problems with Specific Activants 

Although the feasibility of activation analysis has been demonstrated, 

its use ·is attended by many difficulties. Those of determining the basic 

cross sections and neutron flux are discussed in following sections. 

In a number of instances, use of the (n,p) threshold-type monitors 

has been seriously impaired by the lack of adequate experimental informa

tion on the differential cross .section (i.e., cross section as a function 

of energy). Some experimenters have used the approximate method sug

gested by H~ghes 11 to estimate fission spectrum cross sections. More re

cently methods developed.by Roy and Howton12 and by Lubitz, Dunford, and 

Francis 13 ,have given better agreement with existing data. Some of the 

·other difficulties experienced with the most useful activants are briefly 

enumerated below. 
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32s (n,p )32P: 

1. Its physical form often requires encapsulation. 

2. It cannot be irradiated at high temperatures as elemental sulfur 

because it sublimes. 

3. Unless 32 P is separated from the sulfur, 35s activity must be 

attenuated. 

4. Beta decay of 32 P requires careful sampl"e preparation. 

5. The short half-life of 14.3 days limits the useful irradiation 

time. 

6. Differences of a factor of 2 in cross-section data are reported, 

but the latest values are in better agreement. 

saNi(n,p)saco: 

1. The 58co isomers have large thermal cross sections; therefore 

corrections must be made for burnup. 14z 15 

2. Cobalt impurities must be kept low to prevent competing activity. 

3. A few days waiting time must be allowed for the decay of 57Ni 

and 65Ni to prevent interference in the counting of 58co. 

4. Impurity pickup of 187w was observed when the monitor was fabri-

cated from nickel carbonyl in a tungsten crucible. Allowance for decay 

time of the 187w is required. 

5. While later cross-sec.tion values are in better agreement, dis

crepancies of almost a factor of 2 still exist. 

54Fe(n,p)54Mn: 

1. Corrosion susceptibility requires encapsulation in some environ

ments. 

2. When exposed to a significant thermal flux, 59Fe provides inter

fering activity. 

3. Although there is considerable disagreement among the published 

cross-section values, later values, particularly differential cross

section values, are in much better agreement. 

4. The potential 54Mn burnout has not been firmly established. 

Existing data tend to show no problem. 

i,.6Ti (n,p )I' 6Sc: 

1. Titanium is difficult to purify. Pickup of impurities has been 

experienced. Cobalt-60 has been a source of interfering activity. 
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2. Cross-section data are still not well known. 
63cu(n,y)60co: 

1. Impurities such as iron, cobalt, and silver are not uncommon and 

cause interfering activity. 

2. Differential ·cross-section data are not well known. 

3. Elevated-temperature irradiations require precautions to prevent 

oxidation. 

4. The long half-life of 60co of 5.3 y and small cross section make 

this an ideal activant for long-term irradiations. Contrariwise, there 

may be insufficient sensitivity for short irradiations. 

3.5.4 Cross~Section Data. 

Perhaps the greatest problem that the experimenter has is the lack 

of basic cross-section data or unc~rtainty of the experimental values re

ported. Most of the data have been derived from irradiation in a presumed 

fission spectrum. The available differential cross-section data are mea

ger. In some instances the fast spectrum used may have deviated signifi-. ~ -.. 

cantly from a true fission spectrum_ and thereby biased the data. In a 
' 

number of instances, cross sections have been determined in comparison 

with a presumed known standard cross section. For example, the reaction 

3 2s(n,p)32 p has been used as a reference standard with assumed cross

section values in a fission spectrum of both 30 and 60 mb. 

The large variations of cross-section data may also be explained in 

part by other difficulties, such as self-shielding of the activant, flux 

depression at irradiation position, activant impurities having a daughter 

product with a similar competing decay reaction, loss of activant by 

chemical reaction, or physical attrition. Collations of the cross sections 

for the common activants by Rochlin, 16 Mellish, 17 Moteff, 18 and Passell 

and Heath19 point out some gross diagreements and illustrate the basic 

difficulty that the experimenter has had through the years in acquiring 

precise data. Since data developed in recent years are materially better, 

significant improvements in the collations have resulted. Table 3.4 pre

sents a collation of the differential cross section of the 58Ni(n,p) 58Co 
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Table 3.4. Differential 58Ni(n,p) 58co 
Cross Section 

E, Neutron Energy (J' Cross S.ection 
(Mev) (mb) 

1.04 1.2 ± 0.1 

1.15 3.8 ± 0.2 

1.25 5.6 ± 0.4 

1.46 10.5 ± 0.7 

1.625 ± 0.01 18.5 ± 2.5 

1.67 18.4 ± 1.3 

1.87 31.1 ± 2.2 

2.22 ± 0.16 142 ± 10 

2.23 ± 0.13 138 ± 17 

2.37 97 ± 7 

2.53 ± 0.14 178 ± 21 

2.58 ± 0.19 175 ± 13, 

2.6 ± 0.2 

2.67 139 ± 10 

2.75 ± 0.13 193 ± 21 

2.88 ± 0.14 200 ± 24 

3.04 ± 0.20 214 ± 24 

3.15 ± 0.12 188 ± 23 

3.23 ± 0.14 235 ± 26 

3.27 ± 0.09 172 "± 21 

3.3 ± 0.01 
3 5,.,+0.2 

. . "'-0.35 305 ± 34 

3.55 ± 0.10 195 ± J,2 

3.6 ± 0.1 
4.20+o. 2 

-0.3 475 ± 52 

4.7 ± 0.05 
4 98+0.13 

. -0.32 509 ± 56 
') 4y+0.13 
- . --0.3' 60L,. ± 60 

6 20+0•2 
. -0.4 582 ± 58 

7 30+0.25 
. -0. 51 646 ± 71 

8.33 ± 0 . .3 670 ± 74 

lJ.j 

14.0 310 ± 62 

14.1 560 ± llO 
14.8+o. 5 

-0.2 292 ± 32 

14.8 237 ± 20 
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reaction by Passell, 20 and Table 3:5 is a collation of the differential 

cross section of the 54Fe(n,p) 54Mn rea~tion by Shure; 21 

Table 3.5. Differential 54Fe(n,p) 54Mn 
Cross Section 

E, Neutron Energy ~, Cross Section 
(Mev) (mb) 

2.32 26 
2.6 ± 0:2 143 ± 14 
3.3 ± 0.1 181 ± 18 
3.55 ± 0.13 226 ± 22 
3.6 ± 0.1 200 ± 20 
3.82 208 
3 .9?, ± 0.13 303 ± 30 
4.32 ± 0.14 254 ± 25 
4.63 ± 0.15 379 ± 38 
4.7 ± 0.05 220 ± 70 
4.93 ± O.l6 387 ± 37 
5.2l ± 0.16 440 ± 42 
5.49 ± 0.17 462 ± 44 
5.76 ± 0.17 478 ± 46 
6.02 ± 0.18 465 ± 45 

14.1 307 ± 34 
15.7 ± 0.7 286 ± 29 
17.4 ± 0.7 257 ± 26 

3.5.5 Neutron Flux Calculations 

Although there has been relatively little use of synthesis of the 

incident flux spectrum from activation analysis for steel irradiations, 

the need for such techniques in experimental reactor physics has spurred 

considerable activity. Trice22 and Hartmann23 independently developed a 

method for expressing the flux as a series of orthonormal functions that 

consist of linear relations of the monitor cross section. Donnert 24 pro

vided an additional arbitrary term in the Trice-Hartmann expansion to per

mit a better fit with experimental data. Uthe2 5 developed a number· of 

methods that use polygonal and polynominal expressions to fit the experi

mental data. Lanning and Brown26 have further developed the orthonormal 
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technique of Trice and Hartmann to reduce the oscillation tendency. 

Dietrich and Thomas 27 in a study of a number of approaches indicated a 

preference for a semiempirical method they developed. The fits of curves 

derived by these techniques with theoretically derived curves are generally 

very sensitive to the number 01' activants used. Although the activant

number sensitivity prevents widely accepted use of these techniques for 

incident flux-spectrum synthesis, they are quite applicable to presurvey 

assessments of irradiation facilities. 

In recent years there has been considerable theoretical study of the 

deviations that might be expected in the assessment of damage based on 

incident fission-spectrum flux versus a calculation of the actual incident 

flux spectrum and on the effect of instantaneous dose rate. Steele and 

Hawthorne28 recently made an experimental investigation of spectrum ver

sus dose rate effects in an irradiation of specimens in the BGR, MTR, and 

LITR. For the conventional mode of correlation and the assumed fission 

spectrum, and with consideration only of flux greater than 1 Mev, there 

appeared to be a marginal effect on NDT shift from dose rate differences 

of one order of magnitude. In a review of these data, Yoshikawa29 con

sidered spectral differences of the three test facilities in correlating 

the NDT shift with the damage models of both Rossin 5 and Kinchin and 

Pease. 1 Based on arbitrary threshold-energy levels of damage of 0.5 and 

0.18 Mev, he obtained correlations that indicated no statistically sig

nificant effect of dose rate.· Other investigators, for example, Rossin, 5 

Claiborne, 30 Pawlicki, 31 Shure, 21 and Harries, Barton, an..d Wright, 32 ob

tained considerable variations in spectral effect on damage that vary 

from marginal to dramatic. Nevertheless, there seems to be general agree

ment that a significant improvement will be made in radiation-damage 

studies by the employment of computer codes to determine the actual inci

dent flux spectrum. Yoshikawa29 and Shure21 discuss the results of employ

ing various codes that utilize diffusion, transport, and Monte Carlo 

theory. Steep gradients in the spatial distributions of flux in accel

erated test positions and surveillance test positions cited by Yoshikawa, 29 

Shure, 21 and Serpan and his co-workers, 33 reinforce the argument for use 

of computer calculations to determine the spectral and spatial behavior 

of the flux. 
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3.5.6 ASTM Recommended Practice 

In any rapidly developing field of study, there is an initial widely 

divergent probing for the dominant parameters and a consequent considerable 

degree of conflict and confusion in reported results. Neutron dosimetry 

studies of the structural materials of reactdr vessels has suffered 

through such a preparatory stage. As realization of the significant 

parameters has become better resolved, it has become very desirable to 

standardize on nomenclature, parameters observed and reported, and method 

of reporting. ASTM Committee E-10 on Radioisotopes and Radiation Effects 

has been instrumental' in resolving these problems through the preparation 

of ten standards: 

ASTM E 170 

ASTM E 184 

ASTM E 185 

ASTM E 199 

ASTM E 261 

ASTM E 262 

ASTM E 263 

ASTM E 264 

ASTM E 265 

ASTM E 267 

Standard Definitions of Terms Relating to 
Dosimetry· 

Recommended Practice for Effects of High
Energy Radiation on the Mechanical Proper
ties of Metallic Materials 

Recommended Practice for Surveillance Tests 
on Structural Materials ~n Nuclear Reactors 

Recommended Practice for Measµring Neutron 
Flux Environment for Reactor Irradiated 
Specimens 

Measuring Neutron Flux by Radioactivation 
Techniques 

Measuring Thermal-Neutron Flux by Radio
acti vation Techniques 

Measuring Fast-Neutron Flux by Radioactiva
tion of Iron 

Measuring Fast-Neutron Flux by Radioactiva
tion -of Nickel 

Measuring Fast-Neutron Flux by Radioactiva
tion of Sulfur 

Determination of Uranium and Plutonium Con
centrations and Isotopic Abundances 

These standards present terminology definitions; recommended methods and 

conditions of various irradiation tests; recommendations for obtaining 

and reporting the neutron flux, neutron-energy spectrum, and temperature 

of specimens; recommendation for incorporation of correlation monitors in .. 
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irradiation programs; and techniques for measuring neutron flux and pre

senting radioactivation data on iron, nickel, sulfur, uranium, and plu

tonium for measuring neutron flux. 

Although there has been a general subscription of industry to the 

recommendations of th.ese standards, very little information is available 

to date on this basis. Brandt and Alexander, 34 Landerman, 35 and Steele 

and Hawthorne28 have reported on surveillance programs for Dresden I and 

Yankee that were, in general, patterned after the recommendations of 

ASTM E 185. 

3.').? Conc.lusions and Recommendations 

The rational approach taken by the ASTM standards should be encour

aged. Many of the aspects of radiation damage will continue to be poorly 

understood unless a rigorous and rational attitude is taken toward neu

tron dosimetry. This is particularly true in regard to the power reac

tor surveillance programs, since much of the uncertainty of spectral and 

rate effects can only be cleared up through these efforts. 

In addition, an ad-hoc group, such as the ASTM E-10 Committee, should 

continue the review of techniques and cross-section data for the most 

useful activants in accelerated and surveillance irradiation programs. 

Where gaps and uncertainties are found to occur in existing data, a spe

cial program should be instituted to obtain the necessary data. 

Furthermore, it would also appear desirable for the ASTM E-10 Com

mittee to sele_ct certain damage models as representative or covering the 

possible range of interest as a standard method of reporting. The pro

liferation of damage models currently considered and the terminology 

attendant thereto tend toward confusion and certainly present an informa

tion barrier to designers not intimately acquainted with the subject. 

3.6 SERVICE LIFE 

Economic conditions dictate that the design life of power reactors 

be from 20 to 40 years. All current designs are based on a life expec

tancy of 40 years . 
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3.7 TRANSIENTS 

In the fatigue analysis of vessels, consideration is given to essen

tially three major. categories of cycles: (1) startup and shutdown cycles, 

(2) normal operation or power cycles, and (3) cycles associated with 

safety actions, accidents, or integrity tests. 

The permissible temperature and pressure rates of change for the 

startup and shutdown cycles are primarily controlled by the restrictions 

imposed to insure against the probability of brittle fracture. Since 

1. economics dictate that power reactors must operate reliably for long pe

riods of time, it is generally assumed that approximately two to three 

such cycles per year will occur. In some cases up to 12 cycles per year 

have been considered where additional conservatism or other judgment 

factors have been involved. Reactor' experience to date has tended to 

verify the low assumptions made thus far. 

Rate of temperature and pressure_ change considered for power cycles 

reflect the system cond,_ition changes required for minor load adjustments. 

In general, the pressure and temperature transients associated with this 

class of cycles are not very severe and result in a negligible or low 

calculated cumulative damage factor. 

The most severe transients of pressure and temperature are associ

ated with the third class of cycles, those resulting from safety actions 

or accidents. In ord~r to have a design with a low cumulative damage 

factor, it is often necessary to provide features such as thermal sleeves 

in, for example; emergency coolant nozzles. 

Currently the analysis .of the transients leading up to a code fa

tigue analysis of a component is divided between the systems designer 

and the vessel designer .. Bulk stream pressure and temperature changes 

associated with the various transients are developed for each component 

by the systems designer. At this point an interplay of heat transfer 

and fluid flow data and calculations is required between the systeins de

signer and vessel designer to establish local temperature and pressure 

transient conditions on the component boundary. The pressure vessel de

signer then determines t4e temperature versus time structure of the com

ponent and subsequently performs the fatigue analysis. 
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Although relatively few pressure vessels have thus far been designed 

according to Section III of the AS.ME Code, and thus no trends are avail

able, the vessel design transients listed in Table 3.6 appear.to be rep

resentative, at least in part, for the current designs. Past experience 

of fossil-fueled plants has demonstrated tnat because of the increased 

efficiency and lower power costs of the newer plants, the older plants 

Table 3.6. Vessel Design Transients 

Type of Transient 

Startup and shutdown cycles 

Plant heatuIJ frurn room temperature to design 
condition at 100°F per hour 

Plant cooldown from design conditions to room 
temperature at 100°F per hour 

Power cycles 

Number 
of 

Cycles 

100-500 

100-500 

Power loading in load range of 0 to 100% at 0-15,000 
5% per minute 

Power unloading in load range of 0 to 100% at 0-15,000 
~% per minute 

Power loading in load range of 50 to 100% at. 2,000-15,000 
15% per minute 

Power unloading in load range of 50 to 100% 2,000-15,UUU 
at 15% per minute 

Step load power increase at 10% of full power 0-2,000 
in load range 0 to 100% 

Step load power decrease at 10% of full power 0-2,000 
in load range 0 to 100% 

Step load power decrease at 50% of full power 0-200 
in load range 50 to 100% 

Steady-state fluctuations, ±50 to 100 psi, ±5°F 300,000--«> 

Safety, accident, or integrity testing transients 

Reactor trip 
Turbine trip 
Hydrostatic test 
Leak test 
Safety and relief valve actuation 
Actuation of emergency core cooling 

200-400 
0-1.,.0 
5-40 
5-300 
U-200 
10 
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are transferred fro~ base-load to peak-load status. An obvious specula

tton is that such a situation will a+so develop for the nuclear power in

dustry. In such an event, the transient loadings will become much more 

significant and will require a reevaluation of the vessel to assure that 

adequate fatigue resistance will exist for the projected life under peak.

load conditions. 

3 . 8 MECHANICAL LOADING 

Mechanical loadings to be considered by the pressure vessel designer 

include the following: 

l. reactions from piping systems in which the reactor pressure vessel 

serves as an anchor, 

2. reactions from mechanical devices, such as mechanical or jet pumps, 

valves, or control· rod drives, 

3. vibrational or static hydraulic loading resulting from core or com

ponent flow characteristics and consideration of credible accidents, 

such as severed external loop piping; 

4. bolting and gasket seal loads at main vessel and nozzle flanges and 

bolting loads at demountable component support locations, 

5. seismic loads. 

l. 
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4. MATERIALS* 

There is potentially a relatively large number of materials that 

could be used in the construction of m1clea:c pressure vessels (see Table 

N-421 in Section III of AS.ME Code), but there are relatively few in use 

or contemplated for use. Materials selection is influenced by many fac

tors, among which are suitability of mechanical and physical properties, 

fabricabil~ty,_ weldability, adequacy of production capacity in the forms 

required, material and fabrication costs, and a backlog of relevant ex

perience by the fabricator in the use of the material. Accommodation of 

these various factors, that is, qualification of a material, requires a 

substantial expenditure of time and funds by the fabricator. Conse

quently, any new or unconventional material from the fabricators' view

point must either show potentially a substantial economic benefit or 

must possess significantly improved mechanical and physical properties 

such that its use is virtually demanded by technological advances. This 

conservative and cautious trend in material selection is illustrated by 

Table 4.1. 

As indicated, a few reactor vessels have been fabricate.d from ASTM 

A 212 grade B, a carbon-silicon steel. This material has found wide 

usage in the power and petrochemical industries, and therefore its eco

nomics, fabricability, production problems, etc., are generally well 

known. Its selection for the early nuclear reactor vessels was there

fore natural and reasonable. Unfortunately this material suffers marked 

deterioration in toue;hness in heavy sections and is not materially im

proved by fine-grain practice nor by heat treatment. In addition, it 

has comparatively low strength. Consequently, most of the later vessels 

have been made from a· modified version of ASTM A 302 grade B steel. With 

the addition of nickel, as permitted by ASME Code Case 1339, this ma

terial has enhanced reGponoc to heat treatment and thereby exMhH.:=; im

proved impact strength in heavy sections. This modified version of ASTM 

A 302 grade B is now identified as ASTM A 533. It is at present the 

*This chapter was prepared by D. A. Canonico, P. Patriarca, and 
G. c. Hobinson, Jr. 
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Reactor Na.me 

Shippingport 

Dresden-1 

Yankee 

Saxton 

Indian Point-1 

Big Rock Point 

Elk River 

Humboldt Bay 

BONUS 

Pathfinder 

r 

Plate 

A 302 grade B 

A 302 grade B 

A 302 grade B 
modified 

A 212 grade B 

A 212 grade B 

A 302 grade B 

A 302 grade B 

A 302 grade B 

A 212 grade B 

A 212 grade B 

LaCrosse A 302 grade B 

San Onofre A 302 grade B 

Connecticut Yankee A 302 grade B 

Oyster Creek A 302·grade B 

Nine-Mile Point A 302 grade B 

Dresden-2 A 302 grade B 
modified 

Carolina A 302 grade A 

Millstone Point A 302 grade B 

Brookwood A 302 grade B 

Indian Point-2 A 302.gr~de B 

Palisades A 302 grade B 

Turkey Point-3 A 302 grade B 

TVA Browns Ferry SA 302 grade B 

Course and 
Flange Forgings 

SA 336 grade F-1 

A 105 II modified 

A 350-58T 

SA 336 modified 

A 105 II 

SA 336 modified 

A 105 II 

A 336 modified, A 182 
TP F 3o4 

SA 336 

SA 336 modified 

SA 336 modified, 
Code Case 1236-1 

SA 336 modified, 
· Code Case 1236-1 

A 336 modified 

SA 336 modified 

A 508 class 2 

A 508 class 2, 
SA 336 modified 

SA 336 modified 

A 508 class 2 

A 508 class 2 

SA 336 modified 

/ 
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Table 4.1 .. Swmnary of Materials Specified for Light-Water·Reactor Vessels 

. l . ' 
Nozzle Forgings Bolting 

SA 336 grade F-1 SA 193 grade Bl4 

A 182 modified to A 302 SA 193 grade Bl6 
grade B 

A 350-58T 

A 105 II, A 182 
F 3o4 

SA 336 modified 

A 182 F22 

A 105 grade 2, 
A 335 grade P22 

A 336 modified 

SA 336 

SA 336 modified 

SA 336 modified, 
Code Case 1236-1 

SA 336 modified, 
Code Case 1236-1 

A 182-F3o4, A 336 F8, 
F8m, A 105 grade II 

SA 336 modified 

A 508 class 2 

SA 336 modified 

SA 336 modified 

A 508 

A 5o8 class 2 

SA 336 modified 

AISI 4340 

SA 193 meeting 
AISI 4340 

SA 193 grade 7 

SA 193 grade Bl6 

SA 193 grade 7 

A 437 

A 437 grade B4 

SA 193 meeting 
AISI 4340 

SA 320 L43 

A· 193 grade AISI 
4340 

A 193 grade 
AISI 4340 

A 193 grade Bl6, 
A 320 grade L43 
modified 

SA 320 L43 

A 540 grade B24 

SA 320 L43 
class 3 

SA 320 L43 

Alloy steel 
A 540, B24 

SA 320 L43 
class 3 

A 193 grade B7 

Nuts 

SA 193 grade 3 

AISI 4340 

AISI 4340 

f Supports 

· l 
SA 212 grade B 

A 212 grade B 

A 212 grade.B 

SA 194 meeting TYI>e 3o4 (internal) 
AISI 4340 

SA 193 grade 
Bl6 

SA 194-2H 

A 437 

A 194 grade 4 

SA 194 meeting 
AISI 4340' 

SA 320 L43 

A 193 grade 
AISI 4,340 · 

A 193 grade 
AISI 4340 

A 193 grade 2H 

SA 320 L43 

A 540 grade B24 

SA 320 L43 
class 3 

SA320 L43 

Alloy steJ1 
A 540, B24 

SA 302 grade B 

A 212 grade B 

A 302 gra<;J.e B, 
~ 166, A_ 276 
TP 3o4 

A13~2·grade B 

SA 336 modified 
! 

$.} 312 grade B, 
-f?A 336 modified, 
Gode Case ·1236-1 
J • 

S4- 212 grade B , 
~ :.B6 modified, 
Gode Case 1236-1 

Al 27-6 TP 3oJ-i., 
A 240 i+'P 3o4 

f 
SA 336 modified 

:A[5oa class 2, 
A 516 grade 70 
t . 

S~ 212 ·grade B , 
SA 336 modified I . 

SA 336 modified 

SA 320 L43 
class 3 

A .194 g~ade 

t36 
SA-336 modified 

2H _ Al 276 TP 3o4 ~ 
A 240 TP 3o4 ' -

Pipe 

A 106 C. 

A 376 TP 316 

B 167 

A 213, B 167 

Weld Rod 

Clad E 308 L 

Clad 308 L 

Clad 3o8 L 

Clad 308, 309, Inconel 

E 7016 clad A 371, 
type 308 L, 309 

Cladding 

Stainless 

Stainless 

SA 240 grade S (spot-
welded sheet) 

Stainless 

Stainless 

A 264-44T grade 3, 
type 3o4 

SA 264-3 

Type 3o4 

A 240-3o4, A 312-3o4, A 106 B, E 7016 clad A 371, Type 3o4 
.A 376 TP 3o4 type 308 L, 309 

A 155 grade KC70 

B 166, B 167, 
A 312 TP 3o4 

A 376 TP 316 

A 376 TP 316 

A 213, A 249, A 312, A 376 
TP. 3o4, 316 

A 213, A 249, A 312, A 376 
TP 3o4, 316 

A 213, A 249, A 312, A 376 
TP 3o4, 316 

A 376 TP 316 

A 240 TP 3o4, A 312:TP 3o4 
A 212 grade B, A 106 grade B 

A 376 TP 316 

A 376 TP 316 

SA 212 grade B 

A 376 TP 316 

A 213 , A 249, A 312 , A 3 76 
TP 3o4, 316 or A 240\TP 3o4 

Type 3o4 L 

Clad 308 L Type 304 L 

Clad 308, 309 Stainless 

Clad 308, 309 

Clad E 3o8 Type 304 

Clad E 3o8 Type 3o4 

A 233, A 298, A 316 Type 3o4 
clad A 371, ER 308 L, 
ER 309 

Clad 308, 309 Type 3o4 

Clad E 308 Type 3o4 

Clad 308 L Type 3ol+ 

Clad 3o8, 309 Type 3o4 

ER 308, ER 309, E8018-C3 , Type 3o4 
A 316, A 298, A 371, 
Inco 182 , A 233 

Clad 308 L Type 3o4 

A 233, A 298, A 316, Type 304 
A 371, ER 308 L, ER 309 

' 
I . _, 

1 
I 
I 

I 
J 
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reference plate material where plate is used for primary nuclear pressure 

vessels for light-water reactors. Forgings meeting ASTM A 508 class 2 

requirements are equivalent to A 533 in response to heat treatment and 

fabrication and are similarly used for primary nuclear pressure vessels 

for light-water reactors as nozzles and shell courses. 

There are two additional alloys presently being investigated for 

future use. One is a chromium-molybdenum alloy (2 1/4% C~l%Mo) and 

is defined in ASTM A 542 (plate) and ASTM A 541 class 7 (forgings). The 

other is a nickel-chromium-molybdenum alloy (3% Ni-1.75% C1-0.5% Mo) 

that. is defined in ASTM A 543 (plate) and ASTM A 508 class 4 or ASTM A 

541 class 8 (forgings). The latter materials are covered by AS:ME Code 

Case 1358. 

Most of the bolting materials currently selected are covered in 

ASTM A 540 and are of the chromium-nickel-molybdenum 4340 type. The 

electrode most often selected at present for base-material pressure ves

sels is E 8018 CJ, which contains 1% nickel and meets the requirem~nts 

of ASME.SA 316. The electrode and flux used for submerged-arc welding 

are in many instances proprietary and therefore will not be covered in 

any detail in this report. For electroslag welding, a 2% Mn-1/2% Mo 

filler material is used. Various types of stainless steel electrodes 

are used for the cladding and attachment of internal support. Inconel 

filler wire is also used for dissimilar-metal welding and overlay as 

bearing surfaces of the snell flanges. 

4.1 MATERIALS PROPERTIES 

Table 4.2 presents the chemical composition of materials which have 

been used, are being used, and are proposed for use in the near f'uture 

.in light-water reactor pressure vessels. In some instances materials 

are listed under two specifications as a consequence of recent specifi

cation revisions. Table 4.3 provides a cross index between the current 

ASTM designation and previously used ASTM and commercial designations. 

Table 4.4 presents the mechanical properties of these same materials of 

interest. 
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Table 4.2. Chemical Compositions of Reactor Vessel Materialsa 

Material Designation 

Carbon steel plate 

A 212 grade B firebox to A 300 . 
A 515 grade 70 firebox · 

Low-alloy steel plate 

A 302 grade B firebox 
A 302 grade B firebox modifiedb 
A 533 grade B 
A 533 grade c· 
A 542 
A 543C 

High-alloy steel plate 

A 240 type 304d 
A 240 type 304 L 
A 240 type 316e 

Welded or seamless carbon steel pipe 

A 106 grade B 
A 106 grade C 
A 155 grade KC70 

Seamless low-alloy pipe 

A 335 grade P22 

Welded or seamless high-alloy pipe and tubinge 

A 213 grade TP 304 
A 213 grade TP 316 
A 249 grade TP 304 

r A 249 grade TP 316 
A 312 grade TP 304 
A 312 grade TP 316 
A 376 grade TP 304 
A 376 grade TP 316 

Nickel-chromium-iron seamless pipe or tubing 

B 167f 

Carbon steel forgings 

A 105 grade II 
A 105 grade II, modified chemistry 
A 350 grade LF-1 modifiedg 

Low-alloy ste~l forgings 

0.31 
0.35 

0.25 
0.25 
0.25 
0.25 
0.15 
0.23 

0.08 
0.03 
0.08 

0.30 
0.35 
0.31 

0.15 

c 

0.08 
0.08 
0.08 
0.08 .. 
0.08 
0.08 
0.08 
0.08 

0.15 

0.35 
0.30 
0.30 

A 182 grade Fl 0.30 
A 182·grade Fl modified to meet A 302 grade B 0.25 

firebox 

Cr 

2.00-2.50 
1.50-2.00 

18.00-20.00 
18.00...:20.00 
16.00-18.00 

1.90-2.60 

18.00-20.00 
16.00-18.00 
18.00-20.00 
16.00-18.00 
18.00-20.00 
16.00-18.00 
18.00-20.00 
16.00-18.00 

14.0-17.0 

Ni 

0.4-1.0 
0;40-0.70 
0.70-1.00 

3.00-4.00 

·Fe 

Balance 
Balance 

Balance 
Balance 
Balance 
Balance 
Balance 
Balance 

8.00-12.00· · Balance 
8.00-12.00 Balance 
10.00-14.00 Balance 

Balance 
Balance 

. Balance 

Balance 

8.00-11.00 Balance 
11.00-14.00 Balance 
8.00-11.00. Balance 
ll.00-14;00- Balance 
8.00-11.00 Balance 
11.00-14.00 Balance 
8 .00-11.00 Balance 
11.00-14.00 Balance 

72.·.o min 

2.0 

6.0-10.0 

Balance 
;Bo.lo.nee 
Balance 

I}alance 
Balance 

aAll single value entries areia maximum unless otherwise noted; only ladle values 
are given; all plate values are fof 4-in. or.greater thickness. 

bModified by ASME Code Case 1339, paragraph 1. 
c . I' • 
Supplemental requirements ad1ed to A 541 and A 543 to restrict phosphorus and 

•ulfm: content. per Code Case 1358[ 

I 

Chemical Composition (wt %) 

Mo 

0.45-0.60 
0.45-0.60 
0.45-0.60 
0.45-0.60 
0.90-1.10 
0.45-0.60 

2.00-3.00 

Mn p s Si 

0.85-1.20 0.035 0.040 0.15-0.30 
0.90 0.035 0.040 0.15-0.30 

i.15..:.i.50 
1.15-.1.50 
1.15-1.50 
1.15-1.50 
0.30-0.60 
0.40 

;:>.OO 
2.00 
2.00 

0.29-1.06 
0.29-1.06 
0.85-1.20 

0.035 
0.035 
0.035 
0.035 
0.035 
0.02 

0.01.,5 
0.045 
0.045 

0.048 
0.048 
0.035 

0.040 
0.040 
0.040 
0.040 
0.035 
0.02 

0.030 
0.030 
0.030 

0.058 
0.058 
0.40 

0.15-0.30 
0.15-0.30 
0.15-0.30 
0.15-0.30 
0.15-0.30 
0.20-0.35 

LOO 
1.00 
1.00 

0.10 min 
0.10 min 
0.15-0.30 

0.87-1.13 0.30-0.60 0.030 0.030 0.50 

2.00-3.00 

2.00-3.00 

2.00-3.00 

2.00-3.00 

0.44-0.65 
0.45-0.60 

2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 

1.0 

0.90 
0.90 
1.35 

0.50-0.85 
1.15-1.50 

0.040 
0.030 
0.040 
0.040 
0.040 
0.040 
0.030 
0.030 

0.030. 
0.030 
0.030 
0.030 
0.030 
0.030 
0.030 
0.030 

0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 

0.015 0.5 

0.05 
0.035 
0.040 

0.05 
0.040 
0.050 

0.045 0.045 
0.035 0.040 

0.35 
03:i 

0.15-0.35 
0.15-0,30 I 

other Elements 

0.03 v 

0.5 Cu 

~sed for structural supports and as cladding conforming to ASTM A 264. 

eSolution heat treated. 

fModified by ASME Coae Case 1336. 

gModified by ASME Code Case 1332. 

I 
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Table 4.2 (continued) 

Chemical Composition (wt %) 
Material Designation 

c Cr Ni Fe Mo Mn p s Si other Elements 

Low-alloy steel forgings (continued) 

A 182 grade F22 0.15 2.00-2.50 Balance 0.87-1.13 0.30--0.60 0.040 0.040 0.050 
A 336 modifiedg 0.27 0.25--0.45 0. 50--0.90 Balance 0.55--0.70 0.50--0.80 0.040 0.050 0.15--0.35 
A 508 class 2, A 54lc class 2 0.27 0.25--0.45 0.50--0.90 Balance 0.55--0.70 0.50--0.80 0.025 0.025 0.15--0.35 0.06 v 
A 54lc class 7 0.15 2.00-2.50 Balance 0.90-1.10 0.30--0.60 0.02 0.02 0.50 
A 54lc class 8, A 508 class 4 0.23 1.25-2.00 2.75-3.90 Balance 0.40--0.60 0.20--0.40 0.02 0.02 0.30' 0.03 v 

High-alloy steel forgings 

A 182 F 304 0.08 18.00-20.00 8.00-11.00 Balance 2.00 0.040 0.030 l.oo: 
A 182 F 304 L 0.035 18.00-20.00 .q.oo-13.oo Balance 2.00 0.040 0.030 1.00 
A 336 class F8 0.08 18.00-20.00 8.00-11.00 Balance 2.00 0.040 0.030 1.00 
A 336 class F8m 0.08 16.00-18.00 10.00-14.00 Balance 2.00-3.00 2.00 0.040 0.030 ·i.oq 

Low-alloy steel castings 

A 356 grade lOh 0.2·0 2.00-2.75 Balance 0.90-1.20 0.50--0.80 0.05 0.05 0.60 

Alloy steel bolting 

A 193 grade Bl6 0.36--0.44 0.80-1.15 Balance 0.50--0.65 0.45--0.70 0.04 0.04 0.20--0.35 0.25--0.35 v 
A 193 meeting A_l51 .4340 0.38--0.43 0.70--0.90 1.65-2.00 Balance 0.20--0.30 0.60--0.80 0.040 0.040 0.2Q--Q.35 
A 320 grade L431 0.38--0.43 0.70--0.90 1.65-2.00 Balance 0.20--0.30 0.60--0.85 0.040 0.040 0.20--0.35 
A 437 grades B4B, B4C 0.20--0.25 11. 00-12. 50 0.40--0.80 Balance 0.90-1.25 0.40--0.80 0.025 0.025 0.20--0.50 0.20--0.30 v, 0.90-1.25 w, 

' 0.05 Al, 0.05 Ti, 0.04 Sn 
A 540 grade B24 0.37--0.44 0.70--0.95 1.65-2.00 Balance 0.30--0.40 0.70--0.90 0.025 0.025 0.20:-().35 0.40 v 

Ferritic and alloy steel nuts 

A 194 grade 4 0.40--0.50 Balance 0.20 min Q.50--0.95 0.04 0.05 0.15 min 
A 194 meeting AISI 4340 0.38--0.43 0.70--0.90 1.65-2.00 Balance 0.20--0.30 0.60--0.80 0.040 0.040 0.20--0.35 
A 194 grade 8 0.08 18.uu-w.oo 8.00-12:00 Ba.11:1.!JL:t! 2.00 O,Oi,.5 0.030 1.00 

Nonferrous and hit~;lJ-flJ.loy steel bar 

A 276 type 304j 0.08 18.00-20.00 8.00-12.00 Balance 2.00 0.045. 0.030 1.00 
B 166f 0.15 14.00-17.00 72.00 min 6.00-10.00 LOO 0.015 0.5" 0.5 Cu 

Welding electrodes and filler materials 

A 316 class E8018-C3 0.12 0.80-1.10 Balance 1.00 0.04 0.80 
Electroolug filler Balance 0.5 2.00 
A 316 class E9018-B3 0.12 2.00-2.50 Balance 0.9-1.20 0.90 0.04 0.80 
A 298 class E 308k 0.08 18. 00-21. 00 9 .OO-JJ .• 00 Balance 2.50 0.04 0.03 0.90 
A 298 class E 309k 0.15 22.0-25.0 12.00-14.00 Balance 2.50 0.04 0.03 0.90 
A 371 clues ER 308k 0.08 19 .5-22.0 9.0-11.0 Balance 1.0-2 .5 0.03 0.03 0.25--0.60 
A 371 class ER 309k O.i2 23.0-25.0 12.0-14.0 Balance 1.0-2.5 0.03 0.03 0.2~--0.60 
Inconel 82 0.10 18.0-22.0 67 min 3.0 2.5-3.5 0.015 0.50 0.50 Cu, 2.00-3.00 Cb, 

~ 0.30 Ta, 0.75 Ti 
Inconel 182 O.;LO 15.0 Balance 8.0 7.5 0.015 1.00 
Inconel 92 o.io 14.0-17 .o 67 min 10.0 2.00-2.75 0.015 0.35 

·I 
2.5-3.5 Ti 

hModified by ASME Code Case 1333. 

iModified by ASME Code Case 1335, paragraph 4. 

jModified by ASME Code Case 1334. 

· kAlso 308 L and electrodes of 308 and 309 selected for low carbon content. 



. I 

' 

'1 , .. 

90 

·Table 4.3. Cross Index of Designations of Pressure Vessel Steels 

Minimum 
Current ASTM and Commercial Composition Yield 

ASTM Grade Designations Condition Strength 
Designation Previously Used Type or Point 

(ksi) 

A 5l5 55 A 20l or A 212 C-Si Hot rolled or normalized 30 
60 C-Si Hot rolled or normalized 32 
65 C-Si Hot rolled or normalized 35 
70 C-Si Hot rolled or normalized 38 

A 516 55 A 201 or A 212 ·c-Mn-Si Hot rolled or normalized 30 
60 C-Mn-Si Hot rolled or normalized 32 
65 C-Mn-Si Hot rolled or normalized 35 
70 C-Mn-Si Hot rolled or normalized 38 

A 517 A N-A-XTRA lOO Mn-Si-Cr Quenched and tempered 100 
Mo-Zr-B 

B "T-l" tY1Je A Mn-Cr-Mo Quenched and tempered 100 
V-Ti-B 

c Jalloy-S-100 Mn-Mo-B Quenched and tempered 100 
D SSS-lOOA Cr-Mo-Ti Quenched and tempered lOO 

Cu-B 
E SSS-100 Cr-Mo-Ti Quenched and tempered 100 

Cu-B 
F "T-111 Mn-Ni-Cr-Mo Quenched and tempered 100 

V-Cu-B 
G Phoenix N-A-XTRA 100 Mn-Si-Cr Quenched and tempered 100 

Mo-Zr-B 
H "T-i" tY1Je B Mn-Ni-Cr-Mo Quenched and tempered 100 

V-B 
J RQ-lOOA Mn-Mo-B Quenched and tempered 100 

A 533 A A-302 Mn-Mo Quenched and tempered 50, class l 
70, class 2 

B . A 302 (Ni-Mod) Mn-Mo-Ni Quenched and tempered 50, class l 
(0.40-0.70 Ni) 70, class 2 

c A 302 (Ni-Mod) Mn-Mo-Ni Quenched and tempered 50, class l 
(0.70-l.OO Ni) 70, class 2 

A 537 A A 212 normalized Mn-Si NonnR.l).zed 50 
B A 212 quenched and Mn-Si Quenched and tempered 60 

tempered 
A 542. A 387D quenched and Cr-Mo Quenched and tempered 85, class l 

tempered lOO, class 2 
2 l/4 Cr-l Mo 

A 543 HY-80; HY-100 Ni-Cr-Mo Quenched and tempered 85, class l 
lOO, class 2 

4. 2 METALLURGICAL CONSIDERATIONS 

The chemical constituents, choice of melting practice, pouring tech

niques, rolling an.d forging parameters, and welding methods and mate.rial 

must be selected to provide a product that will meet the specified.re

quirements. A review of the relative importance of these variables on 

the metallurgy of the materials in the forms required for the vessel fab

ricators involves an assessment of considerable commercial practice and 

metallurgical experience. In order to better understand and appreciate 

'· 
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Table 4.4. Required Mechanical Properties of Reactor Vessel Materialsa 

Material Designation 

Carbon steel plate 

A 212 grade B firebox 
A 515 grade 70 firebox 

Low-alloy steel plate 

A 302 grade B firebox 
A .30?. grade B f"i:r:·P.hox modifiedd 
A 533 grades B and C, class 2 
A 542, class 2 
A 543, class 2 
A 543, class 2 

High-alloy steel plate 

A 240 type 304 
A 24U type 304 L 
A 240 type 316 

Welded or seamless carbon steel pipe 

A 106 grade B 

A 106 grade C 

A 155 grade KC70 

Seamless low-alloy pipe 

A 335 grade P22 

Welded or seamless high-alloy pipe 

A 213 grade TP 304, 316 
A 249 grade TP 304, 316 
A 312 grade TP 304, 316 
A 376 grade TP 304, 316 

Tensile Strength 
(psi) 

70,000-85,000 
70,000-85,000 

80,000-100,000 
80 ·' 900-100 '000 
90,000-115,000 

115,000 
105,000 
135,000 

75,000 
70,000 
75,000 

60,000 

70,000 

70,000-85,000 

60,000 . 

75,000 ,, 
75,000 
75,000 
75,000 

Yieldb Strength 
(ps1) 

38,000 
38,000 

50,000 
50,000 
70,000 

100,000 
85,000 

115,000 

30,000 
25,000 
30,000 

35,000 

40,000 

38,000 

30,000 

30,000 
30,000 
30,000 
30,000 

Nickel-chromiwn-iron seamless pipe 

B 167f 80,000 J0,000 min-35,000 min 

Carbon steel forgings 

A 105 grade II 
A 350 grade LF-1 modifiedg 

Low-alloy steel forgings 

A 182 grade Fl 
A 18~ grade .1''22 

70,000 
60,000 

70,000 
70,000 

aAll single entries are minimwn values unless otherwise noted. 

bYield defined as o.2% offset value . 

36,000 
30,000 

40,000 
40,000 

Elongation 
in 8 in. 

(%) 

19 
19 

17 
17 

19 

cCharpy impact values are those required by paragraph N-330 of Section III of the ASME Code. 

~edified by ASME Code Case l.3.39, paragraph 1. 

Elongation 
in 2 in. 

(%) 

22 
23 

20 
20 
18.0 
15 
16 
16 

40.0 
40.0 
40.0 

22 longitudinal 
12 transversee 
20 longitudinal 
12 transversee 

22 

22 longitudinal 
14 transversee 

35 
35 
35 
35 

30-35 

22 

25.0 
;:>.O.O 

Reduction 
of Area 

(%) 

30 

35.0 
JO.O 

Charpy V-Notch Impact 
Valuec (ft-lb) 

Average for 
Three 

Specimens 

20 
20 

3U 
30 
JO 
35 
35 
35 

15 

20 

20 

15 

20 

20 
20 

I 

I 
. j 

.r· 

.. , 

One 
Specimen 

15 
15 

25 
25 
25 
30 
30 
30 

10 

15 

15 

10 

15 

15 
15 

Maximwn Hardness · 
Nwnber 

Brin ell 

202 
202 
217 

201 
201 

Rockwell B 

88 
88 
95 

eTabulated values are for standard 

fModified by ASMl!: Code Case 1336. 

8Modified by ASME Code Case 1332. 

t 

round 2-in. 

I 
,I 

g8.j?;e length test specimen. 
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Table 4.4 (continued) 

Material Designation 

Low-alloy steel forgings (continued) . 

A 336 modifiedg 
A 508 class 2 
A 508 class 4 
A 541 class 6 
A 541 class 7 

High-alloy steel forgings 

A 182 F 304 
A 182 F 304 L 
A 336 class F8, F8m 

Low-alloy steel castings 

A 356 grade 10h 

Alloy steel bolting 

A 193 grade Bl6, 2 1/2 to 4 in. in 
diameter· 

A 193 grade B, over 4 to 7 in. in 
diameter 

A 320 grade L43 
A 437 grade B4B 
A 437 grade B4C. 
A 540 grade B241 

Ferritic· and alloy steel nuts 

A 194 grade 4 
A 194 grade 8 

Tensile Strength 
(psi) 

80,000 
80,000 

105,000 
i3o,ooo 

105,000 

75,000 
65,000 
70,000 

84,000 

125,000 

110,000 

125,000 
145,000 

·115,000 
115,000-165,000 

Yieldb Strengtjl• 
(psi) 

. . . 

50,000 
50,000 
85,000 
60,'000. 
85,000 

·30,000 
25,000 
30,000 

55,000 

105,000 

95,00.0 

105,000 
100,000 

80,000 
100,000-150,000 

'1 

Elongation 
·in 8 in. 

(%) 

Nonferrous. and high-alloy steel bar 

A 276 type 304k 
B 166f · 

75,000 min-90,000.min 
80,000 

30,000 min-45,000 kin 
35,000 ·' j 

Welding electrodes and filler mate
rials 

A 316 class E8018-C3 
A 316 class E9018-B3 
A 298 class E 308 
A 298 class E 309 
A 371 class ER 308 
A 371 class. ER 309 
Inconel 8~ 
Inconel 9~ 
Inconel 182m 

~odified by ASME Code Case 1333. 

iProp~rties required vary with diameter. 

jProof load stress of 175,000 psi. 

80,000 
.90,000 
80,000 
80,000 
80,000 
80,000 
80,000 
80,000 
80,000 

67,000 
77,000 

40,000 
40,000 
40,000 

~odified by ASME· CodelCase. 1334. 

~operties are given as welded. 

Elongation 
in 2 in. 

(%) 

20 
18 
16 
20 
18 

45 
30 
30 

20.0 

18 

17 

16 
13 
18 

10-15 

35 min-40"min 
30 

19 
17 
35 
35 
35 
35 
30 
30 
30 

Reduction 
of.Area 

(%) 

38 

50 
48 

50 
50 
35 

35.0 

50 

45 

50 
30 
50 

35-50 

45 min-50 min 

92 

Charpy V-Notch Impact 
Valuec (ft-lb) 

Average for 
Three 

Specimens 

30 
30 
35 
35 
35 

30 

35 

35 

35 
35 
35 

30-35 

One 
Specimen 

25 
25 
30 
30 
30 

25 

30 

30 

30 
30 
30 

2.5-30 

Maximum Hardness 
Number 

Brin ell 

248-311 to 
331-429 

200 min 
149 min 

Rockwell B 

94 minj 
81 min 

80 
90 

F 

I -· 

l 
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the significance of the processes involved, a brief review of some of 

the fundamental aspects follows. 

4.2.1 Element Effects 

The mechanical properties of steel are greatly influenced by the 

presence of elements that are especially added as alloying materials, as 

well as those unwanted residuals that are always present. However, to 

understand the effects of these elements and the role they play in the 

production and fabrication of stP.P.l components, a basic understanding 

of the metallurgy of steel is needed. 1 - 5 

Steel is essentially iron and carbon. Iron is an element that, in 

the solid state, can on cooling (at 1670°F) undergo an allotropic trans

formation in which its crystal structure changes from .an atomic arrange

ment that is face-centered cubic (fee) to .one that is body-centered cubic 

(bee). Although this atomic transformation is not observable except by 

x-ray diffraction techniques, its resultant effect on the microstructure 

of the steel is readily observable and is the basis for much of the cor

relation between properties and atomic crystal structure. The face

centered cubic structure is present at the elevated temperature and is 

a sG.>llu aolution that ho.s been designated as aust.eni t.P.. As the tempera

ture of the austenite :ls lowered, it may transform through a diffusion 

process to ferrite (the body-centered cubic structure) or some other 

body-centered cubic structure (pearlite or bainite). If the austenite 

is rapidly cooled, a diffusionless transformation to martensite may occur. 

Martensite is a metastable body-centered tetragonal (bet) structure in 

which the carbon is present at interstitial sites that extend the normally 

lmdy-centered cubic lattice. 

There are a number of common elements that are specifically added to 

iron to enhance its mechanical properties. These are carbon, manganese, 

nickel, chromium, molybdenum, silicon, and aluminum. In addition, there 

are other elements, such as nitrogen, sulfur, and phosphorus, that although 

unwanted are always present. Of the specifically added elements listed 

above, carbon has by far the most influence on the mechanical properties of 

steel. It is the element that is responsible for the strength6 obtainable 
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in the low-alloy (<5%) class of steels. The plot of Fig. 4.1 shows the 

influence ~of carbon (and manganese) on tensile strength of plain carbon 

steels. It is evident that small additions of carbon have a great effect 

on tensile strength. 

The easiest way to discuss the influence of the specifically added 

elements on the microstructure of steel is to consider their effects on 

isothermal transformation (TTT) diagrams. These TTT diagrams are for 

isothermal conditions and do not truly represent what will occur under 

practicable conditions; however, continuous cooling diagrams are not nec

essary for this discussion, and it is sufficient to say that the results 

obtained under conditions of continuous cooling will exaggerate the ef

fects illustrated by the TTT diagram. Normally, the transformations are 

transposed to longer times and lower temperatures. 

Figure 4.2 shows TTT diagrams7 for plain carbon steels (the manganese 

that is present is a residual from, the iron ore that was originally charged 

into the blast furnace). The higher carbon content (see lower portion 

of Fig. 4.2) transposes the transformation lines to the right (to longer 

times). Nickel, manganese (below 1%), and silicon have similar effects. 

To appreciate what is being exemplified in an isothermal transformation 

diagram, it is necessary to be familiar with an equilibrium diagram for 
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Fig. 4 .1. Effect of Manganese and Carbon on the Tensile Strength 
of Carbon Steel in the Hot-Rolled Condition. (Taken from Ref. 6) 

.J 
J 
J 

I 
J 

J 

J 

] 

J 

J 



.. 

800 

700 

w 600 
a:: 
~ 500 

"" a:: 
w 400 
a.. 
::IE 
~ 300 

w 
a:: 
::::> 

~ 
a:: 
w 
a.. 
::IE 
w 
I-

200 

100 

0 

95 

0.5 I 2 5 10 102 103 106 

TIME - SECONDS 

C-0.06 . MN-0.43 

Fig. 4.2. Isothermal Transformation Diagrams Showing the Effects 
of Carbon on the Pearlite Nose and Martensite Starting Temperature. (Taken 
from Ref. 7) 

the steel. Normally only iron and carbon are considered because of the 

number of elements involved, and the iron-carbon binary phase diagram is 

used. 

The section of the iron-carbon binary equilibrium phase diagram8 that 

includes carbon contents up to 5% is shown in Fig. 4.J. The steels that 

are normally used for reactor pressure vessels seldom go above 0.4% carbon; 

consequently, this diagram is more· than adequate. In this equilibrium 

diagram, only three regions are of importance for this discussion. The 

region above the line marked A3 is the face-centered cubic austenite. 
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Fig. 4.3. The Iron-Carbon Binary Equilibrium Phase Diagram. The 
right-hand ordinat~ of the complete diagram is usually placed at 6.67% 
carbon. (Ta.ken from Ref. 8) 

Carbon is soluble (in the solid state) in austenite from a maximum of 2% 

at 2066°F to a miniml.lm of 0.8% at 1333°:)!'. Consequently, because the car

bon levels of the reactor-grade steels are below 0.8%, there is no need 

to be concerned with carbon precipitation in the austenite. 

The second region of. interest lies in the area between A3 and A1 • 

This is a two-phase region within which both austenite (fee) and ferrite 

f 

I· 
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(bee) structures may coexist. The presence of ferrite is due to the 

allotropic transformation (fee to bee) that was previously mentioned. To 

f'ully understand what has occurred here, it would be best to follow the 

cooling of 0.20%-carbon steel from some elevated temperature (for example, 

1650°F) through a temperature drop. When the 0.2%-carbon alloy cools to 

approximately 1570°F, the solid solution of austenite begins to decompose 

into primary crystals of ferrite, which has a much lower tolerance for 

carbon (<0.025% vs 1.2%). Carbon is rejected by the decomposing austen

ite. Consequently, the remaining austenite is enriched in carbon, and 

its composition is no longer 0.2% but, rather, a higher carbon level. 

This transformation of austenite to ferrite continues down to 1333°F, 

where the last of the austenite decomposes into ferrite and iron carbide 

(a compound of iron and carbon that occurs at 6.67% carbon and has the 

stoichiometric composition Fe3C). 

The two-phase ferrite plus Fe3C region below 1333°F is the third 

area of interest. The product of this decomposition at 1333°F is called 

eutectoid. Under the equilibrium conditions discussed it has a charac

teristic ferrite-carbide lamellar morphology. Coarse pearlite and fer

rite would be the equilibrium microstructure for this 0.2%-carbon alloy. 

Unfortunately, this equilibrium structure leaves much to be desired from 

a mechanical properties point of view. Fortunately, the morphology of 

the ferrite plus carbide structure can be varied. The isothermal. trans

formation diagram shown in Fig. 4.2 helps to illustrate the structures 

that can be obtained under other than equilibrium conditions. Th~ Ae3 

and Ae 1 lines represent the A3 and A1 intersection in the binary equi

librium diagram (Fig. 4.3). If there is a deviation from absolute equi

librium, the isothermal transformation diagrams show the products of the 

austenite decomposition as a function of the transformation temperature. 

As the temperature at which the austenite is allowed to decompose is de~ 

creased, the product to which it transforms will v.ary. At the higher 

temperature, it will be coarse lamellar pearlite. As the temperature is 

decreased, the pearlite becomes finer (the interlamellar distance de

creases) until it no longer transforms to a lamellar product but, rather, 

to a more featherlike product that is less diffusion dependent. This 

lower temperature transformation product is called bainite. Within the 
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bainitic range, there is a.J,.so a gradation in fineness of structure. The 

lowest temperature transformation product occurs by an instantaneous shear 

mechanism (nondiffusion) an~ is called-martensite, as has already been 

stated. The martensite transformation results in a metastable body-cen-

tered tetragonal c~ystal structure. Associated with this martensite trans

formation is a volumetric growth (""4%) that gives rise to high stresses. 

Three factors influence the transformation behavi.or of these steels. 

These are composition, homogeneity, and austenite grain size. As has 

been pointed out, certain elements, such as carbon and nickel, move the 

isothermal transformation diagram'to·the right withou:t appreciably alter

ing its shape. These elements promote the transformation to martensite 

(by increasing the minimum time necessary to cool the steel below the 

"nose" of the isothermal transformation diagram). Other elements, such 

as molybdenum and chromium, also move the diagram to the right; in addi

tion, they alter its shape. These -elements tend to promote the transfor

mation to bainite by transposing the pearlite region to the right with

out noticeably affecting the lower.temperature transformations. 

Austenitic grain size affects the transformation to.pearlite. Coarse 

grains tend to retard the transformation to pearlite and make the steel 

behave a$ if molybdenum or chromium were added. However, a fine austenitic 

grain size yields better mechanical properties. Nonhomogeneous distribu

tion of chemical elements will result in segregated microstructures, which · 

will cause certain areas to transform before other regions. This results 

in a microstructure thi;i.t·may have severely impaired mechanical properties. 

Normally, the strength of the alloy will be inversely related to the 

transformation temperature. Coarse pearlite is weaker than.fine pearlite. 

The same is true for bainite. Martensite, the lowest temperature trans

format'ion product, is the strongest. However, strength is not particu

larly a problem in reactor-grade steels. The yield strengths currently 

required for ASTM A 533 grade B steel are attainable in heavy-section 

sizes both ~t the 1/4 T (thickness) position and at the 1/2 T position. 

There is evidence 9 that bainitic microstructures are possible at the mid

thickness of 12-in.-:thick A 533 steel plates. Moreover, there is evi

dence10 that ASTM A 542 steel also can meet the required tensile prop-. 
erties at its midthickness. The problem does not lie in strength, but 
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rather in notch toughness. It is when this property is considered that 

meeting specification requirements can become troublesome. 

Notch toughness is defined as the ability to resist brittle crack 

initiation and propagation and is essentially a material property. The 

notch toughness of a material can be measured by the energy required to 

cause its rupture. It has been found that body-centered cubic materials 

undergo a transition wherein the energy required for their fracture pre

cipitously drops and the fracture characteristics change from a shear 

mode to one of cleavage. This transition is temperature dependent and 

for relatively pure iron occurs over a very small temperature range. 

Figure 4.4 illustrates the effect of carbon on the shape of the steel 

transition curve. This figure was taken from the work of Rinebolt and 

Harris 11 in which they discuss the effects of various elements on the 

Charpy V-notch 15 ft-lb transition temperature. Their data showed that 

the results obtained were structure dependent; however, general trends 

held true. Briefly, their results can be summarized as follows: elements 

that increase the transition temperature in pearlitic steels are boron, 

carbon, chromium, copper, molybdenum, phosphorus, and silicon; elements 

that decrease (enhance) the transition temperature are manganese and 

nickel. Aluminum, when present in small amounts, tends to decrease the 
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transition temperature because of its' combination with oxygen and nitro

gen. Another study12 has shown arsenic to have a detrimental effect on 

the impact properties of pearlitic steels. 

Figure 4.5 shows the effect of the various alloying elements on the 

corrected 15 ft-lb Charpy V-notch transition temperature~ It is evident 
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from this figure that the elements are not equal in their effects on the 

notch toughness. Of the elements indicated, carbon and phosphorus are 

by far the most detrimental. For the microstructures studied by Rinebolt 

and Harris, 11 an increase of 0.01% raised the 15 ft-lb Charpy V-notch 

transition temperature 5.7°F and 14°F for carbon and phosphorus, respec

tively. Arsenic had an effect similar to that of carbon. Some of the 

other elements have, in their own right, only a minor effect; however, 

often there is twofold benefit. Such is the case for manganese. Manga

nese is a strengthening agent and, hence, in addition to decreasing the 

transition temperature, permits the use of a lower carbon content. This 

second factor is even more effective in improving notch toughriess than 

the manganese itself. Nickel is the other major element that enhances 

notch toughness, and its beneficial effects have been recognized by in

cluding it in ASTM specification A 533, which is essentially ASTM A 302 

grade B with a nickel modification (as permitted by AS.ME Code Case 1339). 

Thus far this discussion has been concerned primarily with the ef

fects of certain elements on the notch toughness of steel and has touched 

on their effects on strength. However, in addition to the elements men

tioned above, other elements are present in steels. These include the 

gases H2, 02, and N2 and sulfur. It is desirable to maintain sulfUr at 

as low a level as possible because it is responsible for hot shortness 

in steels. Hot shortness is attributed to the presence of a small amount 

of a lower melting constituent. This constituent usually is found in the 

grain boundaries and results in a weakness in the hot-working range. The 

tendency toward hot shortness with sulfUr is exaggerated13 if nickel is 

present. This hot shortness is reflected in both the hot workability of 

a steel ingot and in weldability. Hot cracking (microfissuring) is preva

lent in the weld-metal and heat-affected zones of sulfUr-bearing steels. 

Of the gases mentioned, hydrogen has the greatest detrimental effect 

on the properties of steels. Hydrogen is dangerous because it is readily 

soluble as monatomic hydrogen in face-centered cubic austenite; however, 

its solubility is considerably less in body-centered cubic ferrite and 

pearlite. In addition, even if the quantity present is small, its solu

bility in ferrite is negligible at room temperature. Hence, as the steel 

is cooled and undergoes transformation, the ferrite becomes supersaturated 
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with hydrogen. This hydrogen diffuses out of the metal lattice and re

combines as.molecular H2 ·or can form methane at discontinuities and voids 

within the steel. When this occurs, the pressure buildup is of fracture

strength magnitude. This pressure buildup is responsible for the flakes 

and shatter cracks 14 seen in massive forgings and is also responsible for 

the cold cracking often noted in the heat-affected zones of weldments 

made in low-alloy high-strength steels. 

Nitrogen, P,robably the second most important gas, has been blamed15 

for the strain-aging phenomenon observed in low-carbon steels. Strain 

aging is the loss of ductility and notch toughness after a steel has been 

cold worked and heated into the range 400 to 700°F. It is attributed to 

the movement of atomic nitrogen to the high-energy (cold-worked) sites 

where it tends to prohibit the movement of dislocations. 

Oxygen, the last of the previously mentioned gases, has an adverse 

effect16 on notch toughness. In addition, its presence usually results 

in greater quantities of .nonmetallics being distributed throughout the 

steel. These non.inetallics, which include not only oxides but also sul

fides, such as manganese sulfide, are potential stress raisers and may re

sult in premature failure. 

In summary, most of the.elements discussed in this section serve a 

functional purpose in that they provide the possibility of greater strength 

or an improved notch toughness. Often, when an element is added for one 

purpose, such as strength, its side effects may prove deleterious to an

other property. Usually, the composition selected is based on a balance 

in which ductility and toughness are often sacrificed to achieve strength 

or vice versa. Other elements such as aluminum and manganese (that quan

tity added over the alloying requirement) are added to chemically combine 

with and tie up another element. Aluminum is a good deoxidizer; it re

moves oxygen and also has been found to reduce strain aging by combining 

with the nitrogen. 17 Oxygen can also be removed through the use of other 

deoxidizing agents, such as silicon and vanadium, and through the recently 

developed techrlique of vacuum deoxidation. The manganese combines with 

sulfur and ties up that undesirable element as manganese sulfide, a 

higher melting compound •. However, their presence results in nonmetallics, 

and these are undesirable. Nickel has been added to steels for improved 

- . 
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notch toughness; however, there is evidence 18 that it may be responsible 

for the embrittlement that was noted after these steels were aged at 700°F 

for long periods of time. 

4 • .?. • .?. Melting Pra.ctice 

Essentially only two types· of melting process are currently employed 

for the production of large (multi ton) ing.ots for nuclear· :r·ea.ctor pres

sure vessel components. These are the basic open hearth and the basic 

electric furnace processes. The choice of the basic furnace lining over 

the acid furnace allows the use of a basic slag and thereby implements 

the removal of phosphorus. Today, in the United States, regardless of 

the melting technique, the processes used are basic. 

The ASTM specifications for quenched and tempered alloy steel plates 

(such as A 514, A 515, A 516, A 517, A 533, A 542, and A 543) currently 

permit the use of either melting process for producing plate. However, 

the Lukens Steel Company, which is the major producer of heavy-section 

plate, normally melts the steel in an electric furnace 19 and, indeed, the 

advantages warrant the selection of this process over that of the basic 

open hearth. The major advantages 20 of the electric furnace lie in its 

use of charge materials that are initially lower in phosphorus content 

and the fact that the phosphorus-bearing oxidizing slags may be removed 

prior to furnace deoxidation; this avoids the reversion of phosphorus to 

the molten steel. It is evident from Section 4.2.1 that the removal of 

phosphorus is important. 

In addition to the phoGphorus removal, the electric furnace inher

ently has other benefits. These are that the furnace can be operated 

with minimum slag volumes (the furnaces are tiltable and hence slags can 

be removed) which can be controlled quickly and thereby permit a rela

tively high recovery efficiency for oxidizable elements, such as chromium, 

manganese, etc. Also, because of slag control, the ladle deoxidation is 

minimized and the resultant steel is cleaner (fewer sulfide and oxide 

inclusions) . 

The modern ASTM specifications most often referenced for nuclear

grade forgings (ASTM A 508) dictate that only the basic electric furnace 
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process be used. The use of this specification recognizes the inherent 

advantages of the more controllable electric furnace melting practice. 

It is evident that the use of the electric furnace will increase in 

the future. The manufacturers of forgings have recognized that their 

extremely large forgings (many of which require multifurnace heats to 

pour an ingot) receive, by comparison, a small amount of work and, be

cause of their massive sizes, are not readily heat treatable to the maxi

mum' mechanical properties attainable for their compositions. The trend 

toward heavy sections is more recent in the plate-producing industry and 

is only now being recognized. Indeed, the maximum work that can be done 

on an ingot that is to result in a plate thickness of 8 to 12 in. is 

quite nominal and, in many instances, less than that done on heavy ring 

forgings~~rn-addition these heavier sections limit the response of the 

material to heat treatment and thereby necessitate that the original 

starting material be at its optimum from a cleanliness point of view. 

4.2.3 Vacuum Treatment 

As has been poin~ed out, hydrogen has an adverse effect on the weld

ability and soundness.of low-alloy high-strength steels. In order to 

reduce the hydrogen level in steel ingots, particularly those that were 

to resUlt in massive forgings, vacuum degassing was introduced a little 

over ten years ago. _The total benefits that have been derived from vacuum 

degassing have been clouded by the fact that during this period melting 

practices and compositional limitations have been improved also. Figure 

·4.6 shows· the improvement in the surface sonic indications of rotor forg

ings since ·1950. It is evident from this figure that the trend in im

proved sonic indica~ions was already well under way prior to the intro

duction of vacuum degassing in 1956. An excellent discussion of vacuum 

treatments can be foun~ in the Battelle Memorial Institute report on 

"Vacuum-Degassed Steels from the Consumer's Viewpoint." 21 (Figure 4.6 

was taken from that document.) 

The fact that vacuum degassing lowers the hydrogen level and improves 

the cleanliness of very large forgings has been substantiated. 22 The de

crease in hydrogen has resulted in the production of massive forgings 

· l 
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Fig. 4.6. Improvements in the Soundness of-Rotor Forgings. (Taken 
from Ref. 21) 

free from flake and shatter cracks. The reduction of the hydrogen level 

will also be reflected in improved weldability. 

A more recent innovation in vacuum treatments has been the vacuum 

deoxidation 23 , 24 of the molten steels. The vacuum degassing process, in 

addition to lowering the hydrogen levels, reduces the oxygen and nitrogen 

levels. This reduction of oxygen decreases the amount of deoxidizer re

quired and yields a steel even cleaner than that obtained from only vacuum 

degassing. This reduction in the nonmetallic inclusion content is re

flected. in improved fatigue properties. 

4.2.4 Working Processes 

The working processes are rolling, forging, and forming. Rolling 

and forging are both performed on a steel slab that has previously been 

soaked and broken down from its original ingot form. The soaking opera

tion, which.is done at a very high temperature (>2150°F), combined with 

the breaking down of the ingot to slab, does much toward homogenizing the 

originally heterogeneous ingot. 
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. 
The forming operation is perf9r+ned on a rolled plate that is usually 

supplied to the fabricator in,the hot-rolled condition.* Forgings are 

always supplied in the heat-treated condition. 

4.2.4.1 Rolling 

The current requirements for plates are such that the nominal section 

size being used is greater than 6 in. in thickness. Moreover, thicknesses 

of 12 to 15 in. are being considered for the larger, greater than 1000-

Mw( e.), reactors. The amount of work (reduction in thickness) that can 

be performed ;n a slab (or ingot) that is to result in a plate thickness 

of the magnitude discussed here is marginal. Usually, the reduction is 

about 4 to l; however, 3 to 1 is the minimum being currently allowed. 

The rolling operation is carried out in the temperature range where 

the steel is austeni tic. The proce·ss serves two main purposes: ( 1) the 

heating operations tend to develop a uniform chemical composition by 

breaking up and eliminating the segregated dendritic structure, and 

(2) because the rolling temperature is above the recrystallization tem

perature, the rolling serves to refine the austenitic grain size. The 

final austenitic grain size is controlled both-through the deoxidation 

practice employed during pouring and the temperature at which the last 

passes are made. A fine austenitic grain size is preferred. Finally, 

and what may also be an additional advantage, the ductility is usually 

superior in the primary rolling direction. 

As is evident the reduction possible .in rolling these plates is con

siderably less than what would be done on thinner gage materials. Con

sequently the benefits in homogeneity and cleanliness that can be obtained 

from the electric f'urnace and vacuum treatments become quite important 

and should be so recognized. 

4.2.4.2 Forging 

The flange and· shell-course ring forgings that are used in nuclear 

pressure vessels are produced by ess'entially two techniques, mandrel 

*Current information indicates that this will not be true for the 
field-erected pressure vessels. They are to be supplied in the heat
treated condition· and cold formed . 
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forging and ring rolling. The mandrel forging operation is a process 

whereby the flange is elongated or enlarged in a steplike manner. The 

forging blank is incrementally upset between the tophead and the mandrel. 

There is an appreciable time lapse between increments of upset for adja

cent positions around the forging blank. In contrast, the ring rolling 

operation is a continuous process quite like rolling. The time during 

one revolution of the forging blank is negiigible. 

It appears that the ring rolling process should inherently yield a 

product that is more uniformly worked and consequently has more uniform 

properties than the product of the mandrel process and, indeed, this is 

the position taken by advocates of the ring rolling operation. However, 

the size of the forging and the fact that the operations are carried out 

at quite high temperatures will probably minimize these advantages. It 

is possible that slightly different properties may exist due to the dif

ference in finishing temperature between the various locations; however, 

the massive size of these forgings and their associated slow cooling rates 

probably negate this possibility. 

Nozzles may be produced by either the open or tight mandrel pro

cesses, depending on their size. 

The forgings, regardless of how they were manufactured, are contour 

machined essentially to finished dimensions, quenched and tempered, and 

then finish machined prior to shipment to the fabricator. Therefore, it 

is the forger's responsibility to assure that the required mechanical 

properties are met. 

4.2.4.3 Forming 

Forming can be classified as either hot or cold. Hot forming is 

carried out at temperatures at which the steels are austenitic, and the 

comments on rolling are applicable here. The plates are the only com

ponents that are hot formed, and this is done to provide the required 

shapes for fabricating a shell course, a torus section, or a head. As 

was previously mentioned, the plates are supplied in the hot-rolled con

dition. The fact that they are to be hot formed justifies this require

ment. The plates are reaustenitized and soaked prior to the forming op

eration. Often this operation is terminated before the plates begin to 
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transform; however, one fabricator does allow working to be performed at 

temperatures as low as 1000°F. In this temperature range, it is possible 

to get some cold work, but because the formed parts are always reausten

i tized and quenched this work need not be considered. After the quench

ing and tempering operation, some realignment may be required, and this 

is done cold. The amount of strain induced by this dimensioning process 

is in the order of less than 0.1% and is ignored. If cold forming be

comes one of the prominent fabricating processes, however, its effect on 

mechanical properties must be considered. There is evidence 25 that the 

plates for the field-erected pressure vessels are to be purchased in the 

heat-treated condition and subsequently cold formed. In view of this 

possibility, the effects of cold working are discussed here. 

Cold forming is usually done near room temperature and definitely 

below the recrystallization temperature. It results in the steel remain

ing in a strain-hardened condition in which the microstructure is visibly 

distorted. The results of this strain hardening are reflected in higher 

strength and reduced ductility and notch toughness. 

Th~re is evidence 26 that cold forming can have a significant effect 

on the properties, particularly notch toughness_, of plain carbon steel. 

· Stress relieving produces virtually no improvement in the strained mate

rial. 

Stout and.his colleagues 27 , 28 have studied the effect of cold strain

ing·~a number of pressure vessel steels. They showed that all the steels 

were affected_-by straining and, perhaps even more important, by a subse

quent strain aging. -For example, an ASTM A 302 grade B steel studied at 

Lehigh University had an increase of approximately 60°F in its 15-mil lat

eral expansion temperature correlation due to the combined effects of 5% 

straining and aging in the temperature range (500 to 700°F) currently 

being employed for nuclear reactors. This strain-aging phenomenon has 

been tied in with the presence of carbon, nitrogen; and oxygen. Nitrogen 

is considered by far the most dangerous. The use of the vacuum treatment 

helps to eliminate much of these gases and, in so doing, reduces the ten

dency toward strain aging. Stress relieving will normally relieve this 

strain-aging embrittlement; however, excessive exposure to elevated tem

peratures can be dangerous. 
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4.2.5 Microstructure 

It has been pointed out that certain elements were added to the basic 

iron-carbon steel composition because they enhanced mechanical properties. 

The mere presence of these elements is not important; it is their effect 

on the resultant transformation product that is the measure of their in

fluence. There are five microstructures that are important when discuss

ing pressure-vessel steels. These are austenite, ferrite, pearlite, 

bainite, and martensite. The properties of a steel are dependent on which 

microstructure is present and its quantity. Ideally, the final micro

structure should be a tempered medium carbon (--D.2%) martensite in order 

to have the best balance of properties, that is, good strength and good 

notch toughness. However, to obtain a martensitic structure, it is nec

essary to cool the steel at a rate equal to or faster than some critical 

value. If the material is foil, the cooling rate is no problem. The 

foil, regardless of the cooling medium, will lose heat at an extremely 

fast rate. As the foil thickness increases, its ability to lose heat de

creases and, consequently, a medium (such as water) capable of removing 

heat at a faster rate must be selected in order to assure that the cool

ing rate is subcritical. Eventually, as the thickness progresses to that 

of sheet and, subsequently, plate, jt mHy become impossible, regardless 

of the cooling medium, to achieve the critical cooling rate. At this 

point, other compromises must be made. These compromises and their ef

fect on mechanical properties are discussed here. 

The cooling rate is a function of the size of the section being 

cooled and the cooling medium. It is, for all practical purposes (as 

long as the discussion is confined to plain carbon and low-alloy steels), 

independent of the chemical composition. Therefore, for a section of 

given size being cooled in a given medium, the cooling rate for a plain 

carbon steel (such as ASTM A 212) is the same as for a more highly alloyed 

steel (such as ASTM A 302, A 533, or A 542). However, the resultant 

microstructure will not necessarily be the same. This is due primarily 

to the influence of chemical composition. As was pointed out earlier, 

the individual elements affect the isothermal transformation diagrams by 

shifting the start of the austenitic transformation to longer times. 
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This, in effec't, permits a slower cri ticaI cooling rate. Actually, cer

tain elements do no more than allow a given thickness of steel to trans

form to a microstructure that would otherwise be possible only with a 

thinner section. 

Because of the plate thicknesses currently being used, it is ex

tremely difficult to obtain a martensitic microstru~ture in low-alloy 

steels, even after accelerated cooling. In most instances, because of 

the presence of a certain element, such as molybdenum, or other elements, 

a bainitic structure can be obtained. The presence of these elements 

retards the pearlitic transformation and enhances the austenite-to-bainite 

transformation. In plain carbon steels, the pearlitic transformation 

acts like a roof a~d minimizes the possibility of lower temperatilre trans-

. formation products (see Fig. 4.2). Insofar as it is nearly impossible 

to produce martensite (the critical cooling rate is not attainable in 

these section sizes), the fabricators prefer to have the transformation 

occur at as low a temperature as possible. Usually, for the steels being 

discussed, the resultant microstructure is 100% bainite or a bainite

ferrite aggregate, with the fineness of each being dependent on the sec

tion size being cooled (cooling rate). Other factors such as the condi

tion of the austenite and its grain size also influence the transforma

tion product; however, their effect is relatively minor. (Although these 

effects are considered to be independent, they are related to the chemi

cal compos·i tion of the steel. For instance, aluminum is added as an 

austenite grain refiner.) 

This discussion and the one.previously given in Section 4.2.1, "Ele

ment Effects," 'are both directed at what is known in steels as harden

abili ty·. Hardenabili ty is defined as· the ease with which martensi te can 

be produced. Thus the position of the pearlite nose is an index of harden

ability. The most commonly used method for measll.ring hardenability is 
t 

the Jominy End Quench Test (JEQT). ·Investigato~s have attempted29 to 

predict the mechanical properties of pressure vessel steels based on this 

test. Their correlation is qU:ite good for tensile properties; however, 
' the notch toughness cannot be correlated. The use of the JEQT test for 

predicting tensile properties is applicable for thin-section materials, 

and its use is appropriate' for· diffe~rentiating the hardenabili ty between 
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various steels. However, its slowest cooling rate is faster than the 

rates being obtained in 10- to 15-in.-thick water-quenched steel plate. 

Hence, the coarsest microstructure possible in the JEQT is finer than 

that obtained in the steels being discussed. Perhaps an effort should 

be expended to devise a test more directly applicable to the heavier sec

tion sizes and thus provide a more rapid means of predicting their final 

properties. 

The cooling rate is essentially thickness dependent; however, the 

surface condition of the plate and the temperature and agitation of the 

coolant are extremely important. If steam is allowed to blanket the 

surface due to a tenacious surface scale, the water is stagnant, or the 

water temperature is too high, the cooling rate will be retarded and the 

resultant microstructure much coarser than expected. These problems are 

overcome by assuring that the water temperature does not exceed some 

maximum value (about 150°F) and by agitation during quenching. The scale 

problem can be avoided through conditioning the surface of the plate with 

a composition that will assure that the scale will expunge during quench

ing. 

4.2.6 Mechanical Properties 

The mechanical properties being discussed here are essentially the 

tensile properties, including ductility, and notch toughness. Other 

properties, such as fatigue resistance, are also important, but their 

limitations are often reflections of the previously mentioned properties. 

Achieving the required tensile properties has been no problem. The 

minimum ASTM values for A 533 (A 302 grade B modified) steel can be met 

at both the req~ired 1/4 T position and at the midthickness for section 

sizes up to 12 in. The microstructures obtained are ferrite and coarse 

bainite. Both Lehigh University9 and Lukens Stee130 report that the 

microstructures obtained in 6- and 12-in. sections are quite similar. 

Lukens, in fact, presented data for 15-in.-thick plate with center and 

surface properties essentially identical and both in excess of the mini

mum 50,000-psi yield strength, which is a requirement of the ASTM speci

fication for A 533 grade B class 1 steel. The Lehigh data were for 
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microstructures that were obtained by simulating the cooling rates usu

ally obtained in 6- and 12-in. plate thicknesses. Their data were based 

on cooling rates that were the most conservative of a number available 

to them. 

There are data for A 533 steel in section sizes up to 12 in. which 

show that a maximum nil-ductility transition (NDT) temperature of +10°F 

can be maintained. If a 30 ft-lb Charpy V-notch "fix" (see Section III of 

ASME Code) with the drop-weight nil-:ductility temperature is correct for 

this grade of st~el, the NDT temperatures were about 0 and +25°F, respec

tively for the 6- and 12-in.-thick A 533 steel reported by Lehigh Uni

versity. The +25°F NDT te:rp:perature is in excess of the desired +10°F; 

however, there is evidence that the fix energy decreases with increasing 

plate thickness.- This point should be.investigated to ascertain its 

authenticity and, if proven to be correct, should offer solace in that 

the 30 ft-lb fix will be conservative. 

There are also mechanical property data available for ASTM A 542 

(A 387 grade D) steel. This chromium-molybdenum steel is being suggested 

as a possible choice for the next generation of pressure vessels. There 

does not appear to be any difficulty in achieving the required tensile 

properties, at least up to 8-in.-thick sections. However, there are 

contradictory9 , 31 data available for 12-in.-thick sections. These dif

ferences may be due to slight differences in the chemical compositions 

of the material. or perhaps heat treatment. 

Notch toughness does present a problem. The chromium-molybdenum 

steel is quite temperature sensitive, and an incorrect tempering tei;rrPera

ture can result in very poor impact properties. Sterne30 has presented 

data that show a drop in the +10°F Charpy V-notch energy from approxi

mately 50 ft-lb for an 1150°F temper to 11 ft-lb for an 1100°F temper. 

The results of the Charpy V-notch tests at Lehigh University for A 542 

steel contained a considerable amount of scatter. The Charpy V-notch 

30 ft-lb energy value was achieved at 0°F for the simulated cooling rate 

for the 6-in. section; however, it was about +75°F for the simulated 

cooling of the 12-in. ~ection. Similar scatter is present in drop-weight 

data presented earlier31 for 2-in.-thick A 387 grade D steel. Further, 

the earlier work suggested a 35 ft-lb "fix" between Charpy V-notch and NDT 

-, 
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temperature for the 2 1/4% Cr-1% Mo steel. These data relative to ASTM 

A 542 are rather disconcerting and should be investigated further. The 

sensitivity of the steel to heat treatment may be responsible in great 

measure for these results. 

In addition to the data for ASTM A 533 and A 542 steels, there are 

data available for ASTM A 543, a nickel-chromium-molybdenum steel. This 

is a more highly alloyed steel than either A 533 or A 542. Its tensile 

properties approximate those of A 542; however, it exhibits considerably 

better notch toughness properties. The 30 ft-lb Charpy V-notch energy 

value for the simulated 12-in.-thick section was obtained at almost 

-100°F. 

This steel appears to possess the best combination of strength and 

toughness; however, it is more highly alloyed, which will cause it to 

be more expensive and, depending upon experience, more difficult to weld. 

The presence of the high nickel content may contribute to an embrittle

ment effect that can result in a loss of notch toughness. 

4.2.7 Size Effects 

Earlier in this section it was pointed out that because of the heavy 

section sizes being employed, the amount of work performed on an ingot 

is minimal. For this reason, the distribution of properties throughout 

the length, width, and thickness of a plate becomes of interest. It is 

known that the elemental distribution can vary within an ingot; however, 

the steel producers do attempt to overcome this problem by adjusting 

each individual heat that contributes. to the quantity of molten metal 

necessary for a large ingot. However, these steels are highly alloyecl 

and segregation may become more prominent as the alloying content in

creases. Certain elements tend to segregate when in the presence of other 

elements. Carbon and manganese can cause banding (areas depleted in car

bon or manganese). 

The data brought forth thus far do not indicate that through-thick

neps deviations in properties are a problem. In fact, except for some 

data on ASTM A 542 (A 387 grade D) steel, the opposite has been the case. 

Both tensile and notch-toughness properties have been confined to narrow 



... 
I• 

~~--- .. ·~··----· -_-·:·~··.....,-· 

114 

·limits for a given heat of steel.· . Some .data presented for ASTM A 542 

stee=!- have contained excessive scatter, and this may be due to segrega

tion. This point·can easily be investigated. 

The distribution of properties from the top to the bottom of the 

plate are not so well documented. No doubt cutouts from a number of 

plates have either been tested or are avilable for testing but, depend

.ing upon the availability of these data or the material, this question 

may or may not be easily answered. 

It has been established that the. center line of a large ingot usually 

contains most of the unwanted residuals. This being the case, it is en

couraging to see the uniformity of properties from surface to surface. 

This speaks well for the electric f'urnace and vacuum treatment techniques. 

However, it cannot be denied that the center line may possess the poorest 

chemical composition. If this is true, perhaps forged shell courses 

should be encouraged. The trepanning or plugging operation done prior 

to ring rolling or mandrel forging will remove most of the unwanted core. 

4.2.8 Welding 

Welding problems can be divided essentially into two parts: weld

ability, which is metallurgical in nature, andthe metal-joining pro

cesses. It is difficult to separate these two areas because of their 

interrelationship. For example, the chemical composition of the filler 

metal selected is dictated by the joining process that is to be used. 

An effort will be made to discuss them separately; however, an exact 

line of demarcation is impossible. 

4.2.8.1 Weldability 

The selection of the composition of the filler metal is dependent 

on whether the weld is expected to respond to an austenitizing heat treat

m~nt. Usually welds are deposited by a multipass technique, and a com

plete reheat treatment is not necessary. When this is the case, the car

bon level is usually held to a much lower value ("().12% vs 0.22%) than is 

normally found in the base steel. In addition, the compositional levels 

of some of the other elements are varied, depending upon whether they 
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are easily transferred across the arc. Usually as-deposited weld metals 

have no difficulty in meeting strength requirements; however, because of 
' 

their highly segregated as-cast structure, they possess poor notch-im

pact properties unless ~crostructurally modified by both compositional 

control and multipass welding procedures. As has already been pointed 

out, carbon is minimized and, as a further measure toward improving the 

impact properties, nickel is added (as in A 533 grade B steel). ·usually, 

the nickel content of the weld metal is higher than that of the base 

metal. 

Deoxidizers, such as silicon, are also found in the filler metals, 

and usually their levels are much higher than are found in the base 

metals. 

When welding steel, assuming that the mechanical property require

ments are reasonable, hydrogen is by far the most·important element to 

be considered. Its effect on weldability has been recognized for a num

ber of years and care is taken to eliminate (or at least minimize) its 

presence when welding carbon steels. However, hydrogen may not be a 

problem if the steel does not transform to martensite. 32 It is the syn

ergistic effect of the hydrogen and martensite that produces underbead 

cracking (hydrogen-induced, heat-affected-zone cracking that occurs near 

room temperature). The propensity for a steel to be subject to ~der

bead cracking is dependent on its tendency to form martensite, and a num

ber of researchers have studied this problem. The result has been the 

prediction of weldability based on a carbon equivalent. Winterton33 has 

laboriously reviewed many of the formulas proposed for predif!ting the 

tendency toward an austenite-to~martensite transformation (this has been 

called a carbon equivalence). The relationship between underbead crack

ing and the carbon equivalent is given in Fig. 4.7. 

As pointed out above, underbead cracking is a problem only if mar

tensi te is present.· If hydrogen is eliminated or if martensite is not 

allowed to form, the problem will not exist. - Vacuum treatment of the 

weld-rod alloy and the base metal will assure that these are not sources 

for hydrogen. The next source (and probably the most important) lies in 

the slag covering that protects a weld deposit during solidification. 

(This source does not exist when welding with the inert-gas processes.) 

, "'.}:' 
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Fig. 4.7. Relation Between Underbead Cracking and Chemical Compo
sition of 1-in.-Thick Carbon-Manganese Steels. (Taken from Ref. 30) 

The coating on a stick electrode may be composed of hydrogen-containing 

compounds. The use of low-hydrogen electrodes eliminates this problem, 

and the only hydrogen source remaining is moisture. If the welder is 

careful and uses only thoroughly dried coated electrodes and submerged

arc fluxes, this source is eliminated also. As a further assurance that 

underbead cracking will not occur, a preheat of usually greater than 

250°F (for low-alloy high-strength steels) is used. Proper preheat as

sures that the transformation product in ~he heat-affected zone of the 

weldment is not martensite but, rather, lower bainite. The upper limit 

for the preheat is usually about 500 to 600°F because, if the steel should 

transform above this temperature, the required properties may not be met. 

The above discussion has been concerned with cold cracking (cracks 

that occur near room temperature). This type of cracking is most preva

_leht in steel welding; however, hot cracking, that is, microfissuring 

of the weld metal and heat-affected zone near the melting point.of the 

steel, cannot be ignored. This hot cracking is attributed to the segre

gation of residual el~ment~ (primarily sulfur) to the.grain boundaries e. 
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of the heat-affected zone and the interdendritic regions of the weld 

metal. The melting point of the segregated region is below that of the 

bulk alloy, and any strain placed across it can result in a fracture. 

Both the hot cracks and underbead cracks are microscopic, and because of 

tfteir size they often go ~mdetected. 

The selection of the filler metal composition is left to the dis

cretion of the fabricator. However, properties, weld qualification, and 
,. 

development test resul.ts are subject to the approval of the customer. 

The fabricator's actual analysis and the technique whereby he obtains 

that analysis are quite o.ften prop:r:ietary information. 

Much welding experience ·has accumulated on the steels currently being 

used in the reactor pressure vessels. The.need for low hydrogen content 

· and preheat is recognized, and underbead cracking need not be a problem 

in fabrication. Although problems will not initiate from welds made under 

correct conditions, a haphazard arc strike on a steel surface can cause 

a problem. The massive sections used in these reactors present heat 

sinks that impose infinitely fast cooling rates on the molten crater. 

These arc strikes may go undetected and could trigger a failure. 

4.2.8.2 Welding Processes 

Curl'ently-, three processes are being used to join.the large·compo

nents that make up a nuclear pressure vessel. These are the submerged-· 

arc process, the manual stick-electrode process, and the electroslag 

process. The field-fabricated Monticello reactor in Minnesota will be 

manual stick-electrode welded. The discussion below on the submerged

arc process can be extended to be applicable to multipass stick-electrode 

welds: 

The submergeu-an.: welding' process was, until the introduction of the 

electroslag process, the highest deposition-rate technique available. 

Tl1e _pruc..:e::;s is capable of being operated with high currents and, due to 

the large heat input, often melts a considerable amount of base metal, 

particularly when used with the thinner sections. Consequently, the com

position of the base metal has a great influence on the composition of 

the weld metal. In the very thick sections currently being utilized in 

the reactor pressure vessel industry) it is necessary to use a multipass 
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technique to make the welds. The fact that each pass is subsequently 

reausteni tiz.ed contributes greatly to the mechariical properties of the 

submerged-arc welds. This reheat treatment refines the weld metal to the 

point where its "properties after postweld heat treatment are normally supe

rior to those of the base metal. No doubt the selection of the chemical 

composition of the filler metal contributes to this super~ority. A multi

pass submerged-arc weld is shown in_ Fig. 4.8. The relationship between 

the individual passes ·can be seen easily. The microstructure of the weld 

metal can ·be controlled through heat input. Conse~uently, there is con

siderable latitude possible in the level of the mechanical properties 

obtainable in the weld metal for a given chemical composition. · 

The electroslag process is a very high deposition-rate process (see 

Chapter 8 for details of this welding process). For the purpose of this 

discussion, picture a large.electric furnace that is capable of producing 

a continuous casting. The difference is that in the electroslag p~ocess 

the furnace moves and not the casting. An electroslag weld joining 3-in.

thick steel plates is shown in Fig. 4.9. The weld has the appearance of 

an ingot; that is, it has coarse columnar-type grains at the mold wall 

(the plate in this case) and finer equiaxed grains in the center. This 

photograph indicates that inhomogeneities exist in the weld toward the 

base-metal interf'ace and that the center is homogeneous. Figure 4.10 

shows that this is not true but, rather, that the center is also made up 

of columnar grains; however, the method of sectioning falsely leaves the 

impression that they are equiaxed •. Figure 4.10 also illustrates one 

other very important feature; that is, the weld metal is composed of 

about 60% base metal. Theref'ore, the base-metal composition will have 

a strong influence on the resultant weld-metal composition. 

The as-cast structure is· unacceptable and electroslag welds must be 

reaustenitized and cooled (accelerat~d cooling is required for the section 
\ 

sizes o~ interest). Further, the extremely high heat input necessary to 

produce the welds results in a heat-affected zone that extends for some 

distance into the base metal. This fact also is evident in Fig. 4.9. 

The filler metals used for electroslag welds are selected with this 

requirement in mind. It is _necess8.!Y that the weld metal, as well as the 

base metal, respond to an austenitizing and quenching heat treatment. 

-P 
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Fig. 4 . 8 . Photomacrograph of a Transversely Sectioned Multipass 
Submerged-Arc Weld in a Heavy Section Carbon Steel Plate. (Photograph 
from Combustion Engineering, Inc.) 



Fig. 4 . 9 . Photomacrograph of a Transversely Sectioned Elec-:.rc·slag 
Weld :'. . .r_ a 3-in.-Thick Carbon Steel Plate. 2X (Photograph from .h.rcos 
Corp:::irc.tion) 
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The use of the electroslag process for welding reactor pressure ves

sel components is new. Its major advantage appears 34 to lie in the fact 

that the welds produced possess a degree of cleanliness and soundness not 

found in other processes. Data pertaining to the notch toughness of the 

he~t-treated welds are sketchy and contradictory. 35
1

3 6 

Fig . 4 .10 . Photomacrograph of a Longitudinally Sectioned Electro
slag We l d in a 3-in .-Thick Carbon Steel Plate. l. 5x (Photograph from 
Arcos Corporation ) 
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4.2. 8 .J Overlaying 

The internal surfaces of the reactor pressure vessels are overlaid 

with the equivalent of an 18- 8 stainless steel. The techniques currently 

used for overlaying consist of single- or multiple-electrode processes 

in which the resultant chemical composition is essentially type 304 stain

less steel. Except for those inaccessible areas where an inert-gas pro

cess (metal-arc, manual stick-electrode, or tungsten-arc ) is utilized, 

the submerged-arc process is employed. 

The metallurgy involved in weld overlaying is quite complicated. The 

overlay is an austenitic (fee) steel, highly alloyed and low in carbon. 

The substrate on which it is deposited is a ferritic (bee) steel consid

erably lower in alloy content and quite high in carbon. The transition 

zone between the two steels can he quite complicated and, if the choice 

of welding parameters is not carefully made, this area will contain de

fects. These defects may be microfissures, brittle phases, or an actual 

separation at the base metal and overlay interface. 

The microfissures (hot cracks) are prevalent in nickel-bearing ma

terials and are attributed to the segregation of residuals. They are 

most often found in the area of the weld bead that has been reheated, due 

to an adjacent bead, to a temperature closely proximating its melting 

point. This is actually a heat-affected-zone failure; however, the heat

affected zone in this case is not base metal but, rather, previously de

posited weld metal. 

The britt1e phase may exist because of any one of three metallurgical 

conditions that tend to promote its occurrence. The first condition and 

potentially the most dangerous is the formation of martensite due to ex

cessive dilution of the overlay by the base metal. If the composition 

of the overlay becomes diluted to the point that either the nickel or 

chromlum falls below certain minimum values, the austenite will transform 

to martensite. 

Sigma phase, an iron-chromium intermetallic compound that may form 

at elevated temperatures due to chromium enrichment, is the second most 

prevalent metallurgical condition that can result in brittle structure. 

This is usually most prevalent in ferritic stainless steels; however, I 
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chromium-enriched regions in austenite can also promote its formation. 

The possibility of sigma-phase formation is increased by prolonged aus

tenitizing and stress-relieving treatments. 

The third cause for the formation of a brittle phase is attributed 

to carbon diffusion, which results in decarburization (and accompanying· 

loss of strength) of the f~rritic steel and an increase in the carbon 

level in the austenitic steel. This higher carbon level decreases the. 

ductility and toughness of the stainless steel weld metal. 

The third complication that can arise in the transition zone is sepa

ration between the overlay and the substrate. This could be caused by 

a lack of fusion resulting from the choice of incorrect welding parame

ters, or it could occur after stress relieving due to the differences in 

the thermal coefficient of expansion between the cladding and base metal. 

These stresses can very easily be of fracture-strength magnitude. 

Defects of the types mentioned above have been studied37 at the 

Southwest Research Institute. They have shown that the microfissure type 

of defect is much more tolerable than the type attributable to the pres

ence of a hard brittle phase such as martensite. 

The Schaeffler diagram is extremely useful in deducing the micro-

s tructures that may prevail when overlaying ferritic steels. Its use, 

coupled with the pro~er we~ding procedures and techniques, can eliminate 

these problems. 

4.3 MATERIAIS FABRICATION19 

With the-exception of weld filler metals, which are tailored by the 

fabricators to suit an individual welding process and/or material, there 

are essentially three grades of steel that must be considered in current 

practice. These are nominally the ASTM A 533 grade B (a manganese-molyb

denum-nickel plate steel), ASTM A 508 class 2 (a nickel-chromium-molyb

denum forging steel), and ASTM A 540 (a bolt.ing steel). 

ASTM A 533 is a plate steel whose major application is in the shell 

courses, the heads, and the tori of the nuclear pressure vessels. ASTM 

A 508 steel is predominantly used for flanges and nozzles; however, it 
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is also being used as shell course material, particularly in the pres

surized-water reactor vessels. Bolts; nuts, and washers are made from 

ASTM A 540 steel. 

4.3.1 Plate 

The shell courses, head domes, and tori of the current and projected 

pressure vessels for light-water reactors are primarily constructed from 

a low-alloy high-strength steel commonly referred to as A 302 grade B 

nickel modified. This steel is currently described in the ASTM specifi

cation A 533-65, "Manganese-Molybdenum and Manganese-Molybdenum-Nickel 

Alloy Steel Plates, Quenched and Tempered for, Pressure Vessels." The 

reference steel conforms to grade B in this specification. 

The two primary fabricators of vessels for pressurized-water reac

tors and boiling-water reactors are the Babcock & Wilcox Company and 

Combustion Engineering, Inc. A third fabricator, the Chicago Bridge and 

Iron Company, has recently been contracted to field erect a vessel for 

a BWR. 

Plates for the shells. and heads of the PWR and BWR vessels are sup

plied only by.,,th~. Lukens Steel Company. In general the PWR vessels re

quire steel approximately 10 in. in thickness, whereas the BWR vessels 

require steel approximately 6 in. in thickness. Each of the fabricators 

orders plates to his" ~ndividual specification, which ~omplements the 

ASTM specification. 

4.3.1.1 Procurement Standards 

Combustion Engineering, Inc. (CE). The plates ordered by CE are 
-· ' of firebox quality and are melted to fine-grain practice and delivered 

in the as-rolled condition. To assure the response of these plates to 

subsequent fabrication heat treatments, CE requires that the supplier 

provide the results of tests conducted on samples that have received 

simulated heat treatments. CE supplies the heat-treating schedules to 

which these samples will be exposed. The parameters include the austen

i tizing temperature range, the holding time at temperature, and the maxi

mum cooling rate, depending on plate thickness. Also, CE specifies the 
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tempering temperature range, the holding time, and the cooling rate. 

Simulated postweld heat treatments are also performed. Again, the stress

relief temperature range, holding time, and cooling rate are specified. 

These requirements have led to the development (by Lukens) of a con

tinuous cooling apparatus that can prepare simulated specimens that have 

been thermally treated in a manner identical to the plate. The authen

ticity of the simulated data has been substantiated through tests con

ducted on large plates by both Lukens Steel and CE. Both CE and Lukens 

checked the cooling rate at the 1/4 T and 1/2 T of a 14-in.-thick plate 

and obtained :matchlng cooling rates. Lukens feels that the cooling curves 

set by CE are conservative and that the properties of the plate are supe

rior to those of the simulated specimens. Lukens heat treats oversize 

0.505-in.-dia.rn tensile blanks and 1/2 x 1/2-in. impact blanks. These 

are subsequently machined to 0.505-in. tensile specimens or Charpy V-notch 

specimens. Lukens has checked the results of these simulated specimens 

against data from full-size 4-, 8-, and 10 1/2-in.-thick plates of several 

steels, including A 302 grade B, and found the results to be conservative. 

The representative specimens are tested to assure that the required 

mechanical properties will be met in the fabricated vessel. As an addi

tional requirement, the supplier provides CE with a check chemical analy

sis of each specimen. 

Babcock & Wilcox Compcuiy (B&W). B&W orders plate to its own speci

fications, which are modifications of A 302 grade B and ASME Code Case 

1339, which permits nickel additions. (This combination of specifica

tions is currently described by ASTM as A 533-65.) The plates are ordered 

as of firebox quality, melted to fine-grain practice, and delivered in 

the as-rolled condition. Further restrictions include a requirement for 

vacuum degassing and limiting the nickel content to the .lower end of' the 

allowable range. Generally no mechanical testing of heat-treated test 

specimens is required* of the supplier. Response to fabrication heat 

treatment is assured through the control of the chemical composition. 

Babcock & Wilcox assumes the responsibility for the response of the steel 

to subsequent heat treatments. 

*However, B&W heat treats and tests a representative sa.rn~le of each 
heat of steel after receipt and prior to processing. 
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Chicago Bridge:_ and Iron Company .. ( CB&I). As indicated previously, 

CB&I is a recent entry· .into the field:o·f fabricatipn of primary nuclear 

pressure vessels. In all probability the ASTM specification A 533 will 

be used for plate· procurement, complemented by additional requirements 

comparable to .those •of CE and B&W. 

4. 3 .1. 2 Mel ting Prac.tice 

Furnace 'l'ypes. Nuclear grades of steel plate have been manufactured 

in both the basic electric furnace and the basic open hearth. In the 

:future it is expected that melting will be done exclusively in the elec

tric furnace. Lukens' experience has demonstrated that the quality level 

is higher in the electric-furnace product. There is better control over 

bath temperature, the oxygen level of the steel, and the final chemical 

analysis. The use of the electric f'urnace permits excellent control of 

the charging of scrap, the fluxing of impurities, and the adjustment of 

·the carbon level. It is possible to work to lower sulfur and phosphorus 

. levels and to obtain better homogeneity in the final structure, particu

_ larly in the larger ingots (75 tons and up). Variations in composition 

from heat to heat are minimized through the use of the electric furnace, 

particularly when coupled with vacuum degassing. 

Quite a large amount of A 302 grade B plate was made with the basic 

open--hearth practice, at least up to three years ago. This was particu

larly true for the larger ingots, because the melting capacity for pro

ducing large ingots was not available in the Lukens electric shop. Lukens 

does not feel that there is any serious disadvantage to using the basic 

open hearth; however, there are advantages to using the electric furnace, 

as previously discussed. 

Makeup of Charge. Lukens shop is not integrated and thus has no 

hot metal available. The bulk of their charge is scrap. An elaborate 

computer~controlled program is currently in use. Much of the scrap is 

internally generated. For every 100 tons of steel poured, approximately 

50 tons is returned to the furnace. Internally generated scrap is color 

coded at the cut yard. There are 24 categories in which this material 

may be classified~ It is stocked on the basis of alloy content, that is, 
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nickel-chromium, molybdenum, nickel, etc. These classifications, along 

with the available quantities, are fed into a computer. The computer 

determines the best charge to get the utmost benefit from the principal 

alloying elements present. Lukens also purchases scrap, which is spec

trographically analyzed, classified, and either stored or charged directly 

from its delivery car. The plant has been computerized for about three 

years. Previously the same basic plan was used but with manual calcula

tion. 

Virgin material is added to the charge as ferrosilicon, ferromanga

nese, nickel, and molybdenum to achieve the required composition. Some 

nickel and molybdenum are recovered from the scrap; however, it is always 

necessary to supplement these quantities with virgin stock. Carbon is 

obtained from broken molds, cast iron, coke, and graphite. 

Charging Sequence. Lukens charges the electric furnace by the fol

lowing sequence. First, coke or broken carbon electrode and the first 

bucket of scrap are charged. After the initial meltdown the lime and the 

second and third buckets of scrap are charged. The lime is added to re

move the sulfur. After meltdown a chemical analysis for sulfur and other 

elements is performed and adjustments are made. A lance is then immersed 

into the melt, and oxygen is blown through the molten metal.. This oxygen 

se:l'Ve::; twu iiurposes: it removes phosphOrus and it agitates the molten 

steel and thereby promotes the lime-sulfur reaction. Following the oxygen 

flow the furnace is flushed and a chemical analysis is performed. Flush

ing consists of tilting the furnace forward and allowing the high-sulfur

phosphorus slag to run off. The bath is then oxidizing and it is above 

the equilibrium oxygen level. The f'urnace is returned to its normal po

sition, adjusted to the desired temperature range of 2940 to 2980°F, and 

ferroma.nganese anu fe:rro::;llicon are added to "block" the heat. These 

additions stop the oxidizing action and begin to deoxidize the bath. Ap

proximately 25% of the manganese and 90% of the silicon that is added is. 

oxidized and goes into the slag. During blocking the arc is put on the 

bath to get a stirring action and also to compensate for the temperature 

drop due to the cold charge. 

Tapping. The furnace is then tilted and the steel tapped into a 

ladle. If the heat of steel is to be vacuum degassed, silicon is added 



to get a semikilled condition. If degassing is not to be done, silicon 

and aluminum. are added to kill the steel. Other minor adjustments, such 

as to the molybdenum, nickel, and manganese contents, may also be made 

in the ladle at this time. 

Vacuum Degassing. Lukens has had a vacuum degassing apparatus since 

December 1964. The steel plate will be degassed if it is ordered de

gassed. Lukens intends to degas all nuclear grades of steel. However, 

Lukens does not feel obliged to degas steel that is not ordered degassed 

and may.not degas it if circumstances arise that prohibit it (scheduling, 

breakdowns, etc.). 

The importance of degassing has been previously discussed. The 

principal advantage is the lowering of the hydrogen level to 1 to 2 ppm. 

If the steels are not degassed, the hydrogen level is from 2 to 5 ppm, 

and flaking and hydrogen embrittlement or both may occur. 

Lukens.' degassing process operates in a manner similar to siphoning. 

The vacuum chamber is placed over the ladle with its intake spout immersed 

into the molten steel and pumped down to 100 torr. Then the steel is 

allowed to rush into the refractory-lined vacuum chamber. About 10% of 

the total steel in the ladle will be drawn into the chamber with each 

surge. These surges occur at the rate of four per minute for a total of 

about 40 cycles. During this degassing process, the vacuum level falls 

.to l torr. Composition adjustments are made within the chamber to bring 

the composition to the prescribed level; manganese, silicon, carbon, and 

aluminum. are added. Approximately 0.8 lb of aluminum. is used per ton in 

a degassed heat. An added adv~tage to the degassing process is that it 

equalizes the temperature and thoroughly homogenizes the molten metal 

throughout the bath. 

If the ladle of steel were not degassed, aluminum and silicon would 

be added to kill the steel. For killing nondegassed A 533 steel, l.2 to 

l.6 lb of aluminum is required per ton of steel. 

4.3.l.3 Pouring 

Lukens normally bottom pours all nuclear plate ingots. The advan

tages gained.by bottom pouring are (1) improved surface quality, that is, 

a more dense, les~ crack"".~usceptible .surface, ?-nd ( 2) floating of dislodged 
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refractory particles to the surface so that they are not entrapped. On 

rare occasions, as when an extremely tall ingot is needed, Lukens may 

top pour. Tall ingots tend to generate a back pressure (due to the head 

of steel) that retards the upward flow, and a combination of top and bot

tom pouring is necessary. 

The size and configuration of the ingot depend on the final plate 

dimension requirements. Lukens avoids casting an ingot any larger in 

cross section than is necessary. Ingots with large cross sections tend 

to be more segregated than thinner ingots. Lukens selects the ingot 

size to get a minimum reduction ratio of 3 during rolling. The ingot is 

always corrugated on four sides to break up the dendritic structure that 

is formed during freezing. For better surface finish, it is always cast 

in a warm mold at 100 to 300°F. Hold time after casting depends on the 

ingot size and will vary from 6 to 8 hr to assure complete solidification. 

The ingots are stripped and placed in the soaking pits as hot as 

possible. The ingot is placed in a pit with the heat off and allowed to 

equalize in temperature. If an ingot is hotter than 800°F, it is placed 

in a hot pit and heated directly to the breakdown temperature (2300 ± 

25°F). If it is less than 800°F, it is placed in a chilled pi~ (about 

1500°F), allowed to set for 3 hr, and then heated directly to the break

down temperature. 

4.3.1.4 Breakdown 

Breakdown (slabbing) is accomplished by cross rolling. This opera

tion reduces the ingot cross section by about 25%. After breakdown, the 

slab is removed to the conditioning yard and placed in a cooling bin. 

The slab is slowly cooled to a temperature range of 300 to 500°F. It 

is then removed and scarfed with an oxygas torch at a minimum tempera

ture of 300°F to remove about 1/2 in. of metal from the surfaces. This 

operation removes surface decarburization and defects that may be pres

ent after the slabbing operation and assures surface integrity. When 

necessary, more extensive defects are also removed. Slabs are often acid 

etched during scarfing to reveal any visually undetected flaws. The top 

and bottom are cropped at this time. 
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4.3.l.5 Rolling 

Prior to rolling the slab is placed on end in a chilled (l500°F max) 

soaking pit, held for a minimum of 2 hr, and then heated directly to 

2300°F. The soaking time depends on the number of slabs charged into 

the pit. The first slab is not removed for rolling until the tempera

tures of the slabs are uniform. Two techniques are used to ascertain 

this uniformity: (l) visual observations and (2) reducing the flow of 

heating gas as the control t~mperature. is. approached. The total time in 

the soaking pit ranges from 15 to 20 hr. The slabs are then grasped on 

their edges and transferred to the rolling table. The surface tempera

ture drops lOO to l50°F during transfer. Most of the nuclear plate that 

has been produced has a minimum longitudinal-to-transverse cross rolling 

ratio of 3. 

The initial reduction per pass depends on the condition of the slab 

surface. The adherence of the scale dictates the permissible draft (re

duction per pass). When possible, l-in. drafts are used; however, l/2-in. 

drafts are more common. Scaling problems are controlled by the use of 

wet burlap, salt, or both. The wet burlap is used initially to remove , 

tenacious sections of scale. Later, salt is shoveled onto the surface, 

and high-pressure water is sprayed onto the slab. As the final dimension 

is approached, the drafts are reduced. If during rolling a defect appears 

(these may be cracks that had not been previously observed),. the opera-

. tion is halted, the slab is removed to the conditioning yard, and.the 

conditioning operation is repeated. This is an extremely rare occurrence. 

The finishing temperature is about 1600 to 1700°F for thick plate. 

For plates approximately 6 in. in thickness, the finishing temperature 

is in the range 1500 to l600°F. Finishing temperatures below 1500°F are 

extremely rare in.plate rolling. The slab is rolled to the final plate 

thickness with no intermediate soaks. After rolling, the surfaces of 

thick plates increase in temperature by 50 to 100°F as heat flows from 

their hotter centers. 

The descaling practices used during rolling produce a good surface. 

Normally, only a thin (acceptable) uniform secondary scale exists on the 

plate surfaces. 

l 
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Vacuum-degassed steels are stack annealed in a tight pile; the pile 

itself tends to retard the cooling rate. If the plates have not been 

vacuum degassed (hydrogen treatment), they are buried in sand and cooled 

slowly to room temperature to permit sufficient time at temperature for 

the hydrogen to diff'use out of the steel. Hy-drogen is not a sensitive 

problem for vacuum-degassed steels. 

4.3.1.6 Finishing 

When there is no customer requirement for ultrasonic testing the 

plate surfaces are left in the as-rolled condition, if the secondary 

scale is uniformly thin. However, Lukens does use ultrasonic testing to 

achieve the optimum plate layout. Prior to trimrriing by the oxygas pro

cess, the plate is preheated to within the range 300 to 500°F to assure 

that a low-temperature transformation temperature will not result. After 

cutting, the plate is maintained at a minimum of 300°F and is transferred 

to a stress-relieving furnace; stress-relieving is done at 1100 to 1250°F 

for 24 hr. 

If the customer requires ultrasonic testing by the plate supplier, 

the surfaces of the as-rolled plate are sand blasted to assure maximum 

sensitivity. Following testing the plate is trimmed and stress-relieved 

as previously described. 

4.3.1.7 Inspection and Testing 

Nondestructive Testing. Following the stress-relieving operation, 

edges and surfaces are visually inspected for defects and, if warranted, 

further tested by magnetic-particle or dye-penetrant techniques. If a 

defect larger than acceptable by customer standards is detected in the 

finished plate, Lukens will ask the customer to remove the flaw and re

pair by welding rather than have an automatic rejection of the plate. 

Mechanical Testing. For Combustion Engineering, samples represen

tative of the top and bottom of' the finished plate are removed in accor

dance with ASTM A 20, "General Requirements for Delivery of Rolled Steel 

Plates of Flange and Firebox Q;uali ties." Specimen blanks are prepared, 

heat treated as described in Section 4.3.l.l, finish machined, and tested. 
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As indicated-previously, the results of these tests must demonstrate the 

plate's ability to meet the mechanical-property requirements of the fab

ricated vessel. 

As was noted in Section 4.3.1.1, B&W assumes the responsibility for 

the plate's response to fabric~tion peat treatments; consequently, no 

mechanical testing.of heat-treated plates is conducted at the mill. 

The _field fabricator, CB&I, plans to require the plate manufacturer 

to supply quenched and tempered plates. In this event Lukens will pre

pare and test specimens in accordance with ASTM A 533 and supplementary 

customer requirements and thereby will assure conformance to the ASME 

Code. 

Chemical Analysis. As previously discussed in Section 4.3.1.2, Lukens 

does the normal preliminary chemical analysis during melting to ascertain 

that the required composition is being obtained and to permit making any 

additions that may be required. Ladle analyses are made during teeming, 

usually early in the pouring operation and again during the hot topping. 

The sampling conforms with ASTM A 20. Lukens uses spectrographic analy

sis for all elements except carbon and sulfur, which are analyzed for 

by the combustion technique. A direct-reading spectrograph, w.hich is· 

standardized before each analysis, is used. 

4.3.1.8 General Remarks 

In the melting practice currently employed, the most significant 

contributor to quality appears to be the vacuum degassing operation. It 

results in better homogeneity, lower gas contents (in particular hydrogen.), 

and lower aluminum content, and it thereby enhances cleanliness. Making 

this operation mandatory for all plates for nuclear service should be 

considered. 

4.3.2 Forgings 

The process used for manufacturing nuclear-grade forgings is die-

tated by the size required. Four processes are applied: ring rolling 
. . 

(for the largest head-flange forgings), open mandrel (for the smaller 
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head-flange forgings), tight mandrel (for the larger nozzles), and ma

chining of forged bar stock (for the small nozzles). 

4.3.2.1 Procurement 

Combustion Engineering, Incor;porated. Combustion Engineering orders 

shell and plate forgings to company specifications that satisfy the re

quirements of ASTM A 508, "QU.enched and Tempered Vacuum Treated Carbon 

and Alloy Steel Forgings for Pressure Vessels." The steel is melted in 

basic electric furnaces and vacuum treated. This specification incorpo

rates the requirements of ASTM A 336, "Alloy Steel Seamless Drum·Forg

ings," and ASME Code Case 1332, parag:raph .5. The CE purchase specifica

tion requires that the forging also meet the supplementary requirements 

Sl and S2 of ASTM A 508. Of these, Sl requires that the mechanical prop

erties be determined on material that has been subjected to a simulated 

postweld heat treatment in addition to the quench and temper requirements, 

and S2 requires that the forging supplier establish a Charpy V-notch im

pact transition curve that includes the shelf energies. Another limita

tion imposed by CE is that the Charpy impact requirements be met at +10°F 

(rather than +40°F) for class 2 material. 

As required by ASTM A 508 magnetic-particle and ultrasonic tests 

are conducted by the supplier. 

Babcock & Wilcox Company. Babcock & Wilcox orders their forgings 

in a similar manner. The basic B&W specification requires conformance 

to ASTM A 336 and Code Case 1332. As mentioned previously, this combina

tion satisfies the requirement of ASTM A 508. Limitations to the refer

ence specifications are imposed by B&W. These include an ASTM grain size 

of 5 or finer and mechanical tests on material that has received the 

simulated postweld heat treatment in addition to the required quench w1u 

temper. The minimum notch ductility requirements are established at 

+10°F or +40°F, depending on B&W's customer requirements. 

As required by Section JJ.I of thP. ASME Code, the forging must re

ceive ultrasonic and magnetic-particle inspection. 

Chicago Bridge and Iron. Chicago Bridge and Iron will be limited 

by the applicable codes and standards in their procurement and will prob

ably also impose supplementary requirements. 
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4.3.2.2. Melting Practice 

Steel forging stock is melted in the electric f'urnace and vacuum 

degassed, usually during pouring. This is a requirement of the ASTM A 

508 specification, which experience has shown will eliminate most of the 

objectionable gases, particularly hydrogen, as well as yield a cleaner 

steel. The specification does not require the use of aluminum as a grain

refining agent; however, the minimum grain size requirement is easily met 

in these alloy steels without its addition, and the lack of alumina forma

tion contributes to the cleanliness of the product. Individual melting 

shops have their own preferences regarding the use of vanadium; the speci

fication only sets the maximum value and does not require its use. Vacuum 

degassing requces the_hydrogen level to about 1 ppm and thus prevents 

hydrogen embrittlement. 

Because of the size of the ingots required for producing the ex-
?"' ... -.... 

tremely large forgings, multiple.f'urnace heats are often required. Close 

control is necessary over composition, particularly carbon content. Also 

close control is needed over the temperature from heat to heat and over 

the sequence of pouring the heats. Normally top pouring is used to ob

tain the required compositional homogeneity. The holding time of the 

ingot within its mold is critical (within limits), and an ingot is never 

moved while any part of it is still molten. Assurance that the forging 

-billet is of the highest quality is enhanced by the fact that the weight 

of the croppings from the top and bottom of the original ingot often 

equals the final billet weight. Furthermore, the center core that is 

removed in the forging process is the most highly segregated area and 

contains the unwanted residual elements. 

4.3.2.3 Shell- and Head-Flange Forgings 

The primary supplier of large forgings (213 in. in diameter and up) 

is the Ladish Company. These forgings are produced by ring rolling~ 

Smaller diameter shell and head forgings are predominantly produced by 

U.S. Steel, Inc., Bethlehem St'eel Company, and Midvale-Hippehstall Com

pany. These are produced by a mandrel-forging process. 

Ring Rolling. As previously indicated, Ladish is currently the sole 

~upplier of large (greater than 213-in.-diam) ring-rolled forgings. They 

J 
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do not have hot-metal facilities and therefore procure their starting 

billets from a major steel supplier who melts them in a manner similar 

to that already described. Steel is ordered to a Ladish specification 

that supplements ASTM A 508. In addition to the required vacuum degas

sing, Ladish orders to a composition standard that_ is more restrictive 

in that it limits the carbon range and increases the minimum manganese, 

silicon, and nickel contents. The billet supplier does not guarantee the 

properties of the final product; however, he usually will assure Ladish 

that the material will have the capability of meeting minimum ultrasonic 

and magnaflux requirements. Normally the mill will supply the top and 

bottom crops from which the heat-treating parameters can be approximated. 

These pieces weigh several tons and are worked in a manner that simulates 

the actual forging. Moreover, these croppings are used to assure con

formance with the composition, grain size, and cleanliness requirements. 

Ladish receives a cold billet that has been conditioned by 100% scarfing. 

The starting weight of a billet for a large ring-rolled forging is 

approximately 175,000 lb. The billet is charged into a warm (600 to 

800°F) f'urnace, progressively heated and equalized through several inter

mediate temperatures to 2400°F, and then held for 6 hr at 2400°F. This 

heating cycle was established experimentally to assure a uniform tem

perature throughout the billet. 

The first hot-working operation consists of upending the billet and 

reducing its height by approximately 50%. Immediately following this 

operation a center plug weighing approximately 1000 lb is removed. The 

billet is reheated to 2200°F in preparation for a ring-rolling operation. 

The plugged billet is then placed in a ring-rolling apparatus and the 

rolling operation is initiated. When the temperature of the ring has 

dropped to about 1800°F the faces are squared by a step-pressing opera

tion known as paddling. 

The ring-rolling process results in continuous and uniform working. 

In addition the paddling operation provides work through the height of 

the ring. Several reheat, rolling, and paddling cycles are required be

fore the ring is of the required size. The forged ring is finished at 

approximately 1600°F. 
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The ring is air cooled to 1050 to 1150°F and recharged into a 1200°F 

furnace and held for 12 hr to assure complete transformation from austen

i te to ferrite and pearlite. This heat-treating cycle promotes the elimi

nation of hydrogen and thereby further minimizes flaking problems. 

An annealing cycle is then performed. This consists of reausten-

i tizing at l650°F and then furnace cooling to 1200°F and holding to allow 

complete transformation. The forging is then removed from the furnace 

and air cooled. 

Following the annealing treatment, the ring forging is blasted and 

then spot checked by ultrasonic testing. Although the surfaces are not 

ideal for such testing, they are adequate for the intended purpose. 

Prior to the final heat treatment the highly stressed surface is 

contour machined. This machining is mandatory to assure that the mate

rial in the highly stressed area in the final product has received the 

optimum heat treatment. 

The ring is then loaded into a furnace at 600 to 800°F, heated to 

1600 to 1800°F, and held for 20 min per inch of thickness (8 to 10 hr 

total time). Ladish uses multiple thermocouples during this heat treat

ment to assure that the temperature is within the permissible range. 

The ring is quenched in the horizontal position in agitated water 

at 45 to 70°F. The body is removed after the surfaces reach 80 to 90°F. 

After the ring is removed from the quench tank, it is tempered at a tem

perature of at least 1200°F for l.hr per inch of cross section. It is 

then removed from the tempering .furnace and again quenched. Selection 

and control of the tempering temperature are considered vital for the 

achievement of optimum impact properties. 

To verify that the properties of 1 the forging fulfill the specified 

requirements, specimens are removed from the top face of the ring, given 

a simulated postweld heat treatment, and tested. The properties are de

termined from tensile, Charpy V-notch, and drop-weight specimens. 

The ring forging-is then finish machined to specified tolerances. 

Prior to shipment the forging is given a magnetic particle test, on a 

6-in. grid, and a 100% ultrasonic test. 
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Any defects that are detected are later repaired where necessary by 

the pressure vessel fabricator with qualified welding procedures and op

erators. 

Mand.rel Forgings. The smailer flange forgings are normally produced 

by the open mandrel technique. Usually the suppliers of these forgings 

have their own melting shops, and they melt and cast their ingots and 

then prepare their billets in a manner similar to that already discussed 

under Section 4.3.2.2, "Melting Practice." These suppliers have an ad

vantage over a cold shop in that they can utilize the heat in the original 

billet by charging it directly into their soaking furnaces a.ft.e:c blocking 

and thereby- eliminate the need to heat a cold billet. 

A typical mandrel forging operation consists of approximately five 

major steps: (1) blocking and trimming the ingot, (2) upsetting and re

moving the center core, (3) aligning the center hole, (4) lengthening 

the billet to the correct dimensions, and (5) enlarging the circumferen

tial dimensions to meet the rough forging requirements. The degree of 

working during forging can be illustrated by reduction ratios. These are 

approximately 4 during upsetting, 1.8 during blocking, and 1.6 during 

finishing. The maximum furnace temperature employed is 2300°F; no work

ing is done at a temperature below 1550°F. At the completion of the last 

enlargement operation the forging is moved directly to a heat-treating 

furnace and normalized. It is then air cooled to approximately 600°F 

and returned to the furnace, and the temperature is allowed to equalize 

by holding the forging at this low temperature for an extended period 

of time and then reheating it for tempering. 

After tempering the rough forging is preheated to 600°F, flame cut 

to the correct dimensions, stress relieved, and machined to provide par

allel internal and external surfaces and flat ends. The machined forg

ing is 100% ultrasonic tested at this point with a 10% overlap technique. 

This testing is done at this stage in the operation because it is the 

last time the shape of the forging is ideally suited for a 100% test. 

Later, the contours involved complicate a complete test. 

After ultrasonic testing the forging is contour machined and heat 

treated. It is charged into a 1550°F furnace and held at temperature 

for from 3/4 to 1 hr per inch of thickness. It is quenched in agitated 
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water and is held there until it is cooled to the water temperature. It 

is removed, its temperature is equalized, and it is then heated to 1150°F 

for tempering. The forging is air cooled from the tempering temperature. 

The mechanical-property (tensile and Charpy) certification speci

mens are removed and given a simulated postweld heat treatment in accor

dance with the purchaser's instructions. Following the certification of 

the properties the forging is machined to its final dimensions and its 

surface is magnetic-particle_inspected. It is again given an ultrasonic 

test to detect any effect from the quenching and tempering operation. 

4.3.2.4 Nozzle Forgings 

Nozzle forgings are procured to the ASTM A 508 (or its equivalent) 

specification that has already been discussed. These smaller forgings 

are usually supplied by a producer who has hot-metal facilities and uses 

a melting practice similar to that discussed for mandrel-forged flanges. 

The intermediate· sizes are usually produced with a tight mandrel tech

nique in which the cored billet is only lengthened and not enlarged. 

Often a "tube" technique is applied and several nozzles are produced from 

one billet. The number of nozzles available from a given tube is depen

dent on the nozzle size. The tube is normalized and tempered in a man

ner similar to that used for flanges. It is machined to provide parallel 

sides and 100% ultrasonically tested. Then the individual nozzles are 

cut out and contour machined. 

Heat treatment requirements are stringent for this type of product. 

All the nozzles from a given billet must be austenitized at the same time. 

Although they may be individually quenched, tempering is also done simul

, taneously. Test specimens for certifying the mechanical properties are 

removed from the top and bottom nozzles of the original tube. 

Small nozzles are usually machined from forged bar stock. They are 

handled in a manner similar to that used for the multiple nozzle forgings, 

that is, simultaneous heat treatment and certification testing of top and 

bottom specimens. These nozzles are contour machined after heat treating 

and testing. They are then ultrasonically tested and magnetic-particle 

inspected prior to shipment . 

.. 
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4.3.2.5 Shell-Course Forgings 

Forgings that meet the ASTM A 508 Class 2 specification are being 

produced for use as shell courses in pressurized-water reactors. They 

are fabricated in a manner similar to that employed for open-mandrel 

flange forgings. The melting practice (Sect. 4.3.2.2 above) is identical 

with that previously described. The forging practice, except for degree 

of work in the upsetting and lengthening operations, is similar to that 

used for producing flanges. The lengths of these forgings are consid

erably greater than those of the flanges (over 100 vs 40 in.), and con

sequently the working during upsetting is reduced to a ratio of about 

1.7 from 4. 

After the forging operations the shell is normalized and machined 

for the final heat treatment. Because of its contour the shell need not 

be ultrasonically tested prior ~o heat treating. 

The final heat treatment imposed on the shell-course forgings is 

exactly the same as that given to the flanges. After tempering, the cer

tification test specimens are removed and tested. These specimens are 

taken from a location 2 in. below the surface (this is approximately the 

1/4-T position for these section sizes) and 1 T in from an end. This 

location for removing specimens more nearly corresponds to the plate re

quirements than the forging requirements. The specimens are removed as 

sets 180° apart in accordance with forging requirements. The 30-ft-lb 

average at +l0°F and usual tensile property requirements are also man

datory for the shell-course forgings. 

After certification approval has been obtained, the shell course is 

finish machined and ultrasonically and magnetic-particle tested. 

4.3.2.6 General Remarks 

Differences do exist between the manufacturing processes employed 

to produce a ring-rolled flange forging and those used for an open-man

drel flange forging. However, the end products are quite similar and, 

indeed, have undergone comparable degrees of working. Both forgings are 

subjected to similar am~unts ( ~i. 8 reduction ;at:i..o} of working during 

the blocking of the ingot. However, the mandrel forging is upset to a 
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greater degree (ratio of 4 rather than 2), and the mandrel technique re

quires that a larger volume of the core be removed. 

The ring-rolling operation consists of uniform continuous forging 

quite similar to the plate rolling process. Mandrel forming on the other 

hand is an intermittent process. The uniform ring-rolling process does 

appear to be advantageous because the working around the circumference 

is essentially all done at one temperature. However, the exponents of 

ma.n.drel forging claim that the temperature loss in one revolutfon is 

negligible in these section sizes. 

All the forging suppliers treat their forgings to remove hydrogen, 

although they do not necessarily say they do. This treatment, coupled 

with the vacuum degassing during pouring, assures an extremely low bydro- · 

gen level and also provides an added degree of homogeneity to the com

position of the forging. 

Other differences in processing result from the practices of dif

ferent manufacturers. These lie mostly in the area of heat treatment. 

Austenitizing and tempering temperatures, cooling rates, and holding 

times can differ greatly. However, the fabricator considers the final 

mechanical testing as a guaranty that satisfactory fabrication procedures 

have been followed. 

4.3.3 Bolting Material 

The most commonly used bolting material nominally corresponds to 

AISI 4340 steel, which is a deep hardening steel. Specifically the bolt

ing materials are procured to satisfy the requirements of ASTM A 540, 

"Alloy Steel·Bolting Materials for Special Applications." It may also 

be purchased to an essentially equivalent combination of sta.n.dards, namely 

ASTM A 320, "Alloy-Steel Bolting Materials for Low-Temperature Service," 

ASTM A 193, "Alloy-Steel Bolting Materials· for High-Temperature Service," 

and·ASME Code Case 1335. 

Although the ASTM specifications permit open-hearth melting, elec

tric f'urnace melting is commonly used. Furthermore, the most recent 

specification, A 540, permits vacuum melting, and its use will probably 
\ 

become common. 
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The steel is hot formed into bar stock or tubing depending upon 

whether the material is to be used for manufacturing studs, nuts, or 

washers. The material is austenitized, quenched, and tempered to achieve 

the required mechanical properties. Mechanical-property tests include 

tensile, hardness, and Charpy impact. The specimens are taken from a 

location approximately 1 in. below the surface of the finished product 

in the case of heavy sections or at the midradius of thinner sections. 

For all grades, classes, and sizes, a 35 ft-lb test is mandatory. This 

energy level must be met at either +10°F or +40°F, depending upon the 

requirement of the customer's procurement specification. 

The strength properties required by current practice are nominal. 

Future designs may require higher strength bolting materials. 

Although ultrahigh strength may be obtained through proper control 

of the quenching and tempering operation on AISI 4340, the increase in 

strength j_s also attended by a marked reduction in ductility and tough

ness and a marked increase in susceptibility to hydrogen embrittlement. 

Figure 4.11 illustrates the effect of tempering temperature on the ulti

mate strength, yield strength, reduction of area, and elongation. Figure 

4.12 shows typical stress-strain curves for various strength levels, and 

Fig. 4.13 shows the effect of tempering and test temperature on impact 

strength of AISI 4340 bar. These three figures dramatically illustrate 

the improvement in ductility and toughness obtained by adhering to a 

minimum tempering temperature of 1200°F. 

Sachs and Beck, 38 in a survey of the susceptibility of high-strength 

steels to hydrogen embrittlement, concluded that if the ultimate strength 

is held below 200,000 psi, only in extremely rare instances would hydro

gen embrittlement appear to be a problem. 

All these attendant problems of quenching and tempering AISI 4340 

to hard tempers, that is, poor ductility, toughness, and susceptibility 

to hydrogen embrittlement, are prevented by the ASME Code stipulation 

in Table N-422 that the minimum tempering temperature shall be 1200°F. 

Ultrasonic testing is conducted on the heat-treated forging prior 

to machining to assure the soundness of the product. Final acceptance 

of the bolting material is contingent upon the results of a wet magnetic

particle test. The ASME Code (Section III) does not permit axial linear 
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defects in excess of the thread depth nor does it permit any nonaxial 

defects. 

4.3.4 Weld Metal 

The joining and cladding of the various components that make up the 

reactor pressure vessel are done by fusion welding. The choice of filler 

metals is normally dictated by the applicable process being used and the 

material being welded. 
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4.3.4.1 Welding Processes 

The welding processes that are currently being used for joining the 

various comp_onents are. the submerged-arc process, the electroslag process, 

the shielded-metal-arc .(coated.:..electrode) process, the manual metal-arc 

process, and the inert·-~as-shielded process. Overlays are predominantly 

ac·complished throug)1 the use or" the submerged-arc process; however, it is 
_, 

necessary ip some areas to use the coated-electrode and inert-gas-shielded 
I 

processes. 

Historically, except for the electroslag process, these joining tech

niques have been used in the construction of nearly all the reactor pres~ 

sure vessels built to date. The use of the electroslag process, although 

not new to the metal-joining industry, is novel insofar as its application 

for the con-struction of nuclear _pressure vessels is concerned.. Fo:r. the 

construction of the longitudinal sea.ms in the Dresden-2 vessel, B&W is 

using this process and plans to continue to use it in fabricating other 

vessels that contain longitudinal shell-course welds. 

4.3.4.2 Weld Filler Metals 

Normally, the compositions of the weld filler metals (where applica

ble) are selected to provide a resultant weld-metal composition conform

ing to the nominal composition of the base metal. In the submerged-arc 

and electroslag processes the filler metals are tailored to provide the 

strength and toughness required by the code or customer or both. The 

individual fabricators, by calling upon their experience, obtain the de

sired alloy through their selection of a flux, a solid wire, or a stranded 

cable, with each tailored to provide the required weld-metal composition. 

Coated electrodes, on the other hand, are usually purchased or manu

factured to the ASTM specification A 316, "Low-Alloy Steel Covered Arc

Welding Electrodes." The AWS-ASTM electrode classification is used in 
I 

E80l8-C3 for the A 533 Class B steel or its equivalent. 

In addition to the filler metals described above for joining, others 

are used to overlay the internal surfaces of the reactor vessel with a 

corrosion-resistant alloy. Stainless steel filler metals are predomi

nantly used. These are usually either type 308L or 309L stainless steel 

- ~_] 

'· 
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(or combinations thereof) and are described in the AS'IM specification 

A 371, "Corrosion-Resisting Chromium and Chromium-Nickel Steel Welding 

Rods and Bare Electrodes." The 0-ring mating surfaces of flanges are 

usually overlaid with a nickel-base alloy of the nominal Inconel compo

sition. A similar filler metal is used for buttering nozzle ends in 

preparation for joining these nozzles to stainless steel piping. 

The shielded-metal-arc and submerged-arc processes are characterized 

by the use of multipass welding techniques. In multipass welding of 

carbon and low-alloy steels, weld metal is built up from a succession of 

beads. The original structure of the underbeads will be partly or com

pletely altered by the heating effect of the subsequent passes. If the 

metal underneath is heated to above the transformation range, the as-cast 

weld metal will be refined in grain size and the columnar structure will 

tend to become equiaxed. Further, each bead is tempered by the subse

quent passes so that the resultant microstructure is optimized. To pro

mote notch toughness, the carbon content of the weld metal is kept at a 

lower level than that of the base metal. The tensile and impact prop

erties of such multipass welds are usually superior to those of the base 

metal and invariably surpass the minimum code requirements. Moreover, 

the energy inputs are such that the base-metal heat-affected zone cool

ing rates are sufficiently high to eliminate the need for reheat treat

ing of the weldment. 

In the case of the electroslag process the structure of the weld 

deposit is as cast throughout and must be heat treated to achieve the 

required properties. Austenitizing, quenching, and tempering of the en

tire shell course are necessary to develop acceptable properties. In 

contrast to the chemical composition of the submerged-arc and coated

electrode weld metals, which are not required to respond to a heat treat

ment, the electroslag filler metal more nearly matches the composition 

of the base metal to permit its response to the quenching and tempering 

heat. 

In the case of overlays, achievement of the nominal chemical compo

sition of type 304 stainless steel requires the use of weld filler metals 

that will compensate for dilution by the base metal and for arc losses. 
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Proper control of composition eliminates fissuring of the stainless steel 

while satisfying the corrosion resistance of the overlay. 

As has been mentioned previously, an Inconel composition is used for 

buttering ferritic steel nozzle ends that will be joined to stainless 

steel piping. The selection of this procedure is based on experimenta

tion that has shown the superior resistance of this combination under 

conditions of thermal fatigue. Experience in this area has proved that 

the limited dilution of weld metal that does occur will not affect the 

nominal properties of the weldment. Therefore there is assurance that 

the use of the qualified welding procedure for the fabrication of the 

reactor vessel will result in weldments ;·1hose properties are acceptable; 

·that is, the individual weldments need not be verified.· 

The electroslag welding process closely resembles a continuous cast

ing operation. ·The base metal may contribute as much as 60% of the re

sultant weld metal. Under the current code requirements the welding 

procedure is qualified by examining all single-thickness test weldments. 

The test weldment consists of using the reference filler metal to join 

two base plates. whose composition conforms to ASTM A 533 grade B. Avail

able data on the mechanical properties of the plates, particularly the 

notch-toughness properties,. have shown that variations can be expected 

within the ~ominal ranges permitted by the ASTM specification. These 

variations sometimes require that the heat treatment of the plates be 

modified to fulfill the mechanical property requirements. In addition, 

the as-deposited microstructure of an electroslag weld is grossly segre

gated. 'l'his structure is considerably refined in the subsequent double 

quenching and· tempering heat treatment imposed on the welded course. 

However, in view of the high degree of dilution of the filler metal 

by the base metal and the grossly segregated as-welded microstructure, 

there may be ·cause for concern regarding the reproducibility of the prop

erties of the weld metal. · It would appear prudent to require that each 

weldment include a runoff tab and that it be tested for its response to 

the quenching and tempering heat treatments. 

\ 
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5. EFFECT OF ENVIRONMENT ON MATERIALS* 

In _discussing the scope of the minimum safety requirements for new 

construction of reactor pressure vessels, Section III of the ASME Code 

specifically delineates that the Code does not cover deterioration that 

may occur in service as a consequence of radiation effects, material in

stability, or material sensitivity to vibratory or shock loadings. How

ever, specific instructions are given to consider these effects and their 

interrelationships in evaluating the adequacy of the vessel. 

The abundant related experience with conventional fossil-fueled steam 

power plants provides much understanding of the environmental effects of 

temperature, corrosion, hydrogen embrittlement, and loading. However, 

the introduction of radiation effects has reduced the clarity with which 

these problems are understood. In addition, the margin of safety demanded 

for nuclear reactor vessels demands that a more rigorous and thorough un

derstanding of these problems be sought. Therefore, this chapter summa

rizes what is known about these effects, attempts to underscore those areas 

in which potential problems are thought to e~ist, and recommends areas of 

research and development that should-be pursued. 

5.1 TEMPERATURE 

The maximum temperature at which light-water reactor pressure ves

sels are designed to operate is 650°F. No problems attributable solely 

to the loss of tensile properties due to temperature are anticipated. for 

the materials being used in the construction of nuclear pressure vessels 

provided the steels possess at least the minimum tensile properties stated 

in Table N-424 of. Section III of the ASME Code. Adherence to these prop

erties can be assured by imposing supplementary requirements on the ma

terial supplier, such as those given in S7, High Temperature Tension Tests, 

of AS1M Specification A 533. At least one pressure vessel customer cur

rently requires that tensile data be obtained at 550 and 650°F for the 

shell plate material as part of the fabrication test program. Furthermore, 

*This chapter was prepared by R. G. Berggren, D. A. Canonico, J. L. 
English, and P. Patriarca of Oak Ridge National Laboratory . 



·151 

the operating temperatures are within the upper temperature limits for 

the design stress values given in Table N-421 of Section III of the Code. 

Thus creep rate and stress rupture effects need not be considered. 

The loss of tensile properties due to the annealing effect (softening) 

of the operating temperature is negligible. The fact that in all instances 

the pressure vessels have undergone lengthy (30 to 50 hr) high-temperature 

(greater than 1100°F) treatments considerably decreases the probability 

of a strictly thermal effect on tensile properties. The impact properties 

normally increase with temperature and would have their highest energy

absorbing ability (shelf-energy values) during operation. Indeed., there 

are data which show that the increase in transition temperature (radiation 

effects) is less at the higher temperatures than at lower temperatures. 

The above discussion takes into account only the softening effects 

that normally occur when a material has been subjected to an elevated tem

perature. It does not conGider metallurgical effects that should be evalu

ated. There is evidence which suggests that nickel-containing.steels (and 

all the principal materials in the pressure vessel contain nickel) may 

embrittle when exposed, for excessively long times, to elevated tempera

tures if the steels also contain aluminum. 1 Higher nickel-content steels 

have shown embrittlement, as measured by Charpy V-notch impact tests, when 

exposed to temperatures in the pressure vessel operating range for time 

periods approaching two years. It is possible that the steels, ASTM A 533, 

A 508, and A 540, currently being used in the fabrication of pressure 

vessels, may also embrittle. This phenomenon, if it does take place in 

the steels for the service of interest, will be detected in the course of 

the surveillance program, since any increase in transition temperature 

will be observed. However, the surveillance program will not differentiate 

between radiation effects and other effects. 

The embrittlement in the nickel-bearing steels has been attributed 

to an aging phenomenon, which accompanies the precipitation of Ni 3Al. It 

should be poiut~d out that 

1. There is no aluminum in A 508 steel. 

2. The nickel content is low (0.40 to 0.70%) in A 533 steel. 

3. Vacuum degassing decreases the amount of aluminum required (by 

about 50%) to ueoxidize a heat of steel. 
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These facts indicate that the embrittling may be negligible: How-

ever, whether or not it does occur will not be positively established 

under current testing programs. The fact that the reactors currently 

being built are expected to last upward of 30 years may be impetus enough 

to investigate this embrittlement possibility. 

5.2 CORROSION 

A tremendous backlog of information, both experimental and opera

tional, has been accumulated during the past 10 to 15 years on the cor

rosion of carbon, low-alloy, and stainless steels in water systems re

lated to nuclear reactor applications. The effects of numerous variables 

on corrosion behavior of these materials have been investigated in a 

thorough manner. Among the variables that have been examined are pH, 

temperature, time, water velocity, material composition, stress, heat 

treatment, and the presence of oxygen, hydrogen, and other gases in the 

water. In addition, a fair amount of information is available on the 

crevice and galvanic corrosion of the materials in question. 

It is ~he express.purpose in the.following sections to summarize 

briefly the current status of .~orrosion knowledge of these materials per

taining to their use in the primary coolant systems of two types of nu

clear reactors, boiling-water (BWR) and pressurized-water (:EWR). Among 

the topics to be considered are general and pitting corrosion, crevice 

corrosion, galvanic corrosion, and stress-corrosion cracking. 

5.2.1 Carbon and Low-Alloy Steels 

5.2.1.1 General Corrosion 

In order to minimize the problems of corrosj_on and of corrosion prod

ucts passing into -the recirculating water system, it has been general 

- practice to utilize austenitic stainless steel as the major construction 

material in most designs for water-cooled high-temperature nuclear power 

reactors. If corrosion behavior would permit carbon or low-alloy steels 

to be substituted for stainless steel in primary coolant system compo

nents in nuclear reactors, capital costs would be decreased markedly. 
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An additional potential gain would be the elimination of the omnipresent 

problem of stress-corrosion cracking of the more costly stainless steels 

when chlorides are a contaminant in the cooling water. However, one of 

the main deterrents to the use of either carbon or low-alloy steels for 

nuclear applications involving water coolants has been.the question of 

whether such materials would exhibit acceptable corrosion resistance ·un

der the contemplated operating conditions. 

Prior to the advent of the nuclear industry; a broad background of 

experience with carbon and low-alloy steels was available, but it was not 

directly applicable to the conditions and problems peculiar to nuclear 

reactor applications. Within recent years, many investigations were un

der.taken with these materials to determine their usefulriess as a material 

of construction for water-cooled BWR- and FWR-type nuclear power reactors. 

These investigations were conducted, for the most part, under conditions 

that simulated as closely as possible those encountered during reactor 

operation. Numerous and varied corrosion tests were performed at the 

Bettis Plant of the Westinghouse Electric Corporation, the Knolls Atomic 

Power Laboratory, and the Babcock & Wilcox Company. It would be nearly 

impossible to reference all work that ha.s heen carried out during the 

past ten years or so on the corrosion of carbon and low-alloy steels in 

connection with nuclear reactor research and development. However, where 

possible, appropriate references are cited in the following discussion. 

Corrosion Theory. Although appreciable information2 - 13 has been 

reported in the literature on the theory of carbon steel corrosion in 

water, no attempt will be made here to present a detailed analysis of the 

mecha.nisms involved. Rather, by way of a brief review, it may be stated 

that in some systems, for example corrosion of iron by seawater·, the re

actions at the solid-liquid interface are rate-determining. 'l'hese half

reactions are classed as two types, anodic and cathodic, and they must 

balance. The driving force so distributes itself that both half-reactions 

proceed at the same rate. The reaction requiring the greater driving 

force for a given rate is said to be rate-controlling. 

In anodic p:cocesses, the metal passes into the ionic state. This 

can take place by metal dissolution or by the direct formation of a film. 
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For the iron-water system, the possible anodic reactions are 

Fe --+ Fe++ + 2e - , (1) 

' 
( 2) 

Fe + 20H- --+ Fe (OH) 
2 

+ 2e - (3) 

Magnetite (Fe 304) formation in degassed high-temperature water can occur 

through any of the following three reactions: 

(4) 

(5) 

(6) 

In neutral or slightly basic high-purity water such as that of primary 

interest for reactor coolants, the metal dissolution by the passage of 

ferrous ions. into solution in reaction ( 1) can be neglected. Ferro.us 

oxide in reaction (2) is .likely to be hydrated when first formed. 14 Re

action (3) is not believed to be the rate-controlling step above 250°F. 15 

. Furthermore, magnetite formation in reactions (4), (5), and (6) is markedly 

catalyzed by the presence of traces of impurities, even at room tempera

tures. 4, 16 Above 122°F only magnetite is found as a corrosion product 

of pure iron in oxygen-free water . 17 In air-s,aturated water, saturation 

of the solution with ferrous hydroxide is not obtained due to rapid oxida

tion of ferrous ions and the generation of insoluble Y·FeOOH. 18, 19 

The electrons left behind in the metal by the anodic reaction must 

be balanced by a corresponding cathodic reaction. If this cathodic pro

cess can be restrained or prevented, the anodic process is likewise af

fected. This is an extremely important point, since cathodic polarization 

so often determines the overall steady-state corrosion rate. In degassed 

pure water the only possible cathodic reaction is the discharge of hydro

gen ions: 

+ 2H + 2e --+ H2 (7) 
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(8) 

If air is present, the cathodic reaction may be reduction of oxygen: 

+ 4H + 0
2 

+ 4e -+ 2H 0 
2 

(9) 

(10) 

Hydrogen-ion discharge will take place if the potential of any point 

on the water-solid phase interface is below the thermodynamic electrical 

potential of this reaction. Hydrogen evolution is dependent upon (l) the 

pH of the solution, (2) the potential of the particular film or metallic 

surface exposed to the solution, and (3) the overvoltage characteristics 

of tha.t. snrface or of the inclusion contained therein. 20 

Material Composition. A number of investigators have reported that 

there is no significant difference in the corrosion behavior of carbon 

and low-alloy steels in high-temperature water. Tackett and his co

workers21 tested carbon, low-alloy, and low-manganese steels under a vari

ety of conditions which included: (1) demineralized, distilled, or de

gassed water; (2) dissolved hydrogen in the range 20 to 30 cc/liter; 

(J) ammonia in the range 0.2 to 2 ppm; (4) pH between 8.0 and 9.5; (5) tem

peratures from 500 to 600°F; and (6) water velocities from 12 to 30 fps. 

Generally, in these tests a portion of the circulating water was purified 

continuously by passing through a mixed-bed hydrogen-hydroxyl demineral

izer. Results showed clea.rly that all steels tested had approximately 

the same degree of corrosion resistance. LaQue and Copson22 report that 

extensive corrosion studies on carbon and low-alloy steels (up to 5% alloy) 

under conditions simulating those in a nuclear boiling-water system show 

practically no difference in the steels tested. 21 

Vreeland and his co-workers 23 , 24 exposed 13 steels with up to 5% 

chromium in a boiling-water loop with near-neutral water at temperatures 

from 456 to 535°F in subcooled water and in saturated water. Oxygen con

tents were 1 ppm in subcooled water, 0.1 ppm in saturated water, and 15 ppm 

in the steam phase. The hydrogen content of the steam and steam-water 
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phases was 2 ppm. Chloride concentration was less than 0.1 ppm. Results 

showed no clear differences among any of the steels tested. Corrosion 

rates were around several tenths of a mil per year (mpy) after periods up 

to nearly 6000 hr. 

It is obvious, as reported by Uhlig, 13 that so long as oxygen dif

fusion is controlling, which is the case between pH 4 and 10 in aerated 

neutral water at room temperature, any variation in chemical composition 

of a steel or its heat treatment, or whether it is cold worked or annealed, 

has no bearing on corrosion properties. Oxygen concentration, temperature, 

and velocity of the water alone determine the reaction rate. This means 

that whether a high- or low-carbon steel, or a low-alloy steel, or wrought 

or cast iron, or cold-rolled mild steel is exposed to fresh water (or 

to seawater), the observed corrosion rates in a given environment are all 

essentially the same. 

Effect of pH. Hydrogen-ion activity is greater in high-temperature 

water than in room-temperature water. However, methods for an accurate 

determination of pH in water at elevated temperatures have not been. de

veloped, and therefore all the following comments are based on pH measure

ments made at room temperature. 

Iron has relatively poor resistance in the neutral range of aerated 

_aqueous solutions. 22 Yet, if undisturbed, a film continues to develop 

for years that slows the corrosion rate. Hydrogen evolution is suppressed 

by the lowered·hydrogen-ion concentration and by solid films of corrosion 

product. Corrosion rates within this range are controlled by the diffu

sion of oxygen through these films and are largely independent of hydrogen

ion concentration. Alkaline solutions produce a protective corrosion

product film. Film development within the alkaline range is more effec

tive than in the neutral range. Resistance increases with alkalinity 

and hydroxyl-ion concentration. In contrast with neutral solutions, aera

tion has a much smaller effect on the rate of corrosion of iron, with the 

effect decreasing rapidly above pH 9 to 10. The attack of iron by acid 

and alkaline solutions is normally uniform, whereas pitting is usual in 

neutral solutions. 

_, 
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Uhlig13 states that within the pH range of abOut 4 to 10, the corro

sion rate of iron and steel is independent of pH in aerated room-tempera

ture water and depends only on how rapidly oxygen diffuses to the metal 

surface. The major diffusion barrier of hydrous ferrous oxide is con

tinuously renewed by the corrosion process. Regardless of the observed 

pH of water within this range, the iron surface is always in contact with 

an alkaline-saturated solution of hydrous ferrous oxide, the pH of which 

is about 9.5. Above pH 10, an increase in alkalinity of the environment 

raises the pH at the iron surface. The corrosion rate decreases corre

spondingly because iron becomes increasingly passive in the presence of 

alkalies and dissolved oxygen. In confirmation of the occurrence of pas

sivity, the potential of iron in water of pH greater than 10 changes from 

an active value of around -0.5 v (with respect to a saturated calomel elec

trode) to a noble value of 0.1 v in 1 N NaOH, with an accompanying de

crease in the corrosion rn.te. If the alkalinity is markedly increased 

to, say, 16 N NaOH, passivity is disrupted, and the potential achieves 

the very active value of nearly -0.9 v. The corrosion rate increases 

slightly up to 4 mpy. In this region, iron corrodes with the formation 

of soluble sodium ferrite (NaFe02)- In the absence of dissolved oxygen, 

the reaction proceeds with hydrogen evolution to form sodium hypoferrite 

(Na2Fe02). The fact that ferrous ion is complexed by hydroxyl ion in 

strong alkalies to form Fe02 , with accompanying reduction in activity 

of ferrous ion, accounts for the observed active potential of iron. Al

though the rate of formation of Fe02 in concentrated alkalies at room 

temperature is low, the rate becomes excessively high at boiler tempera

tures. 

For carbon steel to be used successfully in either conventional power 

plants or primary systems of nuclear reactors, it has been believed neces

sary (1) to raise the pH of the water to the range 10.5 to 11.5 and (2) to 

keep the oxygen content of the water at very low levels. 11 The necessity 

:t'or maintaining high pH in conventional boiler systems has been questioned, 

however. For example, Voyles 25 cites industrial experience with 19 high

pressure boilers in which the only water treatment used, other than initial 

demineralizing, was the feeding of hydrazine, which is used for oxygen 
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.scavenging. The use of hydrazine also produces a moderate increase in 

water pH. Laboratory tests 4 , 26 have indicated that raising the pH of 

water from neutral to as high as 12 at temperatures in the range 484 to 

680°F has no effect on the corrosion of carbon steel. A pH between 10 

and 12, .however, may have some advantage over a neutral pH in high-ve

locity water streams. 19 

Tackett and his co-workers 21 reported that the corrosion of carbon 

steel in high-purity water at 500 to 600°F under dynamic conditions ap

pears to decrease with increasing alkalinity from the pH range 7 to 9.5 

to the pH range 10.5 to 11.5. Furthermore, the corrosion rate decreases 

much more rapidly in high-alkalinity water (pH 10.5 to 11.5) than it does 

at lower alkalinity (pH 7 to 9.5). At about 1000 hr, the instantaneous 

desc~led corrosion rate ranged from about 30 to 50 mg/dm2/mo* (~0.2 to 

O. 3 mpy). 'l'he extrapolated steady-state rate at 10, 000 hr is about 10 mdm 

(0.07 mpy). On the.other hand, the rate in low-alkalinity water· seems to 

reach a steady state beyond 500 hr and ranges from about 150 to 200 mdm 

(0.9 to 1.2 mpy). In addition, Lobsinger27 has reported a lower corro

sion of carbon steel in pH 10 lithiated water than in pH 9 ammoniated 

water. 

Tackett and his co-workers 21 summarize the results of many studies 

by various inves~igators by stating that of all the variables considered 

in the range of water co~ditions investigated, only the alkalinity of 

the water appears to have a really significant and consistent effect on 

the corrosion of carbon steel in.~i~h-purity high-temperat:ure water in 

dynamic systems. The corrosion rate after 1000 hr in degassed water is 

on the average three to six times more severe than it is after the same 

exposure in high-alkalinity water (p~ 10.5 to 11.5 with LiOH or NH40H). 

Effect of Temperature. When corrosion is controlled by diffusion of 

oxygen, the corrosion rate at a g~ven oxygen concentration approxiwately 

doubles for every 86°F rise in temperature. 28 _In an open vessel that 

allows oxygen to escape, the rate increases· up to about 176°F and then 

falls to a very low value at the boiling point. The falling off of the 

*The unit milligrams per square decimeter per month is abbreviated 
mdm in the following text. 
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rate above 176°F is related to a marked decrease of oxygen solubility in 

water as the temperature is Yaised; this effect eventually overshadows 

the accelerating effect of temperature alone. In a closed system, oxygen 

cannot escape, naturally, and the corrosion rate continues to increase 

with temperature until all the oxygen is consumed. When corrosion is 

attended by hydrogen evolution, the rate increase is more than double 

for every 86°F temperature rise. 

Tipton29 reports that plain carbon and low-alloy steels have accept

able corrosion rates up to 600°F under normal water-cooled reactor condi

tions. They are, however, susceptible to local attack and pitting. Mild 

steel corrodes at a rate of about 2000 mdm (13 mpy) in 140°F water con

taining an oxygen concentration of about 4 cc/liter. At 600°F the steady

state metal-loss rate is less than 50 mdm (~0.3 mpy) in alkaline solutions 

containing hydrogen. 

No significant effect of temperature in the range between 500 and 

600°F in flowing high-temperatw·e high-purity water, with wide variations 

in water composition, was observed by Tackett and his co-workers 21 on the 

corrosion of carbon and low-alloy steels. Further, thermal cycling be

tween 200 and 600°F at the rate of one cycle per day (8 hr at 200°F and 

16 hr at 600°F) had no noticeable effect on the corrosion behavior of 

these materials. 

Effect of Time. The total corrosion of carbon steel in high-purity 

high-temperature high-alkalinity water, as plotted from data by numerous 

investigators, is shown in Fig. 5.1 (from Ref. 21). The calculated in

stantaneous corrosion rate is shown in Fig. 5.2 (from Ref. 21). The cor

rosion rate decreases rapidly with exposure time and reaches a value of 

30 to 50 mdm (0.2 to 0.3 mpy) at about 1000 hr. The total descaled cor

rosion of carbon steel in neutral and moderately alkaline water is shown 

in Fig. 5.3 (from Ref. 21); note the significant difference between the 

correlation for these data and the Babcock & Wilcox mean line that cor

relates the high-alkalinity data. Also the corrosion rate for these con

ditions decreases much more slowly with exposure time than does the cor

rosion rate calculated from the Babcock & Wilcox mean line. The corrosion 

rate seems to reach a steady-state value at about 500 hr. The corrosion 

rate at 1000 hr is about 150 to 200 mdm (0.9 to 1.2 mpy). 
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Effect of Velocity. It has been stated by Copson30 that an increase 

in the velocity of aerated water generally leads to an increase in cor

rosion rates for carbon steels, both by supplying oxygen at a greater 

ratP. and by thinning the diffusion film at the metal-water interface. 

Higher velocity, however, promotes greater protectiveness of the ferric 

hydroxide film. As a result, corrosion rates occasionally decrease with 

increasing velocity. 31 

Erosion in high-velocity or highly turbulent water leads to acceler

ated corrosion due to breakdown of the protective oxide film. 14 Erosion

corrosion tests were conducted by Wagner and his co-workers 32 in aeaerated 

steam condensate at 250°F flowing at 125 to 450 f'_ps. They found that cast 

carbon steel was severely attacked as compared with more corrosion-resis

tant materials that formed good protective films, such as martensitic 

and austenitic stainless steels, bronze, and Monel. 

The velocity below which carbon steel is not susceptible to erosion

corrocion effects i:-> rP.latively unknown. 14 However, it is known that 

velocities of 35 f'ps maximum used in carbon steel test loops are below 

the range where erosion-corrosion should be a problem. 33 Similarly, there 

are available data taken at velocities up to 30 f'ps which indicate that 

the corrosion rates for type 304 stainless steel and Inconel are not 
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significantly affected by varying the flow rates. 34 , 35 The critical ve

locity below which there is no corrosion effect is expected to be consid

erably higher for austenitic stainless steel and Inconel than for carbon 

steel. Zelenski's36 erosion-corrosion data also show that carbon steel 

started eroding at a much lower velocity than austenitic stainless steel. 

The effect of velocity, among other variables, was examined with 

AISI Cl008 carbon steel under simulated BWR and PWR conditions with pH 7 

water. 23 Specimens were exposed in the PWR test at 500°F to water con

taining 6 ppm hydrogen and about 0.1 ppm oxygen. The BWR test was operated 

at 546°F in saturated water containing 0.02 to 2 ppm oxygen and about 

0.01 ppm hydrogen. Water velocities were different, however, being 18 f'ps 

in the PWR test and 6 f'ps in the BWR test. However, it has been reported 

that in studies with materials for FWR applications, corrosion rates were 

not appreciably affected by water velocities ranging between 1/60 and 

30 f'ps. 12 After 1000 hr in the FWR test, the corrosion rate was 1.3 mpy 

compared with a rate of 0.2 mpy after 1945 hr in the BWR test. 'I'his be

havior was attributed to hydrogen and oxygen effects rather than to ve

locity difference. 

A velocity effect was reported with A 212 carbon steel in deaerated 

600°F borated water with a pH between 5.2 and 6.3 and 100 cc of hydrogen 

per kilogram of water. 37 After 640 hr, the following rates were obtained: 

0.2 mpy at 2 fps, 0.4 mpy at 20 fps, and 3 mpy at 36 f'ps. 

For systems operating at 500 to 600°F with demin.eralized, distilled, 

or deoxygenated water with dissolved hydrogen between 20 and 30 cc/liter, 

ammonia in the range 0.2 to 2.0 ppm, and pH between 8.0 and 9.5, Tackett 

and his co-workers 21 reported that ·as. long as the velocity past the speci

men surface was in the range of about 10 to 35 f'ps, there did not appear 

to be any sign~ficant effect on corrosion. However, some tests at around 

-12 fps showed a ·heavier scale buildup than tests at higher velocities. 

Effect of Oxygen. At ordinary temperatures in neutral o~ near

neutral water., dissolved oxygen is necessary for appreciable corrosion 

of iron. 13 In air-saturated water, the initial ~orrosion rate may reach 

3000 mdm (abou,t 18 mpy). This rate diminishes over a period of days as 

the iron oxide is formed and acts as a barrier to oxygen diffusion. The 
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steady-state corrosion rate may be 300 to 750 mdm (approximately 2 to 

5 mpy) and will tend to be higher the greater the relative motion of water 

with respect to iron. Since the diffusion rate at steady state is propor

tional to oxygen concentration, it follows that the corrosion of iron is 

also proportional to oxygen concentration. In the absence of dissolved 

oxygen, the room-temperature corrosion rates for both pure iron and steel 

are negligible. 

Although an increase in oxygen concentration accelerates corrosion 

of iron at first, it is found that beyond a critical concentration the 

corrosion rate again drops to a low value. 38 In distilled water at am

bient temperature the critical concentration of oxygen above which cor

rosion decreases again is about 12 ml/liter. This value increases with 

dissolved salts and with temperature, and it decreases with increases in 

velocity and pH. At a pH of about 10, the critical oxygen concentration 

reaches the value for air-saturated water, 6 ml/liter, and is still less 

for more alkaline solutions. 

In 1952, 30% of U.S. Navy boiler-tube condenser failures were attrib

uted to corrosion from dissolved oxygen. 39 Modern boilers operating 

with dissolved oxygen contents less than 0.05 ppm (through mechanical 

deaeration and oxygen scavenging with sulfite or hydrazine) have largely 

eliminated the oxygen pitti_ng problem. 40 Seebold 41 concluded from his 

studies that the presence of a sufficient concentration of' oxygen in 

600°F dynamic water also inhibited the corrosion of carbon steel. This 

finding agrees with the observation made by Breeden and his co-workers 42 

whereby a "good" result was obtained with carbon steel in high-tempera

ture water containing about 240 ppm oxygen as compared with a "poor" result 

in water containing about 45 ppm oxygen. Similarly Cataldi and his co

workers43 noted in autoclave tests at 545°F that carbon steel appears to 

get deeper pits with 50 ppm oxygen than with 100 ppm. Apparently, there 

are intermediate oxygen levels (>O.l ppm) that promote pitting. 

Ruther and Hart 44 showed that the corrosion of electrolytic iron in 

low-oxygen water (<O.l ppm) at 500°F resulted in formation of a uniform 

brown-black coating of magnetite (Fe304). Severe pitting developed in 

water containing about 35 ppm oxygen over the entire temperature range 

from 125 to 600°F. The average metal-loss rates were also much higher 
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than obtained in a low-oxygen environment (<O.l ppm). With adequate oxy

gen present, the pure iron does not pit, and a thin temper film of hema

ti.te (ex· Fe203) is formed. This film formation is a function of tempera

ture and oxygen content. In the case of mild and low-alloy chromium 

steels, an improvement in corrosion resistance over that of pure iron in 

high-temperature water containing approximately 35 ppm oxygen was noted, 

particularly with regard to pitting. This is attributed to the carbon 

and chromium contents, which promote film-forming ability. The benefits 

from operating in the temper-film region are twofold for reactor appli

cations. First, the total corrosion is lower than for typical low-oxygen 

(<O.l ppm) conditions. Second, and more important, the nature of the 

corrosion product is such that much less of it would be released to the 

water stream. This may decrease the "crud" problem of carbon steel re

actors to tolerable levels. 

Vreeland11 has discussed the oxygen effect. In water-cooled nuclear 

reactors; water is decomposed radiolytically, and the possible problem 

of oxygen in the coolant water arising from such decomposition is resolved 

for pressurized-water reactors by introducing an excess of hydrogen into 

the coolant water. 45 The radiolytic recombination of hydrogen and oxygen 

is accelerated ·so that little or no residual free o)5:;ygen remains in the 

water. In a boiling-water reactor power plant, steam generated in the 

reactor passes directly to the turbine, whereas in a pressurized-water 

power plant, water heated in the reactor generates steam in a secondary 

steam generator. Maintaining an excess of externally added hydrogen to 

force the recombination of radiolytic oxygen and hydrogen in a boiling

water system where the noncondensable gases exit through a stack would be 

. impractical. Oxygen from the radiolytic decomposition of the water is 

therefore expected to be present in the steam and in the recirculating 

water of ·a boiling-water reacto:r. As determined by the specific charac

teristics of the particular boiling-water reactor under consideration, 

the oxygen content of the steam will be 10 to 30 ppm46 with a dynamic 

equilibrium quantity in the recirculating water. As a result of water 

decomposition, the total oxygen present will be in the stoichiometric 

ratio of 8:1 with the hydrogen. The use of chemical additives to adjust 

pH in a boiling-water reactor is undesirable because the distilling action 
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in the reactor could result in the formation of deposits on reactor parts. 

From the foregoing, it is apparent that the construction materials for 

the primary system of a BWR are exposed to neutral pH water, steam, and/or 

mixtures thereof, all containing both hydrogen and oxygen. 

References in the literature indicate that some concentrations of· 

dissolved oxygen in water do not accelerate corrosion of carbon or low

alloy steel and may actually inhibit corrosion of the steel by the forma

tion of a protective oxide film. 11 This inhibition can occur either at 

room or higher temperature, but there appears to be no agreement as to 

the amount of dissolved oxygen in the water to cause inhibition. One fac

tor responsible for the lack of agreement may be the velocity of the test 

water. Copson30 has pointed out that there is an interrelation between 

the effects of water velocity and oxygen concentration on the corrosion 

of carbon ste.el. Uhlig 47 states that at 86 °F and a velocity of O. 25 fps, 

the corrosion rate uf 1ruld steel in distilled water is 60 mpy at about 

22 ppm dissolved oxygen and 5 mpy at about 34 ppm dissolved oxygen. Frese 48 

found that at 72 to 77°F, mild steel showed a maximum corrosion rate in 

distilled water at an oxygen concentration below 40 ppm; at higher oxygen 

content, the corrosion rate decreased. At low oxygen concentrations, the 

corrosion products were loose and fluffy; at higher oxygen contents, they 

were hard and adherent, an indication of a more protective film. Vernon;. 9 

suggested increased aeration rather than deaeration to reduce corrosion 

of steel in water or dilute salt solutions. 

In high-temperature water, Breeden and his co-workers 42 indicate good 

results for A 212 grade B carbon steel in water containing a large con

centration of oxygen and poor results in water containing much less oxy

gen. Moore 50 tested carbon steel in 482°F water at 26 fps with 6-, 30-, 

90-, and 400-psi oxygen pressures. Tests at the lower oxygen pressures 

produced heavy scales of corrosion products that were easily removed and 

were identified as predominantly magnetite (Fe304). Corrosion rates in 

these tests ranged from.5 to 16 mpy. In tests at higher oxygen :pl'essures, 

the oxide films produced on specimens were thin and very adherent, and 

they· showed more hematite (a.Fe 2 03 ) than those in the lower oxygen pres

sure systems. Corrosion rates in the higher oxygen pressure systems varied 

between 5 a.nc'l 6 mpy. Seebold 41 concludes from his tests that the presence 
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of a proper concentration of oxygen in water inhibits the corrosion of 

carbon steel in loop systems at temperatures up to 600°F. 

When oxygen is present in water, corrosion products that may be formed 

are a·FeOOH, ~·FeOOH, Y·FeOOH, l·Fe203, and a.Fe203 (Ref. 11). If·steel 

is exposed continuously to air~saturated room-temperature water, Y·FeOOH 

fbrms, sloughs off the surface, and appears as loose particulate matter 
I 

either suspended in or settled from solution. If the temperature is ele-

vated to about 600°F, the y.FeOOH is converted to a-Fe203 as a nonadherent 

corrosion product, which may then be reduced to nonadherent Fe304 by cor

rosion-generated hydrogen at'the high temperature. Bloom's19 experiments 

led him to believe that the presence of oxygen in aqueous systems in con

tact with steel at elevated temperatures may in some circumstances produce 

more protective films than are formed in its absence. He states .. that this 

phenomenon is probably associated with the occurrence of y·Fe203 as an 

insulating film over Fe304 in contact with the steel. 

Pearl and Wozadlo 51 investigated the effect of oxygen in a dynamic 

test loop under conditions that simulated the various environments found 

in a nuclear BWR system. Water and steam conditions were based on 20 ppm 

oxygen and 2.5 ppm hydrogen in the 546°F saturated steam, a condition 

representative of the oxygen and hydrogen formed in a BWR from radiolytic 

water decomposition. The corresponding oxygen content in the recirculat

ing water was 0.2 ppm. The pH of the high-purity water used was neutral; 

no chemicals were added. The corrosion rate of carbon steel averaged less 

than 10 mdm (<O.l mpy) in approximately 5300 hr. There was little, if 

any, difference in corrosion or metal lost to the system that could be 

attributed to testing in the four available environments: steam, steam

water, saturated water, or subcooled water. The low corrosion rates that 

were obtained on the carbon steels were the result of the action of oxy

gen, or oxygen and hydrogen, which apparently helped form a protective 

oxide on the steel. This oxide appeared to protect the steel against cor

rosion when it was exposed subsequently to water that was low in oxygen 

and hydrogen content. Startups with oxygen and hydrogen contents of the 

water quickly raised to levels similar to those in a BWR resulted in less 

corrosion than when oxygen and hydrogen were added a few hours·after 

startup. 
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It was pointed out 21 that in the high-purity high-temperature water 

containing representative BWR conditions of hydrogen and oxygen, most of 

the initial corrosion formed a protective oxide film on the steels in

stead of being carried off in the water. It was further indicated that 

the form of the existing oxide changed upon the initial addition of the 

oxygen and hydrogen to the system; any nonadherent oxides were at least 

partially removed by the loop water. Another item of importance was the 

finding that the corrosion-release rate in the presence of oxygen and 

hydrogen was appreciably lower than in a neutral pH system with hydrogen 

but no oxygen in the water. 

It is hypothesized by Tackett and his co-workers 21 that the addition 

of hydrogen but no oxygen in the water during startup will give the typi

cal PWR corrosion and metal-to-system losses until the time when the oxy

gen and hydrogen are added stoichiometrically. At that time, the entire 

corrosion process will change essentially to the more typical BWR type, 

and a certain portion of the corrosion product that has accumulated up 

to that time will be released to the system and be reflected as an iron

to-system loss. 

An analysis 51 leads to the important conclusion that there is essen

tially no iron-to-system loss, regardless of time, once the system has 

been properly brought to operating conditions with hydrogen and oxygen 

addition. If this effect can be proved to be true, one of the maJor 

limitations in using carbon steel in boiling-water reactors-will have 

been eliminated. 

This understanding has been an empirical development based on engi

neering application data. It is of interest to determine whether the 

interpretation and results are consistent with the mech_anism studies car

ried out by others. Bloom19 observed that those oxides with a spinel 

structure, Fe304 (magnetite) and Y·Fe203 (maghemite), form adherent pro

tective films, whereas the oxide CX·Fe203 (hematite), of a corundum struc

ture, is a less adhering insulated powder. He further noted that Fe304 

oxidizes to y.Fe203 when exposed to oxidizing environments. This trans

formation results in a change that might be more favorable to developing 

more protective and pit-resistant films. He visualized an insulating 

film of y.Fe203 over the Fe304 in contact with the steel. Ruther and 
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· Hart 44 found a°Fe203 form~d initially as a thin ~ilm on pure iron in oxy

genated water in contrast with the Fe304 coatings produced in deoxygenated 

w.ater. Potter and Mann 52 observed a double oxide layer of Fe304 in studies 

of magnetite growth on carbon steel in essentially oxygen-free steam. Un

der certain conditions the outer layer was nonadherent. 

If it is assumed in the work of Pearl and Wozadlo51 that the oxide 

formed during startups before adding oxygen is in the form of a double 

layer of Fe304, as observed by Potter and Mann, 52 the following might be 

expected upon the addition of oxygen. The outer layer would be oxidized 

to a-Fe203, with the resultant loss of some iron to the system. The outer 

surface of the inner layer would be gradually oxidized to 1·Fe203 to form 

an insulating layer over the Fe304 adjacent to the metal. During the time 

'of .developing the 1·Fe203 layer, the corrosion rate would not necessarily 

increase from that existing just before adding oxygen. As the insulating 

layer became more complete, the rate would decrease until a low linear 

rate was established based on the rate-controlling process of diffusion 

·of anions inward through an insulating layer of constant thickness. 

Effect of Hydrogen. Limited information is available on the corro

sion of carbon steel as influenced by the presence of dissolved hydrogen 

in high-purity high-temperature water. It has been shown that a nominal 

partial pressure of hydrogen will not affect the iron-water equilibrium 

appreciably. 14 Therefore, this would not be expected to reduce notice

ably corrosion rates of iron and carbon steel. However, the introduction 

of hydrogen into a nuclear reactor or an in-pile test loop has a marked 

effect on the quantity of corrosion products released to the system. The 

) benefits afforded by hydrogen additions are reported by Welinsky and his 

co-.workers. 53 

Tackett and his co-workers 21 have reported that the hydrogen concen

tration seems to have little effect on carbon steel corrosion in high

a~kalinity water (pH 10.5 to 11.5), at least when oxygen concentrations 

are low.· However, in neutral water, the removal by continuous degassing 

of hydrogen released by corrosion seems to accelerate attack, while addi

tion of hydrogen to increase the concentration to about 50 cc/liter ap

pears to greatly reduce corrosion. 
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Effect of Dissolved Salts. The presence of dissolved salts in water 

modifies the usual corrosion mechanism for iron or carbon steel. 22 The 

salts take part in reactions at the cathode and the anode even though the 

end products continue to be ferrous hydroxide and hydrous ferric oxide. 

These salts influence corrosion rates, by their effec~ on adherence, loca

tion, and physical nature of the rust layer, as does the presence of cer

tain alloying elements in the metal. Many salts yield a precipitate that 

adds to the obstructive effect of the rust and the diffusion layer of 

solutions. 

Certain anions, such as cbromates, phosphates, silicates, borates, 

etc., are more or less effective as corrosion inhibitors. 14 According 

to Huddle 5 it seems possible that these anodic inhibitors function by 

catalyzing the formation of true oxide, as opposed to a hydrated oxide 

or hydroxide film. The exact mechanism by which these complex ions impart 

a true oxide rat.her than a hydroxide has not been firmly established. 

However, they compete with hydroxyl i.ons and other anions present in the 

solution for participation in the reaction at the anode surface. If their 

adsorption is such as to exclude the hydroxyl ion from the reaction, it 

is suggested that the complex ion donates its own oxygen to the film and 

regains this oxygen from the solution. Certain of the complex ions are 

only effective in oxygen-containing solutions; this indicates that the 

time function of the complex ion may well be to act only as a catalyst 

in the anodic transfer of dissolved oxygen from the solution to the film. 

Thus, it appears that an anion inhibitor more likely affects the corro

sion of iron (and stainless steel and Inconel) in oxygen-containing water 

than in oxygen-free reactor water. 

Pitting Corrosion. Despite the high-resistivity of reactor-grade 

water, it is expected that carbon and low-alloy steel components in a 

water-cooled nuclear reactor would be subject to rusting, pitting, and 

local attack by the water during reactor startup and shutdown periods 

when the water might be at or near room temperature and the reactor might 

be open to air. 11 Several tests of carbon and low-alloy steels in reactor

grade water (air-saturated deionized water at room temperature) confirmed 

the above expectations. After less than 5 min of exposure to the water, 

rust patches could be observed on AISI 1008 carbon steel with the aid of 
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a low~power microscope. In about 6 min the rust patches could be observed 

with the unaided eye. 

Bloom and Strauss 54 indicated that the occurrence of pitting may de

pend on the type of exposure at room temperature. For example, they found 

that (1) filling a thermal-convection loop constructed of previously un

exposed SAE 1010 steel with distilled air-saturated water at room tempera-

· ture and operating it for several weeks or more at 600°F, produced a uni

form film of magnetite on the steel with no evidence of pitting; (2) when 

the loop was filled with oxygenated water and pressurized with 300-psi 

oxygen at room temperature, and the loop was then heated to 600°F and oper

ated at this temperature for 21 days, previously unexposed SAE 1010 piping 

contained a liberal distribution of circular red patches of a·Fe203, each 

of which overlaid a pit; and (3) when previously unexposed SAE 1010 loop 

piping was filled with degassed distilled water and heated as rapidly as 

feasible to 600°F, and the loop after operation at this temperature for 

10 to 15 min was pressurized with oxygen at about 300 psi and run for 

21 days, no signs of pitting were evident. 

Specimens of carbon and low-alloy steels were exposed to simulated 

BWR cond~tions in a test loop at 546°F to determine11 (1) whether pitting 

and local attack in room-temperature water would be intensified during 

-subsequent exposure at loop-operating conditions, (2) whether low-alloy 

steels might be expected to be more resistant to pitting and local attack 

than carbon steel exposed to reactor-quality water at room-temperature, 

and (3) whether carbon and low-alloy steels, which are first exposed to 

high-temperature water, will form a protective film of oxide that will 

prevent pitting and local attack during subsequent exposure of the steel 

to water at room temperature. ·Room-temperature exposures were for about 

300 hr, while high-temperature runs lasted around 1030 hr. Results indi

cate the followine: 

1. Pitting, local, and general attack on steels tested in room

temperature water are not intensified or accelerated during subsequent 

exposure to high-temperature water. The effects of exposure to room-tern-_ 

perature water followed by exposure to high-temperature water appear to 

be additive rather than accelerative. 
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2. When the steels were first exposed to high-temperature water, 

the oxide formed afforded considerable protection to the steels when they 

were then exposed to room-temperature water. However, the protection was 

not complete. The few pits that did form were generally as deep or deeper 

than those formed on ·specimens exposed to room-temperature water without 

the benefit of the protective oxide. In any case, pits did not exceed 

4 mils in depth. 

3. Steels exposed to room-temperature water and then to high-tempera

ture water and then descaled were not subject to intensified corrosion 

when given an additional exposure to high-temperature water. This indi

cates that reactor components fabricated of steels containing up Lo 5% 

chromium could be descaled or decontaminated without suffering accelerated 

corrosion upon exposure at operating conditions. 

Specimens of several steels were exposed to water at 535°F in the 

subcooled test section of a boiling-water loop during several runs and 

shutdowns to determine whether pitting and local attack would occur during 

this type of exposure, which simulates high-temperature operation and peri

odic shutdowns of a BWR. 11 The specimens were exposed first for 155 hr 

in high-temperature water, then for 118 hr in room-temperature water with 

access to air, next for 309 hr in high-temperature water, and finally for 

146 hr in room-temperature water with access to air. Corrosion ·rates for 

the total exposure period were 0.2 mpy for types ASTM A 212 grade B and 

ASTM A 302 grade B steels, about 0.2 mpy for AISI type 502 steel contain

ing 5% chromium, and 0.1 mpy for AISI type 304 stainless steel. All steels 

showed pitting to 5 mils in depth, except the type 304 steel, which was 

free from pitt~.ng. 

5.2.1.2 Crevice Corrosion 

In.the corrosion field, the term "crevice corrosion" has acquired a 

very general meaning that normally includes all observations of accelerated 

attack at the junction between two metals exposed to a corrosive environ

ment. Operational experiences of the PWR and Naval reactor programs show 

that the oxygen content of the water is almost unmeasurable with the addi

tion of hydrogen. 12 Further, information shows that crevice corrosion is 

not normally a -problem that requires special attention in systems with 
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low-oxygen contents on the order of 0.1 cc per kilogram of water. Much 

of the reported work, however, is based on systems containing 1 to 10 cc 

oxygen per kilogram of water. 

· Metal-Ion Concentration Cell. The form of crevice corrosion that 

is defined as a metal-ion concentration cell results from corroding cur-

_rents that arise in those regions where there exists a difference in metal

ion concentration. 12 The extent of accelerated corrosion at these points 

depends primarily upon the magnitude of the corroding current which, in 

turn, is related directly to the metal-ion concentration difference at 

the points in question. The direction of the corroding current deter

mines the location of the corrosion from the accelerated attack. Corro

sion occurs at those points where the current leaves the metal. In this 

case, the current travels from the metal outside the crevice to the metal 

inside the crevice. Therefore the corrosion products form at the mouth of 

a crevice or at the perimeter of the contact area. It is also apparent 

that this tYJ?e of corrosion could be considerably minimized by continuously 

replacing the water in the crevice with fresh water from the outside to 

minimize or eliminate a difference in metal-ion concentrations. It is ex

pected also that this form of corrosion could be minimized or even elimi

nated by increasing the crevice gap so that sufficient flow and displace

ment of water could occur at the mouth of the crevice to prevent the forma

tion of differential metal-ion concentrations. 

Oxygen-Concentration Cell. The form of crevice corrosion that is de

fined as an oxygen-concentration cell results from corroding currents that 

arise at those points where a differential oxygen concentration occurs. 12 

As in the case of the metal-ion concentration cell, the magnitude of the 

corroding current is related directly to the difference in the oxygen con

centration at the point in question. The corroding current flows from the 

low-oxygen-bearing medium to the metal. Therefore, in contrast to the 

metal-ion concentration cell, accelerated attack could be expected to oc

cur at the entire interface surfaces of both materials rather than at the 

mouth of the crevice. This form of corrosion may be controlled in the 

same·manner as mentioned earlier for the metal-ion concentration cell. 

Stagnant-Area Corrosion. Strictly speaking, stagnant-area corrosion 

is not normally considered a form of crevice corrosion. 12 However, since 
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it has been found to play an important part in the analysis of crevice

corrosion problems, it is considered desirable to discuss this form of 

corrosion to indicate its importance in relation to other forms of crevice 

attack and to actual design problems. Stagnant-area corrosion, as related 

to crevices, may be defined a~ general accelerated attack that may occur 

within a crevice or any stagnant area. It results directly from the in

creased corrosivity of the environment which, in turn, is a direct result 

of the accumulation of both soluble and insoluble corrosion products within 

the crevice. In contrast, the accelerated attack that occurs in both the 

metal-ion and oxygen-concentration cells results from differential effects. 

~ince essentially no circulation of water normally takes place within crev

ices, it would be expected that the concentration of corrosion products 

would increase almost indefinitely and thereby produce more corrosion than 

would be normally expected for the same material exposed to the environment 

outside the crevice. For example, if a crevice is exposed to high-purity 

water having a total solids content of 1 ppm, it is very possible that 

the water within the crevice may eventually have a total solids content 

100 or 1000 times greater than that of the surrounding environment. The 

co!rosion resistance of the particular metal involved may be entirely in

adequate in the relatively impure water as compared with the pure water. 

Although this form of corrosion does not depend on differential effects, 

the methods of controlling the problems are essentially the same as for 

metal-ion and oxygen-concentration effects. The mechanism of corrosion 

involved in stagnant areas of all kinds is the same as that described for 

stagnant-area corrosion in crevices. 

Only limited information is available on the effect of hydrogen on 

crevice corrosion. 11 However, there are sufficient data to indicate that 

hydrogen plays an important role in the control of crevice corrosion by 

minimizing the adverse effects of oxygen. On the basis of the corrosion 

inhibition generally afforded by hydrogen, a concentration of hydrogen 

on the order of 25 to 50 cc per kilogram of water would be expected to 

provide adequate protection against crevice corrosion. However, addi

tional work will be required for subtantiation of this statement. 

A few observations have been made on the crevice-corrosion behavior 

of carbon and low-alloy steels under simulated BWR conditions consisting 
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of 546°F water at pH q.4 with 0.1 ppm oxygen in the water and 2 ppm hydro

gen in the steam.ii After the tests, specimens were examined for crevice 

corrosion in the areas where stainless steel spacers used in mounting the 

specimens i~ the holders contacted the specimens. Visually, no attack 

was noted, -but at up to 40x magnification it was revealed that the test 

materials were subject to very slight crevice corrosion. It is believed 

possible that the crevice corrosion might occur during the part of the 

test when the loop is being brought to temperature before test conditions 

are· reached. This hypothesis was strengthened by the fact that the crev

ice corrosion did not appear to increase as the test time increased. 

·Ruther and Hart 44 found no evidence of increased corrosion in crevices 

when they tested 5% chromium steel and type 304 stainless steel for 85 

days in water containing 35 ppm oxygen or 98 days in water containing 

530 ppm oxygen at 500°F. The subject of crevice corrosion for carbon 

and low-alloy steels in water-cooled nuclear reactors requires further 

attention under both operating and shutdown reactor conditions. 

5.2.1.3 Galvanic Corrosion 

Galvanic corrosion may aris.e when two dissimilar metals are in con-· 

tact in an aqueous environment. The potential difference between them 

will initiate attack at a corrosion rate that is largely dependent upon 

the surface reactions of the two metals. 55 Surface films affect the ef

ficiency of an electrode. A bare metal is a much better cathode than one 

covered with an oxide which, apart from its possible interference with 

hydrogen evolution, puts an additional resistance into.the electrochemical 

circuit. The stability of the oxide in the solution is therefore of some 

importance. Since the diffusion of oxygen is frequently the rate-deter

mining factor in aqueous corrosion, large cathode-to-anode ratios will fre

quently result in intense galvanic attack. Such effects are most likely to 

occur at points where structures are joined by a different metal. 

Because of the possibility that galvanic attack might occur in high

pur:i:.ty primary water systems for nuclear reactors at dissimilar-metal 

junctions, such as welds, and especially at welds between carbon or low

alloy steel and stainless steel in a reactor system that included carbon 

or low-alloy steel as a construction material, tests were conducted under 
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simulated boiling-water reactor conditions with welded dissimilar-metal 

welded specimens. 11 The specimens included welded carbon steel and low

alloy steel and carbon steel and alloy steel welded to stainless steel. 

The exposure, of 1000 hr duration, was carried out in near-neutral high

puri ty water at about 546°F in steam, steam-water, saturated water, and 

subcooled water (535°F) environments containing from 0.1 ppm oxygen in the 

saturated water to 15 ppm oxygen in the steam and 2 ppm hydrogen in the 

steam and steam-water mixture. The chloride content of the water was less 

than 0.1 ppm. Visual, low-power microscopic, and metallographic examina

tions revealed no traces of galvanic, selective, or accelerated corrosion 

in or near weld zones of any of the welded specimens. The absence of ac

celerated attack on the carbon steel or low-alloy steel portions of the 

dual-metal welded specimens indicates that galvanic corrosion is not an 

important factor in these systems, a situation which is probably related 

to the poor conductivity of the water. 

Ruther and Hart 44 also found no evidence of increased corrosion in 

galvanic couples when they tested 5% chromium steel and type 304 stain

less steel at 500°F for 85 days in water containing 35 ppm oxygen or 98 

days in water containing 530 ppm oxygen. 

5.2.1.4 Otres.s-Corrosion Cracking 

When mild steel is stressed in tension to stresses near or beyond 

the elastic limit and exposed specifically to hot concentrated alkaline 

or hot concentrated nitrate solutions, it suffers stress-corrosion crack

ing along intergranular paths. The required stress may be applied or it 

may be residual in the metai. 13 'l'ime to failure is a matter of minutes 

under severe conditions of stress and environment or of' years when con

ditions are less severe. 

Stress-corrosion cracking was first encountered in a practical way 

in riveted steam boilers. 13 Stresses at rivets always exceed the elastic 

limits, and boiler water is normally treated with alkalies to minimize 

corrosion. Crevices between rivets and boiler plate allow boiler water 

to concentrate until the concentration of alkali suffices to induce stress

corrosion cracking, which is sometimes accompanied by explosion of the 

boiler. Because alkalies were recognized as one of the causes, failures 
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of this kind were first called caustic embrittlement. With the advent of 

welded boilers and with improved boiler-water treatment, stress-corrosion 

.cracking has become less common. Its occurrence has not been eliminated 

entirely, however, because stresses, for example, may be set up at welded 

sections of boilers or in tanks used for storing concentrated alkalies. 

It has been claimed by some that stress-corrosion cracking. of steels 

in alkalies is a form of hydrogen embrittlement or hydrogen cracking, but 

this has never been proved. On the contrary, cathodic polarization of 

stressed steel in hot caustic soda solution protects against cracking and 

indicates that hydrogen does not take part in the mechanism. 56 

Even though well supported, there is presently some doubt that the 

electrochemical mechanism alone is adequate to explain all features of 

the stress-corrosion cracking phenomenon. 13 Steel, for example, is pecu

liarly susceptible to hydroxyl and nitrate ions but not to nitrite, sul

fate, chloride, and many other ions. This has led to the hypothesis 57 , 58 

that .cr~cking occurs in part through adsorption, which reduces the surface 

energy of the metal at.the apex of the crack and encourages the metal to 

part under tens.ile forces. Langmuir 59 demonstrated that. only a monolayer 

of adsorbate is needed to cut off major surface affinities of underlying 

atoms. Furthermore, ions primarily effective in this respect are those 

that specifically chemisorb on a given metal surface. Crack propagation 

aided by adsorption has been suggested as explaining the fracture of 

steels ~ontaining hydrogen. 60 

The preferred·path of chemisorption may occur selectively along 

specific paths in the me~al where there are dislocations, perhaps locked 

in position by impurities, or at vacancies where certain alloying compo

nents are concentrated. 13 Hence, cracking may follow the same routes, 

that is, it may proceed along the grain boundaries or through the grains 

that favor galvanic action .. In fact, the natural emf of galvanic cells 

may well favor chemisorption of specific ions on one or both electrode 

surfaces. Applied anodic or cathodic polarization of the metal may alter 

adsorption behavior of ions and may even serve to displace some ions with 

-others less damaging. In this respect, cathodic polarization can be 

beneficial, independent of a corrosion mechanism. 
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Mild steel undergoes cracking under high-temperature high-concentra

tion alkaline conditions. 55 This phenomenon is usually referred to as 

caustic cracking. Caustic cracking represents a serious hazard in boilers 

and steam equipment, where crevices or porous scale in highly stressed 

regions, for example, a rivet or seam, can become regions o! high pH and 

initiate explosive failure. The cracks are intergranular, although there 

is attack on pearlitic cementite, and the iron dissolves.as oxyanions. 

Magnetite is precipitated, but usually not at the crack tip, so there is 

no stifling. Hydrogen is produced during the attack, and it may help 

crack propagation by forming internal blisters. Stress relieving mild

steel structures helps to reduce the probability of cracking, but this 

is usually combined with inhibitive methods aimed at eliminating the pos

sibility of alkaline-concentration buildup. Phosphate, which precipitates 

at high pH but below dangerou:::; levels, is widely used and added so that 

the ratio Na20:P20 5 is just less than 3:1. Sodium nitrate is another au

ditive that has been successfully employed to eliminate cracking on loco

motive boilers. Under some circumstances, nitrate may accelerate crack

ing. 

It is believed that carbon and low-alloy steels are ~ot susceptible 

t.0 Rt.rf;'F:R-corrosion cracking under BWR or PWR conditions. ii Stress-cor

rosion cracking of steels containing up to 5% chromium is most frequently 

observed in caustic and nitrate solutions and in media containing hydrogen 

sulfide. 47 , 6 l At temperatures above about 1058°F in steam, mild steel 

may be decarburized and embrittled, because of attack on cementite by 

corrosion-generated hydrogen,i 9 with the formation of methane in accor

dance with the following equation: 

Prevention of this type of attack requires the addition to the steel of 

elements that form stable carbides, such as niobium, titanium, vanadium, 

tungsten, chromium, molybdenum, and manga.ne:::;e. 

Duplicate U-bend specimens of carbon and low-alloy steels were ex

posed to simulated BWR conditions in a test loop for periods up to 300 hr.ll 

Conditions included a temperature of 546°F, 0.1 ppm oxygen in saturated 

water., 15 ppm oxygen in steam, and 2 ppm hydrogen in steam. The chloride 
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content of the pH~6.4 high-purity water was less than 0.1 ppm. No crack

ing was detected with steels containing up to 5% chromium. Because of 

the.limited number.of stress specimens exposed, the results should be 

regarded only as an indication of the resistance of carbon and low-alloy 

steels to stress-~orrosion cracking. 

Stressed spe.cimens of types ASTM A 106 and A 212 carbon steel were 

expo~ed for periods·up to approximately 24,000 hr (33 months) during the 

preoperational and operational phases of the Heavy-Water Components Test 

Reactor (HWCTR). 62 , 63 The environment was hea-vY water (light water during 

the preoperational period) ~t nearly 600°F and 2000 psi, which was main

tained at a pD of 10.7 ± 0.5 by lithium hydroxide addition. Deuterium 

was added to the helium pressurizing gas and controlled to give a dis

solved deuterium concentration of 10 to 20 cc per kilogram of heavy water 

in the high-pressure system. The dissolved deuterium combined radio

lytically with dissolved oxygen.to give a dissolved oxygen concentration 

of less than 0.004 cc/kg or approximately 5 ppb. No c~acking was observed 

on any of the stressed specimens. 

5.2.2 Austenitic Stainless Steel 

.5.2.2.1 General Corrosion 

From the beginning of the reactor program, chromium-nickel austenitic 

stainless steel has been the basic material for contact with the primary 

fluid,(high-purity water) for cooling purposes. These alloys have exhib

ited a definite susceptibility to stress-corrosion cracking under certain 

conditions that may be encountered by the heat-exchanger tubes on the 

secondary side but, nevertheless, stainless steel components generally 

have exhibited excellent corrosion behavior in reactor service. The pos

sibility uf reducing material costs has prompted several studies of the 

feasibility of substituting carbon.and low-alloy steels for stainless 

alloys. So far, results of such explorations have not provided a suf

ficiently well-established basis for use of these materials in primary 

systems of water-cooled reactors. 22 The most important deterrents have 

been evidences of susceptibility to localized attack, possibilities of 

hydrogen embrittlement by dissociated hydrogen, impairment in ductility 
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by radiation, and the fact that possible savings in cost might well be 

offset by added expense in dealing with the greater amount of corrosion 

products generated. 43 , 64, 65 

The. alloys of iron, chromium, and nickel are the most versatile non

precious corrosion-resistant materials. Most investigators believe that 

the corrosion resistance of these alloys results from the presence on the 

surface of the alloy of a thin oxide or hydrate film that is stabilized 

by chromium. 29 It is generally agreed that passivation is not a continuous 

state and that it exists only in certain environments or under certain 

conditions. Under many conditions, the range of passivity is broad, while 

in others the range is relatively narrow and may be destroyed by slight 

environmental changes. Stainless steels are normally passive in natural 

fresh water, mine water, boiler condensate, and steam at elevated tempera

tures. Under the usu;:iJ_ conditions of exposure, these alloys remain sub

stantially free of pits and rust. However, improper heat treatment or 

strong cell concentrations may bring about superficial rusting or incipient 

pitting. 

The corrosion resistance of the 300 series stainless steels in high

temperature water is generally excellent and these alloys have been used 

extensively. in various nuclear reactors. l::iensitized 300 ser1e8 8Leel::; 

are not susceptible to intergranular attack in water at high temperatures. 29 

However, case hardening of stainless steels, either by nitriding or mal

comizing, decreases the initial corrosion resistance to such an extent 

that the usefulness is limited in water at elevated temperatures. 66 

The structural integrity and reliability of pressure-circuit compo

nents and consequently the operational status of a nuclear reactor plant 

are closely dependent on the corrosion behavior of the system materials. 

The dominant properties of the primary coolant are its pH and oxygen con

tent, although other agents added to the water for special purposes may 

al.so influence itc aggressiveness. Fnr PxamplP., boron in the form of boric 

acid may be added to the primary fluid as a means of supplementing the 

control rods to override additional reactivity produced by the fuel in 

excess of the critical mass at startup. 

Considerable corrosion t~sting of the austenitic stainless steels has 

been conducted in autoclaves and test loops in which the oxygen, hydrogen, 
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pH, temperature, and water velocity could be controlled. The effects of 

these variables are discussed in the following sections. 

Effect of Oxygen. The corrosion rates of stainless steels in high-

·temperature distilled water are relatively insensitive to the amount of 

dissolved oxygen present. 29 Low rates are observed in the range <O. 5 to 

7 cc oxygen per kilogram of water. Above this range, corrosion increases 

slowly and has a tendency to level off until oxygen concentrations in the 

.. neighborhood of 1000 cc per kilogram of water are reached. At these 

higher concentrations, corrosion decreases slightly. 

In pH-8 to -10 high-purity water at 500°F with up to 5 ppm NH3 and 

20 to 30 cc H2 per kilogram and in pH-10 to -11 (by lithium hydroxide 

addition) water at 600°F with 25 cc oxygen per kilogram of water, stain

less steel corrodes uniformly at exceedingly low rates, less than 10 mdm 

(~0.06 mpy), at velocities between 7 and 15 fps. 67 Carbon steel also 

. corrodes relatively uniformly under similar conditions but at rates about 

ten times greater than for stainless steel. A stainless steel rate of 

0.06 mpy is considered negligible with respect to design life for equip

ment. However, for a typical pressurized-water reactor plant, even this 

low rate would lead to some 0.25 to 0.5 lb· of corrosion product per month, 

which could represent a significant amount. In neutral water, the crud 

from ·stainless steel occurs both as loose magnetite (~e304)._ ~ontaining 

also chromium and nickel oxides and as an adherent thin film on t.he metal. 

At high pH, the quantity of loose solid corrosion products ts considerably 

reduced and the adherent corrosion films are thicker. In tests similar 

to those described above, the effect of small amounts of dissolved oxygen 

on the corrosion of type 304 stainless s~eel was examined. At low oxygen 

concentrations (10 ppb or less) the observed rate was 1.2 mdm (~0.01 mpy) 

after 2100 hr. At an oxygen concentration of J_O ppb with three or more 

surges up to and exceeding 100 ppb, the rate was 9.4 mdm (~.04 mpy) after 

nearly 2000 hr. 

Wanklyn and Jones 68 report that additions of dissolved oxygen have 

little effect on the corrosion of austenitic stainless steels in high

purity high-temperature water nor do small amounts of nitrogen, argon, 

helium, and ammonia. 

.. _I 
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Effect of Hydrogen. The addition of hydrogen (50 cc per kilogram 

of water or more) is effective in reducing the corrosion of the austenitic 

stainless steels in high-temperature high-purity water. 29 Many stainless 

steels show no visible corrosion when tested at 500°F in water containing 

dissolved hydrogen. In operating systems containing hydrogen, the most 

beneficial effects are obtained by introducing the desired amount of hy

drogen at room temperature before bringing the system to operating tem

perature and pressure. Wanklyn and Jones 68 also report that the addition 

of dissolved hydrogen has little effect on the corrosion of the austenitic 

stainless steels. Vreeland69 summarizes the results o:t' numerous investi

gations on the hydrogen effect by stating that little or no effect on the 

corrosion of austenitic stainless steels in high-temperature high-purity 

water results from the presence of 0 to 45 ppm dissolved hydrogen. 

Effect of pH. Some information on the effect of water pH on the 

corrosion of austenitic stainless steels has been included in the preceding 

section on the "Effect of Oxygen." Vreeland69 reports that in high-purity 

high-temperature water, variations in the pH between 7 and 11 apparently 

have little effect on the general corrosion of austenitic stainless steels, 

although the variations may influence the behavior of suspended corrosion 

products. Maintenance of a high pH at the reactor operating temperature 

may tend to reduce both the formation and deposition of corrosfon prod

ucts. 67 Under reactor operating conditions, lithium hydroxide is more 

stable and therefore more effective than annnonium hydroxide in maintaining 

a higher pH for any level of initial crud formation. 

Effect of Temperature. There is no significant difference in the 

rate of corrosion of the austenitic stainless steels with water tempera

tures from 200 to 500°F. 69 However, it has been indicated that between 

500 and 600°F, corrosion may increase by a factor of 5, although Wank.Lyn 

and Jones 68 feel that little effect is to be expected. Apparently any 

increase in general corrosion of the chromium-nickel stainless steels 

caused by increasing the temperature up to 600°F is not of practical im

portance in water-cooled nuclear-power plants. 

Effect of Velocity. Corrosion rates of the austenitic stainless 

steels are not appreciably affected in high-temperature water at velocities 

between 1/60 and 30 fps. 70 There is a marked difference, however, in 
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corrosion rates·between static and dynamic conditions. The indications 

are that general corrosion is about 20 times less under static conditions 

.r · than under dynamic conditions· up .to 30 fps. Tipton29 states also that 

there is no appreciable effe,ct of velocity noted on the stainless alloys 

in high-temperature water. Tests have been made at water velocities up 

to 30 fps at 500, 600, and 640°F without appreciable erosion. Higher 

velocities have not been investigated. High-velocity water at 30 fps, 

understandably, has more of a tendency to remove corrosion products than 

low-velocity water at 1 fps. 

Effect of Time. Bloom and his co-workers 26 found that a comparatively 

high initial corrosion rate with type 347 stainless steel in high-purity 

water at 600°F resulted with values of about 200 mdm (1.2 mpy) after a 

1-hr test. This high initial rate dropped off rapidly as the time of 

testing increased. After about 2000 hr, a rate of 10 mdm (<O.l mpy) was 

normal. In other tests conducted with types 302, 304, 316, and 347 stain

less steels under simulated PWR conditions, corrosion rates ranged between 

5 and 15 mdm (0.03 to 0.09 mpy). 12 , 23 , 24, 71 McKibben63 reported corrosion 

rates not in excess of 0.01 mpy for annealed and sensitized type 304 stain

less steel specimens, type 304 stainless steel with 1% boron added, and 

annealed type 316 stainless steel after periods of up to 992 days in-core 

and out-of-core at the HWCTR. The environment for all specimens, except 

during 65 days for preoperational testing in light water, was heavy water 

at a pD of approximately 10.5 and a temperature of 315°C. 

Effect of Heat Treatment. Intergranular or grain-boundary .corrosion 

resulting from carbide precipitation in the 300 series stainless steels 

is not experienced in high-temperature water service, 29 nor do stresses in 

the range up to 10,000 psi or greater impair their resistance in water. In 

austenitic stainless steels, the most important metallurgical change caused 

by heat treatment is sensitization - the precipitation of chromium as 

'chr.omium carbide ( Cr23C6) along the grain boundaries of the unstabilized 

grades - which may result from heating during welding, stress-relieving, 

etc. The susceptibility to intergranular corrosion attack of sensitized 

austenitic stainless steels in certain environments is well known, such 

as in the use of acidic solutions for decontamination of nuclear systems. 

However, intergranular corrosion of sensitized steels does not occur in 
.. 



183 

reactor coolant water, with or without oxygen, with pH variations between 

7 and 11 and at temperatures up to about 640°F. 12 It is therefore unneces

sary to use the more expensive stabilized or extra-low-carbon grades of 

stainless steel in preference to the unstabilized regular-carbon grades 

in primary-circuit applications of water-cooled nuclear reactors, and in 

this respect such reactors as Dresden, EBWR, Yankee, and the N.S. SavC).nnah 

are successfully using type 304 stainless steel in their primary systems. 

Some evidence has been revealed72 of intergranular attack on sensi

tized specimens of type 304 stainless steel exposed for 22 months to the 

wet sLeam-waLer environment within the evaporator boxes of the Elk River 

Reactor. The depth of the penetration was about 7 mils. The temperature 

in the water box was 539°F. The amount of moisture present in the incom

ing steam to the evaporators was about 0.5%, and the water solids carry

over in the steam did not exceed 1 ppb. Oxygen and hydrogen contents in 

the steam leaving the reactor were on the order of 1100 and 130 ppm, rP.

specti vely. The chloride content of the pH-6 to -8 reactor water was less 

than the sensitivity of the analytical procedure employed, that is, 35 ppb. 

A doubt is raised immediately regarding the validity of the incidence 

of intergranular penetration of sensitized type 304 stainless steel de

scribed above as to whether the selective attack occurred as a direct re

sult of the extended exposure. ln1'ormation describing the occurrence did 

not include whether the specimens were chemically pickled after sensitiza

tion. It has been well documented that acid cleaning of sensitized steels 

should be avoided. 12 , 73 The use of some acid-cleaning solutions, notably 

nitric-hydrofluoric acid solutions, may result in intergranular corrosion 

during cleaning, although damage in addition to that occurring during 

pickling will probably not take place when sensitized and pickled compo

nents are subsequently exposed to primary water at about 580°F. 73 

Effect of Additives. Inorganic' inhibitors, such as hydroxides, 

chromates, molybdates, tungstates, etc., are effective in changing the 

corrosion characteristics of stainless steels. 29 Hydroxides and ammonia 

or basic amine inhibitors are widely used in the boiler industry for cor

rosion control. Organic inhibitors are probably unsatisfactory for use 

in high-temperature water reactors because of thermal and radiation in

stability. No experimental data are reported on specific beneficial 
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. effects of inhibitors in high-temperature-water stainless steel reactor 

systems other than hydrogen. In general, the·use of inhibitors offers 

a possibility of improving corrosion resistance. 

Boron additions sometimes are made to the coolant-moderator in order 

to supplement the mechanical control of pressurized-water reactors at 

startup. The quantity of boron required for this purpose will vary with 

the system design and operation but usually is in the range 600 to 1600 

ppm. 67 Apparently, such additions do not have an appreciable effect on 

the aggressiveness of the primary coolant, even though several cases have 

been reported where cracking of stainless steels occurred during exposure 

in an aqueous borated environment. 74 These tests were carried out in 

static 500°F water containing 600 ppm boron as boric acid. The materials 

exhibiting cracking were fully hardened AISI type 440-C and Armco 17~4 PH 

stainless steels. In the same tests, Armco 17-7 PH aged at 1050°F and 

AISI type 304 stainless steel, among others, were not subject to cracking. 

The good corrosion behavior of chromium-nickel austenitic steels was 

corroborated in another investigation designed to evaluate structural 

materials for the Yankee Atomic Electric nuclear plant. 75 The tests were 

run at 600°F in flowing water containing 1600 ppm boron as boric acid, 

0.3 ppm lithium hydroxide, and 25 to 30 cc hydrogen per kilogram of water. 

White and Krieg70 showed that corrosion of austenitic stainless steel 

was not seriously affected by the addition of 1500 ppm H3B03 to the water 

as a neutron absorber for control purposes, although this resulted in 

lowering the water pH to about 5. 

Effect of Wet Oxygenated Steam. In a boiling-water reactor, the net 

_products of the radiolytic decomposition of water pass through the turbine. 

In the Dresden nuclear station, the oxygen content of the steam is antici

pated to be 10 to 30 ppm, consistent with a dynamic-equilibrium quantity 

in the recirculating water. 46 Therefore the environmental conditions pro

duced by the steam-oxygen mixture can lead not only to general ·corrosive 
n 

and erosive action but may give rise also to oxygen-concentration cell ef-

fects conducive to pitting and crevice corrosion. 

These posstbilities have been the subject of a thorough investigation 

of turbine materials. 43 The first phase of the study was conducted with 
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industrial steam at 430°F and pH 6, with 0.05, 80, and 110 ppm oxygen. 

Erosion and corrosion effects were explored in the second phase with wet 

steam at 272°F, 70 to 110 ppm oxygen, and a pH of 8.8 to 9.5 .. The third 

phase was designed to P!9~uce information on the possible extents of pit-
.. .· ". , ........ ~ ... ~-.·"':"'""'" -

ting,. crevice, and galvanic corrosion in water and steam in autoclaves 

at 545°F with 50 to 110 ppm oxygen, initially, and a pH of 7. It was 

found that at pH 7, with high and low oxygen contents, the logarithms of 

the corrosion rates varied approximately linearly with the reciprocal of 

the absolute temperature. With low oxygen content, minor pitting occurred 

only in carbon steel, whereas with high oxygen content, all materials 

pitted, with carbon steel suffering the most severe attack. There was no 

correlation between hardness of the materials and erosion, which generally 

followed the order of expected corrosion behavior; that is, stainless 

steels were most resistant, with low-alloy steels next, and carbon steel 

and cast irun least resistant. 

Some of these observations were substantiated in another study of 

carbon, low-alloy, and stainless steels tested in a b?iling-water loop. 64 

Experimental conditions were 546°F in the steam, steam-water, and satu

rated-water sections and 537°F in the subcooled water section of the stain

less steel loop. The water and steam conditions were based on 10 to 20 

ppm oxygen in the steam, with a 1:8 stoichiometric ratio of hydrogen to 

oxygen. No significant differences were noted in the corrosion rates of 

the carbon and low-alloy steels tested, although all showed higher rates 

than the austenitic stainless steels tested. Also, the steels containing 

up to 5% chromium were subject to slight pitting and crevice attack. The 

amount of corrosion and iron-to-system release rates for carbon and low

alloy steels were considerably lower than those obtained by other investi

gators for similar materials in test loops simulating pressurized-water 

systems operated at neutral and high pH with deoxygenated water. It should 

be noted, however, that the corrosion of these materials might be aggra

vated by the rapid local fluctuations occuring in the temperature of the 

oxide on the metal during boiling-water reactor operation. These fluctua

tions might crack the oxide by thermal shock, reduce its protective prop

erties, and lead either to increased general corrosion or to pitting. 
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Crud Sources and Effects. Most waterborne impurities originate from 

the steady-state corrosion and wear of core and out-of-flux structural 

components. 67 Therefore the extent and nature of the depositable crud 

spec·ies formed is governed largely by the water chemistry and the compo

sitions of the system materials. The partly or completely transportable 

suspended and soluble corrosion products found in the primary coolant are 

of great significance for two reasons. First, the radioactivity induced 

by exposure to neutrons during transport through, or sojourn in, the core 

and the subsequent deposition of the activated corrosion products through

out the system might create a biological hazard that would result in re

stricted accessibility ·for plant maintenance. Secondly, crud deposition 

and buildup might foul heat-tra~sfer surfaces, increase the hydraulic 

friction factor and core pressure drop, and interfere with the proper func

tioning of valves, control rod mechanisms, and other sensitive devices. 

In a stainless steel. system, the effect of radiation and dissolved oxygen 

generally is to enhance crud formation, whereas maintenance of a high pH 

at the operating.temperature tends to reduce both the formation and depo

sition of corrosion products. Under reactor operating conditions, lithium 

·hydroxide is more stable.and therefore more effective than annnoniurn hydrox

ide in maintaining a higher pH for any level of initial concentration. For 

instance, while the normal .. crud level is O. 05 to 0. 25 ppm in a system op

erating with neutral water, and 0.01 to 0.2 ppm with ammonium hydroxide, it 

is only 3 ppb when lithium hydroxide is used as the pH-controlling agent. 

Effect of Irradiation. The corrosion behavior of austenitic and 

martensitic stainless steels, carbon steel, and other mate.rials both in 

the presence and absence of nuclear radiation was examined at 500 and 

600°F. 76 The test media were flowing neutral water, pH-8.9 to -9.5 am

moniated water, and pH-4.5 water containing 1 ppm oxygen. The data re

vealed that irradiation up to an integrated flux of l. l x 10?.J neutrons/ cm2 

had a tendency to decrease the corrosion rates of alloys that character

istically develop adherent oxide films and, conversely, to increase the 

rates-for materials that do not form such protective films. A plausible 

explanation may be that by decreasing the activation energy of the cor

rosion process, radiation enhances the initial rate of corrosion reac

tions of metals. This, in turn, leads to rapid film formation of the 
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first corrosion-product layers, which, if of favorable character, inhibit 

further corrosion. Such a hypothesis explains why carbon steel and mar

tensitic stainless steel, whose initial corrosion-product films are less 

protective, were the least corrosion resistant of the alloys investigated 

under irradiation. For all materials tested, the quantity of deposits 

formed in a carbon-steel test loop was appreciably greater than that in 

an austenitic stainless steel loop. As would be expected, an increase 

in water pH by the addition of ammonium hydroxide effectively decreased 

general.corrosion and minimized loose deposit formation. Some typical 

rates in the 600°F tests were 10 mdm (0.06 mpy) out of pile for type 304 

stainless steel and 5 mdm (0.03 mpy) for the same material in-pile. Car

bon steel corroded at a rate of 120 mdm (0.7 mpy) out of pile and 180 mdm 

(1.1 mpy) in-pile. 

5.2.2.2 Crevice Corrosion 

Crevice or contact corrosion occurs when surfaces of stainless steels 

are used in contact with each other and the surfaces are wetted by the 

corrosion medium or when a crack or crevice is permitted to exist in a 

stainless steel component exposed to such media. 47 This type of corro

sion has been noticed particularly in stainless steel joints made with 

gaskets to obtain a tight fit. So long as the joint is tight and doep 

not become wetted, crevice corrosion will not occur. Otherwise, failure 

may take place. Rapidly moving well-aerated solutions have less tendency 

to cause contact corrosion at crevices, such as in threaded joints or 

blind pockets. Contact or crevice corrosion is corrosion produced at the 

region of contact of, usually, nonmetallic materials with passive metals. 

It may occur at washers, under barnacles or applied protective films, and 

at pockets formed by threaded joints. Whether or not stainless steels 

are free of pit nuclei, they are always susceptible to this kind of corro

sion because a nucleus is not necessary. Contact corrosion may begin 

through action of a concentration cell. The accumulation of ~assivity

destroying corrosion products at stagnant areas soon converts the cell to 

a more rapidly acting passive-active cell. Corrosion then proceeds by a 

mechanism identical to that of pit growth. 
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Ellis and LaQue77 state that in environments capable of breaking 

down the passivity of metals, it is common for accelerated corrosion to 

occur within any crevices into which the corrosive medium may seep. As 

with other forms of electrochemical attack, a distinction must be made 

between the chance or incidence of crevice corrosion and the intensity 

of the attack when it does take place. There is good foundation for the 

belief that the mechanism of crevice corrosion involves electrochemical 

action between the surfaces of the crevice and those exposed freely to 

the environment outside it. In the simplest case, this would be a dif

ferential aeration or oxygen-concentration cell effect, with the metal 

within the crevice (which is shielded from free access to dissolved oxy

gen) becoming anodic to the outside surfaces freely exposed to the oxygen

bearing solution. When stainless steels or other metals and alloys that 

resist corrosion as a result of the favorable influence of oxygen or other 

oxidizing media and which likewise exhibit a more noble potential when 

in this passive state, the matter becomes complicated and aggravated by 

the active-passive galvanic cells that may become established. The metal 

within the crevice that is shielded from oxygen may become active, while 

that outside in free contact with oxygen will maintain its passivity. 

The difference i~ potential between the active and passive states will 

become a· driving force in the galvanic corrosion of the anode within the 

crevice. It can be assumed therefore that the crevice corrosion of a 

passive metal is simply a particular kind of galvanic cell, with the anode 

being the active metal within the crevice and the cathode the passive 

metal ·outside it. This being the case, the action of this cell should 

obey the rules of other galvanic cells. In particular, in environments 

where the galvanic cell reaction is under cathodic control (e.g., where 

the supply of oxygen to depolarize the cathodes has a controlling effect) 

the extent of corrooion of the anodes within the crevice should be deter

mined principally by the area of the freely exposed surfaces (cathodes) 

outside.the crevices, in accordance with the "Catchment Area Principle" 

based on experiments by Whitman and Russe11. 78 It would follow then that 

corrosion in crevices should be most serious where the area of freely 

exposed metal outside is relatively large, and least serious under cir

cumstances where the metal outside the crevice is relatively small, and 
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perhaps even nonexistent as in the case of a continuous crevice such as 

would exist where only metal within the crevice would be exposed to the 

corrosive liquid. These principles, advanced by Ellis and LaQue, 77 were 

substantiated in subsequent experiments with crevice-type stainless steel 

specimens exposed in seawater. 

Vreeland 69 comments that corrosion in crevices can occur because of 

(1) an increase in metal-ion concentration within the crevice as compared 

with the concentration outside the crevice, which may then resuit in con

centration-cell corrosion; (2) a decrease in oxygen concentration inside 

the crevice, which may then result in oxygen-concentration-cell corrosion; 

or (3) increa8ed corrosivity resulting from the accumulation of soluble 

and insoluble corrosion products formed within the crevice. All three of 

these mechanisms are the result of little or no fluid circulation through 

the crevice. The following variables are important in the consideration 

of crevice corrosion: 12 composition of the material, oxygen content of 

the water, hydrogen content of the water, water pH, and temperature. Also 

important in applications involving moving components are the amount of 

clearance between surfaces and the relative movement between surfaces. 

In many crevice tests conducted at elevated temperatures with dif

ferent materials, 12 it was found that the extent of crevice corrosion 

generally decreased with the increasing corrosion resistance of the ma-

, terial tested. Straight chromium stainless steels and high-nickel-bearing 

alloys were subject tq slight pitting in crevice areas, whereas austenitic 

stainless steels were not. The choice of materials for applications in 

which crevices occur should probably be limited to those that do not show 

pitting and which show the least amount of corrosion-product buildup. 

To determine the oxygen effect on crevice corrosion, tests were run 

at 500°F in high-purity water containing either 0.014 ppm or less than 

0.001 ppm dissolved oxygen. 12 In the degassed water, the amount of crev

ice corrosion observed was insignificant, but high operational torque or 

seizure occurred in the water with the higher oxygen content. It has 

been shown also in water at elevated temperatures containing about 45 ppm 

hydrogen and 0.007 to 0.014 ppm oxygen that hydrogen can control crevice 

corrosion by minimizing the adverse effects of oxygen. 12 These tests 

showed that crevice corrosion is virtually eliminated in water containing 
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sufficient hydrogen. No great problems have been encountered with crevice 

corrosion.in boiling-water reactors that have both oxygen and hydrogen 

in the cooling water. Also, limited tes.ts in high-temperature water in

dicated that a high pH (10 to 11) has an inhibiting effect similar to 

that observed for hydrogen additions. 12 

5.2.2.3 Galvanic Corrosion 

Galvanic corrosion may arise when two dissimilar metals are in con

tact in an aqueous environment. The potential difference between them 

will initiate attack at a corrosion-rate that is largely dependent upon 

the surface reactions· of the two metals. 5 5 As mentioned earlier, surface 

films affect the efficiency of an electrode. A bare metal is a much 

better cathode than one covered with an oxide, which, apart from its pos-

·. s~ible int~rference with hydrogen evolution, puts an additional resistance 

into ~he electrochemical circuit. The stability of the oxide in the 

solution is therefore of some importance. Since the diffusion of oxygen 

is frequently the rate determining factor in aqueous corrosion, large 

cathode-to-anode surface area ratios will frequently result in intense 

galvanic attack> Such effects are most likely to occur at joints of 

structures joined together by a different metal. 

In the passive state the stainless steels have a noble galvanic 

. potential; hence, when connected under corrosive conditions with more 

· active metals, like carbon steel, for example, accelerated corrosion will 

occur on the latter. 47 This is true particularly if the areas of the two 

dissimilar metals are equal to each other or if the area of the stainless 

steel is greater. Stainless steel may be coupled with active metals in 

some environments if its area is much less than that of the active metal. 

A good example is the use of an 18-8 stainless steel rivet in a carbon 

steel plate immersed in sea water; in this instance the 18-8 steel does 

not appreciably increase the corrosion of the carbon steel plate. 

LaQue and Copson22 state that galvanic corrosion provides an excel

lent example of the separation of anodic and cathodic reactions. If an 

electrical contact is made between two metals that have different poten

tials, current must flow between them. The more active metal becomes the 

anode. On this member of the couple, .. the potential shifts in a more noble 
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direction, with a corresponding increase in the metal oxidation reaction 

and decrease in the reduction reactions. On the· other member of the 

couple the current produces cathodic protection. It causes the potential 

to shift in the active direction, with a corresponding decrease in the 

metal oxidation reaction and increase in reduction reactions. The two 

metals polarize to about the same potential, with any difference being 

equal to the IR drop through the solutions. The importance of surface 

areas should be stressed, because it is the current density and not the 

total current that determines the corrosion rate. It is unwise to combine 

a small area of the anodic member of a couple with a large area of the 

cathodic member. The reverse relationship is usually not troublesome. 

In galvanic behavior, iron is usually anodic (less noble) to stain

less steels and other metals, such as nickel, brasses, bronzes, etc. 22 

In any neutral solution corrosive.to iron, the attack will be accelerated 

when a cathodic metal is coupled with the. iron. 

The active-passive relationship of stainless steels has an important 

influence on their galvanic behavior. In the active condition, stainless 

steels behave ga1vanically like iron and steel. 79 For example, copper 

and copper alloys will accelerate the attack of active stainless stee180 

but will not result in galvanic corrosion when the stainless steel is in 

a passive state. 

Stainless steels will not suffer accelerated attack when coupled 

with other metals in any solution so long as they remain passive. 22 

Coupling with other metals can break down passivity in special circum

stances. Severe damage to stainless steel can result when a localized 

area of the surface becomes active for any reason. At this area, gal

vanic acceleration takes place with the adjacent passive surfaces serving 

as part of the cathode area. Although stainless steel is not usually 

attacked galvanically, it may accelerate attack on the other contacting 

metal because of its strongly cathodic nature.si,s2 Hydrogen deposition 

at an 18-8 stainless steel cathode does not necessarily destroy its pas

sivity, as has been shown by current and potential measurements. 22 

There appears to be a paucity of information in the literature on 

the galvanic corrosion behavior of carbon steel and stainless steel cou

ples in high-temperature high-purity water. What little information was 
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found originated from the Westinghouse Electric Corporation. 37 In the 

tests reported, ·carbon steel coupled directly with stainless steel was 

exposed at low and high temperatures under conditions simulating those 

encountered during operation of the Yankee nuclear power reactor. At 

140 to 160°F in pure water containing 0.5 to 2 ppm oxygen, the principal 

fo.rm of attack on the carbon steel was due to galvanic corrosion. 83 At 

the lower oxygen content, the total attack produced a corrosion rate of 

1.3 mpy, of which 1.1 mpy was attributed to galvanic corrosion. At the 

higher oxygen level, the attack attributed to galvanic corrosion was 9.0 

mpy, which was about the same as the total attack rate. With 7 ppm LiOH 

and 0.5 ppm oxygen present, the attack due to galvanic corrosion was re

duced drastically to 0.03 mpy after 82 days. The total attack rate in 

this case was 0.05 mpy. In other tests, the room-temperature rate for 

carbon steel coupled to stainless steel in an air-saturated solution con

taining 3000 ppm boron as ~oric acid was. 5.3 mpy. Uncoupled carbon steel 

in the, same environment corroded at.a rate of 6.4 mpy. Under flow con

ditioris at·600°F, with 0.05 to 0.15 M H3B.03, water pH from 5.2 to 6.3, flow 

from 2 to·36·fps, and 100 cc of hydrogen per kilogram of water, the cor

rosion rates, including both galvanic· and general corrosion, ranged from 

0.07 to 3.0 mpy.for carbon steel coupled with stainless steel depending 

on (1) the velocity of the fluid passing the specimens, (2) exposure time 

in fluid, and (3) boric.acid concentration. The tests were run in deaerated 

water. In semistatic galvanic tests with carbon steel coupled with stain

less steel, corrosion rates for the carbon steel ranged from 0.7 to 0.9 

mpy under a variety of conditions that included temperatures from 600 to 

650°F, boric acid concentrations from 0 to 0.1 M, oxygen content of less 

than 0.1 ppm, and hydrogen from 0 to 100 cc per kilogram of water. 

5.2.2.4 Stress-Corrosion Cracking 

Stress corrosion is a type of corrosive attack that occurs through 

the combined action of tensile stress and a corrosive environment. Con

siderable information has appeared in the literature, particularly during 

recent years, with regard to stress-corrosion cracking of the austenitic 

stainless steels and related materials, but there is no generally accepted 
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consolidated theory on the mechanism involved in such cracking processes. 

The stress may be either applied or residual within the metal. However, 

it must be a tensile stress. No cases have been reported where stress

corrosion cracking occurred under compressive stress in a conducive en

vironment. The aggressiveness.of the corrosive environment required to 

cause cracking may vary for different materials. The environment may be 

quite mild and produce little or no corrosive action in the absence of 

stress. However, the same environment might cause cracking of the same 

material in the stressed condition. Stress-corrosion attack takes the 

form of cracks that grow slowly or rapidly depending on environmental 

conditions. The cracks may be intergranular, transgranular, u1· a com

bination of both. 

Stress-corrosion cracking can be caused by two corrosive media in 

nuclear power plants. 12 One is the high-purity water in the primary 

coolant system of water-cooled reactors; the other is the boiler water 

in.the secondary steam-generation system. In addition, the action of 

these waters can vary depending on whether a material is exposed in the 

liquid phase or in the vapor phase. Except for a few specialty items, 

such as materials of spring temper, stress-corrosion cracking is not 

known to be a problem in primary water systems. It appears that the few 

problems that do exist can be circumvented without much difficulty by the 

proper selection of materials and their heat treatment. Much can be 

accomplished toward the reduction or elimination of stress-corrosion crack

ing in austenitic stainless steels by the use of annealed steels, stabi

lized steels, and stress-relief treatments and by keeping design and oper

ating stresses as low as possible. However, these measures alone are not 

always enough, and positive control can be achieved only by employing spe

cial precautions to inactivate the corrosiveness of the reactor water. 

It appears that cracking of austenitic stainless steels can be inhib

ited effectively in the liquid phase of ordinary chloride-free boiler water 

by an alkaline-phosphate water treatment similar to ·that used in conven

tional naval boilers. 12 However, this treatment is not effective in the 

steam phase, and it is here that more extreme methods of control must be 
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exercised. The most critical areas in the steam phase are those in which 

the equipment is subjected to intermittent wetting and drying. This can 

come about above the water level by splashing on heated surfaces, carry

over, etc. 

Highly critical areas can also exist below the water level. Zones 

that are especially vulnerable exist in.crevices formed by tube joints 

and under corrosion deposits, where local hot spots can develop and cause 

the water to flash to steam. The intermittent wetting and drying leads 

to the concentration of boiler water"• constituents (and chloride, if pres

ent) and thereby creates a locally agressive medium in an otherwise.mild 

environment. 

It has been demonstrated that for stress-corrosion cracking to occur 

in susceptible materials, such as the austenitic stainless steels, both 

oxygen and chloride must be present in the environment.i 2 ,s 4-s 7 Keeping 

the chloride content at a low average level is helpful but not foolproof 

under conditions where local concentration can take place. One of t4e 

most effective methods to prevent cracking, particularly in the secondary 

system, is to keep the oxygen content at the lowest possible level. This 

may necessitate the use of oxygen scavengers. 

The stress-corrosion cracking behavior of austenitic stainless steels 

in primary-system water has not been explored as extensively as might be 

desired, but available evidence shows that cracking is not a problem in 

major constructional components of nuclear systems.i 2 , 69 Such components 

are generally fabricated from annealed materials or are stress-relieved 

after fabrication. Operational stresses are not sufficiently high to pro

mote cracking in high-purity primary water systems. On the other hand, 

heavy cold working of these alloys may induce susceptibility to cracking, 

particularly in water containing oxygen. The results of a limited number 

of tests in BWR environments of stressed but not cold worked specimens in

dicate that stress-cracking of austenitic steels of the chromium-nickel, 
' chromium-manganese-nickel, and chromium-manganese-nitrogen types does not 

occur during exposure to BWR conditions in which both oxygen and hydrogen 

are present in the water. 24 
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Uhlig13 states that in environments for austenitic stainless steels, 

the two most damaging ions are chloride and hydroxyl. In sodium chloride 

and other neutral solutions, cracking is observed only if dissolved oxygen 

is present, 87 and the amount of chloride needed to cause damage can be ex

tremely small. Cracking of 18-8 stainless steel heat-exchanger tubes has 

been observed in practice after contact with cooling water containing 25 

ppm chloride or less, and cracking has also been induced by small amounts 

of chloride in magnesia insulation wrapped around stainless steel tubes. 88 

In these instances, there is evidence that small pits form first at which 

chlorides concentrate by electrolytic transference, and then cracks are 

initiated by concentrated ferrous chloride and analogous chloriues within 

the pits. Hence, oxygen is needed for stress-corrosion cracking in sodium 

chloride solutions because pitting occurs only in its presence or in the 

presence of other depolarizers. It should not be assumed, however, that 

pitting is a requisite for cracking to occur. Cracking by alkaline solu

tions requires relatively high concentrations of hydroxyl ions. Therefore 

cracking of 18-8 stainless steel usually takes place not ~n alkaline boiler 

water but rather within the splash zone above the waterline, where dis

solved alkalies concentrate by evaporation. Dissolved oxygen is not re

quired in such solutions for failure to occur. 89 It is expected, however, 

as in the case of chlorides, that depolarizers accelerate cracking. 

Scully55 states that service failures occur in pressurized water at 

392 to 572°F and above with as little as a few ppm of chloride ion and 

a few ppm of dissolved oxygen present. Often the cracks are associated 

with a white corrosion product. In service failures, cracks are sometimes 

found filled with corrosion products, and it has been suggested that these 

serve to "wedge open" cracks like ice breaking up rocks by forming from 

water in fissures. 90 Hydrogen is evolved during the cracking of austenitic 

stainless steels, although most of the cathodic reaction is the reduction 

of oxygen. It has been suggested that hydrogen causes the cracking by 

embrtttlement or by the formation of a very active hydride that is readily 

dissolved. 91 Since cathodic polarization stops cracking, although it 

produces more hydrogen, hydrogen embrittlement seems to be a wrong ex

planation. The active hydride theory requires more experimental data. 
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5.2.3 Results of Pressure Vessel Examinations 

5.2.3.1 Yankee Reactor 

As of January 1965, the total power generation of the Yankee pres

surized-water reactor, which first went critical in August 1960, passed 

four billion kwhr. 92 The reactor with a current heat output of approxi

mately 600 Mw has design conditions of 650°F and 2500 psig. During the 

1965 refueling, all fuel was unloaded, and the core barrel and core-sup

port structure were removed to permit a partial inspection of the pressure 

vessel. 37 It was found that one material irradiation capsule had broken 

up and released Charpy impact specimens and other debris into the lower 

head area. In the process, several small areas were worn in the lower 

head cladding in the northwest quadrant. 

The lower-head material is A 302 grade B carbon steel clad by the 

Babcock & Wilcox intermittent spot welding process with 0.109-in.-thick 

type 304 stainless steel. The cladding process results in a welded bond 

over approximately 70% of the area, with the rest of the carbon steel

stainless steel interface unbonded. The unbonded areas are interconnected, 

so in the event of a cladding defect, 30% of the .interface of one 4- by 

8-ft sheet could be exposed to the reactor coolant. 

Although there were numerous scratches and gouges in the cladding, 

the carbon· steel was apparently exposed only in two small adjacent areas 

totaling about 2 in. 2 • The minimum original thickness of the A 302 grade 

B carbon steel, as measured after forming the hemisphere, was 4.110 in. 

This compares with a minimum allowable thickness, as required by Section 

VIII of the ASME Code, of 3.774 in. and, as required by Section III, of 

something less than 3.0 in. The maximum depth of the defect through the 

0.109-in.-thick cladding, measured by impressions, was not more than 

0.115 in. If it is a::;::;umed that 0.010 in. of general wear took place near 

the penetrations, the reduction in thickness of the carbon steel was ap

proximately 0.016 in. This leaves a present thickness of 4.094 in. and 

at least 0.3·in. of material available before the minimum allowable di-
' 

mension is reached. On the basis of extensive investigations and analyses, 

this is considered to be more than adequate corrosion allowance for the 

lifetime of the vessel. 

·, 
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The total penetration by corrosion of the exposed A 302 grade B car

bon steel is estimated to be less than 100 mils for the rest of the plant 

lifetime. This is made up of 25 years of hot operation with a penetration 

of 1 mpy and 30 cold shutdowns of 2 months, each with a penetration of 

1.5 mils per shutdown. As is shown above,. there is presently 300 mils 

over the minimum thickness, so a total corrosion penetration of 100 mils 

is acceptable. 

The penetration rate during normal operation used in the previous 

analysis is based on a corrosion rate of 150 mdm (1 mpy). This rate in 

turn is based on available experimental information that was developed at 

conditions of temperature, flow, and boric acid concentration quite simi

lar to those at Yankee. No allowance is included for galvanic corrosion, 

since with the high-resistivity water and low oxygen conditions of normal 

operation, this is not expected to exert an appreciable effect. 

The penetration rate during refueling is based on a corrosion rate 

of approximately 1500 mdm (10 mpy). This corrosion rate is a conserva

tive estimate that includes an allowance for the effect of the galvanic 

corrosion that may take place in the aerated water present in the vessel 

during this period. It seems clear that any galvanic corrosion will take 

place primarily at the area of cladding penetrations and will very rapidly 

diminish away from this area because of polarization of the stainless 

steel cathode due to the buildup of hydrogen in the region between the 

stainless steel and the carbon steel. 

During normal operation there will be no oxygen in the coolant, and 

crevice corrosion does not generally occur in the absence of oxygen. The 

available data show that during cold shutdown conditions, rates of crevice 

corrosion will be even less than the general corrosion rate. Although 

there is more oxygen in the coolant during shutdown, the availability of 

oxygen behind the tightly fitting stainless steel cladding will be very 

limited. 

No mechanism exists in the area of penetr.at:i.on for the concentration 

of the alkali without which stress-corrosion cracking will not take place. 

Furthermore, a.mmon:ium hydroxide, the only alkaline additive normally used 

in the main coolant, is not subject to concentration because of its vola

tility. 
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5.2.3.2 Experimental Boiling Water Reactor 

The Experimental Boiling Water Reactor (EBWR) was designed to produce 

20 Mw of heat in the form of 600-psig saturated steam (489°F), which was 

fed directly to a turbine-generator producing 5 Mw of electricity. 93 Full

power operation at the design level of 20 Mw(t) was obtained in December 

1956. In 1960, modifications were made to permit operation at 100 Mw(t), 

which was realized in 1962. The plant was then shut down due to termina

tion of the boiling-water program at the EBWR. 

With the release of the EBWR from the water-cooled reactor program, 

Argonne National Laboratory requested participation in the plutonium re

cycle program on the phase of work that would be appropriate for use of 

the EBWR facility. Preparations for operating EBWR in this program in

cluded examination of the reactor vessel. The pressure vessel was designed 

and fabricated in 1955-56 in accordance with Section I, Power Boilers, of 

the ASME Boiler and Pressure Vessel Code (1952 Revision). The vessel was 

fabricated from SA 212 grade B carbon steel plate and was clad with 0.109-

in. -thick AISI type 304 stainless steel. The vessel plates for the shell 

and lower head were clad by intermittent spot-resistance welding of the 

stainless steel to the carbon steel plate. The cladding was resistance 

welded to the base plate while both were submerged in water. Integrity 

of the cladding on the finished vessel was established by introducing 
1

nitrogen at 900 psi between the cladding and the base plate and testing 

' 

for cracks with liquid soap on the surface of the cladding. A few cracks 
. . 

were detected that were repaired by welding prior to shipping the vessel. 

During the postoperation examinations, visual and dye-penetrant in

spections of the acces~ible portions of the interior of the pressure ves

sel revealed numerous cracks in the resistance-welded cladding of the 

cylindrical part of the vessel. The removal of the steam-collector duct 

and the shock shield'permitted inspection of approximately half the re-

actor vessel. All cracking was found to be in the resistance-welded' clad

ding. The upper-ring forging, vessel head, and nozzles, which were clad 

by weld-overlay.techniques, were free of cracks. In many instances the 

-cladding cracks extended through the stainless steel to the carbon steel 
( 

base plate, as determined by gas tests. The through cracks were ground 

( . 

-_J 
' 
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out to the pressure vessel base metal, with dye-penetrant inspections 

interspersed during the process. The grinding and inspection were extended 

to, and slightly into, the SA 212 grade B base metal. No evidence was 

found of crack propagation into the base metal nor was there evidence of 

gross generation of iron oxide or local pitting at the cladding-base metal 

interface. 

When cracking was first discovered in the pressure vessel cladding, 

it was assumed that the cracking had developed over the past five or six 

years as a result of service conditions, for example, radiation effects, 

thermal fatigue, and possibly stress corrosion. The fact that similar 

failures occurred on practice plates used to develop welding procedurr~s, 

apparently to an even greater degree, even though they were not exposed 

to a reactor environment but only to an atmospheric environment, led to 

an intensive investigation designed to determine the cause of cracking. 

The majority of the through cracks in the cladding were ground out 

to the base metal. Since the cracks appeared to increase in size and 

number as the cladding was ground out, it appeared that they may have 

originated at the interface between the cladding and the base metal .. This 

was generally true for cracks that extended through the cladding, but it 

could not be definitely stated for all such cracks, since it was found 

that many of the cladding cr·acks started at a point remote from the inter-

face, such as at the weld nugget. Approximately 40 linear feet of cracks 

was ground out, and the area was examined. The surface was carefully 

cleaned, and dye-penetrant inspection was continued approximately 10 to 15 

mils into the base metal. No evidence of cracking of the base metal was 

found nor was there any indication of parting in the resistance welds 

bonding the cladding to the vessel wall. 

Approximately 30 in. 2 of the SA 212 grade B steel behind the cladding 

became available for examination when strips of cladding were removed· for 

chemical analyses. In all exposed areas, the carbon steel wall was found 

to be covered with a thin layer of black oxide, probably magnetite (Fe304). 

No pitting attack or red oxide were found. The interface side of the clad

ding was also covered with a thin, adherent, black oxide film and was free 

of reddish-brown iron rust. 
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'Chemical, macroscopic, and -microscopic examination of the type 304 

stainless st·eel cladding yielded much graphic ahd qualitative data. At

tempts were made to obtain samples of the thin oxide film on the pressure 

vessel wall for chloride analysis after the cladding had been removed, 

since during resistance welding of the cladding to the carbon steel plate 

by the fabricator, softened water containing chlorides was used to remove 

the heat of welding. It was speculated that some chloride ions may have 

peen trapped at the interface during the welding process. However, the 

nature of the black oxide film was such that suitable samples could not 

be obtained for analysis. Instead, drillings from the pressure vessel 

wall were analyzed for chloride. Chloride contents were found to vary 

from 6 to 425 µg. Since it is known that some oxides, particularly alumi

num oxide, have the ability to concentrate chlorides by factors of 10 to 

100, 94 tests were carried out by Argonne National Laboratory to determine 

whether Fe203 and Fe304 would absorb chloride ion preferentially from 

water containing sodium chloride. Although there was a slight indication 

of adsorption by the Fe 2o3, the amount was almost within the range of ex

perimental error, so no definite conclusion could be drawn that selective 

adsorption had occurred. For various reasons; the results of the chloride 

analyses from the pressure vessel wall drillings were believed to grossly 

overestimate the actual chloride contents by virtue of accidental chloride 

c0ntamination. 

Metal~ographic examination showed the stainless steel to be severely 

sensitized. This phenomenon in unstabilized or low-carbon grades is 

brought about by subjecting the stainless steel to temperatures in the 

range 900 to 1500°F. The most critica~ range is 1150 to 1200°F. The 

degree ·of chromium carbide precipitation under such conditions is also 

time dependent.· During stress relief of the pressure vessel after fabrica

tion, the type 304 stainless steel cladding was held at 1150 to 1200°F 

for at' least 9 hY and was in the temperature range above 900°F for at 

least an additional 6 hr dliring heating and cooling. 

Although the cracking of the vessel cladding was of prime interest, 

all ·samples examined were searched for evidence of concurrent cracking 

in the SA 212 grade B vessel plate. Several microcracks up to 8 mils 

in depth were found. A number of deeper microcracks were filled with 

J 
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intruded type 304 stainless steel from the cladding process. Many in

trusions of molten stainless steel into oxide interfaces were found also. 

Metallographic studies on test plates not exposed to the reactor environ

ment showed conclusively that the unfilled microcracks in the sA· 212 grade 

B plate existed before the cladding was applied and were probably formed 

during the initial fabrication of the plate. None of the specimens ex

amined showed any evidence of propagation of the surface microcracks as 

a result of the cladding process, vessel fabrication, or reactor opera

tion. Propagation of these microcracks is not expected in the furture 
I 

operation of the vessel, which will occur at the same or lower temperature 

and pressure levels as in the past. 

After very extensive investigation, it was concluded by simple and 

straightforward calculations that the most probable causes of cracking 

in the stainless steel pressure vessel cladding were, initially, the dif

ferences in the behavior of materials during the fabrication stage and, 

later, to low-cycle fatigue failures. Other failure mechanisms undoubtedly 

aided in the development of localized fractures of the reactor vessel clad

ding, inasmuch as all the type 304 stainless steel was sensitized initially 

by thermal heat treatments at the fabricator's plant. 

Although high cladding stresses, oxygen, and abnormal grain boundaries 

existed simultaneously in the reactor vessel, the use of an ion-exchange 

system maintained the water essentially free of chloride ions. Thus the 

exposed surface of the cladding was free of chloride ions. Chlorides may 

have been present at the interface between the stainless steel cladding 

and the carbon steel base metal; however, oxygen and water are required 

to form the active chloride-induced stress-corrosion cracking mechanism. 

This mechanism, to be effective, would require a prior breaching of the 

cladding barrier. Therefore, dcGpite the presence of small amounts of 

chloride at the cladding interface, it is not believed that the chloride 

stress-corrosion cracking mechanism was a primary cause of the EBWR ves

sel cladding cracking because of the following: 

1. Cracks in the cladding of the 2-in.-thick practice plate, which 

should be most susceptible to stress-corrosion cracking by virtue of a 

moderately high chloride content (5 ppm by chemical analysis) at the car

bon-stainless steel interface, originated at the surface of the cladding. 
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2. There·was no means of concentrating chlorides in the reactor ves

sel, such as a water-steam zone, where the water carries chlorides that 

precipitate out on evaporation, unless the cladding had already been 

breached. Even then, the reactor primary water was so carefully controlled 

-.that the presence of chloride ions was-highly unlikely. 

3. Many cracks were internal with respect to the stainless steel 

cladding and extended neither to the surface nor to the interface. 

Since the pressure vessel will be operated without recladding the 

areas of SA 212 grade B steel laid bare as a result of grinding out cracks 

in the cladding, an evaluation was undertaken on the corrosion behavior 

of the exposed carbon steel under reactor operating conditions. The gen

eral corrosion of SA 212 grade B carbon steel in 500°F oxygenated water 

is about 2.5 mpy.i 2 While the corrosion of carbon steel coupled with 

austenitic stainless steel might be expected to accelerate due to galvanic 

effects, particularly in view of the relatively small area of carbon steel 

exposed, it must be kept in mind that the reactor primary water is a poor 

conductor. Copson and Berry reported that galvanic coupling of Inconel 

to carbon steel or to type 347 stainless steel does not accelerate attack 

on either member of the couple when exposed to reactor water. 95 Since 

the potential of Inconel is essentially the same as that of the 300 series 

stainless steels, ~t would appear that galvanic corrosion would not be of 

any significance between the stainless steel cladding and the SA 212 grade 

B base plate. 

Some pitting is possible in the crevices formed by the interface of 

the SA.212 grade B steel with the type 304 stainless steel. The role of 

dissolved oxygen is believed to be the controlling factor in pitting. 

· If oxygen is present in small amounts and the corroding solution is stag

nant, passivity may not be preserved over the entire surface, and pitting 

may result. If the concentration of oxygen is sufficient to maintain an 

unbroken passive film over the entire surface, pits will not form. In 

the absence of oxygen or some other oxidizing agent, the cathodic areas 

will not be depolarized, and the development of pits will be arrested. 

The thickness of the SA 212 grade B pressure vessel wall is about 9/16 in . 

more than the Code requires, and thus prolonged operation can be sustained 

at the .general corrosion rate of 2.5 mpy. 

t• 
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5.2.3.3 Heavy-Water Components Test Reactor 

The Heavy-Water Components Test Reactor (HWCTR) was operated for a 

three year period from 1962 to 1964 to test candidate fuel elements for 

heavy-water-moderated and -cooled power reactor systems. 6.5 Operation was 

terminated on December 1, 1964. Shutdown and layaway of the HWCTR per

mitted thorough examination of the equipment. 

The HWCTR, a pressurized reactor moderated and cooled with heavy wa

ter, had a design temperature of 600°F and a design pressure of 1500 psi. 

The maximum design power was approximately 70 Mw(t). Mild carbon steels 

were used for all high-pressure pipe, steam generators, main-system purge 

cooler, gas pipe, main storage tank, and some of the low-pressure pipe. 

Al~ secondary coolant equipment was mild steel, except the heat exchangers, 

which were either stainless steel or Inconel. The reactor vessel was fab

ricated from ASTM A 212 grade B carbon steel and lined with 0.250-in.

thick type 304 stainless steel. Other types of carbon steel used in the 

above components were ASTM A 106 grade B, ASME SA 210, and ASME SA 285. 

In the reactor vessel, no mild steel was exposed to the moderator. 

To minimize corrosion of the mild steel, the D20 moderator coolant 

was maintained alkaline at pD 10.7 ± 0.5 with lithium hydroxide. Careful 

control of dissolved oxygen was essential because of the susceptibility 

of the mild steel to general corrosion and pitting. Deuterium gas was 

added to the pressurizing gas, helium, and controlled at 1.5 to 3.0% by 

volume .. The dissolved deuterium combined radiolytically with dissolved 

oxygen to give a dissolved oxygen concent.ration of approximately 5 ppb. 

Stainless steel was protected against chloride stress-corrosion cracking 

by careful control of the chloride contents of the moderator and of such 

auxiliary materials as lubricants, gaskets, 0-rings, insulation, cleaning 

agents, and filters. 

The secondary coolant system was a once-through system. Chemically 

treated well water served as coolant for miscellaneous heat exchangers 

and as boiler i'eed makeup i'or steam genera ti on. The well water was char

acterized by low solids (15 to 20 ppm), low pH (4.2 to 5.3), high carbon 

dioxide (23 to 28 ppm), high dissolved oxygen (3 to 6 ppm), and a chloride 

content around 2 ppm. 
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Treatment of the secondary cooling water was entirely by chemical 

addition; that is, no deionization or deaeration was used. 

The basic treatment consisted of the following: 

1. Catalyzed sodium sulfite was added for cold-water reaction with 

dissolved oxygen. 

2. Sodium phosphates were added in a "coordinated pH phosphate con

trol" plan to provide alkalinity for corrosion control and to prevent 

deposition of silica scale. 

3. A chelating agent, "Versene," was added to complex calcium and 

magnesium compounds to eliminate deposition of objectionable hardness 

scale on heat transfer surfaces. 

This system operated satisfactorily with no evidence of oxygen-cor

rosion pitting until July 1964, when a tube failure occurred in one of 

the steam generators. Inspection of the cooling water (shell) side. of 

the generator showed that severe pitting corrosion had taken place over 

the short ~ime interval of a few months since a previous inspection. 

A review of performance data showed that the sulfite residual in the 

feedwater had always been maintained greater than 10 ppm, and the bi

monthly analysis for dissolve.d oxygen had always indicated zero. However, 

the condition of the steel tubing indicated a type of pitting character

istic of oxygen attack. Extensive investigation disclosed that of two 

brands of sodium sulfite used during the period preceding the tube fail

ure, one brand failed to remove dissolved oxygen from the ~ater with suf

.ficient rapidity to minimize corrosion to the steam generator. It was 

also. shown that the standard method for testing for oxygen is unsatis-

factory in the presence of residual sulfite. A modified Winkler method 

was developed in which the excess sulfite was removed by iodine as a pre

liminary step. Using the modified method, laboratory tests on samples 

taken from the HWCTR feedwater system while using the slow-reacting sodium 

sulfite showed that 2 to 5 ppm oxygen c?uld have been in the treated feed

water going to the steam generators during the period that this particular 

brand of sulfite was used. 

Corrosion of mild steel was monitored by inspecting corrosion coupons 

from the reactor (in core and out of core) and storage tank, inspecting 

equipment, and analyzing the moderator for corrosion products. Numerous 

,· 



I 

205 

inspections were made of mild-steel equipment and pipe, includ~ng the 

purge cooler heads, steam-generator heads, pipe in several locations, and 

two sections of tube that were removed from the steam generator. Without 

exception, the condition of each component was excellent, even after ex

tended shutdowns for as long as three months during which considerable 

dissolved oxygen was in the water. All the surfaces were covered uni

formly with adherent black (magnetite) film and showed no rusting, general 

corrosion, or pitting. 

Prior to initial nuclear operation, corrosion coupons were placed in 

the heavy-water system at.; the following locations: 

1. reactor vessel, in-core, 

2. reactor vessel, above core in D20, 

3. reactor vessel, at D20-gas interface, 

4. reactor vessel, in gas phase, 

5. storage tank, in D20· 

Coupons were removed periodically and examined for weight loss, pit

ting, iron release to moderator-coolant, and cracking of stressed speci

mens. All weight losses were measured on descaled coupons, and a total 

of 61 coupons was examined. The period of high-corrosion. rates and oxide

film growth apparently ended prior to 4400 hr of exposure. After 4400 hr, 

the corrosion rates were very low. For example, the average weight loss 

between 4,400 and 15,240 hr of exposure was only 1.8 mdm (0.01 mpy). The 

highest corrosion rate observed on any of the samples was only slightly 

in excess of 0.1 mpy for a specimen of ASTM A 106 exposed above the core 

of the reactor for 995 days, including 380 days during which the reactor 

was critical. 

Although no pitting was found on mild steel pipe, tubes, or other 

reactor components, minor pitting did occur on the corrosion coupons. 

Pits ranged up to 8 mils in depth for exposure periods from 4,400 to 

23,880 hr. Tw? corrosion coupons that were examined were exposed during 

preoperational light-water te3ting and then left in t.hP. water for further 

exposure. These two coupons showed less corrosion than the others that 

were not placed in the reactor until after the light-water test period. 
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One holder containing nine stressed ASTM A 106 coupons was exposed 

for 535 days at the D20-gas interface in the reactor vessel. The primary 

purpose of this set of coupons was to determine whether caustic cracking 

would occur on stressed mild-steel surfaces where lithium hydroxide salt 

deposits mig~t accumulate. No salt deposits could be seen on the coupons 

when they were removed and no coupons cracked. Descaled corrosion rates 

ranged from 0.03 mpy in the vapor to 0.05 mpy in the heavy water. The 

rates were somewhat lower than the rates for unstressed coupons exposed 

deeper in the heavy water, so no effect of stress on general corrosion 

behavior was indicated. 

Inspections were made periodically of types 304 and 316 stainless 

steel equipment, including the reactor vessel lining, pipe, pumps, and 

internal components of the reactor vessel. Without exception, all sur

·faces were uniformly covered with a gray-black oxide film. No cracks or 

other defects were found. A number of types 304 and 316 stainless steel 

stressed coupons in annealed and in sensitized condition were examined 

after exposures up to 1004 days in core and out of core. No cracks were 

found, and corrosion rates were extremely low......: not in excess of 0.01 mpy. 

No difference in rates was seen between in-core and out-of-core specimens. 

5.2.3.4 Elk River Reactor 

An incidence of cracking of stressed specimens of type 304 stainless 

steel after an exposure of 22 months to the wet steam-water environment 

within the evaporator water boxes of the Elk River Reactor72 has been 

reported. The stressed specimens were exposed to near-saturated steam 

at 936 psig and 539°F with approximately 0.5% moisture in the incoming 

steam to the evaporators. The solids carryover in the steam was about 

1 ppm. The concentrations of oxygen and hydrogen of the steam in the 

water boxes were approximately 1100 and i30 ppm, respectively. Chloride· 
1 concentrations in the pH 6 to 8 reactor water were maintained at nonde

tectable levels with an analytical technique sensitive to about 35 ppb. 

/ Cracks were found in all three U-bend specimens that ranged up to 

12 mils deep. The .conclusion was that the Elk River Reactor environment 

can lead to stress-corrosion cracking, since there are undoubtedly areas 

'· .· 
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of high residual stress, high applied stress, or high oxygen concentration, 

but it was agreed by consultants that no evidence was available to indi

cate that stress-corrosion cracking could result in catastrophic failure. 

5.2.4 Conclusions 

With appropriate thickness allowances, general (uniform) corrosion of 

carbon and low-alloy steels for pressure vessels will not present a prob

lem, other than perhaps that of release of iron to the system, in the 

operation of high-temperature water-cooled nuclear reactor sy~tems. At 

operating temperatures in high pH water, evidence indicates a steady-state 

corrosion rate on the order of 0.5 and less up to 2.5 mpy, depending upon 

environmental conditions. At lower pH values, it appears that this rate 

may be somewhat higher. The difference in corrosion behavior of the_ plain 

carbon and the low-alloy steels with up to 5% chromium is insignificant. 

No noticeable effect has been found on the corrosion of plain car

bon and low-alloy steels as a function of temperature between the range 

500 and 600°F. However, at temperatures around 140°F when the reactor 

is shut down for various reasons and when oxygen is readily available to 

the system, the corrosion rate may be as high as 10 to 15 mpy. 

Tl1e velocity at which carbon and the low-.<iJ J.ny :=:tP.P.lS are susceptible 

to erosion-corroEion effects has not been established, but it is known 

that velocities up to 35 fps are below the range where such effects are 

operative. 

There does appear to be an effect of oxygen on the corrosion behavior 

of carbon and low-alloy steels, particularly in low-temperature water, 

where the rate is appreciably high. Some differences in behavior, however, 

have been observed by variout investigators in hi.gh-tem,perature water, de

pending upon the level of oxygen content. At high oxygen concentration 

levels, better behavior has been observed than at lower oxygen levels. 

In neither case are the r~tes P.Xcessive, however. The role of dissolved 

hydrogen has not been definitely established, but there is evidence that 

in neutral water the addition of hydrogen suppresses corrosion attack 

noticeably. 
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Water pH has been found to exert a rather marked effect on the cor

rosion of carbon and low-alloy steels. Corrosion rates decrease as the pH 

is raised from the range 7.0 to 9.5 to the range 10.5 to 11.5. Tests have 

shown that at the higher pH, generally obtained by the addition of lithium 

hydroxide, the steady-state corrosion rate after 10,000 hr is about 0.1 mpy. 

Pitting of pressure vessel materials such as the carbon and low-alloy 

steels does not appear to be a problem at operqting temperatures of a 

nuclear reactor system, but it is highly likely that some pitting will 

occur during reactor startup and shutdown periods despite the high resis

tivity of the water. It has. been determined experimentally that pits 

formed in room-t.emperature water are not intensified or accelerated during 

subsequent operation in high-temperature water. Once the high-temperature 

film is formed on pressure vessel materials, appreciable protection is af

forded against the formation of pits during later exposure to room-tempera

ture conditions. As best as can be determined from observations of ex

perimental data, pitting does not present any serious problem so far as 

depth of penetration is concerned. 

The severity of both crevice and galvanic corrosion (the latter when 

carbon or low-alloy steel is coupled to a more noble material, such as 

austenitic stainless steel) is greatly diminished as the dissolved oxygen 

content of the water is decreased. Galvanic corrosion, as might be ex

pected to occur in a specific case where a defect in stainless steel clad

ding over carbon steel or low-alloy base metal would expose the latter to 

the aqueous environment, would be greatly lessened by the high resistivity 

of the water. 

Stress-corrosion cracking of the carbon or low-alloy steels in water

cooled reactor systems does not appear to be a problem, simply because no 

mechanism exists whereby concentration effects in water environments could 

produce sufficiently high alkalinity ranges to induce cracking. Experi

mental data for stressed specimens in water systems at pH 10.2 to 11.2 

show no cracking after periods as long as nearly three years during re

actor preoperational and operational times. 

Austenitic stainless steels used as cladding material for nuclear 

pressure vessels present no problem so far as general pitting and crevice 
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or galvanic corrosion are concerned. Corrosion rates under a wide variety 

of conditions are about 0.1 mpy. Stress-corrosion cracking susceptibility 

remains a constant threat in the case of inadvertent admission of chloride 

ion to the aqueous system. However, except for a few specialty items, 

such as materials of spring temper, stress-corrosion cracking is no_t known 

to be a problem in primary water systems. 

5.3 HYDROGEN EMBRITTLEMENT 

Some meta.ls, when stressed, crack on exposure to corrosive environ

ments, but corrosion is not a necessary part of either crack initiation 

or crack growth. 13 Examples of this kind of cracking are therefore not 

properly called stress-corrosion cracking, despite certain similarities. 

For example, a stre~sed martensitic 12% Cr-Fe stainless steel in dilute 

sodium chloride solution may crack after several months of exposure or, 

if immersed in dilute sulfuric acid, may crack within less than 5 min. 

The failures have the outward appearance of stress-corrosion cracking but, 

if the alloy is cathodically polarized, cracking still occurs. 

The evidence in numerous cases is that cracking is caused by hydrogen 

entering the metal either through a corrosion reaction that liberates hy

drogen at the surface or by cathon:i_c polarization. 96 Steels containing 

interstitial hydrogfm are not always damaged. They most always lose 

ductility (hydrogen embrittlement), but only under conditions of suffi

ciently high applied or residual stress does cracking take place. Failures 

of this kind are called hydrogen stress cracking or hydrogen cracking. 

Ferrous metals are especially susceptible to hydrogen cracking when 

heat treated to form martensite, but they are less susceptible if the 

microstructure is ferritic (body-centered c1ibic). A carbon steel heat 

treated to form a spheroidized carbide structure is reported to be less 

susceptible than pearlite, bainite, or martensite. 97 Austenitic stain

less steels or 14% Mn-Fe steel (face-centered cubic) in which hydrogen is 

more soluble than in ferrite and the diffusion rate is lower are immune 

under most conditions of exposure. 9 8 

The mechanism of cracking has been explained by development of in

ternal pressure on the assumption that interstitial atomic hydrogen is 
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released as molecular hydrogen at voids or other favored sites under ex

treme pressure. 99 Such an effect certainly occurs, as shown by formation 

of visible blisters containing hydrogen when occasional ductile metals 

are cathodically polarized or exposed to certain corrosive media. Under 

similar conditions, a less ductile metal could crack instead. Another 

. proposed mechanism is that hydrogen diffuses to and absorbs at the apex 

of the crack; this reduces the surface energy of metal atoms subject to 

tensile force (stress-sorption cracking). 60 

An interesting characteristic of hydrogen cracking is the specific 

delay time for appearance of cracks after stress is applied. The delay 

time is only slightly dependent on stress and decreases with increasing 

hydrogen concentration in the stee1. 10° For small concentrations of hy

drogen, fracture may occur days after stress is applied. 

A minimum critical stress exists below which delayed cracking will 

not take place in any time. 13 This critical stress decreases with in

creases in hydrogen concentration. Delay in fracture apparently results 

because of the time required for hydrogen to diff'use to specific areas 

near a crack nucleus until the concentration reaches a d~maging level. 

These specific areas are presumably arrays of imp.erfection s'ites produced 

by plastic deformation of metal just ahead of the crack. Hydrogen atoms 

preferably occupy such sites because they are then in a lower energy state 

compared with their normal interstitial positions. The situation is analo

gous in this respect to the mechanism of stress-corrosion cracking in the 

austenitic stainless steels for which diffusion and segregation of nitrogen 

atoms probably occurs under similar circumstances. In hydrogen cracking, 

however, supplementary chemisorption.of.ions from aqueous solutions is 

not necessary. The crack propagates discontinuously, as explained by the 

fact that plastic deformation occurs first, and then hydrogen diffuses to 

imperfection arrays produced by deformation, whereupon the crack propa

gates one step further. A sharp notch in a steel surface favors plastic 

deformation at its base and hence lowers the critical minimum stress and 

shortens the delay time. 

Scully55 states that stress-corrosion cracking which relies upon an 

anodic dissolution for at least part of the propagation process can be 

avoided by cathodic protection. Hydrogen cracking, by contrast, is induced 
/ 
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by cathodic polarization, since this promotes the production of hydrogen. 

This distinction has been used to discriminate between the two mechanisms. 

The effect of hydrogen has been investigated by cathodic charging 

experiments. 55 The hydrogen appears to have no effect on the elastic 

modulus of the material. Embrittlement is a reversible process, since 

a specimen charged with hydrogen will gradually lose it. At very low 

temperatures, embrittlement by hydrogen does not take place-. The amount 

of hydrogen that a lattice can hold is well above the solubility limit, 

particularly if the material is cold worked. It appears to collect in 

voids and cracks associated with localized regions of tria.xial strain 

within the lattice. 

Severely cold-worked austenitic stainless steels can also suffer 

hydrogen cracking in addition to stress-corrosion cracking. 55 The appli

cation of either anodic or cathodic polarization shortens the time to 

failure of such material. Very high-strength carbon steels are particu

larly prone to embrittlement and extreme care must be exercised in weld

ing them. Some even fail if stressed in ordinary humid atmospheres. One 

outstanding feature of hydrogen embrittlement is that it is detectable 

only at low strain rates, and standard notched-bar tests will not indicate 

the effect. Since it is likely that the hydrogen in the lattice diffuses 

to the deformed region at the tip of the crack, a high strain rate does 

not allow the necessary time for this movement to occur. 

It is not always easy to distinguish between stress-corrosion crack

ing and hydrogen embrittlement, particularly in ferritic and martensitic 

materials. 55 Cathodic polarization should make a clear distinction, but 

results are not always conclusive. Martensitic steels, for example, in 

high-temperature water may develop pits or stress-rising notches electro

chemically, but the actual cracks, which run straight and unbranching 

across the specimens and perpendicular to the applied stress, may propagate 

by some form of hydrogen embrittlement. Such cracks propagate very rapidly, 

and such rapid failures in ferrous materials arising from hydrogen em-

bri ttlement or perhaps caustic cracking constitute a serious hazard. Cata

strophic failure can occur with no prior warning. With ferrous materials, 
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particularly the high-strength steels, failure can take place from em

bri ttlement by hydrogen derived from any aqueous environment. It is thus 

much harder to avoid. 

While it is possible that high-pressure molecular hydrogen exists 

in voids, current opinion and evidence suggest that atomic hydrogen mi

grates to the straining region, where it exerts an embrittling effect. 55 

The mechanism is not clear. Possibly the hydrogen lowers the bonding of 

the metal lattice at the tip of the crack. It may collect on dislocation 

sites and prevent plastic deformation so that the fracture stress at the 

tip of the crack is reached before any yielding occurs. Some discussion 

on both hydrogen embrittlement and stress-corrosion cracking has centered 
s 

around the concept that some ionic species or, possibly, a hydrogen atom 

absorbs on the crack sides and thus lowers the surface energy of the metal. 

This adsorption makes propagation much easier, since the stress to cause 

a crack to propagate can be directly related to the surface energy of 

the crack face area.101 If plastic deformation takes place at the crack 

tip, the surface energy is increased considerably, and it is not at all 

clear that any adsorption process could lower it sufficiently to have 

any effect. 

5.3.1 Carbon Steel 

When absorbed in steel, hydrogen can cause several undesirable ef

fec.ts, such as flaking, hydrogen embrittlement, or delayed brittle frac

ture, and at high temperatures it can cause decarburization. 102 , 103 Hy

drogen embrittlement is probably the most prevalent of the three, 104 and 

it causes lowered ductility of the steel at certain strain rates and tem

peratures .105 The steps involved are hydrogen adsorption on the surface 

of the steel, diffusion of dissociated hydrogen through the steel, and 

retention of the hydrogen at discontinuities in the steel. Hydrogen may 

be introduced into the steel as a result of exposure of the metal to 

hydrogen at high temperat~res and pressures or as a result of corrosion 

of the metal in aqueous solution.106- 108 For embrittlement to occur in 

aqueous solutions, there must be a constant source of atomic hydrogen at . 
the metal surface, and the condition of the surface must be such· that 

I 
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diffusion of the atomic hydrogen into the steel occurs. It is also pos

sible that diffusion of hydrogen through steel may propagate stress-cor

rosion cracks. 107 

LaQue and Cordovi 67 state that the problem of hydrogen embrittlement 

in carbon steel under simulated high-temperature water conditions for nu

clear reactors was discussed with M. C. Bloom of the Naval Research Labo

ratory. Bloom stated that in observations of carbon steel samples at 600°F 

in static tests, there was no evidence of embrittlement after 800 days in 

distilled water, 400 days in water at pH 10.6, or Z75 days in water at pH 

11.5. The corrosion rate in the case of the latter greatly exceeded 50 mdm 

(0.3 mpy) for the first 10 days and exceeded 25 mdm ("'().2 mpy) for about 

50 days thereafter. In summary, it must be said that although there is 

no evidence of embrittlement in Bloom's results with carbon steel at 600°F 

at throughputs of the order. of those to be expected under the stated re

actor conditions, specific exploration of hydrogen throughputs in the 

order of 25 cm3/dm2 /mo, corresponding to a corrosion rate of about 50 mdm 

(0.3 mpy) or more for extended periods, would be required to be absolutely 

certain that embrittlement and other related effects would not take place 

under the stated conditions. 

A thoroug~ analysis of the potential hydrogen embrittlement problem 

as related specifically to the Yankee Reactor has been made, 37 since one 

of the questions often raised with respect to safe operation of unclad 

carbon steel reactor components is that of possible hydrogen embrittle

ment of the steel. There are numerous ways in which hydrogen can harm 

the properties of steel that can be separated conveniently into permanent 

and temporary effP.cts. Permanent damage remains even after the hyd1·oge:n 

is removed from the steel, while temporary embrittlement completely dis

appears upon removal of the hydrogen by diffusion. 

Several types of permanent damage that are well documented in the 

technical literature are discussed in the following sections. 37 

5.3.1.1 Blistering 

Under conditions where steel is highly charged with hydrogen, either 

electrically or by corrosion in the presence of "poisons" such as sulfur, 
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selenium, phosphorus, etc., large quantities of hydrogen can collect as 

molecular hydrogen in defects in the steel and build up a pressure that 

will form blisters on the surface. The steel is permanently damaged by 

this action. This phenomenon only occurs under special conditions in 

which very large q~antities of ·hydrogen are forced into the steel. 

5.3.1.2 Decarburization 

At elevated temperatures and high partial pressures of hydrogen, a 

reaction between the hydrogen and the carbon in the steel to form methane 

(CH4 ) does take place. Damage to the steel is caused both by reduction in 

the properties due to decarburization and by formation of methane at high 

pressures within the steel. This phenomenon has been studied by numerous 

investigators, and the requisite pressures and temperatures have been well 

established. In a summary of practical experience, the lowest operating 

temperature of process equipment that failed by this type of hydrogen dam

age was 555°F at a hydrogen ~artial pressure of 500 psi. 109 Furthermore, 

it has been well established that steels alloyed with carbide formers, such 

as chromium, molybdenum, vanadium, etc., are more resistant to this form 

of hydrogen attack because· their carbides are more stable. 109 , 110 The 

presence of hydrogen dissolved in steel in appreciable amounts has been 

shown to cause reduction in ductility and resistance to fracture without 

permanent damage; that is, when the hydrogen is removed, the steel reverts 

to its original mechanical properties. This effect is generally noticed 

only under static or slow strain-rate loading. At strain rates such as 

.those associated with impact tests or fast brittle fracture, only very 

slight effects are observed, if any. Therefore the ductile-brittle transi

tion temperature as determined by impact tests is not affected signifi

cantly by hydrogen in the steel. 

There are two rather different manifestations of temporary hydrogen 

embri ttlement, delayed failure and reduction in postyield ductility. 37 

These are sufficiently different that they should be discussed separately. 

5.3.1.3 Delayed Failure 

One of the best-known. types of hydrogen embrittlement is the phenome

non usually called "delayed failure," or sometimes called "static 

' •' 
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fatigue." 111
- 114 This commonly occurs in high-strength steel components 

charged with hydrogen during electroplating, for example. Notched parts 

are particularly sensitive. The characteristic of this problem is that 

the part will fail in a brittle manner when subjected to a continuous 

static load. The higher the strength of the steel, the more susceptible 

it will be to this type of hydrogen embrittlement. Low-strength steels, 

below about 130,000-psi yield strength, are generally considered not to 

be affected, since stress of yield-strength magnitude or greater must be 

applied before failure will occur. 115 This effect is dependent on the 

hydrogen concentration, and the minimum critical stress below which failure 

will not occur is higher the lower the strength of the steel and the 

higher the temperature. Steigerwald and his co-workers 11 6 show that in 

high-strength 4340 steel a critical minimum concentration of 5 ppm hydro

gen is necessary to cause delayed failure at ~321°F. It is probable that 

this minimum concentration is somewhat higher at higher temperatures. 

The time to failure under a given stress and hydrogen content is also re

duced by higher temperatures, which indicates that diffusion of dissolv~d 

hydrogen to the notch or crack tip is a controlling factor. 

ConsiRtent with the fact that hydrogen embrittlement is a slow straih

rate phenomenon, the failure does not take place instantaneously. There 

is a delay or incubation period before cracks appear and then a period 

of slow brittle crack growth until the remaining section cannot support 

the load, at which time it breaks without the influence of hydrogen. 

5.3.1.4 Reduction in Postyield Ductility 

Hydrogen in steel also changes its "necking" characteristics during 

a tensile test by reducing the ductility, as measured by total elongation 

and reduction in area. 113 , 117 The yield strength is not significantly 

affected, although the breaking stress is, as would be expected by the 

change in plastic properties. The term "embrittlement" is semantically 

too severe to be applied to this phenomP.non, because the ductility is 

not reduced to zero but, typically, may be reduced to half its original 

value. This is another temporary effect, since after the hydrogen diffuses 

out of the steel, the or:iginal plastic properties are regained in full. 
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Again, this type of hydrogen-induced effect on mechanical properties 

of steel is much more pronounced on high-strength low-toughness steels. 

Low-strength steels of the A 302 grade B type with high toughness are af

fected very little by hydrogen in this manner. Comparatively large amounts 

of hydrogen are required to show the effect. 

Copson118 comments that many instances of hydrogen attack of steel 

pressure vessels are recorded in the literature. At high temperatures 

and pressures the attack is fairly well understood. 119 It is a matter of 

hydrogen diffusing into the steel and reacting with carbides and other 

constituents to form methane and other products. High gas pressure at 

localized sites within the steel results in fissuring. Severe attack can 

usually be prevented by alloying with suitable elements to form stable 

carbides. 120 

At lower temperatures the hydrogen generated by corrosion in aqueous 

solutions can also cause damage to steel, although the nature of the at

tack is different. Atomic hydrogen formed by the corrosion reaction dif

fuses through the steel quite readily. Dissociated hydrogen can also 

leave the steel. However, 'if the rate at which hydrogen enters steel is 

greater than that at which it leaves, internal pressures build up due to 

accumulation of molecular hydrogen in rifts or pockets and cause blister

ing, embrittlement, and fissuring. 121 , 122 These effects obviously weaken 

the steel. 

The factors that control the rate at which hydrogen enters steel are 

not well understood. 118 Many corrosion reactions are harmless, even though 

plenty of hydrogen is generated. It seems certain that the surface of 

the steel must actively provide the acceptance of atomic hydrogen rather 

than catalyze the association of atoms to molecules of hydrogen gas. Once 

hydrogen accumulates in steel it produces embrittlement and loss of duc

tility, which shows up as cracking upon bending. Blistering and fissuring 

may depend, in part at least, on the quality of the steel. 122 

Harries and Broomfield, 123 in a very thorough treatise, conclude that 

the only significant source of hydrogen with respect to carbon or low

alloy steel pressure vessels in pressU.rized-water nuclear reactor systems 

is that due to the corrosion reaction at the steel-water interface, al

though up to 100 cc of hydrogen per kilogram of water may be added as a .. 
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corrosion inhibitor or to suppress radiation decomposition of the water. 

The maximum concentrations of hydrogen at the inner surfaces of unclad 

ferritic steel pressure vessels varying in thickness from 0.5 to 10 in. 

at operating temperatures of 482, 536, and 599°F, together with the equiva

lent hydrogen partial pressures, were calculated for a "pessimistic" cor

rosion rate of 75 mdm (---0.5 mpy) and the assumption that all the corrosive 

hydrogen was absorbed in the steel. The available data on hydrogen in 

iron and steels suggest that the calculated hydrogen concentrations are 

insufficient to have any deleterious effects on the properties of low-alloy 

steels of the 0.5% Mo and 1% Cr-0.5% Mo type. However, plain carbon steels 

in the form of thick pressure vessels might well be embrittled under simi

lar conditions as a result of decarburization and hydrogen attack leading 

to the formation of methane gas. Therefore, a corrosion rate of 75 mdm 

(---0.5 mpy) could not be tolerated for thick plain-carbon steel vessels 

in pressurized-water reactor systems, and immunity from the embrittling 

effect of hydrogen could only be guaranteed if the corrosion rate were 

maintained at 10 mdm (0.07 mpy) or less with a preformed magnetite sur

face film or austenitic stainless steel cladding on the surface. 

5.3.2 Austenitic Stainless Steel 

Whiteman and Troiano124 report that it has been demonstrated recently 

that nickel and several of its face-centered cubic alloys can be embrittled 

by hydrogen. 125
-

128 The nature of the embrittlement in most cases essen

tially parallels that observed in body-centered cubic metals with regard 

to temperature and strain-rate sensitivity. 

In this light there has been considerable speculation on the suscep

tibility to hydrogen embrittlement of the face-centered-cubic austenitic 

stainless steels. All early investigations in this area have been incon

clusive. Houdremont and Schrader129 thermally charged 18-8 stainless steel 

with hydrogen at a pressure of 1 atm. They concluded that hydrogen did 

not influence the ductility of this stainless steel as it had influenced 

that of ferritic steels in similar experiments . 13 0 Zapffe and Haslem dem-

onstrated that 18-9 stainless steels did not show a susceptibility to 

hydrogen embrittlement when cathodically charged in a 10% NaOH solution. 
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On the other hand, they clearly demonstrated that high-carbon chromiu.ni. 

steels did exhibit.embrittlement when charged in the same solution. Ca

thodic charging··in various acid environments at low current densitie's did 

not embrittle austenitic stainless steels of the 18-12 variety according 

to Mills and Edeskuty. 131 Hobson and Hewitt132 investigated the influence 

of thermally introduced hydrogen on the ductility of an 18-10 stainless 

s·teel as a function of test temperature. A significant change in ductility 

was observed only at the lowest test temperature, -112°F. The authors 

attributed this behavior to hydrogen embrittlement of the body-centered

cubic ferrite formed at this temperature. Eisenkolb and Ehrich133 cathodi

cally charged 18-9 stainless steel at relatively high current densities. 

Bend tests indicated the presence of slight embrittlement as a result of 

charging, but no attempt was made to determine the presence of body-cen

tered-cubic martensite. Blanchard and Troiano125 showed that even rela-

. tively severe electrolytic charging conditions had little effect on the 

ductility of 25-20 stainless steel. 

Previous experiments, then, have found little or no influence of hy

drogen in fully austenitic stainless steels. Only when the stainless 

steel could be made to transform in part to body-centered-cubic martensite 

was hydrogen embrittlement apparent. This inability of austenite in stain

less steels to be embrittled by hydrogen has been implied57 in attempts 

to discount the possible role of hydrogen in the transgranular stress-cor

ros ion cracking of these alloys. 

Recently it bas been observed126 , 128 that to embrittle face-centered

cubic metals it is necessary to have a hydrogen content one or two orders 

of magnitude greater than that necessary in body-centered-cubic alloys. 

In addition, it has also been recognized128 that to observe hydrogen em

brittlement in these face-centered-cubic metals, this high concentration 

of hydrogen mui:;t penetrate the greater part of the sample crosR Rection. 

Several investigators 133 , 134 have shown that even with severe cathodic 

hydrogenation the depth of hydrogen penetration in austenitic steels was 

only on the order of 10 to 40 µ. This phenomenon was also observed for 

nickel and several of its alloys. 12 5,l 2 8 
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Whiteman and Troiano124 conducted tests with type 310 stainless 

steel in a system cathodically charged with hydrogen in a 1 N H2S04 solu

tion poisoned with 250 mg of arsenic (as sodium arsenite) per liter. The 

current density was 0.1 amp/cm2 and the charging time was generally 24 hr. 

From the results of mechanical tests with these specimens, they concluded 

that it is now evident that austenitic stainless steels are susceptible 

to slow strain-rate embrittlement and thermal recovery in an almost com

plete analogy to the well-documented behavior in body-centered-cubic ma

terials. However, the amount of hydrogen necessary to produce this phe

nomenon is one or two orders of magnitude greater. In addition, there is 

strong resistance to penetration of the hydrogen to any appreciable depth 

for reasons not apparent at the present time. This behavior is probably 

associated with surface phenomena and helps to explain why embrittlement 

due to hydrogen had not been reported previously. 

Over the years considerable attention has been given to the associa

tion of stress-corrosion cracking with hydrogen in austenitic stainless 

steels. The strongest arguments against such a causative relationship 

have resided in two observations: (1) a completely austenitic stainless 

steel is not subject to hydrogen embrittlement, and (2) there are benefi

cial effects of cathodic polarization. It is now apparent that the first 

of these, "hydrogen embrittlement, ti is no longer a valid objection.1.24 

5.3.3 Conclusions 

An analysis of the available data shows that it is highly unlikely 

that pressure vessels fabricated from low-alloy steels will undergo hy

drogen damage such as embrittlement, .blistering, or fissuring from service 

conditions encountered during operation of water-cooled nuclear reactor 

systems. However, this does not appear to be the case for pressure ves

sels fabricated from plain carbon steel, as pointed out by Harries and 

Broomfield. 123 In the latter case the corrosion rate would have to be 

on the o::ctle1· of less than 0.1 mpy to insure protection from the damaging 

effect::; of hydrogen produced f1·om the corrosion reaction . 

The major source of hydrogen in a water-cooled nuclear reactor system 

operating at temperatures between 500 and 600°F has been established as 



.. , 

,• 

\ 

220 

that produced by the corrosion reaction between the water and the carbon 

ste.el or low-alloy steel pressure vessel. In the case of the Yankee Re

actor, for example, it was shown that at operating temperatures and coolant· 

. condit-ions, the corrosion rate and the diffusion rate of hydrogen through 

the vessel wall are such that the maximum hydrogen concentration in the 

steel of the lower head is approximately 0.3 ppm. This amount is at least 

an order of magnitude below the concentration that could cause reduction 

in ductility even at low temperatures. The partial pressure of hydrogen 

equivalent to this concentration was determined to be only 21 psi, which 

is not enough to cause any concern about decarburization react.iions. Fur

thermore, it has been shown from experience that no permanent damage to 

steels of low-alloy types, such as A 302 grade B, has been caused by even 

high pressures of hydrogen at temperatures below 600°F. During reactor 

shutdown, the hydrogen concentration will not change appreciably in the 

steel, so a hydrogen-damage problem is most unlikely. 

The literature states that hydrogen damage is most likely to occur 

in high-strength steels. In steels, such as A 302 grade B and other low

alloy compositions, where the tensile stress is on the order of 80,000 psi, 

hydrogen embrittlement is rarely encountered. In addition, these low

yield-strength steels are stressed to values around two-thirds of the yield 

strength at operating conditions. In contrast, the delayed-failure mecha

nism of hydrogen embrittlement requires very high stresses to become opera

tive, even in the high-strength steels. 

· Finally, in instances where a defect exists in a low-alloy steel pres

sure .vessel clad with austenitic stainless steel and where the defect ex

tends "into the base metal, the stainless steel cladding would serve as a 

·cathode, and any corrosion-generated hydrogen would be discharged on the 

stainless steel surface. The latter is immune to hydrogen forms of damage 

under conditions encountered during nuclear reactor operation. As has been 

clearly shown in the literature, it is quite difficult to create indica

tions· of hydrogen damage· in .the fully austenitic .stainless steels. Only 

·.-· r by' extremely severe treatment, such as cathodic charging in poisoned acid . .._ .. ~ 

solutions, can some signs of hydrogen damage be observed. Such tre.atments 

are indeed quite removed from conditions encountered in the operation of 

water-cooled nuclear reactor systems. 
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5.4 RADIATION EFFECTS 

Nuclear reactor pressure vessels are exposed to an environmental con

dition that is almost exclusive to the nuclear energy field, bombardment 

by high-energy particles. Prior to the advent of nuclear energy, the ma

terials engineer was concerned only with environmental conditions such as 

temperature, stress, strain, and various gaseous and liquid media. The 

nuclear engineer now has the same environmental problems but must add to 

them the effects on materials properties produced by radiation. 

The effects of nuclear radiation on metals were not given serious 

consideration until the first nuclear reactor was operated in 1943. The 

first open literature publications on such effects appeared in the early 

1950's. Since then, several hundreds of reports have been published in 

this field. 

Although these effects can be the result of the passage of any high

energy particle within structural materials, 135 this discussion is pri

marily concerned with the effects of neutron irradiation on the mechanical 

properties of steels, particularly pressure vessel steels. Neutrons are 

classified into three energy categories: (1) thermal or slow neutrons 

having energies in the thermal range (~0.025 ev), (2) epithermal neutrons 

having energies intermediate to thermal and fast neutrons, and (3) fast 

neutrons having energies of about 400 ev and greater. The lines of de

marcation between these categories are ill-defined, particularly between 

the epithermal and fast categories. 

The major changes in the mechanical properties of pressure vessel 

steels are brought about by the displacement of atoms within the metal 

structure by fast neutrons. The primary collision of a fast neutron with 

an atom has a high probability of transferring enough energy to the atom 

to displace the atom from its lattice site. This leaves a vacancy in the 

lattice. The neutron continues to displace atoms either until its energy 

is dissipated or it escapes. from the material. A secondary effect results 

from the energy imparted to the "knock-on" atom. This atom collides with 

other atoms in the lattice, transfers energy to them, and removes them 

from their lattice sites. Finally, these "knock-on" atoms come to rest 

either in vacant lattice sites or interstitial positions. These lattice 
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defects,- vacancies and interstitials, can be .randomly distributed in the 

material or concentrated in small regions termed "clusters" or "spikes." 

. In addition, the capture of a thermal (or epithermal) neutron by a lattice 

atom can result in the emission of a gamma photon or particle of suffi

cient momentum that the atom will be displaced from its lattice site by 

recoil. This effect is, however, not conside~ed significant in power re

actor pressure vessels. 

Another effect of neutron irradiation may be the transmutation of 

one element to another element. Such effects are regarded as of minor 

significance in pressure vessel steels. 

At the operating temperatures of nuclear power reactor pressure ves

sels, many of the defects will be mobile, and annealing of the radiation 

effects may occur. However, the presence of large numbers of radiation

produced vacancies can increase the rate of diffusion so that diffusion

controlled metallurgical reactions may be accelerated. Effects of such 

reactions in pressure vessel steels have either not been observed or were 

not recognized as such. 

The defects introduced in metals by nuclear radiation can alter 

mechanical properties such as flow and fracture to a considerable extent. -

Even with this brief review of the mechanisms of radiation effects, it 

is obvious that the ~ritical factors determining radiation effects in 

steels include composition, metallurgical structure, neutron-energy dis

tribution (spectrum), total neutron exposure (dose), and exposure tem

perature and may include rate of bombardment (neutron flux) and stress. 

5.4:1 'Effects on Mechanical Properties 

Radiation effects on physical properties of metals, for example, 

electrical,and thermal resistivity, ~ensity, and elastic moduli, have 

b~en observ~d and studied in detail. The primary objective of these physi

cal~property studies has been to understand the mechanism of interaction 

of.radiation with atoms of a solid and -the effect of various lattice de

fe~ts on metal properties. Physical-property changes resulting from ir

radiation are rarely of engineering significance above room temperature. 
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The mechanical properties of metals, however, may be modified by 

nuclear radiation to a degree that is of considerable engineering signifi

cance. The basic cause of most radiation-induced mechanical-property 

changes is generally considered to be the interaction of dislocations with 

the lattice defects, vacancies, clusters, spikes, dislocation loops, etc. 

introduced by radiation. Dislocation motion in the metal lattice is either 

prevented or impeded by these defects, and the observed result is an in

crease in the flow stress or yield strength of the metal. Other mechanical 

property changes may be various manifestations of this primary effect. 

5.4.Ll Tensile Properties and Stress-Strain Curves 

Radiation-induced changes in yield strength by a factor of 3 have 

been observed in engineering alloys. In relatively weak materials, such 

as high-purity metals, a factor of 10 increase in yield strength is not 

unusual. The lower the initial yield strP.ngth in a given alloy system, 

the greater will be the potential increase in strength due to irradiation. 

Accompanying the increase in yield strength is a concurrent but generally 

lesser increase in ultimate tensile strength. As a result, the ratio of 

yield strength to tensile strength tends to approach unity. Yield-to

ultimate strength ratios above 0.95 have been observed in steels irradi

ated to 7 x 1018 neutrons/cm2 (E > 1 Mev) at .less than 400°F. Irre:HllaLlon 

to greater than 1 x 1020 neutrons/cm2 was required Lo reach a ratio of 

0.95 when the exposure temperature was 550°F. Ductility parameters gen

erally are decreased by irradiation. The uniform elogation (strain prior 

to onset of "necking") is decreased most rapidly, with lesser decreases 

in total elongation and reduction of area. Significant decreases in re

duction of area generally occur only at very high neutron doses. Irradi

ation decreases the rate of work hardening at a given strain136 and the 

value of the work-hardening exponent. 137 

These changes due to radiation are illustrated by the stress-strain 

curves of FigG. 5 ,/1 and 5. 5 (from Ref. J .3R). A case may be noted in 

Fig. 5.5 where at high neutron doses the material exhibited little or no 

plastic strain prior to necking (localized deformation). This phenomenon 

has been observed only for high neutron doses and relatively low exposure 

ten1pera tures. 
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Typical increases of yield strength are shown in Fig. 5.6 for several 

cominerical alloys irradiated at temperatures below 500°F. Factors that 

influence this and other changes in tensile properties are discussed in 

Section 5.4.2. 
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5.4.1.2 Notch-Impact Strength 

The brittle failure of large steel structures is a problem that has 

attracted the attention of engineers and scientists to an ever-increasing 

extent in the past two decades. The dramatic failures of a number of 

merchant ships, bridge's, pressure vessels, pipelines, and storage tanks 

by brittle fracture have been widely discussed.·139 - 142 The investigations 

und analyses that followed these incidents showed that the origins of the 

failures lay in the tendency of a broad class of metals and alloys to ex

hibit low-temperature brittleness. This tendency is increased as a result 

of exposure to radiation, and hence the possible embrittlement of reactor 

pressure vessels in service has been a matter of concern from the stand

point of nuclear safP.ty. 

This radiation-embrittlement phenomenon is manifested, among other 

ways, by a shift in the brittle-to-ductile transition, or nil ductility 

transition (NDT), temperature. Data with which to factor the NDT tempera

ture shift into design considerat.:ions with a high degree of confidence 
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have not been established. What have been commonly used in predicting this 

shift as a function of integrated neutron exposure are compilations of ex

perimental results obtained· for a wide variety of conditions. 

The temperature at which the ductile-to-brittle transition takes place 

is not an inherent constant of the material. Instead, the ductile-to-

bri ttle transition temperature depends upon the type of test used to mea

sure it ~nd the specimen geometry. The transition temperature usually 

increases with the loading rate of the test and the triaxiality of the 

stress state to which the sample is subjected. Many tests have been de

vised to evaluate the ductile-to-brittle characteristics of metals, but 

the Charpy V-notch impact test has been used in most of the studies of 

'radiation effects. Most of the other test methods require specimens that 

are too large to be practical for exposure in a nuclear reactor. The 

transition temperature measured by the Charpy V-notch impact test has been 

correlated with service performance in a number of cases. 143 The follow

ing discussion is therefore based on Charpy V-notch impact tests of ir

radiated steels. 

The changes in Charpy V-notch impact test behavior produced by fast

neutron irradiation are illustrated in Fig. 5.7 (from Ref. 138). If a 

20 ft-lb fracture energy is chosen as the transition temperature criterion 

(a reasonable value for this steel), it is found that neutron irradiation 

gradually increases the transition temperature from 50°F to about 400°F. 

There is also a decrease of ductile fracture energy from 70 to 30 ft-lb. 

The magnitudes of these two radiation effects depend upon integrated fast

neutron dose, neutron energy spectrum, exposure temperature, material 

composition, heat treatment, and possibly neutron flux. The influence 

qf these factors on observed radiation effects is discussed in Section 

5.4.2. Data on Charpy V-notch transition temperature shifts for a variety 

of steels irradiated at less-than 500°F is presented in Fig. 5.8. The 

increases of transition temperature with increasing neutron exposure are 

·apparent as are the' variations of radiation sensitivity for different 

steels and even for steels of the same grade. 

. Several methods are used to apply the available data on radiation

induced transition temperature shifts to nuclear pressure vessel operation. 
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Fig. 5.7. Charpy V-Notch Impact Test Behavior of an Irradiated 
ASTM A 285 Grade A Carbon Steel (Normalized). (From Ref. 138) 

The simplest method is to use the upper bound of all the experimental re

sults to establish operating limits for the pressure vessel. Some advan

tage may be gained by using the ~pper bound of experimental results for 

the particular grade of steel used for the pressure vessel and for the 

operating temperature of the· pressure vessel. If irradiation data are 

available for the heats of steel, heat treatments, and temperature of ir

radiation that correspond exactly to the particular pressure vessel, ·these 

data may be used to establish operating limits for the reactor. Finally, 

samples corresponding exactly to the pressure vessel are irradiated near 

the pressure vessel wall of the particular reactor. This last method is 
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termed "surveillance" testing; it eliminates most of the uncertainties 

inherent in the other methods. One drawback of surveillance testing is 

that the data are available only after a considerable period of operation 

of the reactor. 

Accompanying the upward shift in transition temperature is a decrease 

in the ductile-fracture energy above the transition region (Fig. 5.7). 

This ri;i.diation effect has ·rec~ived some attention in the literature. 

Fellini and his co-workers 144 ~ve discussed the implications of low

energy ductile tearing, but Charpy energy requirements for prevention 

of ductile tearing as a mode of pressure vessel failure have not been 

established. However, the available data on SA 212 grade B and SA 302 

grade B steels irradiated at 500°F and above show that fast-neutron 

(E > 1 Mev) doses approaching 1020 neutrons/cm2 were required to decrease 

the ductile energy (Charpy V-notch) to about 30 ft-lb. Burghard and 

No~ris 145 have shown a relationship between increase of transition tem

perature and reduction in Charpy V-notch ductile energy (Fig. 5.9). The 

application of this information to reactor pressure vessel operation is 
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Fig. 5.9. Change in Charpy V-Notch Upper Shelf Fracture Energy as 
a Function of Shift in Transition Temperature. (From Ref. 145) 

presently of dubious merit, primarily because acceptable criteria are not 

established. 

The safety analyses of many nuclear pressure vessels are based on 

the Fracture Analysis Diagram (see Chap. 7). A major parameter in this 

analysis is the nil-ductility transition (NDT) temperature of the steel 

as experimentally determined by the drop-weight test. However, most radia

tion effects data on notch ductility have been obtained from Charpy V

notch impact tests. The Charpy V-notch transition temperature can be 

correlated with the drop weight NDT temperature for unirradiated steels. 146 

Hawthorne and Steele 147 - 149 demonstrated a 1:1 correlation of radiation-

induced transition temperature increases for Charpy V-notch impact tests 

and c'lrop-wej.ght tests. The study included eJ.even materials, irradiation 

temperatures from 200 to 600°F, and integrated fast-neutron doses from 

3 x 1018 to 5 x 1019 neutrons/cm2 • The variance in this correlation was 

only ±20°F, 
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5.4.1.3 Fracture Mechanics 

In the design of nuclear reactor pressure vessels, one of the modes 

of failure that must be considered is brittle fracture. One method of 

insuring against brittle fracture is the imposition of regulations based· 

on a ductile-to-brittle transition temperatll!e. H~wever, there are limita

tions to the application of transition temperature concepts to large heavy

section structures such as nuclear reactor pressure vessels, and there 

is a· real need for more quantitative methods that' can be incorporated into 

design procedures. The approach known as fracture mechanics has received 

the most attention by theoreticians, experimentalists, and designers. 

Considerable success has been achieved with this approach for structures 

built of materials with low ductility. The present difficulties of apply

ing these methods to the design of structures that will be fabricated of 

relatively ductile materials are discussed in Chapter 7 of this report. 

Studies are presently under way on the determination of the effects 

of neutron irradiation on fracture mechanics properties of pressure ves-

. sel steels. In studies at the U.S. Naval Research Laboratory, single 

edge-notch (SEN) specimens are used. Studies with double cantilever beam 

(DCB) specimens with side grooves are in progress at the Pacific Northwest 

Laboratories of Battelle Memorial Institute. The Westinghouse Atomic 

Power Division and Bettis Plant are using wedge-opening loaded (WOL) 

specimens in similar studies. The only results that have been reported 

in the unclassified literature are data from the Bettis Plant. 150- 151 

The .results reported from Bettis150, 151 were obtained from WOL speci

mens of ASTM A 302 grade B steel containing "precompressed notches." 

Figure 5.10, from Johnson and Pasierb, 150 shows decreases in plane-strain 

fracture toughness (Kic) resulting from fast-neutron irradiation. Alter-· 

natively, the data show increases in test temperature required for a given 

value of plane-strain fracture toughness as a result of fast-neutron ir

radiation. These authors also reported Charpy transition temperatures 

(V-notch, 30 ft-lb) for the same steels at equivalent neutron dosages. 

These data indicate that ""the temperature shift at a low level of Kic and 

the temperature shift at a low level of absorbed Charpy energy (30 ft-lb) 

correspond closely." 151 Results from fracture mechanics studies of 
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irradiated steels with fatigue-cracked WOL and· SEN spe.cimens sho"uld .be . 
available in the near future. 

The increasing activity in the measurement of plane-strain fracture 

toughness of irradiated steels coupled with antici.pated improvements and 
•• . "i . 

extensions of fracture mechanics methods to more ductile steels may pro

vide more quantitative design and analysis procedures for insuring against 

catastrophic brittle failure of nuclear reactor pressure vessels. 
...... ' ,;-.. 

5.4.1.4 Fatigue Strength 

The phenomenon of. fatigue cracking and failure of metals must be 

considered in many structures and components, including nuclear reactor 

pressure vessels. The ASME Boiler and Pressure Vessel Code, Section 

III, 152 incorporates specific methods of fatigue analysis in which test 

data for unirradiated steels are used. The specified methods are based 

on strain-controlled fatigue data. While a considerable body of strain

controlled fatigue data is available for unirradiated pressure vessel 

steels·, only limited data are available on irradiated pressure vessel 

steels. 

In unirradiated steels the high-cycle fatigue strength is related 

to tensile strength (higher tensile strength materials have higher fatigue 

strength), and low-cycle :fatigue strength is governed by ductility (higher 

ductility materials have higher fatigue strengths in this range where 

plastic flow occurs during each fatigue cycle). Since neutron irradia

tion of steels increases yield and tensile strengths and decreases ductili

ties, it would be expected that fatigue strengths would be increased in 

the high-cycle range and decreased in the low-cycle range. In 1956, 

Leeser1 53 reported the results of postirradiation constant-deflection 

plate-bending fatigue tests on ASTM A 212 steel irradiated to a fast

neutron dose of 1 x 1019 neutrons/cm2 at 70 to 140°F. He reported a 10% 

decrease in the unnotched fatigue-endurance limit and a 25% increase in 

the notched fatigue-endurance limit. The notch-effect factor, Kr (ratio 

of endurance limits, unnotched to notched), decreased from l.7 to 1.2 as 

a result of irradiation. 

In 1966, Gibbons, Mikoleit, and O'Donnell154 reported the results 

of postirradiation strain-controlled axial fatigue tests on unnotched and 
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notched specimens of two heats of ASTM A 302 grade B and one heat of ASTM 

A 212 grade B steels. The specimens were irradiated at 450 to 470°F to 

fast-neutron (E > 1 Mev) doses of 3.47 to 7.0 x 1019 neutrons/cm2 . Their 

results for unnotched specimens are shown in Figs. 5.11, 5.12, and 5.13. 

There was no apparent effect of irradiation on the fatigue life of the 

A 302 grade B heat 21485 material. This was the heat that had been clas

sified as "radiation sensi tive 11 on the basis of Charpy impact tests. 155 

There is considerable scatter in the fatigue data for the A 302 grade B 

heat A-1303 material. However, the fatigue strengths for irradiated 

specimens generally were lower than those for unirradiated specimens. 

This heat had been classified as "radiation insensitive" on the basi::; of 

Charpy impact tests. 155 The fatigue data for the A 212 grade B steel 
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appear to follow the predictions based on strength increase and ductility 

decrease as a result of irradiation; that is, high-cycle fatigue strength 

should increase and low-cycle fatigue strength should decrease as a re

sult of irradiation. They did not observe any increase in fatigue notch 

sensitivity due to irradiation. If there was any change in fatigue notch 

sensitivity, the data tend to indicate a decrease due to irradiation. 

Hawthorne and his co-workers156- 159 have reported the results of 

controlled-strain beam-bending fatigue tests conducted during irradiation 

at 500 and 550°F of A 212 grade B and A 302 grade B steels. The results 

of in-reactor fatigue tests on material from a 6-in. A 302 grade B plate 

(550°F tests) and a 3-in. A 302 grade B plate (550°F test) show no dif

ference in fatigue strength due to irradiation. However, in-reactor fa

tigue tests at 500°F (Fig. 5.14) show an increase in high-cycle (>104 

cycles) fatigue strength of A 212 grade B steel due to irradiation, as 

predicted. Their data on A 212 grade B steel for fatigue lives of 103 to 

104 cycles (Fig. 5.15) indicate an increased fatigue strength for in-re

actor tests. The irradiation history for this latter group of tests was 

different from that for Fig. 5.14, and this difference may explain the 

disagreement between the data in the two sets of tests in the region of 

104 cycles. These data do not extend into the _low-cycle region far enough 

to observe the lowering of fatigue strength predicted on the basis of de

creased ductility due to irradiation. 

On the basis of the small body of data available on fatigue proper

ties of irradiated pressure vessel steels, the radiation-induced changes 

in fatigue strength or Ufe tend to be rather small, and in no case has 

the observed fatigue life beP.n less tban three times the allowable design 

life permitted by the Code. 152 However, the data are not conclusive and 

additional study appears warranted. One particular area of ignorance is 

the effect of irradiation on fatigue-crack growth rates. Such information 

is necessary for predicting the growth of fatigue cracks from preexisting 

defects, as well as the initiation and growth of fatigue l!l'Cl.Cks. 

5.4.1.5 Creep Properties 

There are no reported data on the creep or stress relaxation prop

erti P.R of pressure vessel steels for the temperature range in which 
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water-·cooled nuclear reactor pressure vessels operate (400 to 600°F). 

This situation is readily understandable for several reasons. First, 

creep, creep rupture, and stress relaxation are observable in unirradiated 

steels only at temperatures several hundreds of degrees above this range 

or at stresses considerably higher than exist in these pressure vessels. 

Further, in this low-temperature range, creep and stress relaxation are 

governed by yield or flow stress. Since yield and flow stresses are in

creased by irradiation at these temperatlires, it follows that creep and 

stress relaxation rates should be lower in irradiated steels than in un

irradiated steels. Also, creep ductility could, in view of decreased 

tensile ductility, decrease as a result of irradiation. However, the 

magnitude of tensile ductility changes does not indicate any problem of 

creep rupture of reactor pressure vessels at operating conditions. 160 

5.4.2 Critical Factors 

A number of factors influence the mechanical-property changes re

sulting from irradiation of metals. Attempts to isolate these factors 

and obtain general relationships have been largely unsuccessful. Material 

parameters, such as composition and metallurgical structure, and exposure 

parameters, such as time-integrated fast-neutron flux and temperature, 

are all interrelated. In addition the relationships between flow and 

fracture properties are not thoroughly understood for unirradiated steels. 

For these reasons, the study of radiation effects is a very complex en

deavor. The information on the inflnP.nc:e of the various factors in radia-
• tion effects is largely empirical, even though there are theoretical bases 

for interpretation of many of the effects. 

5.4.2.1 Integrated Fast-Neutron Flux (Dose) 

It was realized at an early stage of radiation effects studies that 

radiation-induced changes in mechanical properties were not linear func

tions of the time-integrated neutron flux (also called dose or fluence). 

The precise relationships of the increases in tensile yield strength and 

ductile-to-brittle transition temperature with neutron dose have been 

and still are the subject of some discussion. However, for the range 
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of neutron doses of interest with respect to commercial power reactor pres

sure vessels, the various proposed relationships predict nearly the same 

property changes. 

Cottrell161 originally predicted, on theoretical and experimenta~ 

bases, that the change in yield stress (6ay) of a mild steel was propor

tional to the cube root of the integrated neutron flux (¢t): 

6ay = 8.0(¢t)1 / 3 , 

where 6ay is in units of 1000 psi and ¢tin units of 1018 neutrons/cm2 . 

By ucing this in combination with bis theoretical relationship between 

6ay and the increase in transition temperature (6TT), Cottrell obtained 

6TT ~ 17.5(¢t)113 , 

where 6TT is in °C. The coefficients 8.0 and 17.5 represented the best 

average fit to several data points but could vary considerably with ir

radiation temperature and material. Cottrell's relationship was also 

found to lead to considerable error at large doses (>1020 neutrons/cm2 ). 

Makin and his co-workers 162, 163 have shown theoretically that the 

increase of yield stress produced during the early stages of irradiation 

is proportional to the square root of the integrated neutron flux: 

60 "" A. ( </it ) i I 2 

However, as the integrated neutron flux is increased, they predicted a 

saturation effect and suggested the expression 

6a = A [1 - e - B ( ¢t )] 
1 I 2 

• 

This relationship has been experimentally confirmed for lithium fluo

ride162 and for copper. 163 They found that the available data on nickel163 

did not permit an unequivocal choice hetwP.P.n these expressions. 

Nichols and Harries164 found that their data on irradiated carbon 

steel best fit the square-root expression 

6TT = A, ( </rl-. ) 1 I 2 

Their data apparently did not extend to high enough integrated neutron 

fluxes to observe a saturation effect. 
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In 1960, Steele, 165 Hawthorne,i47 and. Berggren166 proposed a semi

logarithmic relationship, 

6TT A+ Blog (¢t) , 

in the range of 3 X 1018 to 3 X 1019 neutrons/cm2 (E > 1 Mev). This was 

an empirical relationship based on the available data. Much of the later 

work has been compared with this expression. 

Carpenter, Knopf, and Byron155 founu that their data best fitted a 

semilogarithmic quadratic expression: 

6TT = a + b log (¢t) + c(log ¢t)2 . 

'' 

The additional term in this expression permits a better fit to experimental 

data than obtained with the linear logarithmic expression. This is par

ticularly true for integrated neutron fluxes below 3 X 1018 neutrons/cm2 • 

Both logarithmic expressions are empirical and have no known physical 

basis. 

As mentioned earlier, any of these expressions may be used in the 

dose range of interest to commercial water-cooled power reactor pressure 

vessels, since the.constants in these expressions must presently be ex

perimentally determined for the specific material, material condition, 

exposure temperature, and neutron spectrum involved. 

5.4.2.2 Neutron Flux 

Research groups studying the effects of neutron irradiation on me

chanical properties of pressure vessel steels have conducted most of their 

studies in neutron fluxes several orders of magnitude greater than those 

to whi.ch reactor pressure vessels are exposed. While the accelerated ac

cumulation of neutron exposure is necessary in order to complete research 

programs in reasonable time periods, there exist questions regarding the 

application of the results to prediction of the properties of pressure 

vessel steels exposed to low long-time neutron fluxes. Theoretical studies 

have indicated that the neutron-flux (dose rate) and neutron-energy spec

trum differences between test reactor facilities and power reactor pres

sure vessel locations may be of sufficient magnitude to affect the appli

cability of test reactor program results to power reactor operation. An 

.. 
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interim method of avoiding these problems is the "surveillance program" 

discussed in Chapter 10. 

At least two neutron-flux effects have been postulated for neutron 

irradiation at power reactor operating temperatures: 

1. Annealing of radiation-induced defects will occur during neutron 

irradiation at elevated temperature. The properties of a steel during 

and after elevated-temperature irradiation will be the result of the com

bined damage rates (a function of neutron flux and spectrum) and anneal

ing rate (a function of temperature). Low-flux long-time irradiation at 

a given temperature should result in lesser radiation effects for a given 

dose than high-flux short-time irradiation, since there is a greater time 

for recovery of the defects. 

2. If the increased concentration of defects (vacancies and inter

stitials) during irradiation accelerates metallurgical reactions and the 

rcculting metallurgical chanees affect the mechanical properties, low

flux long-time irradiation may result in greater property changes than 

high-flux short-time irradiation at the same temperature and the same 

dose. 167 

The study of flux effects has been difficult because reactor facili

ties providing widely different neutron fluxes usually have quite dif

ferent neutron spectra. Thus flux and spectrum et':t'ects are usually en

countered in combination, and separating them is most difflc:ult. 

One study has been conducted on flux effects in which the neutron 

spectrum was constant. Barton, Harries, and Mogford 168 studied the ef

fects of flux and irradiation temperature on the tensile properties of 

three mild steels (En2 mild steel, an aluminum-containing grain-size

controlled mild steel, and a silicon-killed mild steel). Irradiation 

temperatures were 212 to 662uF, and the relative neutron fluxe~ were ln 

the approximate ratios of 1:4:100. These different fluxes were obtained 

by operating the PLUTO reactor at different power levels. They concluded 

that while radiation effects are funr.tinn:=; of the irradi9,tion temperature 

and the type of steel, the effects are not significantly dependent on 

neutron flux in this temperature range. However, the integrated fast

ncutron flux in this study wa:=; quite low (~2.5 X 1017 neutrons/cm2 , fis

sion)) and a part of the reported data might fit postulate 1 above; that 
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it might fit the equivalent damage expression: 168 

l l k <P2 
ln -r-

e 'Pl 

Hinkle, Smith, and Wechsler 169 observed no flux effect in studies 

on high-purity iron irradiated at 200°F to doses of 4.6 x 1018 neutrons/cm2 

(E > l Mev). The neutron fluxes were varied by more than a factor of 100. 

~Brandt and Alexander170 could not identify any flux effects in surveil

lance tests on SA 302 grade B steel irradiated at 545°F in the Dresden 

reactor. The neutron flux ratios were slightly greater than 2:1 in this 

study. 

Fellini, Steele, and Hawthorne 171 compared the results of irradiation 

of A 212 grade B, A 302 grade B, and A 350 grade LF-3 in the highly ther

malized spectrum of the Brookhaven Graphite Reactor with results obtained 

in the higher energy spectra of the MTR and LITR. The neutron flux in 

the Brookhaven Graphite Reactor is about one-tenth that in the LITR and 

MTR. The observed differences in radiation effects were attributed to 

spectrum effects, with flux effects considered insignificant. 

5.4.2.3 Neutron Spectrum 

This section summarizes current practice for comparing radiation 

damage effects produced in sp.~cimens"'irradiated in different neutron spec

tra. The basic effect produced by neutron irradiation of a·metal is the 

displacement of an atom from its normal position in the crystal to. an ab

normal position called an "interstitial" position. This leav'es a vacancy 

or hole at the normal position. Vacancies and interstitials are'always 

produced in equal numbers by neutron irradiations ·(except possibly in the . ~ 

immediate vicinity of a surface), and the combination is c'alled a Frenkel 

defect. In very general terms the change in· a mechanical prope"rty, "6M _ 

(M may represent yield strength, imp.act strength, etc.), can be expressed 

as a function of the number and distribution of these elementary defects. 

However, most investigators have assumed that the property change is a 

function only of the number of elementary defects. This assumption is 

made because otherwise the problem becomes too difficult to handle. The 
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various methods of calculating defect-production rates and methods of 

using these calculations to correlate experimental results are discussed 

first below, and then some of the more sophisticated calculations that 

attempt to account for defect distributions in interpreting mechanical 

properties are discussed briefly. According to Seitz and Koehler 172 the 

displacement production rate is given by 

00 

Nd n 0 f G(E) f(E) dE , 
0 

where 

no number of atoms per unit volume, 

f (E) = differeutial neu.t:r·on flux, 

G(E) displacement cross section for neutrons of energy E. 

The problems associated with the determination of f(E) are discussed 

in Section 3.5, but it is also necessary to discuss in this section the 

effects of different methods of approximating f(E). Great progress has 

been made in recent years toward specifying f(E) for different reactor 

test positions and reactor pressure vessel walls. However, many experi

menters like to report damage exposure in terms of neutron flux greater 

than a fixed energy (usually 1 Mev). 

Various methods are used to approximate G(E). These are described 

briefly below, starting with the simplest methods and proceeding to the 

more complicated methods. 

1. The displacement cross section is assumed to be a step function: 

G(E) = 0 , when E < Er 

and 

G(E) = constant , when E ~Er . 

This description is equivalent to reporting exposures in terms of flux 

greater than some fixed neutron enere;y, since thfi:; makP.s 

Nd no G J00 

f(E) dE . 
Er 
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2. The displacement cross section is a step function as in (l), but 

Ef is determined for each metal of interest so that for a variety of spec

tra of interest the displacement production calculated by this method is 

equal to the displacement production calculated by more elaborate meth

ods .173 

J. The displacement cross section is given by the product of the 

neutron elastic-scattering cross section, ae1 (E), and the displacement 

cross section for the resulting primary knock-on atom of energy T. This 

is expressed by the equation 

T (T) dT G(E) ael (E) J max g 
a Tmax a 

ael CE) 0.561 (1 + T~) ' for Tmax >> a , 

4M 
Tmax ----E the maximum energy that can be transferred to an 

(M + l) 2 

atom of mass, M, by a neutron of energy, E, 

a the minimum energy that an atom must receive before it can be 

displaced from its lattice position (for iron, about 25 ev), 

number of secondary displacements produced by an atom of energy 

T. 

According to this model, 

00 
[ 2M EJ Nd C f a l (E) 1 + - f(E) dE 

Ed e (M + 1 )2 a 

where Ed is the minimum neutron energy capable of producing a lattice dis

placement. 

' ,,, 
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This form is similar to that used by Rossin 174 - 177 as the basis for 

a radiation damage unit, RDU. In Rossin's formulation the displacement 

cross section, which he calls crRDU' is normalized so that 

where ff(E) is the fission neutron spectrum. Therefore, 

where C is a constant of normalization and criso is the isotropic elastic 

scattering cross section. 

4. The displacement-production model 3 is modified to account for 

the fact that some of the energy of the primary knock~on atom is lost 

through electronic processes. 1787179 This process is important only for 

high-energy atoms, so many investigators ignore this effect. According 

to the model of Kinchin and Pease, 178 most of the primary knock-on energy 

above about 45 kev in the case of iron is lost by electronic processes 

that produce no displacements. Therefore in this model the displacement

production rate will be given by 

Nd 

where E. is the neutron energy that produces primary knock-on energy 
l 

above ionization threshold. For iron, Ei is 0.8 Mev and Ed is about 36 

kev. 

5. The Displacement Spike Model. It is known from basic damage 

studies that the interstitials produced by neutron irradiation move around 

very rapidly at the temperatures of pressure vessel operation. In iron, 

for instance, it is thought that the interstitials move around with ap

preciable rates at about -170°C. Therefore for elevated-temperature ir

radiations, all the interstitials produced will either annihilate vacan

cies, form clusters, or go to grain boundaries, dislocations, and free 

surfaces. In view of these considerations the displacement-production 

models considered Above appear unrealistic, and various other suggestions 

have been made. One model suggests that each primary knock-on above a 
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ce'rtain energy produces a cluster of vacancies th~t is immobile and inter

acts with dislocations to produce hardening effects. 180 

6. Computer Studies. More elaborate studies of radiation damage have 

been made with high-speed computers to simulate the crystal lattice.181 , 182 

One of the factors considered in studies of this type is channeling of 

energetic knock-on atoms in relatively open directions in the crystal. 

Channeling reduces the calculated damage rate compared.with that of other 

models discussed above. Annealing of the damage is also included in this 

model so that the final defect configuration is calculated. It is neces

sary to have rather good knowledge about atomic potentials for studies of 

this type, and the present information is not good enough. Nevertheless, 

interesting results are being generated by these st.udies. 

7. Thermal-Neutron Damage. The thermal-neutron energy range is usu

ally neglected in radiation damage calculations because, as stated above, 

a neutron must have about 36 kev of energy to cause displacement of the 

atoms by direct collision. However, thermal neutrons can also cause lat

tice displacements by absorption reactions (n,1; n,a; n,p), and in some 

cases these can produce appreciable amounts of damage. In the case of 

iron the neutron-absorption cross section is small, so the n,/ reaction, 

which produces a mean recoil energy of 389 ev, 183 does not produce sig

nificant damage, except in highly·moderated reactors. 

In certain cases thermal-neutron absorption by impurities can produce 

significant dama&e if the impurity atom has a very high absorption cross 

section and emits a highly energetic decay product. One such case is 

boron. Meyers 184 has calculated that the disintegration of one atom of 

~OB in an iron matrix should produce a total of 765 displacements. Thus, 

for a steel containing 0:003 wt % boron, the 10B(n,a) reaction will produce 

approximate~y 4.5% of the total damage if the thermal-neutron flux equals 

the flux above 1 Mev. 184 

'comparisons of the Models.. T?-ble 5 .1 lists results of calculations 

by Grounes185 comparing ·thre~-di!ferent models and showing how each of 

the. models would,assesstneutron damage.produced by exposure in different 

• spect.ra. The calculated spectra.for each position are shown in Fig. 5.16. 

Each of the different models is normalized so that the relative damage 

I, 
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Table 5.1. Neutron Spectrum Normalized to That 
of the R4-10 Reactor 

Model 

with ET 3 Mev 

with ET 0.5 

with ET 0.2 

f'fCE)dE 
E 

7,0] 

6.0 

5,0 

4,0 

3,0 

2p 

1,0 

0 

Mev 

Mev 

R4-10 
Reactor 

1.0 

1.0 

1.0 

1.0 

1.0 

Normalized Spectrum 

R4-5 
Reactor 

1.3 

0.9 

0.9 

1.0 

0.8 

o MTR 
0 R4-5 
!::,. R4-10 

Y.. Gl 

Gl 
Reactor 

0.9 

0.9 

0.8 

0.9 

1.1 

• fission 

MTR 

1.6 

0.7 

0.6 

0.8 

0.4 

Fission 

1.9 

0.7 

0.5 

0. 'i' 

0.2 

0.003 0.01 0.1 1.0 5.0 

Energy. MeV 

Fig. 5.16. Calculated Neutron Spectra for Table 5.1 Comparison. 
(From Ref. 185) 
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for the R4-10 spectrum is one. The spectrum for Gl (French graphite re

actor) is the softest. The table shows that if specimens were irradiated 

.in a test reactor, MTR, and an extrapolation was made to determine the 

expected d~mage in a highly moderated flux, such as that of the Gl, the 

results could differ by as much as a factor of about 3, depending upon 

which models were selected. Thus, it is apparent that the model used to 

describe radiation damage is very important. The differences can be even 

bigger than a factor of 3 when other factors such·as thermal-neutron dam

age are taken into account. 

Attempts to Compare Models with Experiments. A number of investiga

tors have attempted to determine which model is best suited for describ

ing the radiation damage by comparing experimental measurements of mechani

cal properties on specimens irradiated in different reactor spectra (Refs. 

143, 173, 17~177, 182, 18~190). These attempts have not been very suc

cessful for the following reasons: 

1. The spectra used for the comparison irradiations usually are not. 

different enough to produce effects clearly outside the experimental scat

ter. 

2. The functional dependence of yield stress or ductile-to-brittle 

transition temperature on radiation damage is not known, so it is diffi

cult to compare different models in a meaningful way. 

3. The number of data points having all variables but neutron spec

trum constant is quite limited. 

Summary. At the present time the radiation damage suffered by a 

particular steel in a given neutron spectrum in a given exposure time can 

probably be predicted within a factor of about 3 by comparisons with data 

obtained on specimens of an identical steel irradiated in a very different 

spectrum. Much progress has been made toward defining the neutron spectra 

in various reactor facilittes, but more information about the nature of 

the damage produced must be .obtained. Computer studies of radiation dam

age show much.promise, but more basic information about interatomic poten

tials and interactions of defects in metals is required for input to these 

programs. 

' i 
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5.4.2.4 Exposure Temperature 

Radiation-induced mechanical property changes are temperature depen

dent. At moderately elevated temperatures many of the defects caused by 

radiation are mobile, and annealing of the radiation effects may occur. 

Vacancies are. mobile at the operating temperatures of nuclear power re

actor pressure vessels and will diffuse to dislocations, grain boundaries, 

and inclusions or will coalesce to form larger lattice defects. In adqi

tion, the larger defects will grow by vacancy diffusion at the expense of 

the smaller defects, and the total effect can be strikingly similar to 

aging and averaging in a precipitation-hardenable alloy. The temperatures 

at which the major portion of radiation-induced mechanical property changes 

are annealed or recovered are generally lower than for recovery of cold 

work. In fact, the temperature range for the recovery of the major por

tion of radiation effects is also the temperature range in which most 

commercial water-cooled nuclear pressure vessels operate. Thus, radia

tion damage and at least partial recovery of the effects occur simulta:

neously in the nuclear pressure vessel. This combination of effects has 

been observed and studied both in accelerated irradiations in test reac

tors and in surveillance programs. Figure 5.17 presents the available 

data on ductile-to-hrit.tlP. transition temperature shift for several ir

radiation temperature ranges. The upper bounds of the transition tempera

ture shifts for these exposure temperature ranges decrease markedly be

tween 500 and 600°F. The difference between the upper and lower bounds 

for the data (at about 3 x 1019 neutrons/cm2 ) is about 170°F for irradia

tion at less than 450°F, 240°F between 1,50 and 500°F, and 270°F above 

500°F. In fact, above a 500°F exposure temperature, one steel showed neg

ligible shift (40°F) at 5 X 1019 neutrons/cm2 • This manner of presentation 

appears to indicate a very broad temperature range for simultaneous radia

tion damage and recovery. If the relationship of exposure temperature 

an<'l transition tem,perature shift for a given heat of steel is examined, 

Fig. 5.i8 (from Ref. 191), a relatively narrow temperaturP. range is :found 

for "simultaneous recovery" of radiation effects. Other steels or heat 

treatments will exhibit lower, higher, or wider temperature r·a:nges for 

"simultaneous recovery." 
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The effects of irradiation of a specific alloy at a given exposure 

temperature can, at present, be determined only by irradiation tests. 

There is some evidence that radiation-induced changes of tensile proper

ties are related to changes of transition temperature and, further, that 

temperatures for "simultaneous recovery" of tensile properties and transi

tion temperature are also related. However, some studies 166
' 192 have 

shown that tensile properties and transition temperature do not always 

recover at the same temperatures. Yield and tensile strength recovery 

may require exposure temperatures 100°F higher than transition tempera

ture recovery. 

5.4.2.5 Materials 

A number of studies have been conducted that attempted to determine 

the roles of composition, metallurgical structure, and heat treatment in 

radiation effects. Carpenter, Knopf, and Byron155 observed widely dif

ferent "radiation sensitivities" for various heats of A 302 grade B steel, 

Fig. 5.19. They could reach no conclusions on the effects of composition 

variables but did note that the two "sensitive" heats had "large-grained 

ferrite-bainite structures exhibiting some banding." The insensitive 

heats had "fine-grained structures principally of ferrite and tempered 

lower bainite." Further intensive study of these heats 193 was not able 

to isolate or evaluate the specific influence of composition variables. 

The influence of gross metallurgical structure differences was corrobo

rated. In the unirradiated condition the sensitive heats exhibited sig

nificantly lower yield strength; lower friction stress, a.; higher grain-
. l 

boundary resistance, ky; and higher transition temperatures than did the 

insensitive heats. (The classical expression: a = a. + k d- 1 / 2 was y 1 y , 

employed in this study.) The irradiati.on temperatures were 450 to 520°F, 

and the observed differences of radiation sensitivity may be attributed 

to differences of "simultaneous recovery" temperature for the different 

materia.ln. 

Steele, Hawthorne, and Gray194 studied a variety of medium- and high

strength steels. Their resulLs are summarized in Fig. 5.20. They con

cluded that (1) the higher strength steels e~hibit a general trend toward 

low~:t 5nit.ial NDT; (2) along with higher strength and lower initial NDT, 
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MATERIAL EXPERIMENT 
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Fig. 5.19. Effect of Irradiation at 450 to 520°F on Various Heats 
of A 302 Grade B Steel. "Sensitive" and "insensitive" irradiation be
havior are demonstrated by the upper and lower curves, respectively. 
(From Ref. 155) 
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Fig. 5.20. Relative Transition Temperatures (NDT Temperatures) for 
Five Steels Having Yield Strength Levels from About 60 to 180 ksi Before 
and After Irradiation at <280 and 550°F (Note Linear Abscissa). (From 
Ref. 194) 

t.herP. is a tendency for smaller radiation-induced increases in transition 

temperature; (3) a marked and progressive advantage in terms of lower 

radiation embrittlement is observed with the higher strength ::;teels ir

radiaLeu at 550°F; and (4) there appears to be a eener.al tendency for 

earlier saturation of radiation embrittlement with increasing strengths 

that is particularly marked for an irradiation temperature of 550°F. 

Most other studies indicate that the finer metallurgical structures 

lead to lower radiation sensitivities. The predominant factor appears to 

be the cooling rate from the austenitizing temperature. Composition vari

ables appear to have an indirect influence on radiation sensitivity, pri

marily by altering the metallurgical structure attainable with a given 

cooling rate from the austenitizing temperature. One possible exception 

to this conclusion may he t.h~ observations195 on experimental heats of 

A 302 grade B steel obtained by the Naval Research Laboratory in collabora

tion with U.S. Steel Corporation. An air-induction heat with low residual

element content exhibited no shift of transition temperature after 
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irradiation at 550°F to 3.1 X 10~ 9 neutrons/cm2 (E > 1 Mev), while a simi

lar heat with nominal residual-element content exhibited a transition tem

perature shift of 135°F. Approximately equivalent radiation sensitivity 

was observed for irradiations of the two heats at 240°F. 

There exist fewer data on radiation effects in weld metal and weld

heat-affected zones than on plate materials. The major portion of these 

data indicates radiation-induced transition temperature shifts 'of the 

same magnitude in welds and heat-affected zones as has been described for 

plate materials. The data on two heat-affected zones in A 212,grade B 

steel, Fig. 5.18, are examples of this behavior. However, one study1-96 

of radiation embrittlement in a 3 1/2% Ni-Cr-Mo weldment has shown a large 

difference of radiation sensitivity between weld metal and plate materials. 

The plate material exhibited a 75°F transition temperatur~ shift after an 

irradiation at 5S0°F to 2.9 x 1019 neutrons/cm2 (E > 1 Mev), while the 

weld metal exhibited a shift of about 400°F after the same irradiation. 

While the results of irradiation ?tudies conducted to date do not 

permit prediction (in a satisfactorily precise manner) of the property 

changes of a given alloy heat treated in a specific manner and exposed to 

'a· particular nuclear environment, the probable direction of further re

search is evident, and there is considerable promise that materials can 

be produced that are insensitive to radiation effects at the operating 

temperatures of nuclear power reactor pressure vessels. Until such ma

terials can be consistently produced, the properties of irradiated pres

sure vessel material (plate, forging, weld, or heat-affected zone) must 

be determined either in a test reactor study or surveillance program, or 

the most pessimistic results must be considered in design and operating 

procedures. 

5.4.3 S'u.rveillance Program Results 

Materials surv~illance programs have been established in a number of 

conm1ercial water-cooled power reactors (see Chap. 10) and also ih military 

power reactors. The results obtained in these programs are of interest not 

only in determining the condition of the particular reactor pressure vessel 

but also because comparison with results of "accelerated" irradiations 

'I .· ' ~ 

.. 
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should provide greater confidence in applying research program results to 

operating power reactors. The surveillance results available to date have 

been obtained from the U.S. Army's SM-1 and SM-lA reactors, Dresden, Big 

Rock Point, Piqua, and Yankee-Rowe reactors. 

The original surveillance program in the SM-1 reactor included sub

size Izod specimens of A 212 grade B steel. These specimens were mounted 

in a position that exposed the specimens to a higher neutron flux than 

the pressure vessel experienced. Standard Charpy specimens were installed 

at a later date. The results 197 - 199 of tests of the SM-1 surveillance 

specimens (Charpy and subsize Izod) agree with predictions based on ac

celerated irradiation studies. The possible errors in test data and neu

tron flux are greater than the differences between SM-1 surveillance data 

and research data. The surveillance test data from the SM-lA reactor, 

Fig. 5.21 (from Ref. 199), also compare favorably with data from test re

actor irradiationc. 

w 
(/) 
<[ 
w 
a:: 
(.) 
z 
- 400 
w a:: 
::> 
~ a:: 

~ w 
1-

z 
0 

!::: 
(/) 

(•CJ 
240 

~ 2001------+---+--+-l'------f----1111 
a:: 
1-
.c 

"f 
0 

"' > 
(.) 

'"'"-........................ ___. ................. .,._~ .................... _..,... .................... ...,o 
101s 101s 10zo 

INTl;;GRATED NEUTRON EXPOSURE 
(n/cm2 >I Mevl 

Fig. 5.21. Charpy V-Notch Transition Temperature Increases for SM-1 
and SM-lA Pressure Vessel Steels. (From Ref. 199) 



. ~ . 

25_6 

The first surveillance specimens from the Yankee~Rowe reactor were 

from capsules that had been irradiated near the reactor core. Specimens 

of A 302 grade B steel from ASTM reference plate 200 and from the reactor 

pressure vessel plate were included in these capsules. The data obtained 

from the ASTM reference plate agreed with data from accelerated irradia

tions in test reactors. 199 , 201 - 203 The data from the pressure vessel 

specimens indicated a slightly greater (25%) shift of Charpy V-notch tran

sition temperature than for the reference plate~ The difference was within 

the variations of radiation effects that have been observed for commercial 

A 302 grade B steel. The surveillance specimens exposed at the pressure 

vessel wall were recovered after operation of Core rv. 203 .The pressure 

vessel steel specimens again showed a slightly greater radiation sensi

tivity than did the reference steel. However, both steels showed a greater 

transition temperature shift than predicted on the basis of the "Yankee 
. II 22 ·near-core specimens, Fig. 5. . The shifts were still within the "band" 

of data for irradiations at less than 450°F. This behavior was probably 

due to a combination of decreasing operating temperature during specimen 

exposure and neutron spectrum ·differences between the vessel wall and 

"near-core" positions. 203 

On the other hand, surveillance specimens of A 302 grade B steel from 

the Big Ro~k Point reactor 204 that were exposed in "near-core" positions 

showed less radiation sensitivity than the same grade of steel irradiated 

in test reactors. This may be due to the effect of irradiation tempera

ture, since the temperature was about 600°F for the last one-third of the 

exposure. The "near-core" Big Rock Point data fall within the observed 

data scatter for other irradiations. Tests on Big Rock Point surveillance 

specimens exposed at the pressure vessel wall199 showed no observable tran

sition temperature shift for base plate or heat-affected zones and 55°F 

for the weld metal of the pressure vessel steel at 1.5 x 101 8 neutrons/cm2 

(E>lMev). 

ASTM A 212 grade B surveillance specimens from the Piqua reactor 

showed no significant departure from data obtained from accelerated ir

radiations. 205 

The largest body of surveillance data presently available is from 

the Dresden I reactor. Notch-impact (Charpy V) and tensile test specimens 
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Fig. 5.22. Transition Temperature Increase for Yankee Reactor Test 
Plate and ASTM A 302 Grade B Reference Steel Specimens Irradiated at a 
Vessel Wall Surveillance Location in the Yankee Reactor During Operation 
of Cores II, III, and IV. (From Ref. 20J) 

of A 302 grade B steel have been tested after irradiation for one-half 

-.J.o four years in the core, ne?.~-:-core, pressure vessel wall, __ and "turning 

- .vane" (negligible neutron f~U:x) positions of Dresden I. 206 - 2.68 The mate-

rials tested included Dresden I base plate, weld metal, and heat-affected 

zones and Humboldt reactor base plate. The irradiation temperature was 

545°F, and the measured integrated neutron fluxes ranged from 5 X 1017 

to 2.3 X 1020 neutrons/cm2 (E > 1 Mev) for Charpy V-notch data and from 

9.8 x 1018 to 2.3 x 1020 neutrons/cm2 (E > 1 Mev) for the tensile data. 

All tensile tests were conducted at 550°F, and the Charpy V-notch tests 

were conducted over a range of temperatures to develop full transition 

curves. The radiation-induced changes in tensile properties will not 

affect the serviceability of the Dresden pressure vessel. 208 The radia

tion-induced increases in notch-impact transition temperature will only 
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affect the recommended minimum temperature for f'ull-pressure test. This 

temperature was 220°F for the 1966 refueling outage and will gradually 

increase to 285°F after 40 years of operation based on the present data. 208 

The tensile test results show irradiation behavior similar to results 

for the same type of materials irradiated and tested by other investigators. 

The maximum yield strength increase was approximately 50% for an exposure 

of 2.3 x 1020 neutrons/cm2 (equivalent to 250 years of operation), and 

tensile strength increases were less. The ratio of yield strength to 

tensile strength at the highest dose reached a value of 0.95 for weld 

metal. Ratios for other conditions were lower than this value. The re

sults of Charpy V-notch tests, based on the 30 ft-lb criterion, show_ed 

transition temp~rature increases that were slightly greater than for steels 

termed "insensitive" in other reported studies155 and much less than for 

"sensitive" steels. 155 There was no apparent difference in radiation 

sensitivity for samples cut from the inside or outside of the pressure 

vessel plate or for samples cut parallel or transverse to the major roll

ing direction. The weld metal specimens exhibited a considerably lower 

radiation sensitivity and heat-affected-zone specimens a slightly lower 

radiation sensitivity than the base plate specimens. The ductile-fracture 

energy was decreased about 50% for an exposure of 1.7 x 1020 neutrons/cm2 

but would be adequate for exposures equivalent to the anticipated life 

of the Dresden I pressure vessel (40 years). There were no apparent 

flilx (dose rate) or spectrum effects. There appears to be some correlation 

between transition temperature increases and yield strength increases. 

Such a correlation, however, seems to be only approximate and not adequat~ 

for prediction of notch-impact behavior based on tensile properties. 

The available results from the several surveillance programs that 

have been summarized here are substantially in agreement with the results 

of research programs conducted in test reactors. 
... 

Direct comparison of 

results from surveillance and research programs is not presently possible 
/ 

due to differences of material composition and heat treatment, irradiation 

temperature, and integrated neutron flux. The primary purpose of surveil

lance programs, monitoring the condition of the pressure vessel, is ap

parently being accomplished, and no unexpected effects have been observed. 
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5.4.4 Components Removed from Service 

A few pressure vessel components have become available for study of 

radiation effects. None of these are from commerical nuclear power plants. 

Test specimens were taken from the SL-1 (U.S. Army) pressure vessel 

(A 212 grade B steel) after the reactor was dismantled. Charpy V-notch 

tests on this material gave a transition temperature increase of 65°F 

for an exposure of about 1.6 x 1018 neutrons/cm2 (E > 1 Mev) at 420°F. 209 

This increase may be slightly greater than obtained in accelerated irradia

Lions of similar steels. 

A sec.:tion of the OMRE grid plate (A 38:7 grade B steel) has been re

moved for notch-impact tests. 205 The test results are not inconsistent 

with accelerated irradiation data. However, no material was available 

for obtaining preirradiation data, and comparisons with other irradiation 

data are necessarily only approximate. 

An extensive study is in progress on the PM-2A (U.S. Army) pressure 

vessel. 210 This pressure vessel, which was removed from service, is fab

ricated from ring forgings of SA 350 grade LF-3 steel and clad with stain

less steel. Detailed dimensional measurements and nondestructive inspec

tions of the vessel were performed. The integrated neutron flux to which 

the various portions of the vessel had been exposed were determined by 

both analytical and nondestructive methods. The maximum integrated neu.tron 

flux. was reported to be 1.47 x:l019 neutrons/cm2 (E > 1 Mev)·. The study 
' 

is designed to obtain direct confirmation of pressure vessel brittle

fracture-prevention criteria. The vessel has been ruptured with an arti

ficially introduced flaw under controlled temperature and pressure con

ditions. 211 Portions of the vessel will be used for laboratory tests of 

brittle-fracture properties. 

5.4.5 Postirradiation Heat Treatment 

Because the extent of steel embrittlement due to radiation can be 

quite large, several studies have been conducted to assess the possibili

ties of embrittlement relief by means of thermal annealing cycles. Most 
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of these studies have been for ~ingle annealing cycles following irradia

tion. A few studies have included reirradiation after annealing and mul

tiple irradiation-annealing cycles. A number of factors are operative in 

determining the effectiveness of postirradiation heat treatment. These 

factors include neutron exposure, the material, exposure temperature, and 

annealing temperature and duration. 

The recovery of tensile behavior of an SA 212 grade B steel is illus

trated in Fig. 5.23 (from Ref. 166). This steel was irradiated at 100°F 

to an exposure of 1.5 x 1019 neutrons/cm2 prior to 90-min anneals at the 

indicated temperatures. Recovery of ductility is seen to be substantial 

at 400°F. About 25% recovery of yield strength is observed at 550 and 

600°F, and almost complete recovery occurs after 90 min at 750°F. That 

the recovery process may be quite complex is illustrated in Fig. 5.24 (from 

Ref. 166). Several stages of recovery are evident in this steel. 

The effect of postirradiation annealing on the transition temperature, 

yield strength, and ultimate tensile strength of another heat of SA 212 

grade B steel irradiated at temperatures of 450 to 570°F is shown in 

Fig .. \5.25 (from Ref. 192). There was little or no recovery below 570°F. 

There is some indication of iower recovery temperatures for material ir

radiated at the lower temperature. The apparent crossover of the recovery 

curves at 700°F (375°C) may not be real, since the separation of the curves 

at the 750°F (400°C) recovery temperature may be within the uncertainty 

of the data. The role of recovery time is illustrated in Fig. 5.26 (from 

Ref. 209) for an A 350 grade LF-3 forging. In this case increasing re

covery times produced greater recovery of the radiation effect. However, 

a reembrittlement has been observed in several irradiated steels. The 

results presented in Fig. 5.27 (from Ref. 212) show less recovery of 

radiation-induced transition temperature shift for 168 hr at 600°F than 

for 20 hr at 600°F. Other investigators 155 have also observed this re-

"embrittlement phenomenon. 

The kinetics of annealing of radiation damage have been studied in 

an attempt to determine indirectly the mechanism of radiation effects in 

steels. Isothermal annealing studies 164 on a silicon-killed carbon steel 

irradiated at 3006F, Fig. 5.28, showed recovery that was exponential with 

time and a unique activation energy equal to that for self-diffusion 

', 
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Fig. 5.23. Effect of Postirradiation Annealing on Stress-Strain 
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in iron. Similar annealing studies have been conducted on material ir

radiated at 200, 357, and 554°F. The results of these studies, 169 Fig. 

5.29, give approximately the same activation energies for three materials 

and four irradiation temperatures. However, the annealing times for 50% 

recovery a~ a given temperature differ by three orders of magnitude. 

The application of postirradiation annealing to nuclear pressure ves

sels poses questions regarding rates of embrittlement during subsequent 

irradiation. Carpenter, Knopf, and Byron155 concluded from their studies 

that "Reirradiation of a sensitive and insensitive heat of A 302 grade B 

steel that had ·been irradiated and subsequently annealed at 650°F resulted 

in transition temperatures that could not be distinguished from those ob

served after irradiating the same materials to the same total dosages 

without interim annealing." 
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Steele and Hawthorne 21 3 have found, in some of their studies, a mea

surable advantage of intermediate annealing during irradiation, Fig. 5.30. 

A number of nuclear power reactors are currently operating at tem

peratures well below their design temperature. The possibility therefore 

exists that an increase in operating temperature after a period of initial 

service would have beneficial effects on the notch-ductility properties 

of the pressure vessel. That this is true, for at least two cases, is 

shown in Fig. 5.31 (from Ref. 214). The A 302 grade B steel irradiated 

at 400°F and then at 540°F exhibited the same transition temperature in

crease as if it had been irradiated at 540°F during the entire exposure. 
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< 450°F IRRADIATIONS . 
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Fig. 5.30. NDT Temperature Behavior of A 302 Grade B Steel at 
Various Stages of Cyclic In·adiation and Annealing Treatments. (From 
Ref. 213) 
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Fig. 5.31. NDT Temperatures of A 302 Grade B and A 350 Grade LF-3 
Steels Resulting from Irradiation in a Two-Phase Schedule: First at 400 · 
and 450°F and then at Higher Temperatures of 540 and 640°F-. (From Ref. 
214) 

The effects of temperature on radiation-induced property changes in 

pressure vessel steels are com~lex. It is hoped that study of postirradia

tion annealing kinetics and irradiation at elevated temperatures will lead 

to an understanding of radiation effects and recovery. Such an under

standing should permit the prediction of properties for the more complex 

cases of intermediate annealing and changing operating temperature. 

5.4.6 Pressure Vessel Cladding 

The effect of irradiation at various temperatures in the range 120 

to 1300°F on the tensile properties of wrought stainless steels has been .. 
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studied extensively 215 for neutron doses to 1021 neutrons/cm2 • These 

data show only slight effects on the mechanical properties for doses up 

to 1019 neutrons/cm2 at temperatures up to 700°F. 

Application of data from wrought stainless steel to pressure vessel 

cladding is not valid, since the cladding is generally performed by a 

weld overlay process. Thus, it is necessary to use data for welded stain

less steel. Leeser153 reported fatigue data for welds in type 304 stain

less steel irradiated to 1019 neutrons/cm2 (fast) at temperatures in the 

range 70 to 140°F. These data indicate no change in fatigue properties 

in notched and unnotched specimens. Martin and Slaughter216 recently 

published data at temperatures somewhat higher (930°F) than those of in

terest that indicate a slight rise in yield stress and no change in duc

tility as a result of irradiation to 1020 neutrons/cm2
• 

There a:ce no indications that radiation effects in pressure vessel 

cladding (stainless steels) will adversely affect the serviceability of 

commerical water-cooled reactors for present or contemplated operating 

conditions. 
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6. DESIGN OF NUCLEAR PRESSURE VESSELS* 

Large pressure vessels of the type used in nuclear power plants are 

rather unique. This uniqueness is emphasized by the necessity of re

plac-ing whole reactor cores, by the multitude of vessel penetrations, 

by the transient operating conditions, by the importance of mechanical 

and fatigue life, by the size and weight of the vessel, and by the capi

tal outlay. The most significant single item, however, is the importance 

of reliable operation to the s"af'ety' of ope~ating personnel and the gen

eral public. The discussions of this chapter are devoted to safety as 

it relates to the design of nuclear vessels. 

Design has a variety of connotations. The term design here incor

porates not only the sizing of the vessel and the related construction 

drawings but also the assessment of failure modes, the stress analysis, 

and the material selection. The stress analysis and failure modes are 

the main facets covered in this chapter. In this context, an adequate 

stress analysis includes effects of probable flaws and deviations in 

geometry. 

The ductility of the structural_steel is perhaps the most important 

feature of the pressure vessel. It is this plastic property that enables 

the vessel to yield under high peak or local stresses and thus accom

modate the loading by a more favorable distribution of stresses. This 

plastic flow affects only local areas where high stresses prevail and, 

in general, does not affect the elastic behavior of the vessel as a 

whoie. A loss of ductility then is of major concern in pressure vessel 

design. While the gross stresses, including discontinuity stresses, 

may be minimized in a vessel by good design, local defects and stress 

raisers, such as machine marks, flaws, out-of-tolerance dimensions, etc., 

are factors for concern. Severe economic penalties are often incurred 

to _reduce or eliminate such defects or stre-ss raisers. 

Radiation effects on the behavior of nuclear pressure vessel ma

terial are also of concern in pressure vessel design. Irradiation 

*This chapter was prepared by J. G. Merkle, S. E. Moore, and F. J. 
Witt of the Oak.Ridge National Laboratory. 
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produces damage to the crystal structure of the metal to a degree not 

yet fully understood. The gross effect, however, is easily detectable. 

In general, irradiation tends to increase and bring closer together the 

yield point and ultimate tensile strength. Accompanying this are de

creases in the ductility and impact strength. In particular, there is 

often a large increase in the nil-ductility transition (NDT) tempera

ture and thus an increase in the possibility of brittle failure. 

Theoretical methods of stress analysis are currently being developed 

that cover a wide va:rJ.ety of structural components. Methods based on 

linear elastic shell.analyses have found special application to pressure 

vessels. Many computer programs based on these methods have been written. 

It should be realized, however, that all analytical methods are approxi

mate. In general the more approximate the method the more simple it is. 

Thus, the adequacy and applicability of each analytical method must be 

judged when applying results from such methods to the design of pressure 

vessels. As the analytical methods are refined the factors of safety 

required to cover analytical uncertainties may be decreased, and thereby 

other factors desirable in a design may be better satisfied. 

With the stresses determined the factors that govern the failure of 

a pres3urc vccccl come into foci.ls- Sinc:P. P.Ve)l under irradiation some 

plastic flow may take place before failure occurs, the theories relative 

to failure of metals for combined loadings are important. Most of these 

theories are based on assumptions that the material is homogeneous and 

isotropic and that fracture under combined loadings can be related to 

invariant constants (usually some uniaxial properties of the material). 

The more common theories of failure with regard to plastic flow are 

(1) the maximum shear-stress thP.ory (Tresca theory) and (2) the maximum

distortion strain-energy theory (octahedral shear stress or van Mises 

theory). The theories of failure with respect to fracture are (1) the 

maximum normal stress theory, (2) the maximum normal strain theory, 

(3) the maximum total strain-energy theory, and (4) the Griffith-Irwin 

the_ory (fracture mechanics). Only the maximum shear-stress theory and 

the Griffith-Irwin theory are presently being used in analyses of pres

sure vessels. These are the only theories discussed in detail here. 
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The maximum shear-stress theory has gained wide acceptance in the 

pressure vessel industry and is the basis for the allowable stresses 

defined in Section III of the ASME Boiler and Pressure Vessel Code. It 

is also always conservative. The Griffith-Irwin theory is significant 

in that it attempts to incorporate vessel flaws, such as machine marks, 

notches, etc., into the prediction of failure. Its application to brit-

. tle and: near-brittle materials is especially important in examining 

heavily irradiated metals. Many recent papers are devoted to this sub

ject. 

Closely allied with the analytical methods are the necessary experi

menta+ programs that must be used in evaluation of the theories. Rather 

. extensive basic experimental programs with both metal and photoelastic 

models have been conducted and many are currently under way. Supple

menting these are the experimental examinations of scale models and ac

tual vessels. 

,· 

The design engineer is not left to his own innovations, experiences, 

judgements, and interpretations in designing a pressure vessel. The ex

perience and judgement of engineers and researchers representing most 

of the areas considered in structural design and analysis are available 

to him, ·as documented in the ASME Boiler and Pressure Vessel Code. Origi

nally the first commerc'ial nuclear reactor vessels were designed to the 

requirements of Sections I and VIII of the ASME Code. More recently, 

however, Section III was published, and currently this section provides 

the requirements for primary nu~lea.r containment vessels. It covers the 

basic areas of design, materials, fabrication, and inspection. Section 

III goes much further than Sections I and VIII in that it sets allowable 

stresses for safe limits that cover all types of applied stresses. The 

primary goal of this code is to provide requirements for new construction 

and for mechanical and thermal stresses due to cyclic operation. In 

particular, a stress analysis is required, and the fatigue loads of the 

vessel are limited. 

Since Section III requires a complete stress analysis, the designer 

must have at his disposal the necessary analytical methods and related 

computer programs. Thus the basic tools of the theory of elasticity 

have become a necessary part of the design of pressure vessels built to 
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nuclear code standards. Since many regions of a pressure vessel are not 

yet amenable to analytical treatment (nonradial and cluster nozzles, 

nozzles in cylinders, etc.), methods that are very approximate must be 

utilized in the stress analysis. Unfortunately, these regions are usually 

the ones of major concern. Thus, backup experimental examinations con

tinue to play a large role in the design of safe vessels. 

A dilemma that confronts the designer is the mass of technical lit

erature, which is often presented from a much too academic viewpoint. 

The designer is faced with considering all relevant technical informa

tion and deciding whether it can be used safely in design. Fortunately, 

various subcommittees of the Pressure Vessel Research Committee (PVRC) 

of the Weldine Research Council and various professional societies offer 

assistance in sorting out the important contributions. Such information, 

if really pertinent, usually finds its way into revisions or interpreta

tions of the ASME Code. 

In this chapter the emphasis is on the stress analysis, in its 

broadest sense, and how such information is obtained and used in current 

nuclear pressure vessel design. A critique is presented of techniques 

and assumptions of various stress analysis methods. The significance 

of streF;fH"F; ;:ind ::;trains and how they are related to fracture are dis

cussed. Also, a summary of current pressure vessel research is given. 

This is followed by a review of the degree of application of the methods 

and research in current vessel design. Finally the discussions are sum

marized, and areas in design that need further research and development 

a:ce identified. 

6.1 STRESS ANALYSIS OF PRESSURE VESSELS 

The subject of stress analysis has always been important to the de

sign of pressure vessels. For a number of reasons, however, stress analy

sis, as a separate subject, has not always played a very prominent role 

in the dcE:ign and construction of pressure vessels. The reason for this 

seeming paradox is a very practical one, and its explanation requires an 

1.i.nderst.annine; nf wh;:it ::;trest) (;!.!la.lysis ;is. 
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It is important to make the distinction at this time between stress 

analysis and handbook design, since it has only been within the last 

three years that a comprehensive nuclear vessel code has been in general 

use which requires that the design of the pressure vessel be based upon 

an adequate stress analysis. This is not to imply that industry had not 

performed adequate stress analyses, only that now it is mandatory, whereas 

previously it was optional. A pertinent item of interest in this con

nection is that the Office of Technical Services, Department of Commerce, 

published a document 1 in 1958 that gave a set of design rules based on 

stress analysis methods. Since that time many nuclear vessel design 

specifications have included these rules, as well as the ASME Code rules. 

Before either Section III of the ASME code or Ref. 1 was available, 

nuclear vessels were designed according to the rules of Sections I and 

VIII of the ASME code, and Sections I and VIII are still the basis for 

designing nonnuclear vessels and class C nuclear vessels. The rules 

presented provide a number of simplified formulas for computing plate 

thickness, reinforcements for vessel penetrations, support details, and 

~o forth. These formulas include as a parameter the allowable stress 

for the different types of steel used in fabrication and were developed 

by the methods of stress analysis for the appropriate shape. The stress 

analysis, then, was left largely up to the code·committee that wrote 

the rules. Appropriate safety factors were included in the formulas to 

account for various unknowns as experience and judgement. indicated. 

The advent of nuclear power and, the importance of reliable vessel 

operation to public safety reopened the question of stress analysis for 

every reactor vessel. Studies concerning the failure of structures have 

continually reemphasized the close relationship between the state of 

stress at a particular location and the ultimate ability of the struc

ture to perform satisfactorily. This means that in order to evaluate 

the reliability of a nuclear pressure vessel it is necessary to know the 

stresses at every 1point in the vessel. It is for this reason that the 

new rules of Section III place the responsibility for determining the 

stresses on the designer. 

The exact magnitude of the stresses in an actual pressure vessel, 

however, ccµi rarely be determined in any but the simplest cases. The 
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designer is therefore forced to use the best methods available, compute 

stresses by using idealized models, and check the accuracy and/or the 

degree of conservatism against carefully controlled experiments. The 

actual design process requires the knowledge of the locations at which 

stresses must be calculated, the knowledge of methods of analysis that 

agree with the best information available as to structural behavior at 

such locations, and a knowledge of the uncertainty factor of the calcu

lated result. 

This section describes what stress analysis is, with particular 

emphasis on the problems associated with the design of' pressure vessels 

for the pressurized- and boiling-water reactors. A broad overall de

scription of the theories of elasticity, shells, and strength of materials 

is given. Also, a description of analytical techniques used to determine 

the state of stress in a pressure vessel is presented. Finally, some of 

the techniques of experimental stress analysis are discussed that are 

currently being used either to verify theory or to answer specific ques

tions when the theoretical solution is not available. 

Results obtained by the use of procedures based on the theory of 

elasticity, shell theory, etc., are most useful to the designer if he 

remembers that failure can only result after inelastic deformation and 

stress redistribution, even in brittle fracture, and that his concepts 

of structural action should model real response in order to interpret 

the results of calculations based on elastic behavior. The designer must 

also remember that using computer programs as "black boxes" can lead to 

design errors when the assumptions, simplifications, and limitations of 

the computer program are not thoroughly understood. 

6.1.1 Mathematical Theory of Elasticity 

All the theories and applications of stress analysis have their 

roots in the generalized theory of elasticity as first formalized by 

Cauchy and Love in the latter part of the 19th century. Many good books 

have been written on the subject, and it is still being actively worked 

on. However, the present effort is directed primarily toward extensions 

and applications. The availability of the electronic computer has made 
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many- problems tractable that,. in the past, were of academic interest 

only. The linear theory for small deformations is for all practical 

purposes complete in the sense that all the necessary theorems, includ

ing uniqueness, are available. For the purposes at hand this is the 

only theory that needs to be considered. 

The objective of the theory is to relate the point-by-point behavior 

of a solid elastic body in the presence of forces that tend to change 

the shape of the body. Since the response will change from one position 

in the body to another, the building block of the theory is a three

dimensional differential-sized element. It is virtually impossible to 

discuss the theory in a comprehensive manner without using the language 

of mathematics. In a discussion of this type, a complete discourse on 

the theory would be out of place. However, in order to lay a ground

work for later discussion, it is necessary to discuss the basic elements 

and terms used in some detail. 

It is convenient to reference each variable to some fixed coordi-

, nate system; for example, the Cartesian x,y,z system. The differential 

element associated with the .Cartesian coordinate. system is a cube. It 

is well to remember, however, that real behavior is being discussed, 

and therefore any equations that are written must be true no matter what 

coo.rdinate system is used for reference. It will therefore be possible 

" to transform the equations from one coordinate system to another when

' ever it is of advantage to do so. 

There are four sets of primary variables in the theory of elasticity. 

These are (1) the displacements, ui' (2) the strains, €ij' (3) the 

stresses, ~ij' and (4) the body_forces, Fj. The sets of primary vari

ables are related to each other by connecting equations. For example, 

the displacements and strains are related by the strain-displacement 

relations. The development of the strain-displacement relations and an 

associated set, the compatibility equations, is the subject of the theory 

of strain. The strains and stresses are related by a materials law, 

such as Hooke's law, for elastic materials. In its most general form 

Hooke's law contains 81 arbitrary constants that must be evaluated from 

laboratory data. The behavior of most common engineering materials and 

most mathematical solutions is expressed in terms of only two arbitrary 
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constants; the others are eliminated by mathematical arguments. The 

stresses and body forces are related by the equilibrium equations. These 

equations and various associated equations are the subject of the theory 

of stress. 

One of the best ways of illustrating the theory is to organize the 

component expressions in diagram form, as follows: 2 

Displacements, ui 

Strains, Eij 

Stresses, Tij 

Body Forces, Fj 

Strain-Displacement 
>-----1 Equations 

>-~~~Stress-Strain or 
Hooke's J.aw E uations 

Equilibrium 
>-~~~ E uations 

I Doundary Condi tionc 

Solutions to problems in the theory of elasticity have received a 

considerable amount of attention in the past by many of the greatest 

mathematicians. In view of the complexity of the mathematics (there are 

15 coupled partial differential equations in 18 separate primary vari

ables subject to an unspecified number of boundary conditions), it is 

small wonder that many approximate solutions but few 11 exact" solutions 

have been found for many structures of practical interest. 

6.1. . .l .l Displacernents~a.nd Strains 

The displacements (u,v,w) are a measure of how much the differential 

element has moved in each of the coordinate directions (x,y,z); see 

Fig. 6.1. Since each point in the body will, in general, undergo a dis

placement different from every other point, u, v, and ware functions 
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ORNL-DWG 67-3787 

Fig. 6.1. Displacement Components in the Cartesian Coordinate 
System. 

of the coordinates. The displacements may be taken as either functions 

of their original positions· (i.e., in the unstressed state) or of their 

final position (i.e., in the stressed state). It is more convenient in 

the study of solid bodies to describe the displacements as functions of 

the original position.* Thus u(x,y,z) refers to the displacement of the 

element originally at position (x,y,z) in the x directions, whereas 

v(x,y,z) refers to the displacement in the y direction. The notation is 

often condensed for simplicity to the index form ui, where the subscript 

i takes on the directions of the coordinate system; thus ~ = u(x,y,z), 

lly'= v(x,y,z), and u2 = w(x,y,z). 

The second set of primary variables, the strains, are a measure of 

the change in shape of the differential element. Since a differential 

cube may not only be stretched in each of the three directions but also 

may become distorted, there are in general nine strain components (see 

Fig. 6.2). The three strains normal to the faces of the element are 

called normal strains Ex, Ey, E2 • The other six components measure the 

*For a more complete discussion of the reasons; see Chapter 1 of 
Ref. 3. 
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Fig. 6.2. Strain Components in the Cartesian Coordinate System. 

changes in the angles between the edges at the corners of the cube. 

These are called shear strains. For "small" deformations, any other 

distortions of the cube can lie neglected relative to the normal and 

shear strain components. As in the case of the displacement variables, 

the ntra.in variables are also -functions of the coordinate position of 

the differential element. Thus, Ex(x,y,z) is the normal strain in the 

x direction of the differential element located at position (x,y,z), 

E x·y·(x, y, z.) j s a shear strain, etc. The index form of the strain vari

ables is Eij' where each of the subscripts takes on the directions of the 

coordinate system so that Exx Ex(x,y,z), Exy = Exy(x,y,z), etc. It 

can be shown4 that for small deformations, Exy = EYX' Eyz = EZY' and 

Ezx = Exz; that is, the strain tensor is said to be symmetrical. The 
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nine strain components thus reduce to six independent variables. It 

should be noted that some authors (e.g.; Timoshenko) define the shear 

s:rains /ij as the total change in the angles ~etween the·edges rather 

than 1/2, as was done here. Then, /ij = 2Eij; if j. 
The displacement variables ui and the strain variables Eij are re~ 

lated to each other by the strain-displacement equations. Since the 

displacements are continuous functions of the space coordinates, it 

should be expected that the strains are related to the· rate of change 

of the displacements with respect to the space coordinates. That this 

is true can be seen by imagining a line AB of length 6y drawn on the x 

face of the differential element parallel to the y direction (see Fig. 

6.3). If the element is stretched in they direction·an amount 5Y' the 

strain in the y direction, EY' is given by Ey = 5y/f:w, which is also 

equal to the difference between the displacements of the points A and B 

divided by the base length Dif; thus, 

In the limit this become.s 

lim 
6y---+ 0 

Uy(B) - Uy(A) 

6y 

uy(B) - uy(A) 

6y 

The relations between the other strain components and the displacements 

can be developed in a similar manner. Six equations called the strain

displacement relations result and are5 

~ 
= = (°llx + "'7) EX =-·- Exy ' CJX 2 CJy CJX 

CJ~ 
= = ( d0y + duz) Ey =-- Eyz ' ' cy 2 CJZ CJy 

Ouz 
= = (duz + """) Ez Ezx 

CJZ 2 CJX dz 

/ 
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Fig. 6.3. Strain-Displacement Relationships in the Cartesian Co
ordinate System. 

If the coordinate system is relabeled so that the directions x, y, and z 

are given by the subscript variables x17 x2 , and x3 , these l:dx rela. ~ions 

can be written in compact notation a.n 

Eij = ~ (dui + duj) 
2 dx. dx. 

J l 

i,j 1,2,3 . 

In this form E 12 = Exy when i and "j take on values 1 and 2, respectively. 

There is one final set of equations necessary to the discussion of 

displacements and strains. These are the compatibility equations. It 

can be appreciated that in a continuous body not every set of displace

ments or stra.inc ic possible. The cnmpA.tibili ty equations form the neces

sary restrictions for eliminating all the inadmissible values and insur

ing that aJ.l the differential elements will still fit together after 

distortion. In a mathematical sense it can be argued that since the 

six :;train components are completely determ:i.nP.d by three displacement 
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fwictions, ux, Uy' and uz, there must exist additional relations between 

the strain components. These can be derived by eiiminating the dis

placement variables from the six strain-displacement equations by mathe

matical manipulation. The resulting.relations (compatibility equations) 

are the set of six second-order partial differential equations given 

here without proof: 6 

d2E ~ d ( ilcyz dEZX ilczy) 
2d2Exy d2Exx d2E 

xx yy 
-- --- +-- + -- ' + 

dydZ dx dx dy dz dxdy ;jy2 dx2 

d2E 
= ~ (deyz _ dezx + de><;') ' 2d2Eyz d2E d2Ezz yy yy 

+ 
' dzdx dy dx dy dz dydz dz2 dy2 

d2E 
= ~ (deyz + dezx _ de><;') ' 2d2Ezx d2E d2E 

zz zz xx 
= + 

dxdy dz dx dy dz dzdx dx2 dz2 

One of the more difficult aspects of applied elasticity is the com

plete satisfaction of the compatibility equations. It is for this reason 

that special classes of problems, such as axisyrnrnetric and plane-strain 

problems, are discussed in the literature. There is one point of special 

interest,. however, which is important to the discussion of shells. If 

it is possible to formulate a problem in terms of displacements u,v,w, 

the compatibility equations will be automatically satisfied. Whether 

it is possible to do this conveniently depends largely on how the boundary 

conditions are written. The only restrictions that have so far been im

posed are that all deformations are sufficiently small that higher order 

terms may be neglected (i.e., the distortion of a cube is restricted to 

the shape of a parallelopiped). 

6.1.1.2 Forces and Stresses 

The last two sets of variables, the stresses and the forces, are 

best discussed in reverse order. For analyzing the forces acting on the 

differential element, it is necessary to take into account two types of 

forces: (1) the body (or-volume) forces, which are proportional to the 

' . 
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mass in the element, and (2) the surface forces, which act on the faces 

of the differential cube. Examples of body forces are those that arise 

from gravitational fields, magnetic fields, and/or accelerated motion. 

It is apparent that, in genera~, the total body force is a directed -quantity or a vector F with components in each of the three coordinate 

directions Fx,Fy,Fz, or simply Fj, with j = 1,2,3. 

An example of surface force is the tension acting on any horizontal 

section of a steel rod suspended vertically. If it is imagined that the 

rod is cut by a horizontal plane into two parts, the upper and the lower, 

the action of the weight (body force) of the lower part of the rod is 

transmitted to the upper part across the surface of the cut. The stress 

variables are defined as the components of the surface forces acting on 

the face of the element divided by the area. 

A more direct explanation is in terms of the stress vector, which 

represents the surface force per unit area acting on the elemental face. 

The stress components are the normal and tangential components of the 

stress vector acting in the coordinate directions (see Fig. 6.4), where 

the normal stresses are denoted by· ox, oy, oz or Txx' TYY' Tzz and the . 

tangential or shear stresses are denoted by Txy' Tyz' Tzx' Txz' Tzy' and 

Tyx· The first subscript indicates the face (the x face is perpendicular 

to the x coordinate axis, etc.), and the second subscript indicates the 

positive direction of the ::;tress component. Thus, Txx = ox denotes the 

normal stress acting on the x face in the x direction, whereas Txy denotes 

the tangential or shear stress acting on the x face in the y direction, 

etc. Taken all together the nine stress components are the components 

of a tensor Tij' which is also symmetrical, as is the strain tensor Eij' 

Thus, Txy = Tyx' Tyz = TZY' and Tzx = Txz' or in index notation, Tij = Tji' 

The stress variables, T .. , and the body forces, F., are related by 
lJ J 

the equilibrium equations necessary to satisfy static equilibrium of the 

entire body. The physical significance of these equations is, in a sense, 

similar to the significance of the compatibility equations. In oruer 

for each individual differential element, as well as the entire body, 

to be in RtA.tic equilibrium, it is necessary that the stresses on com

panion faces of adjacent differential elements be the same, even though 

the values of the stress components will vary as a function of position. 
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Fig. 6.4. Stress Components in the Cartesian Coordinate System. 

· ,The equilibrium equations are expressions of force balance and result 

in first-order partial differential equations, as follows: 7 

d-rxx d'ryx d-rzx 
--+ +-- = -F 

' <Jx dy dz 
. x 

CJ'[ d'[yy CJ'[ 
__3S[_ . zy 

= -F +-- +--
' dx dy dz 

y 

d-rxz :d-ryz d-rzz 
+-- +-- = -F 

·<Jx dy dz z 

I 
. J 

I 
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Since these are first-order equations, they are, in general, easier to 

satisfy than the compatibility equations. This fact has led to the de

velopment of "stress function" methods for the solution of many specific 

problems. 

6.1.1~3 The Stress-Strain Relations 

All the variables and the interrelationships shown on Fig. 6.4 have 

been discussed except the stress-strain relations. All the equations 

above were derived on strictly a mathematical basis without the need 

for experimental data. It is generally true, then, that these equations 

will hold for a very wide class oi' materials regardless of whether the 

material is elastic. However, the theory of elasticity deals with the 

class of materials that obeys, over a restricted region, a very specific 

formulation of tbe stress-strain relations, Hooke's law. In order to 

validate a set of stress-strain relations it is always necessary to re

sort to experiment and measure the relations between the stresses and 

strains for a given material under given environmental conditions. 

For an isotropic homogeneous elastic material, Hooke's law is the 

set of six equations relating the stress variables to the strain vari

ables: 8 

=~[ax - v(ay + az)] 
l + v 

EX Exy E T:xy ' 

=~[cry - v(crz + ax)] 
1 + v 

Ey ' Eyz = T:yz ' E 

~ [a z - v (ax + cry) J 1 + v 
EZ ' Ezx E T:zx • 

where E is the elastic Young's modulus and v is Poisson's ratio. 

It is easy to see how other theories of solid mechanics (and also 

fluid mechanics to a certain degree), such as the theory of plasticity, 

come about. Hooke's law is simply replaced by other appropriate stress

strain relations. 
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6 .1.1-;4 Principal Stresses anq, Stress Intensity 

Earlier it was remarked that sometimes it is convenient to change 

the reference coordinate system for one reason or another. Calculation 

of the "stress intensity" at a point is one of these times. Failure theo

ries are most conveniently expressed in terms of the principal stresses. 

In particular the maximum shear-stress theory specified by Section III 

of the ASME Code as the criterion for stress evaluation is expressed as 

the difference between the algebraically largest and smallest principal 

stresses at a point. This is, by definition, the stress intensity. 

The principal stresses are determined by rotating the coordinate 

system at the point in question in such a way that the shear stresses 

in the new coordinate directions vanish. The remaining normal stresses 

are called principal stresses and the coordinate directions are the prin

cipal stress directions. The values of the principal stresses (S) are 

given by the three roots of the cubic equation8 

where the Bi are the three stress invariants and are given by 

Standard techniques are available for S?lving cubic algebraic equa

tions. 9 However, a somewhat easier and in many cases more practical 

method for determining the principal stress magnitudes is by using Mohr's 

circle of stress 10 when the magnitude and direction of one of the prin

cipal stresses are known. For example, at the inner surface of a pres

surized part, one of the principal stresses is equal to the negative of 

the pressure acting normal to the surface. For many pressure vessel 

calculations the principal stresses are identical to the stresses in the 

original coordinate direction (i.e., when the shear stresses are all 

zero). 

~ 
I 
; 



299 

6.1.1.5 Thermal Stresses 

Both Ref. 1 and Section III of the ASME Code require that thermal 

stresses be computed and accounted for in nuclear pressure vessel design. 

Thermal stresses arise because of the tendency for materials to expand 

and/or contract without distortion as a function of a change in tempera

ture. Obviously the parameters that describe this tendency (the coef

ficients of thermal expansion, a) are material properties, and the only 

place to incorporate them into the equations of elasticity is in the 

stress-strain relations. 

The theory of therlllal st:r,esses results from adding a single term, 

aiT, to each of the three normal strain equations, where T is the tem

perature above some arbitrary reference temperature. Since a change in 

temperature changes only the volume of an unrestrained differential ele

ment and not its shape, it is not appropriate to add terms to the shear-

stress-strain equations. For an isotropic material that changes volume 

uniformly in every direction, the stress-strain equations become 

1 
[crx- v(cry + crz)] + aT 

1 + v E - - Exy = 'rxy ' x E ' E 

1 
[cry - v(crz + ·crx)J + aT ' 

1 I v 
Ey - - Eyz 'ryz ' E E 

1 
[crz - v(crx + cry)] + aT ' 

1 + v 
Ez E Ezx E -rzx . 

This is a rather innocent looking addition to the theory of elas

ticity, and it would not be expected that there would be much difficulty 

in properly taking it into account. By and large this is true. If it 

is possible to solve the problem without the thermal expansion terms, 

a number of standard techniques are also available for solving the ther

mal-stress problems, 11 provided the temperature distribution in the body 

can be determined. However, determining the temperature as a function 

of both position and time can be a major problem, especially if transients 

in the system cause either large 'or rapid changes in the temperatures of 

the body surfaces. 
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An interesting consequence of the thermal stress theory formulation 

is-that for traction-free bodies (i.e., unconstrained boundaries) zero 

stresses result everywhere if the temperature distribution is either uni

form or varies as a linear function of the Cartesian (x,y,z) coordinate 

system._ Strains and displacements do, of course, exist; normal strains 

are equal to ar, shear strains are zero, and the displacements are either 

uniform or linear in the Cartesian coordinate system. Stresses there

fore arise only from external constraints that prevent the body from ex

panding and/or from temperature distributions that differ from a linear 

function. 

Stresses that arise solely as a result of nonlinear temperature 

distributions (called internal thermal stresses) are self-limiting, since 

in order to satisfy the equilibrium equations, both tensile and com

pressive stresses must be distributed ih equal quantity. This implies 

that if any response of the structure causes a reduction in, say, the 

internal tensile thermal stresses at a point (for example, if yielding 

occurs), a reduction and redistribution of the internal thermal stresses 

throughout the- structure also occurs. Section III of the ASME Code rules 

gives credit for this property in allowing higher allowable values of the 

stress intensity for this type of thermal loading. Thermal stresses 

arising as a res1!llt of preventing displacements, such as those that occur 

because of different coefficients of thermal expansion or different tem

peratures in adjacent bodies, must be treated as ordinary discontinuity 

stresses •. These types of stresses are discussed later. 

6.1.2 Theory of Shells 

In the theory of elasticity, the term shell is applied to structural 

shapes that are bound by two curved surfaces a small _distance apart, that 

is, small compared with the other dimensions. Thus, if a pressure vessel 

:were segmented into all its various structural shapes, most of these 

would be classified as shell segments as, for example, the cylindrical 

body and the spherical heads. A complete discussion of the general theory 

of shells would be out of place here because of the necessary mathematical 

development. However, it is important to know that a general theory does 
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exist and that a number of important problems have been solved in closed 

form. At the present time the theory of thin shells (and curved plates) 

is one of the more active branches of the theory of elasticity. To quote 

Novozhilov from the preface of Thin Shell Theory, 12 

This is explained by the fact that thin-walled shell construc
tions combine light weight with high strength, as a result of 
which they have found wide application in naval, aeronautical 
and boiler engineering as well as in reinforced concrete roof 
designs. It must be emphasized that the practical possibilities 
of the utilization of shells have by no means been exhausted 
and we are all the time witnesses to the perfection of different 
types of construction; on the one band this takes the form of 
an extension of the range of employment of shells, on the other 
ha.nd, of a more thorough analysis of their properties ( j_. e., by 
improvement of the methods of stress analysis). 

One of the ways in which the technologist is improving the methods 

of stress analysis is to automate much of the computational effort by 

writing computer programs. It is therefore possible and is fast bec:orning 

necessary to stress analyze pressure vessels more thoroughly. Fortu

nately, the shells most important to the pressure vessel industry are 

axisymmetric shells; that is, shells that can be generated by revolving 

a curved line segment about a central axis. The general theory can be 

significantly simplified for this class of shells. 

There are eight simplifying assumptions in the theory of elasticity 

that r.P.sult in the theory of shells. These assumptions follow: 13 

1. Shells are "thin," h/R << 1. This is to say that the ratio of 

the thickness to the radius of curvature is much less than 1. If h/R ~ 

1/20, the relative error is less than 5%. 

2. Displacements are small in comparison with the thickness. 

J. Edge cuts or boundaries of the shell segment are perpendicular 

to the middle surface. Middle surface, thickness, and edges completely 

define the geometry, where the middle surface is defined as the locus 

of points that lie midway between the two structural surfaces. This is 

an extremely important assumption in that it defines the minimum size 

of the differential element as being as thick as the shell. As a result 

the primary variables of stress and strain in the theory of elasticity 

are replaced by stress resultants and strain parameters that describe 

the curvature change, bending, and twisting of the structure at the level 
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of the differential element in terms.of what happens to the middle sur

face. 

4. Lines that were perpendicular to the middle surface before defor

mation remain so after deformation and remain of constant length. This 

is to say that a shell will not get thinner by being stretched. 

5. The normal stresses on planes parallel to the middle surface 

may be neglected in comparison with the other stresses (i.e., stresses 

through the thickness of the shell are neglected). 

6. The shell is of constant thickness. There are exceptions to 

this assumption in which the shell may change thickness in some pre

scribed manner. However, the thickness change must be small and gradual 

in order for the solution to be valid in light of the other assumptions. 

7. The material is isotropic and obeys Hooke's law, including ther

mal strain terms, where appropriate. This assumption is common to most 

stress analysis problems and is important in that the.material is pre

sumed to have the same physical properties in all directions. Since 

forming operations are known to introduce some anisotropy, it is im

portant for a valid stress analysis that the degree of anisotropy be 

checked. There is an anisotropic theory of shells14 that can be used to 

evaluate the effects of directional properties; however, it is not in 

general use. 

8 •. The reference coordinate system is curvilinear; that is, it is 

described by the lines of principal curvature of the middle surface and 

the perpendicular distance from the middle surface of the shell. Adop

tion of the general curvilinear coordinate system considerably simpli

fies writing the basic theory. 

It is also generally assumed, but never explicitly stated, that the 

shell surface has no sharp discontinuities. This assumption is actually 

a direct consequence of assumption 3 above. For if a sharp discontinuity 

did exist, the surface normal would be undefined at that position and 

the boundaries of the shell segment would be arbitrary. This is often 
. I 

the case when shell segments of different geometry are joined in a struc-

tu.re. Good design practice is to provide smooth transitions in these 

areas whenever possible. It should be recognized, however, that even in 

the absenc~ _of smooth transition, a consequence of describing the shell 

. ' . 
.. 
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as a mathematical surface is that the fine structure of the stresses and 

strains in a discontinuity region is ignored. The stresses in regions 

of discontinuity are most often the highest stresses in a vessel, and a 

considerable amount of research is currently being done in this area. 

It is encouraging, however, that analytical predictions based on shell 

theory are quite often conservative. At present there is no·entirely 

satisfactory· analytical means for determining the stresses in the local 

region of discontinuities, for example, at penetrations in the main ves

sel. One of the reasons is that the basic assumptions of shell theory 

are not entirely valid at these regions. A rational o.pproach for design 

is to analyze the structure by using ehell" theory and then modify the 

results by experimental means. Recent developments in numerical solu

tions to theory-of-elasticity problems should also help in inve::;tigating 

these regions. More discussion of this subject will be found in Section 

6.3. 

Ten stress resultants are introduced to replace the six primary 

stress variables Tij' with the normal stress through the thickness set 

equal to zero, T = crt = 0 (assumption 5). These are called traction 
33 

forces and bending and twisting moments.* By denoting the orthogonal 

curvilinear shell coordinates as x and y in the shell midsurface and z 

perpendicular to the shell surface (see :B'ig. 6. 5), tl1e stress rcoultants 

are defined in terms of tlie integrals of the stress variables through 

the shell thickness and the two principal curvature radii r 1 and r
2

, as 

follows: 

Nx J crx ( 1 - ;
2

) dz , Ny J cry (1 - ;) dz , 

Nxy J T xy ( 1 - ; ) dz , Nyx J Tyx (1 - ;) dz , 
2 

Q,:x: J Txz (1 - ; ) dz ~ = J -ryz (1 - ;
1

) dz , 
2 

*An excellent description of shell theory is given by Langhaar. 15 
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BENDING AND TWISTING MOMENTS 

Fig. 6.5. Differential Shell Element and Stress Resultants. 

The strain parameters are similar to the stress resultants in that 

the primary variables of the theory of elasticity are replaced by vari

ables that define the behavior of the shell differential element in terms 

of the middle-surface behavior. The mathematical descriptions 15 , 16 of 
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these variables appear more complicated than those for the stress re

sultants because they involve terms from the differential geometry of 

curved surfaces; they will therefore not be given here. 

Since the primary variables of stress and strain are replaced by 

stress resultants and strain parameters, Hooke's law can also be converted. 

This is not entirely a straightforward process, and at least three dif

ferent formulations appear in the literature. At any rate, enough equa

tions can be written to complete the set, and the result is finally pre

cisely as many equations as unknown variables. 

A ladder diagram for the general shell theory may now be constructed, 

as follows: 

Displacements 
u,v,w 

Strain Parameters 

Stress Resultants 

Bod Forces and Loads 

Six Strain-Displar.ement 
~~~~4 Equations 

Hooke's Law Equations 

Six Equilibrium Equations 

Boundary Conditions 

The mF.1.thematical process of solving shell problems is quite similar 

to that for solving problems in the theory of elasticity; that is, a 

solution must be found that will satisfy all three sets of equations sub

ject to the boundary conditions. There are various ways of doing this 

that U.epend on the p.'.l.rticular .problem being investigated. The moat 

obvious first step is to reduce thP. number of equations by eliminating 

variables, and there are at least twu ways in which this can be clone: 

One way is to set certain terms equal to zero by physical arguments for 
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the particular problem. The so-called "membrane" or "momentless" theory 

results from setting moments ~' My' ~Y' and ~ equal to zero. Some 

shells have very little resistance to bending forces, such as very thin 

shells or rubber balloons. The bending moments can therefore be neglected 

relative to the other stress resultants. In other cases, the known bound

ary conditions do not involve b_ending moments at the edges, and the shell 

shape is such that internal bending will not result from direct forces, 

like a hemisphere under internal pressure. The theory for axisymmetric 

shells is another result of setting terms equal to zero, provided the 

boundaries of the shell segment are also axisymmetric; that is, the bound

ary cuts are perpendicular to the axis of revolution. In this case it 

can be argued on the basis of symmetry that the twisting terms lxy, Mxy, 

Myx' Nxy, Nyx, and Qy are zero, as well as the unsymmetrical loading terms. 

The theory of shallow shells results from setting the curvature terms, 

K and K , equal to zero. The result of setting certain variables to 
1 2 

zero is that frequently a number of the fundamental equations are iden-

tically satisfied. This, of course, means that the difficulties associ

ated with finding a solution that satisfies the remaining equations are 

considerably reduced. A second way of eliminating variables is by the 

process of substitution. 

By using both these methods it is possible in certain cases to re

duce the problem of satisfying all the fundamental equations subject to 

the boundary conditions to a problem of satisfying one equation subject 

to the same boundary conditions. A simple example is the problem of a 

cylindrical shell loaded axisymmetrically with an internal pressure. 17 

In this case the partial differential equations can be reduced to the 

single ordinary differential equation 

dx4 

where A ahd B are constants evaluated from known geometry and loading 

terms. This differential equation is easily solved for win terms of 

elementary trigonometric functions and four arbitrary constants. Thus, 

an algebraic equation for the deflection w is available that can be back 
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substituted into all the equations that were eliminated by mathematical 

manipulation. The resulting algebraic equations thus completely define 

the behavior of a cylindrical shell in terms of dimensions and prescribed 

loads. The arbitrary constants resulting from the solution to the dif

ferential equation are evaluated by using the boundary conditions expressed 

in terms of the deflection w. 

Other shell problems have been solved in a manner somewhat similar 

to the cylindrical shell problem. Some of these problems, which are par

ticularly important to pressure vessel design and have closed-form solu

tions, are the axisyrnmetrically loaded spherical shell, 18 curLical shell, 19 

and ellipsoidal shell. 20 The solution for certain nonsymmetric loadings 

on the spherical shell is also available. Numerical methods and computer 

programs that generate solutions for axisymmetric shells of arbitrary 

shape have also been developed. 21 However, the number of solutions pres

ently available is not impressive. The reasons are varied but the major 

difficulty is in finding a solution that not only satisfies the partial 

differential equations but will also satisfy arbitrary conditions or a 

particular set of boundary conditions. 

There are two problems without solutions at present that are of 

special interest in the design of nuclear pressure vessels. These are 

noncircular boundaries and boundaries that are nonaxisymmetric in 'Ll1t:! 

sphere, cylinder, cone, and elli~soid such as would result from inter

secting these shells with a cylinder (or pipe) at an oblique angle. 

6.1.3 Strength of Materials 

It was stated above that a pressure vessel could be divided into a 
number of segments, ::;orne of which a.re shell segment::;. The other segments, 

such as the closure flanges, support rings, and brackets, fall within 

the class of problems covered by the theory of strength of materials. 

For -rnrmA.1 study this is often the only subject in solid mechanics taught 

at the undergraduate level. 

The objective of the theory of strength of materials is to provide 

the working designer with approximate solutions to structures problems 

in the theory of eJasticity. The emphasis of the strength approach is 
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to simplify a problem by making certain assumptions about the gross be

havior of the structure. One approach quite often used is to assume that 

the size· of the qifferential element is large. A good example is the 

strength of materials solution for a beam. In this case, the element.is 

assumed to extend the full depth and width of the beam, so the mathe

matic problem is reduced from a three-dimensional formulation to a one

dimensional formulation. The distance along the length is the only in

dependent variable remaining. The final differential equation is an 

ordinary linear one and is quite easily' solved. In this sense (giving 

the differential element finite dimensions) the theory of shells is a 

strength of materials formulation. In most strength formulations the 

concepts of both stress resultants and strain parameters are quite use

ful, so attention is given to bending moments and angular rotations. 

Strength of materials solutions are very seldom "exact," but in order 

to be useful they must provide either a good approximation of the maxi

mum values or an upper bound. It is therefore most important that the 

accuracy of the solution be checked experimentally. Many times the 

strength solution can also be discussed theoretically by testing the solu

tion against the theory of elasticity. As a matter of interest, one 

standard method, -called the "semiinverse method," 22 for finding exact 

theory of elasticity solutions is to start with the strength of materials 

solution and modify the solution by adding appropriate terms until the 

complete theory is satisfied. The strength solution for the beam is used 

with confidence because both checks give satisfactory results, as follows: 

(1) experimental measurements _confirm that a beam behaves very nearly as 

the strength of materials solution predicts, and (2) the more exact theory 

of elasticity solution confirms that the errors are small for the deflec

tions and normal stresses, which dominate, and the shear stresses across 

the beam ca.n often be neglected. 

In view of the rather long history of structural problems (the gen

eral theory of elasticity is nearly 100 years old), the number of problems 

that have been solved approximately is large. However, as the demand 

for more efficient use of materials and higher allowable stresses in

creases, many solutions that were adequate in the past are becoming obso

lete. It is therefore somewhat disturbing to the design analyst that 

: 
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adequate solutions to specific problems are not readily available. This 

fact presents a problem not only to the designer who must provide an 

adequate structure but also to the entire nuclear power industry. The 

customer must verify that the design is adequate for his own purposes; 

the licensing and regulatory authorities must be satisfied that the de

sign meets established requirements; and the code bodies must establish 

basic design criteria without being so restrictive as to stifle advance

ments in the study and practice of structural behavior. 

Developments in the theories of failure and the adoption of the 

Tresca theory as the criterion for design against fai.lure by exces::;ive 

plastic flow (see Sect. 6.2) have special impact on strength-of-materials 

solutions for pressure vessels. Most of these solutions were designed 

to give values of maximum stress or deflection and not maximum stress 

intensity, which requires more detailed knowledge of the stresses. Aside 

from the problems of _penetrations and openings, which are discussed later, 

most of the problems that currently require a strength-of-materials ap

proach for their solution need to be reexamined. Particularly important 

are the ones involving external or mechanical loads, such as the support 

points of a vessel or support points provided by the vessel for internal 

structures. Fortunately, it is now possible to determine stresses in 

better detail by experimental methods developed largely within the last 

15 years and by numerical methods that are currently becoming available. 

6.1.4 Experimental Stress Analysis 

It should be fairly obvious from the preceding sections that analyti

cal methods alone are presently incapable of supplying a complete and 

accurate picture of the state of stress in the entire pre.ssure vessel. 

Such knowledge is necessary not only because of the potentially serious 

nature of a nuclear vessel failure but also because the rules of Section 

III give, mrmf-d~ary credit for the informatj_on in the form of higher allow

able working stresses. 

The relative importance of experimental stress analysis can be in

ferred from the following opening paragraph of the "Criteria" of Section 

III of the ASME Code: 
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The development of an{:l..lytical and experimental techniques have 
made it possible to determine stresses in considerable detail. 
When the stress picture is brought into focus, it is not reason
able to retain the same values of allowable stress for the clear 
detailed p~cture as had previously been used for the less de
tailed one. 

In principle, experimental methods for determining stresses in elas

tic bodies are well understood. Current developments - for example, the 

use of lasers with scattered-light photoelastic.ity for three-dimensional 

work, the better use of computer techniques for data reduction, and the 

Moire fringe methods for measuring strains and deflections - are· continu

ally adding versatility and accuracy to the field. The problems in

volved in conducting an accurate experimental stress analysis, however, 

should not be underestimated, particularly in accurately defining and 

simulating service condition loads such as thermal transients ai1d tem

perature gradients or extraordinary loadings that may arise during acci

dent conditions. 

The commonly accepted methods of experimental stress analysis are 

(1) strain gaging, preferable in conjunction with a stresscoat or other 

brittle coating as an aid in proper location of the gages, (2) two- and 

three-dimensional photoelasticity, and (3) photostress. A comparative 

analysis 23 conducted under the auspices of the PVRC showed that under 

favorable circumstances equivalent results could be obtained by.all three 

methods. However, each method has its own particular advantages and dis

advantages. In the case of photostress, the surface in question must be 

available for viewing while the test unit is under pressure; this in gen

eral restricts its use to the external surface. For practical purposes, 

this limitation eliminates photostress as a primary method of measure

ment on equipment subjected to internal pressure or having limited inter

nal accessibility. However, it is sometimes possible to use a combina

tion of the.oretical and photostress methods to determine stresses such 

as those on the inner surface. 24 

In the event that a theoretical stress analysis is inadequate or 

design values are unavailable, th~ Code requires that the critical or 

governing stresses shall be substantiated by experimental stress analy

sis (paragraph I-1011) and furthermore that the extent of the experi

mental stress analysis shall be sufficient to determine the governing 

. ·' 
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stresses (paragraph I-1062). A detailed report of the test procedures 

and the results obtained is to be included with the design report. The 

Code does not, however, provide a clear picture of what constitutes an 

adequate theoretical stress analysis, particularly when available for

mulas do not precisely fit the case under consideration. The decision 

as to when an experimental analysis should be done is left up to the 

designer or to the customer. 

An excellent summary of experimental stress analysis as related to 

pressure vessel research is given in Welding Research Council Bulletin 

No. 95 (Ref. 25), as follows: 

The new Section III of the ASME Code, covering nuclear 
vessels, permits either strain gage or photuelastic method::; 
to be used for experimental stress analysis. From the strain 
gage characteristics specified, one can infer that it is de
sired to measure the maximum stresses to an accuracy ap
proaching 10%, which seems fairly reasonable. However, ex
amples of nozzle connectiurrn ca.n be shovm where measurement 
of stresses by strain gage within 2Y/, would be unlikely ex
cept by the most experienced experimental stress analysts. 
This is particularly true in "thin-shell" models, where 
highly localized bending may be involved, .•.. In such a 
case it is self-evident that accurate measurement of stresses 
by strain gage will require gages of short length and very 
accurate placement of the gages. Unfortunately, such limi
tations may not be apparent except through prior knowledge 
of the nature of the stress pattern to be obtained. Much of 
the data available from the literature is questionable or 
unusable because of inadeLJ.uate instrumentation, or failure 
to report the type of strain gages used and the exact loca
tion of measurement. 

In addition to the foregoing limitations, .•. there are 
certain other general limitations, as follows: 

1. For photoelastic tests, difficulties in casting and 
the size of commonly available curing ovens limits the prac
tical size of model which can be tested to perhaps 12 in. OD 
for cy.linders and 16 in. OD fur· spheres. Also, the minimum 
wall thickness which can be tested in a meaningful manner 
is perhaps in the order of 0.05 in. This circumstance limits 
the feasibility of testing small size nozzles in "thin-shell" 
vessels. In the PVRC program, the major portion of the test
ing has been done in relat;ively "thick-shell" vecccls with 
d/D ratios of 0.05 or greater. A limited amount of testing 
has been done at D/T = 72.0, with a minimum d/D ratio of 0.129 
for an unreinforced nozzle and. a d/D ratio of 0.05 for a re
inforced nozzle. 
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2. For strain gage tests of metal models, the models 
are often made u~ing standard production techniques, with cer
tain deviations from the speci.fied contour·· (such as out-of
roundness) or with certain undefined details (such as external 
fil~ets at·the nozzle-shell juncture). Whereas, test results 
from sucti models can perhaps be considered typical of a pro
duction vessel, they are potentially diffict.ilt to interpret 
in terms of establishing a theoretical or empirical means of 
calculating such stresses. That is, such uncontrolled vari
ables constitute a source of experimental scatter which is 
almost impossible to assess and thereby increases the diffi
culty in making a proper evaluation of the data .... these 
defiCiencies existed (or potentially existed) in the PVRC 
data, as well as in much of the data reported in the litera
ture. On the basis of such experience, it is concluded that 
for the purpose of checking a theory, it is highly desirable 
that machi'ned models be used. 

In view of the Section III requirements for an accurate stress analy

sis and the PVRC assessment of the experimental evidence in the litera

ture, it is. apparent that a strong and vigorous program of experimental 

stress analysis is needed. For those problems common to the industry, 

a coordinated effort in the form of monetary and technical support would 

produce the most useful results. In any event, vessel manufacturers 

and reactor designers should be strongly reminded that adequate experi

mental data are a prerequisite to good analytical evaluation and design. 

6.1.5 Applications of Stress Analysis 

The new rules of Section III concerning a complete stress analysis 

constitute a major change in policy in that the manufacturer or a design 

agent responsible to him is required to (1) make a complete set of stress 

analysis calculations, (2) prepare a stress report that not only contains 

the results of the stress analysis but also includes stress calculations 

and pressure-part drawings, (3) have the stress report certified by a 

registered Professional Engineer experienced in pressure vessel design, 

and (4) file copies of the stress report with the inspector and the 

enforcement authority at the point of installation. Stress analysis 

incl~des both the determination of the stresses for steady-state opera

tion and cyclic operation and the evaluation of the stresses according 

-. 
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to a design criterion. The.stress analysis has two purposes, first to 

obtain a number and second to understand what that number means. 

For the first time a pressure vessel code has specified the use of 

a combined stress theory (the maximum shear stress or Tresca theory and 

the stress intensity valµe) as the design criterion. Determination of 

the stresses is discussed below in two parts: first the determination 

of stresses for steady-state conditions and second the stress analysis 

for cyclic operation. Stress evaluation in terms of design criteria is 

discussed in Section 6.2. 

6.1.5.1 Stress Analysisfor Steady State 

The stress analysis of a pressure vessel starts with the sizing 

calculations for the overall dimensions ·that determine the struc:tu.ral 

shape of the vessel. The methods are relatively simple, since the cri

terion ls that the membrane stress, computed by neglecting bending, must 

satisfy the limitations on primary stresses. Basic sizing formulas are 

included in Section III for most situations, although perhaps not for 

every conceivable situation. These early calculations are quite impor

tant, for once they are complete the plate can be ordered and fabrica

tion started. The pressure vessel is a long-lead-time component (up to 

36 months), and thus the detailed stress analysis can proceed concurrently 

with the fabrication because it will not normally result in major struc

tural design changes. 

The most common method for calculating the stresses in pressure ves

sels under static loading is called a discontinuity analysis. This method 

has been used for many years, and in their simplest form the calculations 

can be done by hand. However, the computer has made it possible and 

practical to perform much more complex discontinuity a,nalyses. The major 

purpose of the discontinuity analysis is to determine the bending com

ponent of the stresses and to establish the majority of the design de

tails. Tl1e1·e will, however, be some r'I eRi gn details that will be governed 

by peak stresses and by fatigue considerations. 

In a discontinuity analysis the pressure vessel is usually divided 

into a. number of basic parts (for example, nozzle, spherical head, support 
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skirt, etc). Associated with each of these parts is a set of equations 

that describes the behavior in terms of deformations, strains, and stresses 

when the part is subjected to a system of loads including pressure, weight, 

temperature gradients, ·and prescribed boundary conditions. In order to 

determine the state of stress in the pressure vessel under static or 

steady-state conditions, the solution for the parts must be combined to 

form an analytical description of the original structure. The resulting 

equations form the basis for a "discontinuity" analysis. 

The term discontinuity analysis is perhaps a misnomer, since a struc

ture must remain continuous both during and after application of the 

load. By common usage it has come to mean the solution of the set of 

equations that results from putting the parts back together. A good 

point to remember and one that is often overlooked in analysis is that 

in the process of deriving the solutions to the basic parts, certain as

sumptions are made regarding the behavior of the boundaries. Many times 

in a real structure made up of different shaped components, these as

sumptions are violated to some degree. Therefore, the answers obtained 

from a discontinuity analysis are most likely to be in error in the lo

cality of the discontinuity. Since these regions are precisely where 

the maximum stresses are likely to occur, very careful experimental in

vestigation is required to complete the analysis. In many cases, but 

not always, the error is in favor of the analysis resulting in higher 

maximum calculated stress values than actually occur. 

In order to perform a discontinuity analysis, three types of equa

tions are needed: (1) equations for each basic part in terms of deforma

tions, including displacements due to thermal expansion, and applied 

forces, including unknown edge forces and pressure, (2) geometry equa

tions (sometimes called compatibility equations) that express the require

ment that two ·ad,iacent parts must deform in· the same way at their couunon 

boundaries and thus preser.ve continuity, and (3) equilibrium equations 

that express,the requirement that forces acting on one part at a boundary 

are balanced by forces actihg on the adjacent part. The geometry equa

tions and the equilibrium equations can be thought of as boundary 

\ 
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conditions. The edge forces and moments are called discontinuity forces. 

Edge deformations caused by unit values of these forces are called in

fluence coefficients, and the stresses arising at the edges as a result 

of discontinuity forces are called discontinuity stresses. Most often 

the largest single stress occurs at the discontinuity; however, in order 

to locate the highest stress intensity it may be necessary to calculate 

the stress distributions away from the edge, especially when thermal 

gradients exis:t. 

The total number of equations in a discontinuity analysis depends 

on how many parts are connected together and on the form of the solution 

to each part. Generally, however, there are four equations for each 

part, since the solution to axisymmetric shell problems and many of the 

strength-of-materials bending problems contain four arbitrary constants 

that must be evaluated from boundary conditions. Two of the four equa

tions are usually geometry equations, and the other two are equilibrium 

equations. Obviously, the total number of equations can get rather large, 

and since the entire set must be solved simultaneously, much effort can 

be expended. 

There are a number of ways in which the amount of labor can be re

duced. These methods may be classified into two broad categories: (1) 

computational methods and (2) mathematical uncoupling. Computational 

methods may include the use of matrix algebra and digital computers, 

whereas mathematical uncoupling involves separating the complete discon

tinuity analysis into a number of smaller problems. 

An important characteristic of shell problem solutions is that the 

effect of edge forces and moments tends to die away as a function of the 

distance from the edge. Therefore if two edges of a shell segment are 

sufficiently far from each other (the distance is measured according to 

the characteristic length parameter of the shell), the discontinuity 

forces at one edge will not significantly influence the displacements 

or rotations of the other edge. In such cases it.is possible to solve 

two or more smaller sets of equations, since the interaction terms of 

the lci.rge original syntcm are negligibl.e. Cautj_on should be exercised, 

however, in neglecting interaction terms, since there is seldom a sharp 
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dividing line between when these terms will or will not affect the solu

tion. 

Another important characteristic of shell problems arises from the 

development of a linear theory for which the property of linear super

position holds. If the problem can be formu~ated as a linear ordinary 

differential equation (e.g., the differential equation for a cylindrical 

shell), it follows that the solution which satisfies the differential 

equation and all the boundary conditions is equivalent to the linear sum 

of partial solutions, each of which satisfies the differential equation. 26 

The boundary conditions for each partial solution must, however, be for

mulated so that when the solutions are added, all the original boundary 

conditions are satisfied. The principal of linear superposition goes 

much deeper than the application to ordinary differential equations and 

is the basis for at least one standard me~hod for the solution to linear 

theory of elasticity problems where it is necessary to work with partial 

differential equations. 27 This fact is extremely important in research 

work aimed at developing better methods of stress analysis for pressure 

vessels and als·o for validating the practice of applying the principle 

of linear superposition to nonshell segments. 

If linear superposition is valid (i.e., if the linear theory of 

elasticity is applicable), it is permissible to analyze pressure vessel 

segments for different types of loading, such as pressure alone with 

zero edge force constraints, temperature gradients alone, or discontinuity 

forces alone, and add the results directly to obtain the total stresses. 

Dividing the problem with regard to types of loads,-as. well as neglecting 

small interaction terms, can simplify the analysis. Both these methods 

are as old as the industry and are the methods mos_t generally treated in 

text books~ There is a danger, however, which is often overlooked. The 

danger is that even though the methods are correct it is not proper to 

simply add the highest stresses determined for each loading without re

gard to the location_. Every loading produces a stress distribution that 

will, in general, differ from the other distributions. Therefore, in 

order to be sure that the design will meet the stress criteria, it is 

necessary to add the erttire stress distributions rather than just the 

maximum values for each. This fact may lead to considerably more work 

l 
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than originally anticipated. It is permissible to add the absolute value 

of the maximums to obtain a conservative upper bound on the stress. This 

procedure is, however, often too restrictive for practical design. 

A specific example worked in the Code (Article I-7 of Section III, 

intended to be nonmandatory) gives a detailed computational procedure 

for performing a discontinuity ana~ysis. In this example the only step 

left to the discretion of the designer is how to solve the resulting sys

tem of equations (see paragraph I-721). Since the resulting equations 

form a system of linear simultaneous equations in terms of the unknown 

forces and moments and constant coefficients that can be evaluated from 

the specific g-eometry and loads, the methods of linear- matrix algebra 

can be used. for their solution. 

One of the nice features of matrix algebra is that it provides an 

.extremely convenient bookkeeping arrangement for the computation. Another 

more important feature, however, is the compatibility between matrix 

algebra and the electronic digital computer. The algebra has been avail

able for a long time; however, its general use is a direct result of 

the ease with which it can be programmed onto a digital computer. Stan

dard techniques, numerical algorithms, and computer subroutine programs 

are currently available to all interested parties. It is an economic 

necessity among engi~eering design firms to have, as minimum computing 

capability, the ability to solve linear systems of equ.i:d~ions automati

cally. It is now standard practice to set up discontinuity analysis 

problems in terms of matrix algebra for solution on digital computers. 

As recently as 10 years ago, however, the simultaneous solution of ten 

linear equations presented a major problem to the design engineer. During 

these years simplified discontinuity analysis was about the extent of 

their capability. 

Solving a system of linear equations is a small but important step 

in the overall stress analysis. It is essentially a very small portion 

of a. discontinuity analysis when a computer is available. The rest of 

the problem, setting up the matrix equation for a particular geometry 

and comput.ing the stressen after the matrix equation has been solved, 

still involves much algebraic and arithmetic manipulation. On the other 
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hand, developing a computer code to do the entire problem usually in

volves more time and effort than can be justified for a single analysis. 

Several general computer programs capable of setting up a variety of 

discontinuity problems and calculating the resultant stresses and stress 

distributions are available (see Sect. 6.3.1). In addition, other tech

niques that use numerical procedures entirely, such as the finite-element 

method28 and the direct solution of the differential equations, are being 

used for the stress analysis of pressure vessels. As an example, s¢R-II 

solves the differential equations for shells of revolution numerically. 29 

Of these two techniques, the finite element method has perhaps the 

greatest potential for answering questions about detailed stress distri

butions :i,.n the regions of discontinuity. As mentioned earlier, these 

are the regions that suffer most from the mathematical idealizations in

herent in the shell theory and the standard strength of materials solu~ 

tions. 

The finite element method is a generalization of standard structural 

analysis procedures that permits the calculation of stresses and dis

placements in two- and three-dimensional structures by the techniques 

that are commonly used in the analysis of ordinary frame structures. 

The basic concept is that a structure may be considered to be an assem

blage of individual structural components or elements interconnected at 

a finite number of joints or nodal points. For example, a pin-jointed 

truss is analyzed as an assemblage of tension and compression members 

interconnected at the pin joints. The problem is formulated in terms 

of the displacements of the pin joints,. and the strain energy: of·the. 

entire truss is obtained as the sum of the. strain energy ··of the· indi

vidual tension and compression members. Finally the unknown displace

ments are obtained by applying the principle of stationary potential 

energy, which Gtates that the partial derivative of the total potential 

energy (strain energy plus potential energy of the applied forces) .with 

respect to the displacement components at each pin must be zero. Ob

viously this procedure results in a set of simultaneous equations ·equal 

in nllinber to the sum of the displacement components for all the pin 

joints, and therefore for large complex trusses use of digital computers 

becomes mandatory. 

•· l 
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The important extension of normal structural analysis procedures 

to two- and three-dimensional elastic structures came with the advent of 

large computers and the use of two-· and three-dimensional structural 

elements interconnected at a limited number of nodal points to represent 

an elastic continuum. The actual steps in the analysis remain much the 

same as described above for trusses. The most difficult problems are 

those associated with establishing a relationship between forces applied 

at the nodal points and the deflections of each element and in solving 

the final system of equations. 

In practice this relationship is dP.rived from the basic' theory of 

elasticity by treating each finite element. as the basic building block 

rather than a differential-sized element. The normal assumptions of the 

theory of elasticity discussed earlier regarding higher order terms in 

the displacement functions are retained. The stress and strain variables 

are replaced with stress resultants and strain parameters or displace

ment components, as was done in the development of the thin-shell theory. 

One immediate advantage over other strength-of-materials approach formu

lations is that the size of the basic element is not restricted a priori 

to conform to any minimum dimension of the structure. The analysis of 

the basic finite element results in an algebraic relationship between 

the forces or stress resultants and the displacement componenLs for spe

cific points on the clements. These points are called the node points. 

Mathematically then the entire structure is described by a system of 

algebraic equations of the form {F} = [K] {t>}, where· [K] is the stiffness 

matrix relating the force matrix {F} to the displacement matrix {t>}. 

The derivations of the stiffness matrix for various specific shapes of' 

finite elements are contained in the literature. 2 s, 3 o, 3 i 

When the finite-element procedure is applieu Lo arbitrary shella 

of double curvature, the continuously curved surface of the shell is 

frequently approximated by an assemblage of flat-plate elements, usually 

triangular in shape, joined together at their edges and loaded at the 

nodal points. Each such element is subject to flexure and to stresses 

within its plane. To establish continuity between the elements, six 

displacement components have to be considered at each node (three linear 

displacements and three ro.tations) together with six corresponding 



320 

generalized force components. Once the relations between forces and 

displacements have been established, the analysis again proc'eeds much as 

in the case of the truss. 

The finite-element method is presently being expanded and improved, 

and al though the a·ccomplishments already achieved are substantial, much 

work remains to be done. Computer programs for general shells are being 

developed and the method shows much promise in shell analysis. It is 

possible to include the effects of shear deformation for thick shells; 

thermal effects can be included directly in the calculations; and there 

are methods of including nonlinear effects that could possibly be extended 

to shell analysis. 

The cost of developing computer programs is high and, in the past, 

private companies-have had a tendency to regard them as proprietary. More 

than likely there will always be a small number of privately owned com

puter programs that will not be generally available. Many of the newer 

programs, however, are the result of government-sponsored research and 

therefore are available to the general public. One major side effect 

is that some computer programs developed with private money can now be 

more easily obtained either on a swap basis or by purchase at moderate 

cost. It is also less easy for fabricators to use proprietary computer 

codes for the design calculations because of the Section III require-

ment for documenting the stress calculations in a stress report. Exactly 

how computer code calculations are to be documented in the stress report 

has not yet been fully resolved. 

At pres_ent there seems to be very little excuse of a fundamental 

nature for not taking full advantage of automatic computations in design. 

Where difficulties exist in usirig the computer, the problems are transi

tional and can most often be traced to· one of two causes. The first is · 

lack of experience in using computer codes for analysis. This would most 

often be reflected in not fully understanding the limitations of the com

puter codes, including the particular theories and techniques on which 

the code is based. The second is that there are operational problems in 

converting computer codes from one machine to another. There is always 

a certain amount of detailed programming work involved in makirig a com

puter program operational at one facility when it was developed at a 

l 
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different facility. The work is greatly increased either when the origi

nal programmer is not available to help with the conversion or when the 

program is not sufficiently well documented. Most of these problems will 

be resolved as the industry gains more experience with the newer and 

larger computers. In addition, computer codes are being written that 

are both more accurate and more versatile. In the near future, computer

oriented stress analysis will become standard practice in the pressure 

vessel industry. 

The fact that the situation is changing rapidly is indicated in a 

PVRC study published in 1965. At that time, Kraus 32 was able to obtain 

only five computer programs for study and comparison. His general suc

cess in operating the programs was only moderate, primarily because of 

differences in the computer facilities and incomplete documentation of 

the programs. 

6.1.5.2 Cyclic or Fatigue Analysis 

By adopting a theory of failure as the stress criterion, Section 

III gives special recognition to the fact that pressure vessel steels 

will continue to deform without failure past the elastic limit of the 

material. When the stress intensity exceeds the yield stress, the ma

terial becomes plastic and, strictly speaking, Hooke's law is no longer 

valid. Stresses and strains beyond this point are expressed by the 

theories of plasticity. When a portion of the structure is in the plas

tic range (for example, the highly stressed inner and outer surface ma

teri a.l of a shell segment in bending at a discontinuity), solution of 

the ela.sto-plastic equations is exceedingly complex and, for the most 

part, beyond the present state of the art. For one thing, the principle 

of linear superposition is not valid because the equations are no longer 

linear. A recent book on limit analysis33 deals with this problem in 

an elementary fashion. 

The present Code rules allow the stresses in many portions of the 

vessel to exceed the yield stress (paragraph N-417.5), since stress in

tensity values greater than 1.5 Sm may be in the pJastic range. (For 

a more complete discussion, see Sect. 6.2.J.) These stresses include 

secondary membrane plus bending and peak stresses. Discontinuity stresses 
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discussed in the preceding section are classed as secondary stresses. 

The requirements for cyclic or fatigue analysis are primarily intended 

to evaluate the effect of peak stresses and insure shakedown during early 

operation to elastic behavior. 

In order to insure that the stresses which exceed the elastic range 

of the material do not lead to failure, the Code gives very specific 

rules and procedures for their evaluation. Paragraph N-415.1 of Section 

III details a set of requirements which, if met, r,elieve the designer 

from the necessity of performing a complete cyclic analysis. The com

putational procedures are based on linear elastic methods of analysis 

in order to reduce their complexity. The stress analysis methods are 

therefore essentially the same as those discussed in the preceding sec

tion, with extra emphasis on temperature distributions and transients. 

Much more work is involved because of the many different loading con

ditions that must be considered. It is important, therefore, to recog

niz~ that the rules for cyclic analysis (subsection N-415) are not in

tended to yield mathematically correct values for the stresses. Indeed 

if the stresses everywh~re in the vessel are as high as the. Code allows, 

there are very few places where the stress values arrived at. from an 

elastic analysis (analytically, numerically, or experimentally) are cor

rect. In fact, primary stresses are the only classification required 

to be below yield. 

The rationale for using elastic methods of analysis above the yield 

point is based on what Manson34 calls the assumption of elastic-strain 

invariance, which states that in the range of small deformation, strains 

computed elastically will have approximately the same nume.rical value as 

if they had been computed plastically. This principle has obvious draw

backs, particularly in establishing the upper limit of application. How

ever, if fatigue failure is governed by the effective· strain parameter::> 

(the counterpart of the stress intensity) and design curves are estab

lished experimentally by controlled strain~range tests, the uncertainties 

in the calculations can be accommodated by the .safety factor. 

Since the elastically computed stress values are to be used as the 

basis for establishing the· design.adequacy, it is extremely important 

--'. 

. 
' 



323 

that the: computations be correct or at least conservative. This is espe

cially true for the fatigue evaluation, since the regions where high 

stresses are likely to occur are precisely the regions where the analyti

cal methods are likely to be in error. Thermal stress determinations 

are particularly sensitive in this regard, primarily because of the prob

lems associated with determining the temperature distributions in the 

metal body, including a definition of the surface boundary condition 

temperatures. Other reasons include the fact that in the past (under 

Sect. VIII rules) thermal stresses were considered relatively unimpor

tant (because of their self-limiting nature), and well-developed methodn 

for their determination were not widely used. In additlon, even the 

best-written design specifications normally do not supply sufficient 

information regarding thermal transients for an accurate thermal stress 

analysis. It is understood that new guidelines for specification writing 

will partially alleviate this latter problem. 

The procedures for cyclic or fatigue evaluation are described in 

detail in Section III. However, it must be emphasized that the proce

dures are an analytical device invented by the Code committee for the 

specific purpose of limiting cumulative damage in nuclear pressure ves

:=:eJs. As such_, they must be followed to the letter, of course. However,. 

the designer is still responsible and should understand the bases and 

criteria upon which the Code is based, as well as the Code itself. Analy

sis for cyclic operation and fatigue evaluation is an area in which the 

industry feels less than satisfied about the present state of the art. 

The Pressure Vessel Research Committee is currently attempting to im

prove the state of knowJedge in this area through re8earch. 

6.2 STRESS EVALUATION FOR NUCLEAR PRESSURE VESSELS 

Thls section diccusses what j_:::; pn~sently known about the significance 

of stresses in nuclear pressure vesse~s, and in this context, considers 

the adequacy of the present methods of stress evaluation. Not all the 

aspects of stress evaluation that may be required for a given case are 

specifi~ally covered by the present A8MF: Code. The Code prescribes minimum 
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of the vessel and system design engineers. This assertion is true despite 

the statement that the ASME Code, Section III, was written in such a way 

that" •.. the judgement of the writers of the Code rather than the judge

ment of individual designers" should prevail. Much of this judgement is 

based on the results of recent research. Therefore, much of this dis

cussion pertains to the results of recent research concerning the strength 

of steel pressure vessels. The important matter of exactly who is or 

should be responsible for each aspect of stress evaluatfon is also dis

cussed. 

The question of the credibility of the failure of a nuclear pressure 

vessel has been raised. 35 One of the prime reasons for the concern is 

the anticipated difficulty and cost of designing a secondary containment 

system* to cope with the effects of a prepsure vessel failure, especially 

that of fragmentation; 36 This problem is being discussed in a separate 

report. 37 Also, it should be remembered that all physically possible 

modes of failure must be explicitly considered in design. 38 Relevant to 

this issue are the comparative degrees of safety of steel and concrete 

containment structures. This topic, however relevant, will not be dis

cussed here. 

Considerable importance has been attached to the data on high-strength 

steel, both because there is an economic incentive to use high-strength 

steels in nuclear pressure vessels and because high-strength steels have 

stress-strain diagrams similar to those of irradiated mild steel. However, 

it should be ,noted that some of the data on high-strength steel, notably 

the data on T-1 steel, may no longer be typical of the high-strength 

steels now considered suitable for nuclear service. 

6.2.1 Background 

Failure is defined38 as any mode of behavior that renders a structure 

incapable of performing the function for which it was intended. It does 

*The secondary containment system is defined here as the structure 
surrounding the reactor pressure vessel. 
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not necessarily mean total separation or collapse, but it may mean exces

sive deformation, spalling, cracking, or some sort of unacceptable mate

rial behavior, such as corrosion, erosion, embrittlement, permeability to 

fluids, or change of phase. In structural engineering the word failure is 

often used in a slightly less general sense to mean structural failure 

only. A structural failure is any form of failure caused by stress or 

strain that engineers seek to predict and prevent by applying the princi

ples of mechanics. This definition puts material failures in a separate 

but no less important category, especially since material failures can 

cause structural failures. 

Design against structural failure is accomplished by anticipating 

each possible mode of structural failure and then taking specific steps 

to prevent its occurrence. These steps begin by designing according to 

a set of rules based on past experience, experimentation, and generalized 

analysis. Such a set of rules is known as a design code. As mentioned 

before, in the case of nuclear pressure vessels, the applicable code is 

the ASME Boiler and Pressure Vessel Code, Section III, Nuclear Vessels, 

1963. Once the geometry and the material characteristics of a nuclear 

pressure vessel have been tentatively established, the next step in the 

design against failure is a detailed stress analysis for all specified 

load combinations. The procedures and expected accuracy of this stress 

analysis are discussed in Section 6.1.5. It should be noted that Section 

III does not specify the loading conditions for which an analysis must 

be made. According to Section III, these loading conditions are to be 

listed in the design specifications. 

The next step in the design against failure is a stress evaluation. 

In stress evaluation, each possible mode of failure is identified, and 

the states of stress that could produce it are found. These states of 

stress are obtained by applying failure criteria. Failure criteria lie 

somewhere between hypotheses and proven conclusions and are selected with 

the intention of underestimating rather than overestimating true sLreugth. 

Each fa.iJ iirP. criterion is compared with the state of stress throughout 

the vessel Lo determine the most likely locatjons for each mode of failure 

and the margins between the actual load and the load required to cause 

failure. If this margin is not sufficient, the design is changed until 
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·the margin is sufficient. Much of this procedure is assumed to be accom

plished automatically by complying with the Code design rules regarding · 

stress limits. However, since not all strength problems are completely 

covered by the Code, supplementary analyses are often required. This is 

particularly true with respect to the long-time effects of irradiation 

on pressure vessel steel, effects of shock or vibratory loading, material 

property variations, and protection against brittle fracture during startup 

and shutdown. It has been pointed out by both Kooistra39 and Langer4° that 

vessel designers must anticipate the properties of a vessel in its final 

condition, as well as in its initial condition, in order to prevent failure 

late in the life of the vessel. 

All structures can be made to fail under a sufficiently high load. 

Therefore protection against failure is obtained by insuring that there 

will always be a sufficient margin between the highest expected load and 

the load that could cause failure. Pressure vessels can be made to fail 

in the following modes: 41 (1) excessive plastic deformation, including 

plastic instability and buckling, (2) cracking, including leakage or 

brittle fracture due to initial flaws or flaw growth by fatigue or corro

sion, ( 3) elastic distortion, including buckling, and ( 4) excess-i ve creep 

deformation or creep rupture. 

Brittle fracture is the name given 'to a type of metal failure in 

·which crack propagation occurs rapidly, without warning, from a preexist

ing crack, usually in a nominally low stress field. 42 When discussing 

brittle fracture, the accepted definition of a nominal stress is a stress 

computed without considering the presence of a crack. 42 Brittle fractures 

may originate from initial defects or from cracks that have grown by fa

tigue or corrosion. 43 

The basic factors that affect fracture strength have been deter

mined, 44 although quantitative relationships are not available in many 

cases. These factors can be grouped under four main headings: (1) en

vironment, (2) loading conditions, (3) design and construction features, 

and (4) metallurgy. Environment includes temperature, irradiation, and 

corrosion. Loading conditions include rate of strain, transverse re

straint, prior strain history, residual stresses, and method of loading. 

Design and construction features include flaws, stress concentrations, 
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and shape. Metallurgy includes chemical composition, material structure, 

and the effects of welding on the material. These factors usually act 

in combination with each other. Therefore, most of them will be mentioned 

in the following discussion. 

Section III contains explicit provisions to guard against failure by 

excessive yielding. Elastic distortion is not structural failure, per se, 

although it may lead to operating difficulties. Buckling can usually 

occur only if net external loads can act on the pressure vessel. However; 

certain configurations, such as the knuckle region of a torispherical 

head, may be subject to local buckling due to bending under internal pres

sure. 45 Section III avoids the creep problem by prohibiting opP.ration 

in the creep range. New design rules will be required for operation at 

higher temperatures. Tentative guidelines for high-temperature design 

can now be found in Code Case 1331. 

Crac:ki:ng, manifested either by leakine; or brittle fracture, is a 

possible mode of failure for steel pressure vessels. Section III .contains 

explicit rules for stress evaluation to guard against crack growth by 

fatigue; however, it does not list brittle fracture as a mode of failure 

per se. Nevertheless, certain precautions against brittle fracture are 

taken; namely, (1) material selection is based on Charpy V-notch tests, 

( 2) the vessel is hydrotested* at temperatures above the NDT tempeni.ture 

plus 60°F, and (3) consideration is given to the NDT temperature shift 

caused by irradiation in material selection and operation. The stress 

intensity limits designed to prevent bursting and fatigue failures may 

have been intended to guard against brittle fracture also. However, since 

maximum allowable stress intensity increases with decreasing temperature, 

while fracture resistance decreases, such a criterion is not completely 

logical or sufficient by itself. Therefore, the initial hydrotest* must 

be considered the most direct means for guarding against brittle fracture. 

If the vessel does not fail in a hydrotest that includes all combinations 

Of service loadings, some assurance is :providP.d that it will not fail in 

service if cracks do not grow during the hydrotest or in service and its 

*The British call the hydrotest a proof test; in the USA, a proof 
test is used to determine the strength of a vessel component that cannot 
be analyzed. The hydrotest is a hydrostatic overpressure test. 



., 

328 

, 
properties do not deteriorate with time. It is, of course, difficult 

enough to simulate the mechanical loads, but the loads caused by thermal 

transients, fluid flow, etc., during service cannot be simulated. Nor

mally, a conventional hydrotest does not include thermal loads or external 

reactions. 

Semiempirical rules for material selection are in general use. 1
1

46 , 47 

These rules consider the effect of irradiation on material properties 

'and are generally assumed to be sufficient for preventing brittle frac

ture in mild steel. However, the adequacy of these rules for all loading 

conditions and all materials, notably the high-strength steels* that have 

not yet been used in nuclear pressure vessels, has not yet been proved 

conclusively. Therefore it is this phase of pressure vessel safety that 

require~ the most judgement at the present time and which is receiving 

much attention from researchers. 

' 

Mainly as a result of welded ship failures during World War II, 42 , 44 , 48 

an empirical approach to the prevention of brittle fracture was developed. 

This approach was based on the observed fact that the fracture energy for 

a notched specimen of mild steel is an increasing function of temperature, 

~s shown in Fig. 6.6, and that brittle fractures seem to occur only below 

a temperature corresponding to a certain energy level. For a given shape 

and strain rate, the highest temperature at which brittle, fractures are 

observed to occur is called the nil ductility transition (NDT) temperature. 

This temperature is commonly defined by the results of the Naval Research 

Laboratory small-flaw drop-weight test. In this test, for standardization 

purposes, specimen thicknesses range from 3/4 to 1 in.· Since fracture 

energy rises over some range of temperature, the change from brittle-to

ductile behavior is not absolutely abrupt but involves a transition. Hence, 

the name transition tempe,rature. 

Since the original transition-temperature approach correlated only 

fracture energy, temperature, and mode of failure, it did not provide a 

means of stress evaluation to prevent brittle fracture, but it did pro-

' vide a means of material selection for the same purpose. When the transi

tion-temperature approach was first introduced, it was believed impossible 

*As used in this report, the term high-strength steel means any steel 
with a yield· strength equal to or greater than 100,000 psi. 
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Fig. 6.6. Charpy V-Notch Impact Energy Data for a Hot-Rolled 0.20% 
Carbon Steel Showing the Transition from Ductile-to-Brittle Behavior as 
Temperature is Lowered. (From Ref. 44) 

to obtain a quantitative measurement of the sensitivity of a steel to brit

tle behavior in terms of the principal stresses. 44 Such a situation was 

not satisfactory to design engineers, who believed that the design function 

is more quantitative than the material selection function. 42 Therefore, 

efforts were begun to seek more quantitative methods of preventing brittle 

fra<..:Lur\:! . .As the::Jc methods were at:>vPlope.d, they, were used to refine the 

transition-temperature approach. These refinements are discussed below 

after their bases have been explained. 

The problem of designing to prevent brittle fracture in the case of 

nuclear pressure vessels is aggravated by the fact that neutron irradia

tion decreases the ductility of pressure vessel steels. This problem is 

discussed in detail in Chapter 5 of this report. 

At preoent, Section III contains no specific rules for stress evalua

tion based on irradiation damage. However, Ref. 4 specifies that the 

maximum applied load shall not exceed 20% of the design load for any ves

sel temperature less than the NDT temperature plus 60°F. 49 Since this 

type of limitation is empirical, it cannot automatically be assumed to be 

adequate for all designs. 50 

Trends in structural design are motivated by economy, as well as 

safety. The unit power costs of a nuclear reactor station improve with 
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size, and therefore there is an incentive to build larger reactors and 

larger pressure vessels. However, total weight and gross dimensions of 

pressure vessels are limited by the capacity of transportation systems, 

and maximum wall thickness is limited by metallurgical reliability. There

fore, there is an incentive to build larger vessels without exceeding 

the weight or wall thickness limitations. This provides an incentive for 

both on-site fabrication and the use of high-strength steels. Many high

strength steels have been developed in the last 15 years. 

There are three grades of steel considered for use in nuclear pres

sure vessels: mild steel (e.g., A 212 grade B), intermediate-grade steel 

(e.g., A 533 grade B, which is A 302 grade B modified by adding nickel and 

quenching and tempering), and high-strength steel (e.g., A 542 and A 543). 

As stated in Chapter 4, A 533 grade B is now the reference material for 

all,primary nuclear pressure vessels for light-water reactors. The steels 

A 542 and A 543 are presently being investigated for future use. Some 

high-strength steels have a yield strength-to-cost ratio higher than that 

for mild steel. 51 However., high-strength steels generally have higher 

ratios of yield strength to ultimate strength; and therefore less strain

hardening capacity and less strain at necking than mild steel. 

High-strength steels have a conventional stress-strain curve* some

what similar to that for irradiated mild steel, as shown in Fig. 6.7. The 

curves of fracture.energy in an impact test versus temperature for high

strength steel are also similar to those for irradiated mild steel. Both 

have flatter transitions than unirradiated mild steel. Therefore,· there 

is less certainty that fracture will not occur·above the transition tem

perature for high-strength steel than for mild steel. Consequently, a 

reliable quantitative understanding of the fracture problem is a prerequi

site to the use of high-strength steel in nuclear pressure vessels. It 

follows that a reliable quantitative understanding of the fracture problem 

is the key to the use of high-strength steel for larger· power reactor ves

sels. 

*The conventional stress-strain curve gives load divided by initial 
area versus elongation divided by initial length. 
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Fig. 6.7. Typical Conventional Tensile Stress-Strain Curves for USS 
T-1 Steel and A 285 Steel. 

6.2.2 Design Aspects of Strength and Fracture 

Aside from stress analysis, which is discussed in Section 6.1, three 

main areas affecting the integrity of pressure vessels have been widely 

investigated in the last 15 years. These are fatigue, plasticity, and 

brittle fracture. The first two are considered separately and as related 

to brittle fracture. Brittle fracture is discussed both from the fracture 

mechanics and transition temperature approaches. 

6.2.2.1 Fatigue 

In 1945, the Welding Research Council of the Engineering Foundation 

organized the Pressure Vessel Research Committee (PVRC). 41 Its principal 

function is to administer research in pressure vessel safety and technology 

and to provide the data required by code-writing bodies for achieving 

safety and economy in pressure vessel design. By 1948, high-strength 
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steel had been developed to the point where its use in pressure vessels 

·was economically attractive. Therefore, in 1948, the PVRC undertook a 

study of the possibility of "increasing design stresses in pressure ves

sels. "39 

The concern over the reliability of high-strength steel vessels arose 

originally because of the lower crack toughness of such steels. At the 

time, this lower crack toughness had been observed in terms of lower 

notched tensile strength, although the test results had not been expressed 

in terms of the current concepts of fracture mechanics. 5 ·2 A plot of such 

test results is shown in Fig. 6.8, which was taken from Ref. 40. The 

dashed curve in Fig. 6.8 represents the product of the ordinate and the 

abscissa and has been added to show that, as the yield strength increases, 

a maximum occurs in the notched strength. In Fig. 6.8, this maximum oc

curs a.t a yield strength of about 85 ksi. Randall and Felgar 53 have 

shown that the location of this maximum depends upon flaw size: the 

larger the flaw size, the lower the maximum notched strength and the lower 

the yield streng~h at which it occurs. Therefore, the feasibility of 

using high-strength steel for nuclear pressure vessels is directly related 

to the sensitivity of nondestructive inspection and to the accuracy of 

crack growth-rate predictions. 
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In a similar manner, concern could also be expressed with respect to 

the reliability of high-strength steel vessels because of lower notch 

fatigue strength with increasing yield strength, particularly when revers

ible yielding occurs at the notch root. Such decreased notch fatigue 

strength has been observed even in steels that exhibit an increase in un

notched fatigue strength with an increase in yield strength. 52 Thus, 

the feasibility of increasing nominal stress levels in pressure vessels 

(by using high-strength steels) depends on preventing fatigue from gov

erning the design, unless fatigue resistance in the cycle range of·inter

est c.:an be made to increase with :i.ncreasing yield strength. 

It was rec.:ognized tho.t, in the past, fatigue had been of relatively 

minor importance in pressure vessel failures. 39 However, with stress 

analysis methods known to be imperfect, it was possible that cyclic re

versible yielding could occur at points of stress concentration. This 

type of cyclic loading, in which the material is subjected to reversible 

plastic strain, has variously been called "low cycle fatigue" or "high 

strain fatigue." Although it was estimated that most pressure vessels 

are subjected to only a relatively low number of major pressure cycles 

in their lifetimes, plastic fatigue could conceivably occur. Furthermore, 

some high-strength steels have yield strength-to-ultimate strength ratios 

as high as 0.9, and this was cause for concern with regard to fatigue. 

Therefore, plastic fatigue tests were conducted on laboratory specimens 

and small-scale pressure vessel models of mild steel (A 201), intermediate

strength steel (A 302), and high-strength steel (T-1, among others). 

It was recognized (and later demonstrated iri large-scale tests) that 

regions of local yielding are cycled mainly by the strain variations of 

the elastic material surrounding them. It fact, it was found that the 

strain range leveled off to a constant value in approximately 10 cycles. 

Therefore, the most reliable type of test would be a strain-cycling test 

rather than a stress-cycling test. 39 

Since most nuclear pressure vessels will be subjected to between 100 

and 15,000 major operating cycles* during their lifetimes, 36 the test 

*This estimate is ·taken from Table 3.6, which contains a detailed 
breakdown of the number of cycles associated with various loading con
ditions. The data in the table represent current design practice. 
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' results for that range of cycles are especially interesting. A shown in 

Fig. 6.9, the cyclic total strain range required to cause failure in a 

specified number of cycles in the low-cycle fatigue range decreases as 

yield strength increases. For this class of design,. there is actually a 

disadvantage to specifying high-strength steels if vessel strength is 

governed by low-cycle fatigue. Therefore, in order to utilize high

strength steel in pressure vessels, fatigue must be prevented from gov

erning the design by accurately analyzing and minimizing stress concen

trations. Although plastic fatigue in 15,000 cycles or less is very un

likely for pressure loading alone, thermal loading may increase the cy

clic strains and therefore increase the severity of the fatigue problem. 39 

Such can be the case for nuclear pressure vessels. 

An additional result of the large-scale PVRC tests (to be discussed 

later) was that the most severe and unavoidable discontinuity in a pres

.sure vessel is likely to be a nozzle attachment, which can have an effec

tive strain-raising factor of 4 or more. 36, 39 Therefore the development 

of accurate methods of analysis for nozzle attachments is desirable as a 

means for minimizing fatigue and making pos·sible the use of high-strength 

steel in pressure vessels. 

Some test results show that temperatures between 0 and 650°F have no 

significant effect on fatigue"strength, but that for a given s.train range, 

-cyclic life does decrease as the rate of cycling decreases. 39 Some more 

recent results indicate that temperature does affect.the rate of fatigue 

crack growth, at least in some ste~ls. 54 As shown in Fig. 6.10, tempera

ture has a strong influence on fatigue-crack growth rates in carbon steel 

but a negligible influence on fatigue-crack growth rates in 2 1/4% C~l% 

Mo steel. 54 

In l962, the problem of fatigue failure was considered in connection 

with the Elk River reactor vessel. 55 Investigations showed that there 

were "crack-like" defects (including lack of weld penetration and fusion) 

in the strength welds of the vessel. The structural significance of these 

defects depends on whether they will grow during the life of the vessel 

so as to cause fracture or serious leakage. The best safeguard against 

fracture .was considered to be the standard operating limitation based on 

the ND.T temperature. That is, the vessel should not be pressurized at a 
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temperature less than the NDT temperature plus 60°F to take into account 

the initial NDT of the vessel and any shift that might occur as a result 

of irradiation. With such control, brittle fracture was ruled out as a 

likely source of difficulty. 

A study was then made to determine whether the initial cracks could 

grow to a size sufficient to cause failure (leakage.) during the life of 

the vessel. .The highest elastically calculated stress in the vessel (con

sidered a reliable indicator of peak cyclic strain) occurred at the inside 

corner of the feed 'nozzle. This stress was a combined pressure and ther

mal stress. By comparing the Elk River vessel data with full-scale test 

results 36 (to be discussed later), it was concluded that fatigue failure 

was unlikely. Finally, although it had already been ruled out for the 

Elk River vessel, it was concluded that, in general, for a boiling-water 

reactor the possibility of failure by brittle fracture is considerably 

greater than by fatigue because of possible failure of operating personnel 

to adhere to prescribed procedures of operation and test. 55 It was stated 

that it is not possible to say, categorically, that crack propagation and 

f~i~ure are impossible, but it is reasonable to assume that the risk is 

small for this particular service. It is evident that the relative prob

abilities o_f the occurrence of fatigue and brittle fracture are still not 

certain. Langer40 has stated that, "If a catastrophic failure ever occurs 

in a vessel in a nuclear plant, ·it will probably originate in an undetected 

defect which'grows under cyclic action to the critical size necessary for 

brittle fracture." Langer therefore concludes that three areas of research 

are of prime importance': (1) detection of defects, (2) crack growth, and 

(3) brittle fracture. 

In 1963, the present nuclear pressure vessel design code, Section III 

of the ASME Code, was issued, and a commentary on the Code 56 was published. 

This commentary contains a fairly complete explanation of the requirements 

for fatigue analysis. (Reference 56 is included as Appendix C in Ref. 57.) 

It should be noted that the derivation of Eq. (5) on page 16 of Ref. 56 

is not available in the open literature. 58 Equation (5) is a semiempirical 

formula for the fatigue analysis of high-strength bolts. This formula has 

been found to be overconservative and is now being revised by the ASME 

Pressure Vessel Code Committee. 58 Code Case 1366 pertains to this formula. 
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6.2.2.2 Plasticity 

The theory of plasticity has three main areas of appli~ation in stress 

evaluation of nuclear pressure vessels: (1) prevention of excessive plastic 

strains under steady load, (2) analysis of fatigue, and (3) analysis of 

brittle fracture. The first application is discussed here; the second has 

been discussed (see Sect. 6.2.2.1); and the third will be discussed later. 

The definition of stress intensity is based directly on the maximum 

shear-stress criterion for yielding. To a close approximation, mild steel 

yields when the maximum shear stress reaches a critical value. The maxi

mum shea:r, stress equals one-half the difference between the largest and 

the smallest principal stresses. At yielding, this difference equals the 

yield stress in uniaxial tension. Hence the stress intensity is a direct 

measure of proximity to yielding. After yielding, the maximum principal 

stress difference stays constant until strain hardening sets in, but in 

mild steel this does not occur until a strain of about ten times the yield 

strain, and so should not occur in a pressure vessel.* 

Pressure vessels are statically indeterminate structures and are ana

lyzed according to the same philosophy as are indeterminate frames. Al

though some local yielding may occur, the distributions of shears and 

moments throughout the structure are determined by the theory of elasticity 

. (see Sect. fi. l.5). The capacities of individual cross sections are then 

analyzed plastically according to Section III of the ASIVJE Code. 

While the stress limitations in Section III for combined axial load 

and bending are stated in terms of stresses, these are artificial elastic 

stresses computed by applying the familiar formula 

(j 
Mc· P 
- +- ·' I A 

in which M is the actual moment producing a plastic hinge and P is the 

actual thrust; both are determined by plastic analysis. Plastic analysis 

consists of assuming a linear strain distribution over the cross section 

and assuming the same stress-strain relation in bending as in uniaxial 

tension. In the limit, elastic strains disappear at the neutral axis and 

*The ASIVJE Code, Section III, consj_st.ently assumes a "flat-top" stress
strain U.l<:Lgram (see Fig. 5 in ne1·. 56). 
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·the stress distribution becomes a pair of rectangles (see Sect. 6.2.2.3). 

However, with the safety factors chosen, no loading beyond initial yield 

is permitted under primary stresses. This aspect of stress evaluation is 

covered in detail in Ref. 56. It should be noted that the nominally fully 

plastic condition can only be attained if the material strain hardens be

yond the yield plateau; otherwise the bending strains would become infi

nite. Therefore, strain ~ardening is an important characteristic of pres

sure vessel steels. 

6.2.2.3 Derivation of the Stress Limits for Primary Stresses Based 
on Plastic Collapse 

The cross section of a structural element of ideally plastic material 

is incapable of carrying any additional load once yielding has occurred 

'Over the entire cross section. In the case of a rectangular section carry

ing an axial force and a bending moment, the collapse load will cause 

stresses equal to plus or minus the yield stress over the entire cross 

section, as shown in Fig. 6.11. The neutral axis occurs at the point 

where the stress changes sign. The magnitude of the net axial force and 

the bending moment acting on the cross section can be obtained directly 

from Fig. 6.11. 

The net axial force, per unit thickness, acting on the cross section 

is 

F = S c . 
m y 

'l'herefore, the average primary membrane stress is 

. Consequently, 

p 
m 

s c 
= _x_ 

h 

c p 
m 

h -s
y 

The moment acting on the cross section is given by 

M 
·4 

(1) 

( 2) 

(3) 

(4) 

- , 

J 
l 
1 
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Fig. 6.11. Stress Distribution at Collapse Under Combined .Axial 
Force and Bending for a Rectangular Section. 

The elastically computed bending stress for the moment M is given by 

M _!:! 
2 

Substituting Eq. (3) into Eq. (5) then gives 

and adding Pm/Sy to both sides of Eq. (6) gives 

(5) 

(6) 

(7) 

Equation (7) is plotted in Fig. 6.12. Since Pm/Sy alone cannot ex<..:eed 

1.0, Eq .. (7) applies only up to Pm/Sy = 1.0. As can be seen from Fig. 

6.12, the safety factors specified by Section III restrict actual maximum 

stresses to magnitudes equal Lu or less than the yield ::;trP.ss. 

6. 2 .. 2. 4 Fracture Mechanics and Plasticity 

It has already been stated that a reliable quantitative understand

ing of the brittle fracture problem is necessary for the development of 
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Fig. 6.12. Stress Conditions for Development of a Fully Plastic 
Rectangular Section Under Combined Bending and Normal Force and the Pri
mary Stress Limitations to Guard Against Plastic Collapse. (From Ref. 56) 

a completely adequate method of designing high-strength nuclear pressure 

vessels. Such a method, known as fracture mechanics, has been under de

velopment for the past several years. Fracture mechanics is an ana+ytical 

method of predicting th~ load on a structure at which a crack of known 

location and dimensions will start to propagate. Historically, the pre

diction of the load at which a crack will start to propagate is based on 

the principle used to predict the load at which a column will buckle. 

This is the principle of conservation of energy. In the case of a column, 

buckling occurs when the rate of work done by the external load.equals 

the rate of absorption of strain energy of the column in its buckled con

figuration. Three factors are involved: a rate of energy supply, a rate 

of energy absorption, and a change in shape. During crack propagation, 

the rate (with respect to crack area) at which the external loads do work 

plus the rate of release of elastically stored strain energy behind the 

·crack.tip equals the rate of.energy supply. The rate of energy absorption 

. ) 

1 
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equals the rate at which plastic work is done ahead of the crack tip plus 

the rate of increase of kinetic energy of the system. 59 Changes in kinetic 

energy have in almost all cases been assumed to be zero. Also, it has 

generally been assumed that the work done by the external forces during 

fracture is negligible. 60, 61 In fact, it has been argued that regardless 

of the external force variations during crack extension (fixed or constant 

load conditions), the rate of release of elastically stored strain energy 

with respect to crack area remains unchanged. 42 The resulting relationship 

then states that 

dW dU _g 
' da da 

where WP is plastic work ahead of the crack tip, U is the elastically 

stored strain energy, and a is crack fl.r.P.a. The plastic work rate is usu

ally assumed to be a material property and is denoted by Gc, 42 ' 60 the value 

of which may be affected by environmental factors, such as temperature and 

neutron irradiation. 

It should be noted that the equation above defines a state of neutral 

equilibrium in the same sense that the Euler formula for the critical buck

line; loan on an elastic column defines a state of neutral equilibrium. It 

does not tell whether a crack will continue to propagate, and if so, how 

fast. Whether crack arrest or rapid crack propagation will ensue may well 

depend on the nature of the external load. As pointed out by Bueckner,6 2 

the rates of energy supply for crack extension under constant load and for 

fixed grips are equal only at the onset of fracture. During crack propa

gation the rate of energy supply for crack extension under constant load 

is largP.r than the rate of energy supply for fixed grips. 62 This fact 

has a very important bearing on interpretation of the crack-arrest test 

results to be discussed later. Needless to say, it is equally important 

in a design analysis. (Note that Corten 42 and Bueckner 62 do not agree on 

this point. This disagreement stems from the question of whether the ex

ternal loads can supply energy to the fracture zone during crack propaga

tion. Historically it was thought that they could, although a more recent 

view is that crack extension is controlled strictly by the stresses at 

the crack tips. Some uncertainty still seP.ms to exist on this point.) 
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Brittle fracture is most likely to initiate from a sharp_crack located 

in a section thick enough for yielding at the crack tip to be inhibited· 

by tensile stresses parallel to the crack tip; For this case, the strain 

parallel to the crack tip is small, and in the limit, zero. This case is 

referred to as "plane strain" (zero strain normal to a specified plane*) 

as opposed to "plane stress" (zero stress normal to a specified piane). 

In the case of plane strain the plastic zone ahead of the crack tip tapers 

from a maximum size on the external surfaces to a minimum size at the 

midplane of the section. 63 

Because a plastic zone exists at the tip of a crack in metals that 

are not completely brittle, it is necessary to consider the effect of this 

plastic zone on the stress distribution in the surrounding elastic mate

rial. The general effect of the plastic zone is to cause a reduction in 

the stresses in the elastic zone. In order not to invalidate the elastic 

analysis of stresses near crack tips, the length of the crack is usually 

assumed to be increased by a small amount to account for the presence of 

the plastic zone.4 2 , 6 0, 64 , 65 The full effects of this approximation on 

the accuracy of fracture mechanics analysis have not been determined. It 

is known that one of the effects of crack tip yielding is to blunt the 

crack tip60 and thus reduce peak stresses. The amount of displacement at 

the crack tip due to yielding has been considered as a fundamental parame

t~r in fracture mechanics. 66 

One important element in the application of fracture mechanics is 

the assumption of a crack shape and size. In the examination of frac~ure 

failures, it is rare to find that the initial starting crack extends com

pletely through the thickness. A partly through crack is more likely. 64 

For· instance, several high-strength-steel polaris-air-launch tanks failed 

during pressure testing because of metallurgical defects extending nearly 

(but not completely) through the wall thicknes_q. 67 Therefore, most frac

ture analyses involve hypothetical partly through cracks. 

*This is a mathematica~ definition of plane strain. In fracture 
mechanics, plane strain is often used to imply a condition of transverse 
restraint at the tip of a crack such that the transverse contraction tan
genti~l to the crac~ tip is no greater than in the surrounding elastic 
material. 



343 

The size of crack assumed for analysis is also important with respect 

to the feasibility of using high-strength steel. 53 Brittle fractures can 

initiate from smaller flaws in high-strength steel than in lower strength 

steel. 42 Furthermore, for large flaws, high-strength steels tend to be 

weaker than lower strength steels. 53 Therefore, if large flaws are as

sumed, or permitted to exist, the use of high-strength steel may not be 

feasible. 53 Obviously, high standards of fabrication and inspection are 

vital when using high-strength steel. 42 , 53 , 68 In fact, nondestructive 

testing may use up as much as one-fourth of the man hours required to 

construct a high-strength vesse1. 53 Despite this care, some types of 

flaws, such as those associated with alloy segregation, are still not de

tectable with present-day techniques (see Sect. 9.5.3). 53 Therefore, 

further improvements in nondestructive testing are required in order to 

insure the reliability of high-strength vessels. 68 

Another difference between high- and low-strength steels is their 

"strain-rate sensitivity." Strain-rate-sensitive materials undergo a 

strong rise in yield point but a sharp decrease in ductility over a narrow 

range of temperature or strain rate as the temperature decreases or the 

strain rate increases. Ferritic structural steels are strain-rate sensi

tive, whereas high-strength steels* are not. 42 For temperature and strain

rate-sensitive materials, the stress necessary to sustain a running crack 

can be smaller than the stress required for initial crack extension. 42 

This is true because a rapidly propagating crack produces a high strain 

rate, which causes a marked decrease in fracture toughness. Therefore it 

appears that although larger cracks may be required to initiate fracture 

in mild steel than in high-strength steel, once started a running crack 

may traverse a region of reduced stress in mild steel, whereas it might 

not do so in high-strength steel. 

Residual stresses have already been identified as a primary cause of 

brittle fracture. For stress evaluation purposes, the sum of the residual, 

loading, and thermal stresses appears to be an appropriate stress to be 

*This statement is controver::;jal because there is no universally 
accepted definition of high-strength steels and because some steels re
ferred to as high-strength steels have a moderate degree of strain-rate 
sensitivity. 
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limited for preventing brittle fracture. 42 However, it has been argued 

that residual stresses also decrease ductility and therefore that their 

effect is more than proportional to their magnitude. 42 Welding is a pri

mary cause of residual stresses. It is apparent that further research 

is needed regarding the effects of these stresses. 

The effects of residual stresses can be made beneficial. If a pres

sure vessel is loaded to a pressure below failure at an elevated tempera

ture, plastic zones will form at the tips of any existing sharp cracks. 

Since these plastic zones are confined by elastic material, their unload

ing is governed by strain rather than stress, as explained in Fig. 3 of 

Ref. 56. Thus, upon unloading, there will be ·a residual compressive stress 

at the crack tip that is probably equal to the tensile yield stress value. 

Upon relo~ding, at a lower temperature, no further yielding at the crack 

tip will occur until the last previous load has been reached. Furthermore, 

the crack tip is no longer as sharp as it was ?r~ginally because it has 

been blunted by yielding. Some experiments by Bevitt, Cowan, and Stott 69 

have indicated that failure will not occur at the lower temperature until 

the maximum previous load at the higher temperature has been exceeded. 

Th~s phenomenon is known as "warm prestressing" 42 or "mechanical stress 

relieving. 1150 The reliability of warm prestressing has important implica

tions with respect to safety during startup and shutdown and to the bene

fits of proof testing. It should be noted that although initial yielding 

may blunt a crack tip, fatigue has also been found to be an effective 

means of sharpening and extending a crack .. Thus it is not obvious that a 

margin of safety provided by initial yield~ng will still be fully available 

after several thousand loading cycles. It is apparent that warm prestress

ing should be studied further and thoroughly explained. 

Crack growth is not always rapid. Besides fatigue g~owth, slow crack 

extension at low stress caused either by.a few cycles of stress or by 

~oisture (water vapor) has recently been observed. 42 , 6° Crack growth has 

important design implications, since the fracture stress decreases as crack 

size increases during service. 

If.an energy balance view of crack propagation is assumed, it follows 

that the energy rate at fracture, presumably a material property, should 

,• 

.l 
r 
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be obtainable by two different approaches. The first approach, which is 

the most common because it is based on the theory of elasticity, is to 

calculate the rate of release (with respect to crack area) of elastically 

stored strain energy near the crack tip. This can be done analytically 

or experimentally. The other approach is to calculate the rate of doing 

plastic work ahead of the crack as the crack propagates. Romualdi, 70 

Johnson, 60 and Rizzo 61 have taken this approach. In 1960, a method of 

optically measuring the total strains in the plastic region near a crack 

tip was developed. 7 ° From these measured total strains, it was possible 

to compute the total plastic work done at a given point near the crack 

tip at the onset of crack propagation for plane stress conditions. There

fore the increase in plastic work could be determined at a given point 

that occurred prior to the propagation of a slightly longer crack. By 

summing thei:;e increases, the plastic work associated with the difference 

in crack length could be computed. The ratio of the plastic work incre

ment to the crack area increment was the energy rate being sought, and it 

compared favorably with a value obtained with a conventional elastic cal

culation of fracture toughness. 

In a recent thesis, Rizzo61 formulated an approximate mathematical 

model for directly estimating the plastic work rate at the onset of frac

ture under plane-strain conditions. While the model gives an indication 

of the relationship between the inelastic stress-strain properties and 

the plastic work rate, some of its predictions vary from experimental 

evidence. This may be caused by the fact that it does not consider stress 

:redistribution in the elastic region. This model is potentially useful 

for estimating thP. P.ffects of irradiation on fracture toughness. 

At present, fracture mechanics is considered applicable to brittle 

metals but not to high-strength* metals or soft annealed metals. 60 It 

is evident that the application of fracture mechanics to pressure vessel 

steels requires improvements in plastic analysis as well as in elastic 

analysis. In fact a more accurate description of the stresses and strains 

*This statement is controversial both because the definition of high
strene;th steel is controversial and because plate thickness and tempera
ture also influence the applicability of fracture mechanics. 
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in the crack-tip plastic zone may well provide the key, to an understand

ing of fast fracture in pressure vessel steels. 42 Reference 42 mentions 

seve~al elastic-plastic analyses .of notched specimens. Elastic-plastic 

stress analyses of a notched.tensile and an Izod impact specimen are re

ported by Hendrickson, Wood, and Clark. 71 They show that when "brittle 

fracture" occurs the true maximum principal tensile stress in the notched 

tensile specimens is constant. In contrast, Rizzo's 61 analysis was based 

on an ultimate plastic strain condition at the crack tip. If ductility 

is a fracture criterion, it may vary with stress state, as postulated by 

Lubahn. 72 , 73 The strain gradient may also be a significant parameter. 

The analysis of Hendrickson, Wood, and Clark was extended by Grubin and 

Likachev74 to include strain hardening. 

It has been shown by experiment that, in general, no unique relation

ships exist between stress and total plastic strain in material undergoing 

yielding. Rather, the relationships that are unique are between the 

stresses and the plastic strain increments. Theocaris75 - 77 has developed 

a method of calculating the actual stresses in a plastic zone around a 

notch from the measured plastic strain increments. This approach should 

be ultimately quite useful in the further development of fracture mechanics. 

At present, Theocaris' analysis is limited to ideally-plastic material 

(strain hardening is neglected). Rizzo's approximate analysis 61 utilized 

the total plastic strains and was limited to linear strain hardening. An 
approximate method of computing actual stresses from total measured strains 

beyond yield, which utilizes any stress-strain curve, has been developed 

by Merkle at ORNL.78 

There is great concern with regard to the magnitude of the "constant" 

Gic' which is the critical strain-energy release rate for the opening mode 

of crack surface displacement. (The subscript I indicates plane-strain 

conditions.) Considerable variability of the constant-temperature Gic 

may be expected for a single material; a range of at least two orders of 

magnitude can result from heat treatment of steel. 60 To the designer 

interested in stress (proportional to the square root of Gic), this means 

that a variation in critical stress of about a factor of 10 can be caused 

by heat treatment alone. 60 
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6.2.2.5 Fracture Mechanics' and Fatigue . 

A combined fracture mechanics and fatigue analysis has been developed 

for certain high-strength steels and titanium and aluminum alloys by 

Tiffany and his co-workers. 43 , 79 The existence of small surface or in

ternal flaws is accepted as inevitable. For thin-walled low-pressure 

tanks, flaw growth that leads to complete.penetration and leakage is 

likely. However, due to the high strength obtained by heat treating or 

low service temperatures, brittle fracture is possible. The analysis is 

based on the hypothesis tha.t an invariant relationship exists between the 

initial fraction of critical stress fo.tensi ty and the number of cycles 

to failure, independent of specimen geometry. Such a relationship was 

obtained from laboratory specimens and applied to the analysis of test 

vessels with good results. Test data were in the low-cycle fatigue range 

(N < 10,000 cycles). 

The hydrotest is considered a vital element in design against frac

ture. A hydrotest at the lowest anticipated service temperature can be 

used to define the largest flaw that could exist and not cause failure. 79 

To determine whether an initial overstress (i.e., the proof test) has any 

major influence on cyclic flaw growth at a lower stress, a number of round 

notched specimens were given a two-cycle 10% overstress prior to cycling 

to failure. There was no significant effect. 

It was noted that causes of slow crack growth other than fatigue, 

such as hydrogen and stress-corrosion cracking and sustained stress ef

fects, render such an analysis invalid. Prevention rather than prediction 

of thccc effects was recommended.7 9 

6.2.2.6 'l'hP. Fracture Analysis Diagram 

Since cracks may propagate through strain-rate sensitive materials 

at lower nominal stresses than are required to initiate a crack, a test 

has been devised tn mea.mirP. the minimum propagation stress. This is known 

as the Crack Arrest Test, and its results are known as a CAT (Crack Arrest 

Temperature) curve. 42, 47 , 59 ,ao The CAT curve is a plot of minimum propaga

tion stress versus temperature, and it undergoes a transition in the same 

manner as impact energy. The minimum propagation stress is measured as 
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the largest stress at· which an artificially initiated crack will not con

t,inue to propagate at a given temperature. It appears to be a common 

practice to interpret the crack arrest test in terms of the fracture me

chanics assumption that energy release rates are the same for fixed grips 

as for fixed load, 42 because the loading system is a hydraulic (essentially 

fixed grip) loading system. 81 However, in veiw of Bueckner's conclusion 

that the energy release rates during propagation are not equal62 and the 

results of large-scale tests, there is real doubt as to the validity of 

this assumption. To make matters worse, size effects have been observed 

in the crack arrest test; thus thick-section tests 42 are required, and 

constant-load tests are doubly difficult. Nevertheless, the CAT curve is 

a prime basis of the widely used fracture analysis diagram. 

The fracture analysis diagram, shown in Fig. 6.13, is commonly pre

sented as a semiempirical method of material selection and approximate 

analysis to prevent brittle fracture. Detailed explanations of the method 

can be found in Refs. 42 and 47. The dashed lines give the stress at 

which a crack of given size will start to propagate, as a function of 
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temperature, referenced to the NDT temperature. The NDT temperature is 

determined directly from a drop-weight test and,. indirectly, by correla

tion with the simpler Charpy impact test. The parametric crack size curves 

were detennined partially by fracture mechanics and partially by plotting 

actual failure data. For most strain-rate sensitive steels, 46 the _CAT 

curve crosses the yield stress curve at about the NDT temperature plus 60°F 

(the FTE: fracture transition elastic) and joins the ultimate strength 

curve at about the NDT temperature plus 120°F (the FTP: fracture transi

tion plastic). For temperatures above the FTE temperature, cracks sup

posedly will not propagate through regions carrying a nominal stress below 

yield. Since primary stresses are limited to values below yield, fnll

load operation is generally permitted above the NDT temperature plus 60°F, 

with.only reduced loads pennitted below the NDT temperature plus 60°F so 

as to stay below the CAT curve. 82 

It should be remembered that the fracture analysis diagram is based 

on a nominal stress 42 defined as the stress computed without considering 

the presence of a crack. Residual stresses must be considered. The great 

advantage of the transition temperature approach, including the fracture 

analysis diagram, is its simplicity; no stress analysis beyond the tradi

tional procedures required to prevent gross yielding is necessary. How

ever, the method is mainly applicable to temperature and strain-rate sensi

tive materials, which exclude high-strength steel::;. 42 In addition to 

lacking strain-rate sensitivity, high-strength steels may have a yield-to

ultimate strength ratio as high as 0.9. For these materials, the FTP must 

occur at a stress level that is only slightly higher than the stress at 

which the NDT and FTE occur. Therefore, even if the fracture analysis 

diagram concept is valid for high-strength steels, a new set of curves 

will probably be required. Therefore a method of fracture prevention is 

available for brittle metals (fracture mechanics) and for low- and medium

strength steels (the fracture analysis diagram), but no proven method is 

presently available for high-strength steel.* Ber.ause of size effects, 

*This statement is controversjal. The development of a proven method 
of fracture prevention in high-strength steel is the subject of current 
research. 
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Ref. 42 concludes that the fracture analysis diagram can be used only as 

a means of comparing materials .and not for analysis. 

A recent Swedish report by Grounes 82 gives a good description of the 

transition temperature method and its application. The Swedish us.e the 

crack arrest temperature as a safety criterion. An estimate of this tran

sition temperature at the end of the reactor's lifetime must take into 

account increases due to fabrication, welding, geometry, aging, and ir

radiation. The transition temperature versus stress curve (CAT curve) 

moves to the right during the.reactor's lifeti~e. As long as this curve 

does not cross the reactor vessel's stress versus temperature curve, the 

vessel is considered .. safe. Thus the Swedish consider. temperature to be 

the only real safeguard against brittle fracture. 82 Hence pressure ves

sel steel is selected with three requirements in mind: high strength, 
• 

low initial transition temperature, and good corrosion resistance. 

6.2.3 Stress Evaluation . 

One familiar feature of the present .ASME Design Code for nuclear p~es

sure vessels, Section III, is a method for classifying the stresses in the 

pressure vessel according to their potential effects. This method of 

classifying stresses is described by the·"hopper diagram," which is shown· 

in Table 6.1, and by the stress classification table reproduced here as· 

Table 6.2. One aspect of this classifying system has already been dis

cussed (the stress conditions required for plastic collapse, as shown in 

Fig. 6.12), but some further discussion is still warranted. Section III 

specifies that the limiting stress intensity,* Sm, should equal 2/3 Sy 

or 1/3 Sult' whichever. is least, where Sy is the uniaxial yield stress 

and Sult is the uniaxial ultimate strength. For the purpose of this dis

cussion, it will be assumed that Sy governs the value of Sm, which is 

generally the case at operating temperatures. 

The "hopper diagram" in Table 6.1 embodies four basic design criteria: 

1. The structure must be safe against plastic collapse under the 

loads that could cause plastic collapse. 

*S, the stress intensity, equals twice the maximum shear stress. 

' l 
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Table 6.1. Stress Categories and Limits of Stress Intensity. 
(Fig. N 414 of Section III of ASME Code) 

Stress 
Category 

Description 
(For ex
amples, 
see 
Table 
N-413} 

Symbol 
(Note 4} 

Combination 
of stress 
Componeuts 
ancl Allow
able Limits 
of Stress 
Intensities. 

General Membrane 

Average primary 
stress across 
solid section. 
Excludes discon
tinuities and 
concentrations. 
Produced only by 
mechanical loads. 

Primar 
Local Membrane 

Average stress 
across any 
solid section. 
Considers dis
continuities 
but not con
centrations. 
Produced only 
by mechanical 
loads. 

~-

Bending 

Component of 
primary stress 
proportional 
to distance 
from centroid 
of solid 
section. Ex
cludes discon
tinuities and 
concentrations 
Produr.P.d only 
by mechanical 
loads. 

Secondary 
Membrane 

plus Bending 

Self-equilibrating 
stress necessary 
to satisfy con
tinuity of structure. 
Occurs at struc
tural discontinui
ties. Can be 
caused by mechan
ical load or by 
differential ther
mal expansion. 
Excludes local 
stress r.oncentra
tions. 

Q 

Peak 

(I} Increment added 
to primary or second
ary stress by a con
centration. (notch} 

(2) Certain thermal 
stresses which may 
cause fatigue but 
not distortion of 
vessel shape. 

F 

Note 1 .. ----
Note 2--

------...-------1----··-----. 
Pm {or PL)+ Pb + Q + F 

Note 3 ....----

NITTE 1 - When the sccondnry stress is <luP. to a temperature excursion at the point at which the stresses are being 
analyzed, the value of Sm shall be taken as the average of the Sm values tabulated in Tables N-421, N-422, and N-423 for 
the highest and the lowest temperature of the metal during the transient. When part or all of the secondary stress is due 
to mechanical load, the value of Sm shall be taken as the Sm value for the·highest temperature of the metal during the 
transient. 

Nar E 2 - The stresses in Category Q are those parts of the total stress which are produced by thermal gradients, 
structural discontinuities, etc., and do not include primary stresses which may also exist at the same point, It should be 
noted, however, that a detailed stress analysis frequently gives the combination of primary and secondary stresses direct
ly and, when appropriate, this calculated value represents the total of Pm (or PL)+ Pb+ Q and not Q alone.Similarly, if 
the stress in Category F is produced by a stress concentration, the quantity F is the additional stress produced by the 
notch over anci above the nominal stress. For example, if a plate has a nominal stress intensity, S, and has a notch with 
a. str:ss concentration !actor, K, then Pm = S, Pb :: 0, Q " 0, .F = Pm (K· l) nn<l the peak !,>tress intensity equals 
Pm+ Pm (K-1) = KPm. -

NOTE 3 _Sa is obtained from the fnt.igue curves, Figs. N-415 {a) and (b). The allowable stress intensity for the full 
range of fluctuation is 2 Sa. 

NOTE 4 - The symbols Pm, PL, Pb, Q, and F do not represent single quantities, but rather sets of six quantities re· 
presenting the six stress components at, CT[, a,, Tt z, rz,, and Tn . 
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Table 6.2. Classification of Stresses for Some Typical Cases. 
(Table N-413 of Section III of ASME Code) 

Vessel Component Location Origin of Stress Type of Stress Classification 

Cylindrical or Shell plate remote Internal pressure General membrane Pm 
spherical shell from d iscont inu ities Gradient through 

plate thickness Q 
Axial thermal Membrane Q 
gradient Rending Q 

Junction with head Internal pressure Membrane PL 
or flange / Bending Q 

Any shell or Any section across External load or General membrane 
head entire vessel moment, or in- averaged across full 

ternal pressure section. Stress com- Pm 
ponent perpendicular 
to cross section 

External load or Bending aero ss full 
moment section. Stress com-

Pm ponent perpendicular 
to cross section 

Near nozzle or External load Local membrane PL 
other opening moment, or in- Bending Q 

ternal pressure Peak (fillet or corner) F 
Any location Temp. di fl. be- Membrane Q 

tween shell and 
head Bending Q 

Dished head or Crown Internal pressure Membrane Pm 
conical head Bending Pb 

Knuckle or junction Internal pressure Membrane PL* 
to shell Bending Q 

Flat head Center region Internal pressure Membrane Pm 
Bending Pb 

Junction to shell Internal pressure Membrane PL 
Bendini;: 0 

Perforated head Typical ligament Pressure Membrane (Av. thru Pm 
or shell in a uniform cross section) 

pattern Bending (Av. thru Pb 
width of lig., but 
gradient thru plate) 
Peak F 

Isolated or atypical Pressure Membrane Q 
ligament Bending F 

Peak F 
Nozzle Cross section Internal pressure General membrane 

perpendi"cular to or external load av. across full 
nozzle axis or moment section. Stress Pm 

component perpendi· 
cular to section 

External load or Bending across Pm 
moment nozzle section 

Nozzle wall Internal pressure General membrane Pm 
Local membrane PL 
Bending Q 
Peak F 

Diflerential Membrane Q 
expansion Den ding Q 

Peak F 
Cladding Any Differential Membrane F 

expansion Bending F 
.Any Any .Thermal gradient 

thru plate thick- Bending F•• 
ness 

Any Any Any Stress Concentration F 
(notch eflect) 

•Consideration must also he given to the possibility of wrinkling and exces~Sive deformation in vessels with large 
diameter-to-thickness ratio. 

••Consider possibility of thermal stress ratchet (ser. "I-Id 7.3). 

•. 

l 

I 

I 

I 
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2. The plastic strains produced by any single application of load 

must be limited. 

3. There must be no cyclic plastic strains due to any stresses ex

cept those produced by local stress concentrations and local thermal ef

fects. 

4. At points where cyclic plastic strains do occur, a fatigue analy

sis must show that fatigue failure will not occur. 

The two modes of failure not specifically considered by the hopper 

diagram are buckling and brittle fracture. Buckling must be designed 

against on an individual basis, as specified in article N-410(c) of Sec

tion III. At present, design against brittle fracture is assumed to be 

accomplished through the application of a transition temperature (NDT) 

criterion. 

Design aeainst plastic collapse begins with the assumption that only 

force (mechanical) loads can produce unrestricted plastic deformation 

(plastic collapse). Secondly, use is made of the Lower Bound Theorem in 

plasticity, which states that if any set of reactions and internal stresses 

can be found that will hold a structure in equilibrium under a given load 

without producing a failure mechanism, that load is less than the plastic 

collapse load. In practice, this theorem is modified so that its physical 

significance is more obvious. If a structure is statically indeterminate, 

it may be rendered statically determinate by introducing a sufficient 

number of hinges or cuts so that the internal stresses and reactions can 

be computed from the equations of statics (equilibrium) alone. This is 

standard practice in the plastic design of steel frames. It is also 

standard practice in the discontinuity type of elastic shell analysis. 

In any event, the effect of hinges or cuts on the real structure would 

be to lower its plastic collapse strength. Therefore, if the weakened 

statically determinate structure does not collapse, the unweakened real 

structure cannot collapse. In Section III the further restriction is 

added that in the weakened structure, primary stresses can only callse 

yielding if the zones of yielding will be local and will be elastically 

restrained. Consequently, the plastic strains under any single applica

tion of loading will remain small, and plastic collapse can certainly 

not occur. The stresses considered capable of causing plastic collapse 
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ar~ called primary stresses. Primary stresses are of·three types: pri

mary general membrane, primary local membrane, and primary bending. If 

raised to the yield point, a primary general membrane stress would cause 

general yielding, while a primary local membrane·stress would cause only 

local yielding. The definiti0n of a bending stress is obvious. However, 

it should be noted that bending in a shell is a local phenomenon, and 

therefore yielding due to bending should also be a'local phenomenon. 

Since in the case of a primary general membrane stress, yielding would 

be general rather than local, yielding is prohibited by the .requirement 

that 

p 
m 

2 
~-s 

3 y 
(8) 

where Pm is the primary general membrane stress intensity and Sy is the 

uniaxial yield stress. If 

s 
m 

2 = - s 3 y 

where Sm is the allowable stress intensity, then 

p ~ s 
ID ID· 

(9) 

(10) 

which is the limitation on primary general membrane stress shown in Fig. 

·6.12. In the case of a primary local membrane stress, which is' a mem

brane stress that has been increased locally by a discontinuity, yield

ing is permitted because the plastic strains will be limited by compat

ibility with the surroLmding elastic material. This requirement is ex

pressed by the equation 

(11) 

where PL is a primary local membrane Rtress. This requirement is shown 

graphically in Fig. 6.12. In the case of primary bending, with or with

out axial force, only the extreme fibers of the section are allowed to 

yield. Thus, the rest of the section remains elastic and no plastic 

strain can actually occur. This requirement is expressed by the equation 

(12) 

~ _J 
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where Pb is a primary bending stress. This condition is also shown graphi

cally in Fig. 6.12. Thus the limits on primary stresses are based on a 

restricted Lower Bound Theorem, applied to a statically determinate analy

sis of each.part of the structure, with a correction being made for the 

effects of local discontinuities and local loads on the local membrane 

stress. 

Since some plastic strains have been permitted at discontinuities 

and thermal effects have not yet been considered, it is necessary to place 

additional limits on the plastic strains. These limits are listed as 

criteria (3) and (~-) in the previous list. At the discontinuities, two 

additional types of stress can be active besides primary local membrane 

and primary bP.nding. These are secondary stresses, which include thermal 

stresses and discontinuity-produced bending stresses and peak stresses 

due to stress concentrations. Considering the combination of all primary 

and secondary stresses, that is, all stresses except peak stresses, it is 

desired to prohibit cyclic plastic strains. This problem is approached 

as follows. With reference to Fig. 6.14, yielding first occurs when the 

maximum principal stress difference equals the uniaxial yield stress. 

From point 0 to point A, loading is elastic and all stresses remain pro

portional. For additional loading, the stresses at a point that has 

yielded can either remain at A or move along the yield locus. Using in

tuition based on the results of analytical studies, it is assumed that 

if the stress point does move along the yield locus, it moves toward the 

nearest corner and does not go beyond it. This is a necessary but not a 

proven condition for the following concli.rnlons to be valid. The effects 

of removing the load are entirely elastic until yielding occurs again. 

Unloading will produce a state of stress that moves along a path parallel 

to OA but in the opposite direction. It can be seen that BC must be 

equal to twice OA for yielding to occur upon unloading if the Bauschinger 

effect is ignored. This conclusion applies for initial loading to any 

portion of the yield surface .. Therefore, if the elastica~~y calculated 

stresses, indicated by the point D in Fig. 6.14, are not greater than 

twice the stresses at point A, no cyclic yielding w·ill occur. It is to 

be noted that movement of the stress point between A and B provides for 

ctress redistribut.inn ch1P. to plastic flow following initial yield. Thus 
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Fig. 6.14. Tresca Yield Criterion for Biaxial Loading. 

the requirement placed on the sum of primary plus secondary stresses, as 

shown in Table 6.1, is that 

(13) 

where Q is the secondary stress. 

The final requirement regarding plastic strains is that peak stresses 

must not cause fatigue failure at points of stress concentration. This 

requirement, as shown in Table 6.1, is expressed by the equation 

( 14) 

where F is a peak stress and S is an allowable elastically calculated . a 
stress amplitude that specifies the cyclic total strain range. The as-

sumption that the elastic analysis gives a good estimate of the cyclic 

total strain range at points of l?cal yielding is an important assumption. 

For this assumption to be valid, a zone of. local yielding must be small 

I • ' .... , .. ~"" - "' . .. . . 

~ _ ... 
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and be highly constrained by the surrounding elastic material. One rea

son for requiring Eq. (13) to hold is that. the foregoing assumption might 

not be sufficiently valid away from a stress concentration. 

The hopper diagram shown in Table 6.1 has recently been modified* 

(see Table 6.3) to eliminate a minor inconsistency with paragraph N-441 

of Section III. Paragraph N-441 defines the design pressure as the nor

mal operating pressure plus an allowance for probable pressure surges up 

to the setting of the pressure-relief devices. It is the design pressure 

that is used for insuring compliance with the limitations on primary 

stresses, bolt design stresses, bP.aring stresses, pure shear stresses, 

and triaxial stresses. The actual opera.ting pressure, which is by defi

nition less than the design pressure, is used to insure compliance with 

the limitations regarding cyclic plastic strain. There is no limit plaeed 

directly on the secondary bending stresses due to the design pressure, 

but there is a limit placed on the secondary bending stresses due to the 

maximum operating pressure. If there is a difference between the design 

pressure and the maximum operating pressure, it is a margin of safety to 

which the limits on cyclic plastic strain need not apply. Even if the 

design pressure were to cause large plastic strains at the discontinu

ities, the vessel would not fail plastically because the limits on pri

mary stresses have already been applied. However, the safety criteria 

regarding buckling and brittle fracture do need to be applied to the de

sign pressure conditions. It will be noted that the alternative state

ments regarding Pm and P1 that appear in Table 6.1 and Eqs. (12), (13), 

and (14) have been eliminated in Table 6.3. This change is for clarity 

only and is not a change in definitions. 

Section III of the Code allows an elastically calculated secondary 

moment equal to twice the yield moment, but an acLual Inoment equal to 

1.5 times the yield moment renders a rectangular section fully plastic 

and is the maximum moment that can be carried by the section without a 

normal force. Therefore, Rer.t.ton III allows a fully plastic section to 

develop at a discontinuity during initial loading. Actually, a section 

will never become fully plastic because the discontinuities in rotation 

*See the Winter 1966 Addenda to Section III of the ASME Code. 
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Table 6.3. Revisions to the Hopper Diagram 

Revise the central portion of Table 6.1 so as to appear as: 

Symbol 
Pm PL (Note 4) 

Combination 
of stress 
Components 
anrl . .\ llow• 
abl.- Limits 
of· Stress 
Intensities. 

PL 

---- Use Design Loads 

- - - - Use Operating Loads 

Note 2 Revise the last sentence to read: 

For example, if a plate has a nominal stress 
intensity, Pm =· S, Pb = 0, Q = 0 and a notch 
with a stress concentration K is introduced, then 
F = Pm (K - l) and the peak stress intensity 
equ~ls Pm +Pm (K - 1) = KPm • 

Also revise: Pm (or PL) + Pb + Q to read: 
PL+ Pb + Q. 

Also add to this note the follo.:.Uing: However, 
PL is the total membrane stress which results 
from mechanical loads iiieluding disc~ntinuity 
effects, rather than a stress increment. There
fore the PL value always includes the Pm 
contribution. 

N-414.4 Revise Pm (or PL) to read: PL. 

N-414.5 Revise P: (or PL) to read: PL. 

. ' 

Pb Q F 

--~ 
I 
I 

I 
~ I 
-->~---' 

I 

PL+ Pb+ Q 

I 

I 

• I 

I I 
I I • 
L - - - - - -+1"- - - - j 

'· 

I 
I 
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and displacement for which is must provide are limited. Also, since the 

maximum allowable moment is beyond the capacity of the section, load re

distribution within the elastic parts of the vessel is inevitable. Little 

information regarding the actual plastic strains and stresses developed 

at discontinuities and the accompanying load redistribution is available. 

However, it appears that such data are available as a byproduct of proof 

testing by the methods for plastically analyzing experimental strains, 77 , 78 

as discussed previously. The effects of shear force on yielding have also 

been neglected. 

It should be noted that residual stresses are not considered in the 

hopper dlagram. These stresses are due to yielding under the thermal 

stresses produced by welding. They are, in fact, residual thermal stresses 

and are self-equilibrating. Residual stresses have no effect on the fully 

plastic strength of a cross section, nor should they affect the cyclic 

plastic strains in a pressure vessel. They can, however, cause the plas

tic strains that occur under initial pressurization to be larger than ex

pected or to occur at unexpected locations. If a cross section is loaded 

to its fully plastic capacity, whatever residual stresses existed before 

that loading will be eliminated, but a new pattern of residual stresses 

will develop upon unloading. This is likely to be the case at points of 

high secondary moment, such as the head and nozzle junctions. On the 

other hand, the residual stresses that initially exist in the membrane 

regions, such as those associated with welds, are likely to remain in 

substantially their original pattern. 

The discussion above makes one point fairly clear. In order to 

classify the stress intensity at a point, it is necessary to know not 

only the shape of the structure and the origin of the load but also to 

understand the behavior of the structure in response to the ~oads. Judge

ment may be necessary, especially if the stress analysis is not amenable 

to one of the strength of materials approaches - for example, shell theory 

or beam theory. In such cases, it may not be possible to separate the . 

stress distributions into membrane and bending components, and therefore 

it may be diffici.ilt to assign the proper stress categories. There is 

apparently quite a bit of uncertainty when the stress classification 

problem is not on~ of those listed in Table ·N-413 of the code. The code 
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gives very little help:in'this ·respect in the way of examples. 
I 

Even the 

appendices, wher~ several stress analysis problems are worked, do not as

sign stress categories to the computed value. Experienced stress analysts 

and designers can usually assign stress categories properly. Neverthe

less a valuable service would be performed if additional guidelines were 

available, either as worked examples or as a more complete reference table, 

such as N-413. 

Reference 56 contains an extensive discussion of the fatigue criteria 

employed in the present code. The assumption that the effects of biaxi

ality have been taken into account is implicit in the prescribed method 

of analysis. Since the strain range at a point of peak stress can be 

estimated by an elastic analysis, the provision for biaxiality can be 

explained in terms of elastic analysis. The stress intensity (a1 - a3) 

is a direct measure of maximum shear strain, according to the equation 

ymax ' 2G 

where Ymax is maximum shear strain and G is the shear modulus; G is re

lated to the elastic modulus, E, and Poisson's ratio, v, by the expression 

G 
E 

2(1 + v) 

Therefore, the code criteria for fatigue relate the range of fluctuation 

of the maximum shear strain to the steady value about which the variation 

takes place. Studies of the effects of biaxiality have been made, and 

the most recent biaxial fatigue data are those of Ives, Kooistra, and 

Tucker 83 at the Babcock & Wilcox Company. These data were obtained espe

cially to complement a series of large-scale pressure vessel tests (see 

Sect. 6.3.2). Three pressure vessel steels, A 201, A 302, and T-1 (the 

same as the materials being used in the large-scale pressure vessel tests), 

were tested in low-cycle equibiaxial fatigue. It was found that the data 

could best be correlated with the existing uniaxial data by plotting 

equivalent strain versus the number of cycles to failure, where equivalent 

strain was defined by the equation 

' I 

·~ 

I 

~ 

I 
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- .J2 Q( )2 )2 2]1/2 E° = - E - E + (E - E + (E - E ) • 
3 x y y z z x 

The data plots and curves for each of the three steels tested 83 are shown 

in Figs. 6.15, 6.16, and 6.17, and a summary plot of the biaxial fatigue 

curves is shown in Fig. 6.18. Figure 6.18 does not show exactly the same 

variations in fatigue resistance with yield strength as are shown in Fig. 

6.9. Contrary to Fig. 6.9, Fig. 6.18 shows that T-1 steel has slightly 

more fatigue resistance than A 302 for all low-cycle strain levels. In 

addition, the crossover points between A 201 steel and the higher strength 

steels are nearer to 1000 cycles than to 10,000 cycles. The trends shown 

in Fig. 6.18 are encouraging with respect to the use uf higher sLI·ength 

steels in nuclear pressure vessels. 

The use of elastic stress concentration factors to estimate fatigue

strength reduction may be conservative under most conditions. The stress 

gradient may also ·be an important parameter. 41 

Periodic shutdowns and load fluctuations during operation84 may sub

ject a reactor pressure vessel to low-cycle fatigue. Fatigue is most 

likely to occur at points of high stress concentration, such as disconti

nuities and nozzle attachments. Reinforcement of openings may reduce load 

stresses but it may increase thermal stresses. The requirements for mini

mizing force load stresses and thermal load stresses are sometimes in 

opposition, and it is their sum that must be minimized. 

Despite the prominence given to fatigue analysis in Section III of 

the Code, this mode of failure may still not be as likely as brittle frac

ture. 85 However, it should be noted that the fatigue analysis of Section 

III does not c.onsider the prior existence of flaws, except by virture of 

its conservatism. Most failures are due to a combination of causes rather 

than a single cause. 50 It has been argued that if a through crack of 

length equal to twice the plate thickness would not cause brittle frac

ture, the growth of an initial partly through crack would lead to leak

age before h:r.ittle fracture. 66 This is the "leak-before-break" criterion 

proposed by Irwin (see ChaP,. 7). 

The fracture analysis diagram was used as a basis for evaluating the 

safety of the EGCR pressure vesse1. 86 Although the assumed flaw sizes were 
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increased by one size range to compensate for the effects. of irradiation, 

the effects of size on transition temperature were not specifically men

tioned. 

6.2.4 Other Design Considerations 

The process of engineering a nuclear pressure vessel consists of a 

series of steps that begin with the establishment of design criteria and 

end with planned inspection and maintenance during the service life of 

the vessel. Some additional comments on particular phases of the engineer

ing process not previously discussed are given in this section. 

_6.2.4.1 Division of Responsibility 

The reactor designer and the pressure vessel designer are usually 

not in the same organization. Therefore, it is important that the divi

sion of responsibility between their two organizations be made clear. 

Pressure vessel design is an engineering specialty. Pressure vessels are 

designed for a wide variety of industrial purposes, and it appears to be 

the established practice that the buyer of the vessel is responsible for 

anticipating the effects of service environment 'on the vessel, and the 

seller of the vessel is responsible for furnishing an initially sound 

vessel. This philosophy appears adequate in cases where the environmental 

effects are only chemical. However, it is not obvious that it is ade

quate in cases where the environmental effects may be structural as well 

as chemical. Specifically, when the environmental effect is aJchange in 

structural properties due to irradiation, it would appear prudent for the 

vessel designer to understand and anticipate these effects. As present, 

reliance could be placed on the fact that irradiation raises both the 

yield stress and the ultimate strength, and therefo:r·e ignoring both ef-, 
fects should lead to a safe design. However, this concept will break 

down in any case where ductility or fracture strength govern the design, 

since both quantities decrease due to irradiation. It is quite possible 

that a change in design philosophy will be necessary for the design of a 

high-strength steel vessel, since either ductility or fracture strength 

may govern the design. It has been argued that.the reactor system designer 
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should be responsible for anticipating irradiatio~ effects, 46 but no men

tion has been made of high-strength steel. Until generally reliable ir

radiation effects design criteria are developed or the problem is elimi

nated by the improvement of material, it will be necessary to modify the 

operating procedures for each reactor vessel according to the results of 

its own surveillance program. 

It has been noted that the design lifetime of a nuclear pressure 

vessel may be as much as 40 years, 4 6 but the lifetimes of some existing 

vessels may be shortened by NDT considerations. 49 Since the existing 

vessels referred to are mild steel vessels and the stress limits of Section 

III do not consider the effects of irradiation, it follows that compliance 

with Section III cannot be used as the sole basis for arguing the incred

ibility of pressure vessel failure.. Provisions for insuring vessel safety 

during operation are the responRibility of the owner and the enforcement 

authority. 

6.2.4.2 Material Selection and Geometric Design 

Present practice is to select pressure vessel steels with low initial 

NDT in order to provide the greatest margin for change.4 8 Steels such as 

A 212 grade B and A 302 grade B, which have been used in U.S. reactor ves

sels, are specified to have an initial NDT temperature of -20 to +40°F. 

The addition of 2 to 3% nickel produces steels with improved toughness like 

those used in the Army's SM-lA and PM-2A vessels with NDT temperatures of 

-40 to -80°F. However, some of these steels are hypersensitive to irradia

tion. The best high-alloy quenched and tempered steels of the type used 

in Eubmarine hulls have NDT temperatures of -120 to -160°F. 48 However, 

from previous discussions, it is obvious that a low initial NDT tempera

ture does not guarantee a relatively greater fracture strength at higher 

temperatures. In fact, the NDT approach has been shown to be least ap

plicable to nonstrain-rate-sensitive materials. 42 The specific purpose 

of the quench and t.empP.r operation is to improve fracture strength and 

lower the NDT, particularly of heavy (thick) ~ections. 46 

The neutron flux distribution in a vessel wall var:i.P.s considerably 

in the vertical direction and reaches a maximum· near the core midplane. 48 , 49 

Therefore good dcBign practice requires that discontinuities not be located 
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near the core midplane. 46 However, longitudinal welds may be required at 

the midplane because of the size of the vessel, and therefore they are of 

special interest. 49 The stresses at nozzles are important, of course, 

because they are high, even if they do not occur at the point of peak 

flux. 49 

6.2.4.3 Fabrication (see Chap. 8) 

The effect of fabrication on vessel properties must be considered. 46 

It has been estimated that stress relieving at temperatures low enough to 

preserve mechanical properties is only 80% effective. Therefore residual 

stresses may be as high as 20% of yield. 46 Stress relieving accordingly 

involves a compromise. If residual stresses are completely eliminated, 

mechanical properties may be affected. 85 If mechanical properties are 

preserved, some residual stresses will remain. 46 The British employ on

site stress-relieving techniques for their site-constructed vessels. 85 

(On-site stress relieving is also planned by Chicago Bridge and Iron Com

pany for their forthcoming site-constructed vessel.) 

6.2.4.4 :Hydrotesting and Operation (see Chap. 10) 

Hydrotesting indicates the maximum possible flaw size, as well as 

strength. 85 When a reactor vessel has been exposed to neutron radiation 

and has experienced a shift in NDT, careful attention must be given to 

the advisability of additional hydrotests. 46 . This is particularly true 

if the hydrotests are conducted at room temperature. 

Present practice is to establish limits on oper~ting loads for ves

sel temperatures below the FTE (NDT temperature plus 60°F). However, since 

the neutron flux varies with position, the FTE varies with position. 48 

Thermal stresses as well as pressure stresses need to be considered in 

setting the operating limitations. 46 , 48 Operating limitations are usually 

stated in terms of reactor pressure versus reactor temperature, with a 

specified maximum rate of change of temperature to make transient thermal 

stresses a known function of reactor pressure. 48 For example, in 1962 

two days were required to shut down the Army Package Power Reactor (APPR). 87 

For some pressurized-water reactors, a lower bound to the pressure-tempera

ture range may be set by the boiling point of water. 48 A lower limit on 
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pressure may also be established by the pressure necessary for main coolant 

pump operation. 46 , 49 A recent survey by the AEC indicated that the ir

radiation embrittlement problem has affected the operation of four reactors 

and may effect ten more. 46 It is conceivable that the upper- and lower

bound pressure versus temperature curves for a reactor vessel may meet. 

In this case, the NDT approach gives no safe operating mode. The possi

bility of such a situation provides a strong motivation for the development 

of a fracture mechanics analysis that will indicate whether or not a safe 

mode of operation actually exists. 46 

It has been argued that warm prestressing can be used to provide for 

safe operation at reduced temperatures. Cowan a:nd Nichols 85 state, 

We think advantage of this test (an initial warm pressure test) 
can be taken only if service conditions are similar to the test 
conditions and especially there should be no risk of impact 
loading or of defects lengthening beyond their original yielded 
stability limits. We consider that there is insufficient ex
perience of this approach to recommend operation of a reactor 
pressure vessel in the brittle range. 

6.2.4.5 Surveillance, In-Service Inspection, and Maintenance (see 
Chaps. 9 and 10) 

Since the estimates of irradiation dosage available during design 

are only approximate and the em::?L1!,Y spectrum of a.n actual reactor m::i.y 

differ from thCJ;L of the test reactor in which .irradiation tests are per

formed, surveillance programs are conducted. This method of evaluating 

irradiation effects for a particular vessel has an advantage in that it 

reduces the reliance on dosimetry. Irradiation effects can then be as

eumed similar in the vessel and in the specimen without a preciBe knowl

edge of the dose. 48 To give an idea of the potential inaccuracies in 

flux estimates, actual fluxes within the SM-1, PM-2A, and Dresden-I ves

sels were 14, 57, and 200 to 300% greater than estimated. 48 

6.3 CURRENT RESEARCH ON THE DESIGN OF PRESSURE VESSELS 

Design codes are based on research and expe:r.ience. There are many 

areas of research that have led to the excellence ln design and construc

tion that currently exists in the nuclear pressure vessel industry. Fore

most among these are the forming and forging procedures, quenching and 
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tempering techniques, material behavior investigations (thermal- and load

~ycling fatigue, creep, relaxation, flaw formation, flaw growth, etc.), 

weld development programs, and experimental and theoretical stress analy

ses of the various design configurations that commonly occur in reactor 

pressure vessels. 

Most of the areas of. research are discussed in other sections of 

this chapter. In particular theoretical analyses of shells have been 

treated at some length, as has the more recent research in the fracture 

mechanics and transition-temperature approaches to pressure vessel de

sign. This section is devoted to summarizing information on how the 

analytical techniques are used and reviewing the experimental work that 

provides data for both design use and for verifying the analytical work. 

Attention is also focused on a series of failure tests of large model 

and full-size pressure vessels, as well as a recent failure by brittle 

fracture of a pressure vessel during the proof test. 

6.J.l Theoretical and Experimental Research 

The techniques for analyzing the more common axisymmetric shell 

configurations are quite well developed and have culminated in a series 

of computer analyses 88 - 106 and analytical parameter studies 107 - 116 (mostly 

for nozzles attached to spherical shells) for design application. Un-

· symmetric loads, such as moment or transverse shear loads on the nozzle, 

c~n be accounted for by some of the computer programs. 98 - 100 ,10~ 

The methods used in the computer pr?grams range from finite differ

ence applications through direct applications of the .analytical solutions 

that exist. In some cases the shells must be quite thin,· while in other 

cases relatively thick shell analysis may be performed. Kraus 32 dis- . 

cusses the Kalnin, 10° CEGB, 88 AVC0, 91 and Bettis101 .programs. Rodabaugh, 

Witt, and Cloud111 discuss the CERL··II (ORNL) 105 and Seal-Shell-2 

.(Bettis) 101 codes, as well as analyses by Waters 107 and Bijlaa:rd. 112- 115 

A boundary-point collocation method is also discussed. 117 Comparisons 

with theory and experiment are discussed in Refs. 105, 110, 111, and 118 . 
. 

In general the comparison of theory and experiment has been sur-

prisingly good. Most often in such comparisons the analytical and 

J 
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experimental models differ somewhat. Usually the small differences in 

results are attributed to this. Actually the assumptions for the analyses 

(for instance those listed\in Sect. 6.1.2) are usually violated at the 

discontinuity regions where the highest stresses exist. Most nozzles 

that penetrate pressure vessels are relatively thick, and thin-shell 

analyses tend.to overestimate the stresses in such configurations. Fil

lets generally tend to reduce the stresses but are not readily accounted 

for in the theoretical analyses. All in all, for radially attached thin 

nozzles in spherical shells with at least nominal fillets, the theoretical 

analyses are usually conservative. 

Plastic (limit-load) types of analyses have also been examined in 

some detail. 119 - 123 These analyses in general assume the formation of 

a plastic hinge at the discontinuity and are applicable to ideally plas

tic materi.als such as mild steel (i.e., the material has a flat-top stress

strain diagram). Such analyses are potentially valuable when yielding 

occurs, such as is permitted by Section III of the ASME Code. 

Nozzles attached normal to cylinders under pressure loading have 

been investigated. 124 , 125 A parameter study is presented in Ref. 125. 

Rodabaugh has shown these results to compare favorably with experimental 

results.* Eringen has also analyzed a nozzle normally attached to a 

cylinder under an out-of-plane moment loading on the nozzle. This analy

sis is being programmed for a computer at Oak Ridge National Laboratory. 

General Electric Company is conducting a rather broad program for 

the analysis of reactor primary coolant systems, with particular inter

est on rupture. 126 Included in this program is a computer analysis for 

ptping systems based on the fini'te-element method. This analysis may 

also be applied to the nozzle-to-cylinder problem that arises in the de

sign of nuclear pressure vessels. Axisymmetric finite-element programs 

applicable to thicker and more complex pressure vessels have been de

veloped. 127 -129 

Nonradial nozzle attachments have also been examined theoretically. 130 

Much more effort, however, has been placed on the analyses of cylinders 

*Personal communication from E. c. Rodabaugh, Battelle Memorial 
Institute, Columbus, Ohio. 
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with oblique edges . 131 - 137 References. l3l-l37 have application to nozzle·s 

in presstlre vessels for only very specific cases. 

Nozzles attached in clusters to spherical and cylindrical shells 

also have broad applications to pressure vessel design. The initial work 

leading up to a general analysis has been confined to specific arrays of 

holes in plates and spherical shells. 138 , 139 Currently, Applied Tech

nology Associates, under subcontract to Oak Ridge National Laboratory, 

is extending work to the analysis of clusters of nozzles in spherical 

shells. The shallow-shell approach is being taken initially; .that is, 

curvature terms are neglected. Later, curvature and obliqueness will be 

incorporated into the analysis. 

The analytical treatments of shell problems become significant only 

when their validity and degree of approximation can be established ex

perimentally. Thus, an active experimental program with both photoelas

tic and machined steel models exists for investigating the more pertinent 

problems in pressure vessel design. Mershon, 140 as of May 1962, described 

the results obtained from programs associated with the Pressure Vessel 

Research Committee. This report includes discussions of several cylin

drical and spherical shells with attached nozzles and represents much 

of the basic experimental technology current at that time. 

Since 1962 several experimental programs have been completed and 

others have been undertaken. The tests on the photoelastic models are 

described in Ref. l4l. In this report results from over one hundred 

photoelastic models are described, and there are a summary and evalu

ations of the results. 

Several steel models have also been tested re~ently (Refs. lll, 118, 

123, 142-146). Most of them have been spherical heads with a radiallY,.. 

attached nozzle. However, other configurations are discussed ·in Refs· .. 

123, lli-3, l/~5, and 146. As -previou~ly noted, the results from both the 

steel and photoelastic models have been compared, where applicable, with 

the theoretical analyses in Ref. lll. 

Cloud* and Lindt have performed. tes·ts on steel models "in support of 

limit analysis theory. These test results are compared with theory in 

*Westinghouse Electric Corporation, Bettis Plant, Pittsburgh. 

tuniversity of Waterloo, Waterloo, Ontario. 
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Ref. 120. Gill has also made theoretical investigations in the same 

field. 147 

Several experimental studies are currently in progress. Lind* of 

·the University of Waterloo is investigating a steel cylinder with a noz

zle attached at 45° to the perpendicular. The ratio of the diameters 

is 0.5. Leven,t .under subcontract with the Bureau of Ships, is analyzing 

a perpendicular nozzle attached to a cylinder, with the ratio of diame

ters being 0.129. He is also investigating several spherical shells with 

nonradially attached nozzles. All of Leven's work is with photoelastic 

models. Maxwell,* University of Tennessee, is investigating a steel 

spherical shell with a single attached nozzle of various sizes. 144 ~Angles 

of attachment being investigated are 0°, 22.5°, and 45°. Protruding and 

flush nozzles are being investigated by both Leven and Maxwell. Swinson,§ 

Auburn University, is analyzing nozzles attached in clusters to steel 

spherical shells. Clusters of two to five parallel nozzles (standpipes) 

ar.e being examined, as well as clusters of closely spaced radiai nozzles. 

Mathews, II University of Tennessee, is examining clusters of nozzles in 

flat steel plates. The plate will be subjected to biaxial tension and 

the nozzles pressurized. Thus, small clusters of nozzles in a large head 

(either cylinders or spheres) are simulated. 

In summary many of the more common design configurations that occur 

in r.eactor pressure vessels are being systematically investigated both 

theoretically and experiment~lly. Most of the theoretical analyses are 

based on the elastic behavio·r of the structures; however, the applica

tions of the theory of plasticity to shell analyses are receiving con

siderable attention. 

*Under contract with PVRC. 

twestinghouse Electric Corporation, Research and Deve~opment Center, 
Pittsburgh, Pennsylvania. 

*Under subcontract. w~th Oak Ridge National Laboratory, Union Car
bide Corporation, Nuclear Division, Contract ·1\Jo. 2203. 

§under subcontract with Oak Ridge National Laboratory, Union Car
bide Corporation, Nuclear Division, Contract No. 2670. 

llunder subcontract to Oak Ridge National Laboratory, Union Carbide 
Corporation, Nuclear Division, Contract No. 2673. 
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Most of the theoretical analyses are for shell structures axisym

metric with regard to both geometry and load. The ability to perform a 

completely general shell analysis does not exist at present. The more 

important problems of nozzles in cylinders, nozzles nonradially attached, 

and nozzles in clusters are currently under analytical study. 

Experimental programs are either under way or have been completed 

that provide the backup for the theoretical analyses. Most of these 

programs are also oriented to provide empirical design information. 

Areas that have been investigated only in specific applications are 

those with a higF degree of asymmetry, such as a nozzle attached near 

the junction of a torispherical head and a cylindrical shell. Systematic 

treatme~ts of such problems have not been seriously undertaken, and they 

await the completion of the analyses of the somewhat more common design 

configurations. Th~s being the case, experimental investigations of such 

asymmetric design must be made if the intent of Section III of the ASME 

Code is really to be met. 

6.3.2 Large-Model and Full-Scale Strength Tests 

It is quite apparent that full-s_cale tests are necessary to provide 

initial observations, as well as test hypotheses, concerning the strength 

and behavior of steel pressure vessels. Three series of full-scale tests 

are discussed here. The results of all three series have been extremely 

valuable, and therefore full-scale testing has more than justified its 

expense. The three series of tests to be discussed are the PVRC series, 

the British series, and the PM-2A tests. 

6.3.2.l The PVRC Series 

The PVRC tests were a continuation of the laboratory and scale-model 

tests sponsored by PVRC to evaluate the feasibility of using higher 

strength steel in pressure vessels. The basic purpose of the tests was 

to evaluate fatigue strength, and the tests were designed as full-scale 

plastic-fatigue tests. ~either the fracture analysis diagram nor the 

analytical method of fracture mechanics had been developed to its present 
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status when these te~ts began. The PVRC test results provided essential 

data for the development of both analytical techniques. 

The important variables involved in a full-scale test were listed 

by Kooistra and his co-workers 68 as material characteristics, shape, sur

face condition, manufacturing variables, imperfections in shape,· plate 

thickness, welding, and size effec.ts. Three pairs of vessels were tested. 

Vessels 1 and 2 were of A 201 grade B steel, vessels 3 and ~ . .were of 

A 302 grade B s_teel, and vessels 5 and 6 were of T-1 steel'. It has al

ready been mentioned that the stress-strain curves of high-strength steel 

and irradiated mild steel are very similar. Therefore, the conc~rn over 

the reliability of high~strength steel vessels is understandable. How

ever, it should be noted that it may be possible to design a nuclear pres

sure vessel so that no part of the pressure vessel receives an irradia

tion dose above the threshold limit (1018 neutrons/cm2 ). In this case, 

the problem is solved by being eliminated rather than by being analyzed. 

It should also be noted that T-1 steel is not necessarily typical in all 

respects of the high-strength steels that are now being considered for 

use in nuclear pressure vessels. Therefore, the primary benefit of the 

T-1 vessel tests is that they provide experimental data with which to 

compare analytical o:r empirical failure theories. It does not follow 

that all high-strength nuclear pressure vessels will behave exactly as 

the two T-1 vessels tested. 

Many high-strength steels have yield points as high as 90% of ulti

mate strength, whereas the commonly used low carbon steels have yield 

strengths nearer 50% of ultimate strength. ·36 Therefore .• to operate at 

a given fraction of yield strength, it is necessary to operate nearer 

to the ultimate strength of a high-strength steel. Since the elastic 

modulus does not change with yield strength, membrane and local strains 

are both greater for high-strength vessels, and fatigue is more likely. 

Since stresses are a greater fraction of ultimate strength, fracture may 

also be more likely. Such is· the motivation for the PVRC i'u..Ll-scale tests. 

The PVRC vessels were 36-in.-ID 7-ft-long cylinders with hemisphe

rical heads and various blanked-off nozzle att~chrrients. 36 Cylinder wall 

thickness was 2 in., which is the minimum thickness classified as thick 
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plate. 36 Loading was hydraulic, 148 and the vessels were tested at ambi

ent temperature. 

Prior to strength testing, vessel 1 was used for conducting an ex

tensive experimental stress analysis; both brittle lacquer and strain 

gages were used. The peak strains were found to occur on the inside cor

ners of nozzles, with relatively little variation in peak strain between 

nozzles. 3 6 Therefore, it appeared that the magnitude of the· strain-con

ce~tration factor for a nozzle was ·not strongly influenced by shape. Dur

ing strength testing, the fatigue cracks as a rule did start and propa

gate .from points of peak strain predicted py the experimental stress 

analysis. 

Initially one vessel of each pair was to be cycled at a pressure 

estimated to cause fatigue failure in 20,000 cycles, based on laboratory 

test data, and the other in l00,000 cycles. The corresponding pressures 

were calculated from uni.axial strain-controlled fatigue data by dividing 

the strain range for failure in a given number of cycles by,the strain 

concentration factor, multiplying by Young's modulus, and then multiply

ing by the thickness-to-radius ratio. 36 These loading criteria were 

later. modified as data were obtained. 

Duping the first few cycles of full-pressure loading on the vessels, 

peak strains at·points of strain concentration were very high, far higher 

than indicated by the elastic experimental stress analysis or would have 

been indicated by an elastic calculation. Some peak strains were as much 

as lO to 12 times membran<:;? strain. 36 However, these initial peak strains 

are not believed to have any significant effect on fatigue life, which 

depends on the stabilized cyclic strains. After about 10 cycles, the 

peak st;rains leveled off to a stable rat"io very near the elastically 

calculated ratio. In fact, the peak strain range in vessel 1 tapered 

off to exactly the strain range estimated to cause failure in 20,000 

cycles. 36 

During cycling, fatigue cracks were observed to form at or near 

various nozzles, as desc~ibed in Ref. 36. It was generally observed that, 

except in the high-strength steel vessels, fatigue cracks propagated only 

from regions of prior plastic strain. 149 It was also observed that, in 

general, fatigue failures occurred earlier in the test vessels than 
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predicted according to laboratory test data . The reason for this differ

ence was determined to be the existence of initial defects in the test 

vessels. For instance, as shown in Fig . 6 .19, while a fatigue crack did 

start to grow from the inside corner of nozzle 6 in vessel 4, a more 

severe fatigue crack also grew from an initial flaw in another part of 

the nozzle. Thus, it appears that a fully adequate method of fatigue 

10-IN. I. D. FORGED NOZZLE 
(Al82 - Fl) 

36-IN. I. D. SHELL 
(A302.B) 

WELD 

l IN. 

INITIAL 
FLAW 

7 
L INSIDE CORNER 

(LOCATION OF 
PEAK STRAIN) 

Fig. 6 .19 . Section of Nozzle 6 of PVRC Vessel 4 Showing Two Fatigue 
Cracks. Section was cooled to - 30°F and broken by impact . (From Ref . 150. 
3uuL1Mest Tiese1U"cl1 Ins ti tutr. photogra.ph.) 
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anal ys i s must consider both the possibl e exi stence of initi al defects and 

the occurrence of cyclic pl astic strains . 14 9 Since in the absence of 

i ni tial defects, the most l ikely point of origin of a fati gue failure is 

the inside corner of a nozzle, at which stresse s are uniaxial ( i gnor i ng 

surface pressure ), the Southwest Research Institute investigators recom

mend the use of Stowel l ' s method of predicting the cyclic plastic strains 

for a fati gue analysis. 15 0 They bel ieve that strain- gage dat a might be 

i naccurate for this purpose bec ause of fabrication imperfections. To 

demonstrate the accuracy of the proposed method of fatigue anal ysis, Fig . 

6 . 20, taken from Ref . 150, shows that the PVRC - SWRI t est- vesse l data, 

wi th strain range s calculated by Stowell ' s method with an elastic stress 

concentration factor of J , fal l on a singl e fatigue - strength curve. The 

points in Fig . 6 . 20 are terminal failure (leakage or fracture ) points . 
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\. b-----...J?-J J Ves s el 6 C r ac ks Near Failure 
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I 

Cycles to F a ilure - N 

Fig . 6 . 20 . Result s of Full- Size Pr essure Vesse l Fatigue Tes t s Show
ing t he Re l ations hi p Between Life Cycles and t he Fourth Power of Total 
Strain Range . ( From Ref . 150 ) 
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At the end of only 7516 cycles a major failure occurred in vessel 1, 

as shown in Fig. 6 . 21. The failure occurred as a fast running crack that 

originated at a 6-in. fatigue crack at the inside corner of a nozzle in 

the cylindrical part of the vessel and propagated in both directions. 1 50,l51 

This crack did not run through the longitudinal weld seam. 36 Vessel 2, 

operating at a lower stress, failed by leakage due to the growth of a fa 

tigue crack at the end of 85,868 cycles . It was observed from these two 

tests that the fatigue performance of heavily reinforced insert-type noz

zles does not seem to be as good as that of other more economical type noz

zles. There:t'ore the advisability of 100% reinforcement was questioned .·3 6 

Both vessels 1 and 2 failed in less than the estimated number of 

cycles based on laboratory test data, and the cycles for vessel 1 were 

less by a considerable margin. 36 One possible cause for the earl y fail

ure of vessel 1 was the fact that some yielding occurred in the body of 

the vessel, which was "Lmexpected . 

Fellini, Steele, and Hawthorne80 analyzed the failures of vessels l 

and 2 in terms of the fracture analysis diagram. In the case of vessel 

1, the shell stress - temperature conditions produced a point above the 

CAT curve, and brittle fracture occurred from a crack that grew to criti

cal size by fatigue . In the case of vessel 2, which carried a lower 

pressure in order to lengthen the fatigue life, the stress-temperature 

point was below the CAT curve, anu fallure occurred by leakage without 

rapid crack propagation. Both modes of failure were to be expected ac 

cording to the fracture analysis diagram. 69 , 8 0,l5 2 

Testing procedures for vessels 3 and 4 , constructed of A 302 grade B 

steel, were similar to those for vessels 1 and 2 . Vessel 3 failed after 

8500 cycles of load, and vessel 4 after 40, 041 cycles. 68 Both vessels 

failed by leakage, as had been expected according to the fracture analy

sis diagram. 68 , 1 5 2 The terminal failure for vessel 4 was, nevertheless, 

a surprise because it was initiated at a position away from the region 

of maximum strain . This was due to an undetected defect that was largely 

subsurface. The PVRC test vessels were inspected during fabrication by 

radiography and by the magnetic-particle method. 14 8 

The test results for vessels 5 and 6, which were constructed of 

high-strength T-1 steel, provided important evidence of the differences 



Fig . 6.21. 
graph . ) 

Terminal Failure of Vessel 1. (From Ref . 1 51. 

C-1370 7 

Southwest Rese~rch I~stitute photo-
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in behavior between high-strength steel vessels and vessels of lower 

strength materials. It was observed that as yield strength increases, 

strain redistribution decreases. 68 For the lower strength steel vessels, 

a considerable portion of the total strain remained in the plastic range 

after several cycles. For the high-strength steel vessels, plastic action 

reduced to practically zero, and the action became virtually elastic. 

Although the low-strength steel vessels operated with a plastic hysteresis 

and the high-strength steel vessels without apparent plastic action, the 

low-cycle strain range for a given number of cycles appeared to be the 

same for the three steels tested. This phenomenon is rather surprising 

in view 01· the somewhat general assumption that fatigue damage is caused 

mainly by plastic deformation. However, the observation is in agreement 

with previous PVRC test results, which showed little difference between 

the fatigue strengths of different steels in the low-cycle range. 39 , 68 

Vessel 5 failed by brittle fracture 148 after 3603 load cycl es. Fig

ure 6 . 22 shows a photograph of failed vessel 5. Vessel 6 failed, appar

ently by leakage, after 19,272 load cycles. 68 This vessel was subse

quently made to fail by fracturing by lowering the temperature to 30°F 

and raising the pressure to 5250 psi. Despite the existence of other 

more obvious fatigue flaws, the fracture initiated from a 1/8-in.-deep 

fatigue flaw that apparently grew from an arc strike on the outside of 

the vessel. 149 The possible effects of warm prestressing on the fracture 

strength of vessel 6 were not discussed in Ref. 149. 

The failure of vessel 5 was especially significant because it was 

unexpected; 148 that is, 1'ai1ure by a rapidly propagating 1·racture was un

expected . It had been assumed (presumably on the basis of the fracture 

analysis diagram) that the terminal failure would be by leakage through 

a fatigue crack initiated at the inside corner of a nozzle, where the 

highest surface strains had been measured. Instead, failure was by fast 

fracture, but the fracture initiation point was a flaw in the body of 

the vessel, near a nozzle, and near the longitudinal weld seam, as shown 

in Fig. 6.22. Some bulging did occur near the point of crack initiation. 

The fracture propagated to the heat-affected zone (HAZ) of the longitu

dinal weld and at that point initiated catastrophic failure. Perhaps of 

some importance in this case is the fact that initial surface strains in 



Fig. 6 .22. Vessel 5 After Failure by Fracture. (From Ref. 148 . Southwest Research Institute 
pjotograph.) 
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a quadrant of the shell that was 1/4 in. out of round were 50% higher 

than theoretical. 148 No hydrostatic test was performed on the vessel 

prior to these strain measurements. 

At the present time, it is not obvious whether the failure of the 

fracture analysis diagram to predict the correct mode of failure is evi

dence of its inapplicability to high-strength steel in general or of a 

variation in properties between the heat-affected zone and the base metal 

in this particular case. With regard to the latter explanation, Fellini 

and Puzak.151 have commented on the failure of vessel 5 as follows: 

This behavior is not inherently characteristic of Q and T 
(quenched and tempered) steels as a family but derives from 
improper (specific to the steel) welding conditions and stress 
relief heat-treatments which degrade the HAZ fracture tough
ness. In this case the fracture surfaces do not involve cleav
age but a form of low energy absorption tearing. This fracture 
mode (tear fracture of low energy absorption) does not involve 
.a transition temperature and is therefore relatively indepen
dent of temperature. 

A material with these characteristics would not be considered suitable 

for use in a nuclear pressure vessel. 

The failure of the fracture analysis diagram to predict the correct 

mode of failure of vessel 5 has, of course, given the proponents of frac

ture mechanics an opportunity to point out the deficiencies of the tran

sition-temperature approach. Accordingly, Johnson 60 mentioned that the 

transition-temperature approach is unquantitative and that failures of 

the type being considered can occur well above the transition tempera

ture at stresses below yield. 

Inspection.of vessel? after failure revealed that Lhe terminal 

fracture had originated at a crack 6 in. long that penetrated 35% of the 

shell plate •148 It was surmised that this crack had grown by fatie;ue 

from a small toe crack at the edge of a nozzle fillet weld. This oc

curred despite the fact that the vessel had passed Tadiography and mag

netic-particle tests, which should have disclosed any such defect. 33 

That the nondetection of such a flaw was more than a chance occurrence 

was demonstrated in the postfailure inspection. Ultrasonic inspection 

indicated a 5-in.-long defect at the juncture between the intact longi

tudinal weld seam and the base metal. Radiography indicated no such 

flaw. 148 This is an example in which supposedly adequate inspection 



382 

methods were used without finding critical flaws. Ultrasonic inspection 

methods have greater sensitivity than radiography for the detection of 

cracks. 

Since the dimensions of the initiating defect are known, it is pos

sible to: make a,fracture mechanics calculation of the stress required 

to cause brittle fracture in vessel 5. The appropriate equation is that 

for a semielliptical partly through crack: 43 

JS:c =. 1.1 V'ff a (~)1I2 ' ( 15) 

where Krc is plane strain fracture toughness, 0 is nominal stress, a is 

the depth of the elliptical surface flaw in inches, and Q is a £Unction 

_ of t.he eccentricity of the semielliptical flaw and the ratfo ( a/ay), 

where cry is the yield stress; Q is available directly from curves in 

Ref. 43. Equation (15) can be re~rranged to give the failure stress in 

terms of fracture toughness. Thus, 

a = ,· (16) 

From the given flaw dimensions, the eccentricity is computed as follows: 

a 0.7 
2c 6.0 0.117 

The membrane stress at failure was 60,800 psi. 148 The yield strength 

of the plate mai;;erial was about 107,000 psi. 33 The ratio of nomirial 

stress to yield stress is then 

(J 60,000 ~ 0 "6 
0 107,000 • 

y 

From Fig. 1 in Ref. 43, Q ~ 1.05. The room temperature value of Kic for 

T-1 i:;teel is about 130,000 psi·in. 1 12 (Ref. 153). However, since the 

fracture streng~n of the heat-affected zone is evidentally less than that 

of the base metal, a value of ~Ic = 90,000 psi·in. 1 12 will be used for 
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a trial calculation. Using Eq. (16), the computed value.of nominal stress 

at fracture is 57,000 psi. 

Of course this is, in a sense, a back calculation [Eq. (15) could 

have been used to get a value of Krc and would have given a = 60,800 psi 

exactly]. However, the calculation does illustrate the relative sim

plicity of a fracture mechanics calculation and the probable weakness of 

the heat-affected zone in this case. .An additional approximation inher

ent in this calculation is that the fracture of vessel 5 was not entirely, 

if at all, by cleavage. Nevertheless, the calculation provides a good 

illustration of the application of fracture mechanics. Normally·, the 

ratio a/a would not be known in advance, and a series of successive ap-
y . 

proximations would be used. By plotting assumed versus calculated values 

of a/a , convergence can always be obtained in no more than four trials. 
y 

The T-1 vessel plates ·were cold formed and stress relieved in steps. 

Stress relieving·was at 1100°F for 2 hr. 148 Soon after completion of 

the welding of the two longitudinal joints (one of which was the fail-

ure path), transverse weld-meta.i cracks were noted in the joints. These 

cracks were repaired. The welds were insp·ected by radiography after 

their first stress relief and by the magnetic-particle method following 

subsequent stress reliefs. Altogether the vessel plates were stress re

lieved six times 8.11.d the longitudinal welds five times. Metallurgical 

analysis has indicated that microcracks existed in the heat-affected zone 

through which the fracture passed. These microcracks probably formed 

by stress (creep) rupture during the first stress-relieving operation 

following welding, 151 but they were not detected by one radiographic in

spection and four magnetic-particle inspections. Fellini and Puzak151 

conclude that stress relief is actually detrimental to the fracture tough

ness of some quenched and tempered plates, welds, and heat-affected zones. 

Nonetheless, residual stresses are also a primary cause of brittle frac

ture. To abandon stress relieving completely might be to invite brittle 

fracture due to high residual stresses.* The basic problem, of course, 

*The appropriateness of stress relieving for quenched and tempered 
steels is currently a problem. Code Case 1358 requires it, but a change 
is being considered. 
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·.is ductility. Stress relieving involves ~reep and relies on the strain . 

capacity of the material. High-strength steels have less ductility than 

mild steels and evidently not enough to stand the welding and stress

relieving procedures previously developed. New welding and stress-reliev

ing procedures that do not overs.train the material may be needed for high-. 

s~rength steels. How much strain capacity is left in the material must 

also be determined. The concept of ductility exhaustion42168 is relevant 

to this problem: 

Metallurgical examination showed that there was a noticeable varia

tion in mechanical properties through the thickness of the plates in ves

sel 5. Fracture toughness,_ as indicated by the Charpy V-notch energy 

values, was 16% lower in the center than at the outer surface. 148 How

ever, this phenomenon was not considered a contributing factor in the 

failure of vessel 5. 

Postfailure examination also revealed corrosion pi ts and ·cracks as

sociated with pits on the bottom surface of vessel 1. Although there was 

pitting at other locations, cracks only developed in the areas of plastic 

· strain. 148 

An obvious conclusion from the test results on vessel 5_ is that fur

ther research is needed concerning the properties of steels that have 

markedly reduced ductility and impact properties. WP.ld-m.etal and heat

affected-zone· properties should be investigated along with those of the 

plate material. 68 In fact, for these steels, the heat-affected-zone 

properties present the most important questions because the· heat-affected 

zone is the element of greatest potential variability. 151 Because of 

this potential variability, it cannot be overemphasized that the effective 

utilization of the new high-strength materials can only be achieved with 

refined design and superior fabrication and quality control procedur~s. 68 

Refined design means. greater attention to stress.-concentration factors, 

out-of-roundness effects, and operating temperatures. 36 Superior fab

rication and quality contr.ol procedures include welding and heat-treatmen~ 

procedures appropriate to the material and.more sensitive and reliable 

means of nondestructive inspection, such as ultrasonic inspection. The· 

ability to achieve refined design d·epends on research. However, research 
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will be effective only if it is directly related to the results of large

scale tests. 

In summing up the results of the PVRC tests, Kooistra, Lange, and 

Pickett 68 commented somewhat philosophically on the need for full-scale 

strength testing as follows: 

Full-size pressure-vessel testing should not be necessary. 
All of us, active in the development of pressure-vessel tech
nology, are consciously or subconsciously trying to eliminate 
it because it has many drawbacks. The objections to full-size 
pressure-vessel testing are so simple and obvious that it is 
difficult to see why it should be done at all. To illustrate 
how simple and obvious the objections are, let us mention just 
two here. Full-size testing in expensive and produces very few 
data points per test that cannot be obtained from a model or 
an even smaller specimen. These are powerful reasons why it 
should not be done. The weight of the obvious argument is all 
on the side of the objector. 

Needless to say, that when full-size testing is decided 
upon, it is an action somewhat similar to getting married. It 
is entered into advisedly, soberly, and in the fear of God and 
the conscientious objector. 

Now, under pain of being accused of wasting a lot of time 
and money and getting small return on the research dollar, what 
are the valid considerations that lead to such a defiant deci
sion? 

Why not follow an organized scientific and safe approach? 
Why not determine from accurately dimensioned specimens and 
closely cont:l'.'olled laboratory tests what the material can stand? 
Then, by theoretical analysis, compute precisely the stresses 
and strains of the critical regions in a pressure vessel and 
apply this knowledge to design the structure, so that the ma
terial's strength and endurance properties are not exceeded by 
a predetermined. margin. Why is this not all there is to do"? 

There are two reasons: (a) Because in the practical ap
plication, it does not give us the right answer; and (b) be
cauoc wc can't wait that long. There is nothing wrone with 
the principle of the organized scientific approach. In fact, 
it is the ideal most engineers and scientists are striving for. 
What, then, keeps us from attaining this ideal? 

It j_s the j_mpP.rfections existing in all mundane things. 
For instance, the material is'not isotropic; di1'1'erent he~ts 
of supposedly the same composition do not have the same prop
erties; surface finish cannot be defined exactly; vessels are 
not perfect cylinders; theoretical computations of stress or 
strain in critical areas are complex and, at best, close ap
proximations; our inspection methods do not pick up all the 
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flaws; welds and weld repairs introduce metallurgical dis
continuities, and so on. Not only do our materials fall.short 
of the mark,'but so do our mental capabilities. When all these 
imperfections are imposed on one another, they can mount up 
to major uncertainties and broad scatter of results. A very 
gloomy outlook indeed~ 

It oug:ttt to .be clear by this time that the engineer qeal
ing with this mess cannot be an idealist - he must be an ar
bitrator. In order to predict performance, he must devise a 
strategy. To preserve his reputation he must err on the safe 
side, to keep his sanity he must evaluate the degree of im
perfection that can be tolerated. 

Lest the reader conclude that everything is in a complete state of 

uncertainty, Fig. 6.23, also taken from Ref. 68, shows that the fatigue 

strengt~s of all six vessels tested, as well as some others, lie above 

the design curve recommended. In addition, Fig. 6.24, taken from Ref. 56, 

shows that the present ASME design curve is conservative with respect to 

all test data. No crack initiation was detected at any stress level 

below the allowable stress, and no crack progressed through a vessel wall 

x MODEL VESSEL FAIWRE POINTS· 
®FULL SIZE .VESSEL FAILURE POINTS A-201 
e FULL.SIZE VESSEL FAILURE POINTS A-302 
@FULL SIZE VESSEL FAILURE POINTS T-1 . 
+BRITISH DATA 94,000 TS STEE[l 30" l.D 1-5/811

-t· 
e BRITISH DATA 60, 000 TS STE~.J VESSELS [ 21 J 

0 
en 

103 104 

CYCLES TO FAILURE 

Fig. 6.23. Comparison of Results of Low-Cycle Fatigue Tests. 
ure criterion is fatigue-crack propagation through plate thickness. 
Ref. 68) 
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in less than three times the allowable number of cycles. 56 The large 

scatter of"the data does indicate that further research on specific ma

terials and further studies of nozzle stresses could eventually lead to 

less restrictive rules for some materials and some nozzle designs. 56 

As an extension of the original PVRC test program, two additional 

vessel tests were performed. 150 In order to obtain additional data on 

the effects of cladding cracks and nozzle design, vessel 2, which had 

not previously failed by brittle fracture, was rebuilt and renumbered 

vessel 7. The desired information was obtained from vessel 7, with sev

eral planned leak-type fatigue failures being produced in the process. 

One of these fatigue failures was produced at a nozzle-to-shell inter

section in an area of high equibiaxial strain. As shown in Fig. 6.25, 

the points representing fatigue crack initiation at 20,737 cycles and 

leakage failure at 23,908 cycles plot consistently with the B&W data, 

L. 
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Fig. 6.25. PVRC Vessel 7 Failure Data Compared with Babcock & Wilcox 
Biaxial Fatigue Test Results for A 201 Material. (From Ref. 150) 

as summarized in Fig. 6.15. (Figure 6.25 is Fig. 6.15 with the addition 

of the two additional data points from vessel 7.) 

Following the fatigue tests on vessel 7, several attempts were made 

to.produce a brittle fracture in the vessel. All were unsuccessful. 

The loading temperature was 90°F, and the maximum pressure employed was 

42?5 psi. 

The last vessel tested was vessel 8, which was constructed of A 542 

class 2 steel, 150 which has a specified minimum yield stress of 100,000 

psi (see Table 4.4).* Two leak-type fatigue failures were produced at 

two different nozzles. Then, under high pressure, a brittle fracture was 

produced in a nozzle, as shown in Fig. 6.26. The test pressure at fail

ure was 4800 psi and the vessel temperature was between 27 and 38°F. 150 

*Table 1 of Ref. 149 identifies this material as 2 1/4% Cr-1% Mo 
steel, with a 0.2% offset yield strength of 102,000 psi. 
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The authors of Ref. 150 conclude that the fracture analysis diagram 

is adequate for predicting the strength of mild and intermediate-strength 

steel vessels (e.g., vessels l, 2, 3, 4 , and 7 ) but not of high-strength 

steel vessels (e.g., vessels 5, 6, and 8). They also conclude that frac

ture mechanics provides an e stimate of crack size and stress level required 

to initiate fast fracture that is accurate enough for predicting the 

strength of a high-strength steel vessel. 15 0 Furthermore, they conclude 

that service life, in terms of low-cycle fatigue, can be assured for all 

classes of materials if initial defect sizes are adequately controlled. 

These controls include specifications, fabrication procedures, quality 

control and acceptance procedures, and surveillance procedures. The 

stress levels given by codes and standards (e.g., Section III) should 

not be exceeded when the transition temperature approach is the basis 

for fracture analysis. 150 

6 .3. 2 .2 The British Series 

In developing methods of insuring the reliability of large pressure 

vessels, the British have been guided by the following general philosophy 

as summarized by Irvine, 154 

" ... if initiation (the existence of cracks) is possible, then 
generally speaking, in small pressure vessels with diameters of 
the order of inches, all modes of fast failure will be incred
ible, in vessels where the areas of secondary stress are of the 
order of inches fast brittle failure will be credible, and in 
reactor vessels with areas of secondary stress of the order of 
tens of inches, quasi brittle (shear) and brittle (cleavage) 
fracture will be credible." 

This reasoning was based on the diagram of Fig. 6 . 27 , which indicates the 

size of defects believed capable of causing fractures at given stress 

and temperature levels. (Note that the possibility of ductile fractures 

at temperatures above the brittle range is not explained by the transi

tion-temperature method. Whether these are "plane-strain" fractures or 

something else is not indicated.) 

The British tests were performed on steel cylinders 5 ft in diameter, 

14 ft long, and l in. thick. 69 These dimensions were chosen so as to 

avoid having large ratios of fault length to diameter or fault length 
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Fig. 6.27. Relationship Between Stress and Critical Crack Size for 
Mild Steel Plate. 

(plus plastic-zone size) tu length. Note that 1-in. plate iE; not con

sidered thick plate. For most of the tests, thickness slits were cut 

in the vessel walls to simulate defects. 69 The major portion of the 

fault lengtb was flame cut. This length was extended beyond the heat

affected areas by sawing. The final 1/16 in. of the fault was sawed with 

a 0.008-in.-wide hacksaw blade. The fault tips were not sharpened by any 
-

other means, such as fatigue. Backing seals were used to prevent leakage. 

For a few tests, partly through defects were employed, and there were 
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some interesting differences in test results. When through-thickness de-
. I 

fects were used, the behavior of these vessels was indicative of the be

havior of a vessel after a crack had penetrated the wall. The conditions 

required for a crack to grow completely through the wall must be deter

mined from a fatigue analysis. Whether leakage or fracture occurs fol

lowing penetration depends upon whether the pressure required to cause 

fracture is greater or less than the pressure at penetration. The objec,... 

tive of these tests was to determine this criterion. 

The plate material used in the British tests was a high carbon (0.36%) 

steel that had· a high normalizing temperature in order to give a transi

tion temperature above ambient. 69 This eliminated the need for refrigera

tion23 and was intended to simulate the effects of irradiation. The FTE 

temperature of the vessel was about 50°C (122°F). Tensiie strengths were 

about 29 to 33 tsi (N?0,000 psi) and yield 'strengths about 14 to 17 tsi 

(~35,000 psi)(l long ton= 2240 lb). Fracture strain was about 30 to 40%. 

The vessel temperature was controlled by passing hot water over the 

upper half of the vessel. Test temperatures ranged from l°C (34°F) to 

88°C (l76°F). At the base of the vessel the temperature remained virtu

ally at ambient in all the tests. 23 The effects of thermal stresses 

caused by unequal heating were not discussed. Therefore they must have 

been assumed or proven small. 

Since relatively large plastic zones were expecteq to form at the 

crack tips prior to fracture, a photoelastic surface coating was applied 

to the crack tip region during two of- the tests. 69 No strain gaging was 

attempted very close to the crack tip. The plastic-zone size, S, defj.n.ed 

as the distance over which yielding occurred along the projected line of 

the crack, was found to increase markedly as the nominal stress approached 

the yield stress. Measured values of S ranged' from 2 to 24 in., with the 

latter value being considerably greater than the fault length. According 

t~ Irvine, Quirk, and Bevitt, 63 when the plastic-zone size is much less 

than the plate thickness, fracture is flat (i.e., occurs under plane

strain conditions), and when the plastic-zone size is equal to or greater 

than the plate thickness the fracture will be of a shear type. In the 

region between these two types of behavior, mixed fracture may.occur, the 

shear component often being termed the shear lip. Therefore, at least 
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· some of the fractures observed in these tests were not plane-strain frac

tures. 

In most of the tests water was used as the pressurizing medium, simi

lar to the PVRC tests. However, because of ambiguity in failure conditions 

in some of the high-temperature hydraulic tests, some additional tests 

were made with partial pneumatic pressurization. Fragmentation was con

sidered a definite risk in these tests, and protective measures had to 

be taken that consisted of using sandbags and remote operation. Fully 

hydraulic tests made below 50°C (the estimated FTE temperature) showed 

comparatively brittle fracture with comparatively little bulging a.t. l:.he 

center of the fault. At temperatures above 50°C, a series of discrete 

jumps (pop-ins) occurred under hydraulic loading. This behavior, :r:epre

senting initial instability followed by arrest, was the ambiguity that 

led to· the partially pneumatic tests. The question to be answered was 

whether crack arrest was caused by the characteristics of the material or 

of the load. In the pneumatic-loading tests initial crack instability 

occurred at about the same nominal stress as for hydraulic loading, 155 

but crack arrest did not occur. For example, in one test, the crack, 

which initiated as a shear fracture, changed abruptly to a brittle frac

ture, propagated axially for several feet, and then branched at both ends 

and curved back toward the center of the vessel; this severed a large 

fragment. 23 Other tests under parti~l pneumatic loading gave similar re

sult~. 23 

A plot of test results 63 , 69 , 155 on the same coordinates as those used 

for the fracture analysis diagram ii:; shown in Fig. 6.28. It can be seen 

that for a particular crack length, the nominal stress at failure in

creases smoothly with temperature without an abrupt increase in what is 

supposedly the transition region 69 and that f'ast fracture occurred at. 

stresses well below yield at temperatures definitely above the FTE tem

perature. These findings are in disagreement with the fracture analysis 

diagram (Fig. 6.13), 69 , 156 as were .thP. rP.sults of the tests on vessels 

with partly through cracks. In addition, since fracture under plane

strain conditions supposedly occurs at lower nominal stresses than under 

mixed or plane-stres.s condi tioni?, 4 2 , 60 these tests results may not even 

represent a lower limit. An explanation is certainly in order. The 
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hypothesis advanced by Bevitt, Cowan, and Stott 69 was that of Fellini. and 

Puzak, 1 5 1 , 152 namely, that bulging at the crack tip, which had been ob-

, served, had led to plastic tensile insta~ility. However, this explanation 

requires stresses to be estimated by considering the degree of bulging 

at the crack tip~ 152 Thus, nominal str:esses are inadequate for predicting 

this mode of failure by the fracture analysis diagram. There are two 

ways to examine th~ hypothesis that tensile instability caused by bulging 

is the cause of the observed failures below the CAT curve. The first is 

a plastic stress analysis, and the second is a flat-plate tensile test 

in. which there would be no bulging. The latter course was followe4, and 

the resu.J:ts are described later. Note, however, that tensile instability 

does not require bulging, ·so similar behavior in a flat-plate test may 

rule out the relevance of bulging but not of local plastic instability. 
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The occurrence of local plastic instability could be determined by the 

methods.of plastically analyzing experimental strains discussed previously. 

The nominal stresses shown in Fig. 6.28 do not include residual 

stresses. 69 The effects of residual stresses acting around the crack tip 

were 'inadvertently demonstrated when a vessel failed at approximately 

one-half the expected nominal stress due to a heat-affected zone at one 

end of the crack. 63 In this c·aseJ the crack tip had not been sawed be

yond the heat-affected zone caused by the cutting of the major portion of 

the slit with a torch. It was recommended that the FTE temperat:ure of a 

pressure vessel still be kept below the fabrication temperature in order 

to avoid failures during construction caused by high residual stresses 

prior to stress relieving. 63 

The deliberate development of a favorable pattern of residual stresses 

by warm prestressing has already been mentioned. The validity of this 

concept for the conditions considered was demonstrated in one of the 

British tests. 63 J 69 If warm prestressing worksJ the only way in which 

a brittle failure could be initiated during a shutdown would be by the 

application of a loading significantly different from the warm prestress

ing load. 155 The use of the proof test as a means of warm prestressing , 
is sue;e;est.f?n . 15 5 8inr:e yield stress decreases as temperature increases J 

the plastic zone grows in size at constant stress as the temperature is 

raised and thereby effectively lengthens the crack. Therefore, it is con

ceivable that raising the temperature could cause a brittle fracture. 

Consequently, Nichols 155 argues that the proof test (i.e.J the hydrotest) 

should be performed at the maximum operatine; temperature. 'l'his is in 

contrast to the previously cited argument of Tiffany and Lorenz, 43 who 

recommended the minimum operating temperature for the purpose of defining 

the maximum possible flaw size. 

One obvious method of analysis of the failure data plotted in Fig. 

6.28 is the method of fracture mechanics. According to fracture mechanics) 

for constant temperature and geometry, the nominal stress at t'ail.ure should 

vary inversely as the square root of crack length [see Eq. (16)]. How

ever, the data in Fig. 6.28 do not obey this relationship. 69 Instead, 

the nominal stress at failure for a given temperature seems to be inversely 

proportional to the two-thirds power of the•crack length. This criterion 
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is usually stated as 

f 3 Z2 =constant, 

where f is nominal stress and is crack length. 63 , 155 

In analyztng the results of the foregoing tests, Irvine, Quirk, and 

Bevi tt 63 concluded that .the possibility of fast fracture! is determined 

by the unloading path of the structure during crack propagation (constant 

'load versus constant deflection) and physical size (because of bulging), 

as well as the fracture toughness of the material. The first two vari-

ables are not shown on the fracture analysis diagram, and the first is 

not commonly considered in fracture mechanics. 

Approaching the crack propagation problem from a new viewpoint, 

Irvine, Quirk, and Stott 63 reasoned that three modes of crack propagation 

could be possible. Crack propagation could be controlled strictly by 

the nominal stress acting normal to.the plane of crack extension or by 

the difference between this stress and either of the other two stresses. 

The first mode of failure would be cleavage, and the latter two would be 

shear modes. In seeking a semiempirical failure criterion, they plotted 

the parameter f 3 l 2 versus Charpy impact energy and detected a transition 

between the first two modes of failure, each being the lowest mode0 of 

failure over a. certain range of Charpy value. 63 , 155 More recent (unpub

lished) research has indicated the existence of the second shear mode. 

This shear mode is governed by the difference between the nominal hoop 

stress and the applied pressure. 63 

Because of the ~ossible size effeets, Irvine,.Quirk, and Stott63 

recommencfed a continuation of large-scale testing. They also noted that 

in structures where long welds offer possible paths for crack propaga

tion, the properties of the weld material are relevant. By,utilizing 

.an assumed shape of the crack cross section and measured values of crack

opening dispiacement (COD), Hake156 estimated the open-crack area as a 

function of nominal stress. This estimate is relevant to the analysis 

of a loss-of-coolant accident. 

To test the hyp.othesis that plastic bu,lging of the cracked region 

influences the fracture strength Qf cylindrical vessels, artificially 

cracked flat plates were tested in tension. 80 The plate specimens were 
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either 7 or 5 ft wide by 4 ft high and 1 in .. thick (the same as the model 

pressure vessels). These plates were, of course, free of any bulging 

effects. Three materials were tested. One material was the same as used 

in the 5-ft-diam vessel tests, and the other two were an aluminum-treated 

mild steel and a silicon-killed mild steel. These tests were conducted 

in a hydraulic testing machine that produced essentially constant deflec

tion conditions during crack propagation. As in·the hydraulic tests of 

pressure vessels, pop-ins were observed. The first pop-in always occurred 

at a nominal stress below yield ::i.nd thus proved that fast fractures can 

propagate from long flaws at nominal stresses below yield without the 

prior occurrence of bulging. The variation of nominal (net section) 

stress at failure, as shown in Fig. 6.29, was even less than for the same 

steel in the 5-ft-diam pressure vessel. In general, the stress distribu

tions at the ends of the plates were found to be nonuniform. However, 
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for a 12-in. crack length, the stress at the ends was found to be uniformly 

distributed at failure and to be the same as the nominal stress at failure 

in a 5-ft-diam vessel. It was concluded that for cleavage fracture gov

erned only by the nominal stress· normal to" the crack plane, there is 

little difference between the failure stresses for flat plates ~nd 5~ft

diam vessels. 80 Therefore, the British believe that bulging does not 

influence cleavage fracture. This does not rule out local tensile in

stability at the crack tips, however, as was previously explained. Also, 

since a flat plate represents a cylinder of infinite radius, there should 

be no practical difference.between a model vessel 5 ft in diameter.and 

a full-scale vessel 60 ft in diameter. After supplementing the tests 

on 5-ft-diam vessels and flat plates with tests on 3- to 9-ft-diam ves

sels, it was finally concluded that neither bulging nor cylindrical ge-· 

ometry is the cause of the observed low-stress fa.st fractures above the 

CAT curve. 155 It was also concluded that a strength analysis that con

siders flaw size will be particularly necessary for high-strength steel 

vessels. Also, since the flaws required to cause fast fracture above 

the CAT curve are very large (of the order of feet rather than inches_), 

the safety of present vessels is not in questiori, 155 even if the validity 

of the fracture analysis diagram CAT curve is. 

Based. on the foregoing information, the question of the credibility 

of failure of a nuclear pressure vessel was considered. Nonfailure was 

defined as a critical defect size larger than can possibly exist. 155 In 

other words, the question of the credibility of failure was converted 

into the question of the credibility of defect sizes. If an upper limit 

of defect size can be established, larger defect sizes are incredible. 

If fast fracture requires defects larger than the upper limit, fast frac

ture is incredible. Nondestructive inspection can reduce the probability 

of large defP.cts to a very small level but not to zero. However, a proof 

test more severe than the most 9evere service conditions can establish 

the ui:iper limit of defect size with certainty and with a margin. of safety 

between test and design conditions. Then, in the opinion of the British, 

if all causes of crack growth and change of properties in service can be 

accounted for, the incredibility of failure can be guaranteed, at least 

for a: specified length of time. Subsequent proof tests can be used to 
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extend the safe life. An accurate stress analysis and a proven theory 

of failure is required to relate the proof-test conditions to a.critical 

defect size. Furthermore, a proven theory of crack gro~h must be avail

able, as well as a highly. reliable means of nondestructive inspection, 

in order to prove that no existing defect can become critical for a spe

cified number of years after the proof test. 

6.3.2.3 The PM-2A Tests 

The objective of the PM-2A tests was to determine the fracture strength 

and mechanical properties of an actual nuclear pressure vessel after op

eration. The PM-2A :::d:;eel pressure vessel was in Gcrvice from February 

1961 to July 1963 at the U.S. Army base at Camp Century, Greenland. The 

Camp Century reactor was a pressurized-water type. The vessel had an 

inside diameter of 37 1/2 in., a wall thickness of 2 3/8 in., and a height 

of 10 ft 3 in. The body was fabricated from ring forgings of SA 350 grade 

LF 3 steel with stainless steel cladding. 157 SA 350 steel is an inter

mediate-grade steel with a yield point of 59·,600 psi and an ultimate 

strength of 80,500 psi. 49 The initial NDT temperature of the vessel ma

terial was -80°F. 48 The anticipated 20-year shift in the NDT temperature 

was 400 to 600°F, which is far greater than the average. 49 The maximum 

measured fast-neutron dose In the vessel wall was 1.4 x J_Q19 rteutrom;/em?. 

(E > J_ Mev).l 57 The coolarrl; inlet temperature waG 500°F; the cuula:nt 

outlet temperature was 518°F; 47 the design temperature was 600°F; and 

·the design pressure was 2000 psi. 46 A surveillance program was specified47 

111 w11lch tln"ee tensile and 36 Cha.rpy sper:-imeni:; wP.rP. included. 

The strength test consisted of machining a notch part way through 

the vessel wall from the outside in the region of maximum flux and pres

surizing the vessel to failure at a temperature sufficiently low to pro

duce brittle fracture. Using Eq. (16) and estimated materials properties, 

it was calculated that failure should occur at a pressure of 4000 psi ± 25% 

at -20°F . 157 Materials properties were es ti.mated on the basis of irradia

tion tests on the parent materials but apparently without using data from 

the surveillance specimens. Among the assumptions used in the analysis 

were the assumptions of linear relationships between initial transition 

temperature ann hotn the change in transition temperature and the change 
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in yield stress. Why the surveillance specimens were not used to deter-

' mine these quantities is .not explained. A lack of information on the 

effect of yielding Qn Kic was noted. Warm prestressing effects were be

lieved to be small. 69 The plastic zone size at failure was estimated to 

be about 0.030 in., and thus full transverse restraint and the appli

cability of fracture mechanics were insured. 

- Of particular importance in this case is the admitted uncertainty 

in the initial strength estimate, which was made under conditions· identi

cal to or even more favorable than those existing during an actual de

sign when the vessel has not been built. Reference 157 states that, 

"Detailed evaluation of the uncertainty ... is unwarranted in view of 

the multiplicity of approximations; the accuracy claimed can·be no greater 

than ±25%." 

Ev-idently the accuracy of the initial strength estimate was not as 

good as hoped for because the vessel did not fail at a pressure of 5000 

psi and :a temperature of -20°F. The most likely reason for the .vessel 

not failing was judged to be the fact that.the electrod:j_scharge machined 

notch was not sufficiently sharp for Kc to be a minimum. 158 Therefore, 

after some exper..imentation, the notch was sharpened by stress corrosion 

with 1:1 HCl, with the vessel under a load of 5000 psi at 70°F. Following 

this procedure, the vessel was depressurized,.the defect flushed with 

water, and the vessel cooled to -20°F . 15 8 . Subsequent pres·surization at 

-20~F resulted in a brittle fracture that. originated at the artificial 

defect· and occurred at a pressure of 4475 psL The results of these 

tests are still being analyzed·. It should be noted that the failure 

conditions of.the PM-2A vessel were considerably more severe, both in 

terms of t·emperature and .in .terms of load, than its operating conditions. 

It should also be noted that failure occurred-at a lower pressure than 

the maximum previous pressure at a higher temperature; this apparently 

contradicts the predictions of warm prestressing theory. However, the 

effects of stress corrosion on the notch.sharpness are not considered 

in this apparent contradiction. 
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6 .3 .3 Brittle Fracture of a Pressure Vessel 

Perhaps even more enlightening than the results of large- scale tests 

are the rare but sometimes spectacular results of actual failures, which 

serve to point out a fact that many engineers would like to forget : 

Failures can happen . Further, they serve to demonstrate possible modes 

of failure and consequences of failure that may have been overlooked or 

incompletely understood previously . 

On December 22 , 1965, the failure of a large thick-walled nonnuclear 

pressure vessel during proof testing in England 65 provided the most ac

curate and dramatic example yet of the catastrophic mode of failure that 

is to be prevented in nuclear power plants . The vessel was a long cylinder 

with end closures, one welded and the other bolted, and was intended for 

use in an ammonia plant . The cylindrical part of the vessel was 52 ft 

8 1/2 in . long, 5 ft 7 in. in diameter, and had a wall thickness of 

5 7/8 in. The vessel material was a low- alloy manganese- chromium- molyb

denum- vanadium steel with a yield stress of about 60,000 psi and an ulti 

mate strength of about 85 , 000 psi . This material is classified as a low

alloy intermediate- strength steel . The design pressure was 5100 psi at 

250°F. Failure occurred by brittle fracture during a proof test at a 

temperature oi' :>U 0 .!:" and an internal pressure of 5000 psi . The intended 

proof- test pressure was 6950 psi . Pressure was applied hydraulically, 

with water as the pressurizing fluid . The vessel withstood the ultimate 

pressure for 30 sec before failing. A photograph of the failed vessel 

is shown in Fig. 6 . 30. Several heavy fragments separated completely 

from the vessel, including one which weighed 2 tons and was thrown a 

distance of 152 ft. This fragment is shown in Fig. 6 . 31 . The projec

tion of missiles from this vesse.l is particu.lar.ly significant in view of 

the fact that the loading was hydraulic, which implies a rapidly decaying 

loading; however, the elastic stored energy was very substantial. The 

fracture was initially axial and appears to have been started by a 3/8-

by 1/8-in. partly through crack in the heat - affected zone of the weld 

between the cylinder and the flange forging.* 

*The f l ange forging is the forging to which the bolted flange is 
attached . 



Fig. 6 . 30 . Gener9.l View o-:: the B.:-itish Amnor::...a Plant Pressure Vesse l That Failec by BrittlE :C'rac 
tun at a 5000- psi Internal ?:-es sure Jt;.ring Hydraulic Proof Tes-:; int?; . (?rom Ref. 65) 
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Fig . 6 . 31. Ti,,·o- Ton Segment c: Vessel That -. ...-as Th:rcwn 152 ft on Fai lure . (F=-on Ref . 65) 



404 

The inquiry following the failure revealed the following facts . 65 

1. Although the vessel was designed "generally in accordance with" 

Section VIII of the ASME Boiler and Pressure Vessel Code , the factor of 

safety applied to the ultimate strength of the material was 2 .35 . (Sec 

tion VIII prescribes a factor of 4 .0, and Section III prescribes a factor 

of 3 . 0 .) 

2 . The transition section of the welded closure (not the location 

of failure) was expected to become almost fully plastic at full proof

test pressure . 

3 . Residual stresses probably existed at the location of failure 

(at the bottom flange-to- cylinder junction), but they were not specifi 

cally considered in design. 

4 . Metallurgical segregation had occurred at the .location of crack 

initiation . 

5. The weld heat-affected zones near the location of failure initia

tion were vulnerable to hydrogen cracking (which can occur in a matter 

of seconds). 

6. The actual heat-treatment temperature at the location of crack 

initiation was lower than it should have been. The specified heat treat

ment for the vessel was "stress relief for 6 hr at 620°C/660°C ." Although 

it was not possible to determine precisely the actual stress relief tem

perature, the resul.ts of postmortem reheat treatments can be interpreted 

to indicate that the actual heat-treatment temperature was approximately 

550°C . 

7 . The Charpy impact- energy curves of the plate , forging, and weld 

metal showed that the weld metal was dangerously below strength (see 

Fig. 6.32). 

8 . The detrimental effects of fabrication on material properties 

were not anticipated in design. 

9 . The transition temperature (presumably the FTE temperature) of 

the base metal was estimated to be about 55°F , which was 5° above test 

temperature. Therefore, since stresses were expected to reach yield at 

the end closure transition, rapid crack propagat ion would have been pos 

sible at full proof-test pressure even without residual stresses . 
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Fig. 6.32. Charpy V-Notch Impact Test Data on Plate, Forging, and 
Weld Material of Failed Vessel. (From Ref. 65) 

10. Radiographic, ultrasonic, and magnetic-particle inspection were 

carried out on the circumferential weld seams prior to stress relieving. 

Therefore, any cracking that occurred during stress relieving went unde

tected. 

It may be concluded ·that this failure had multiple causes, which is 

typical o:t' actual failures. Furtherrnure, at least one factor of each 

major group of factors ~ontrolling brittle fracture, as previously out

lined, was active. These factors are summarized as follows: 

1. Environment 

11.. 'remperc;i, ture 

b. Hydrogen embrittlement 

2. Loading conditions - residual stresses 

3. Design and construction features 

a. Flaws 

b. Low sa:t'ety :t'actor applied to ul LlmaLe strength 

r.. Stresses near yield and loading temperature below the FTE tem

perature 

d. Detrimental effects of fabrication on material properties not 

anticipated in design 
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4. Metallurgy 

a. Segregation 

b. Improper heat treatment 

c. Low fracture toughness of the heat-affected zone 

d. Nondestructive inspection not carried out after heat treatment 

e. Susceptibility to hydrogen cracking 

6 .4 CURRENT DESIGN PRACTICE AND THE STRE.SS REPORT 

6.4.1 Current Design Practice 

There are at present five major industrial concerns· involved in the 

design and fabrication of nuclear pressure vessels. These include two 

primary reactor vendors, General Electri.c Company (GE) and Westinghouse 

Electric Corporation (Westinghouse), and thre~ fabricators, Babcock & 

Wilcox Company (B&W), Combustion Engineering, Inc. (Combustion), and 

Chicago Bridge and Iron, Inc.· (CB&I). Both Combustion and B&W also pro

vide. primary vendor service. 

Section III places the. responsibility for the initial structural 

integrity of the pressure vessel on the manufacturer. As part of the 
' 

design responsibility the code requires that the manufacturer or a design 

agent responsible to him make a complete set of stress analysis calcula

tions which establish that the design conditions, as specified by the user 

in the Design Specifications, have been fully satisfied. This information 

is to be documented in a stress repo~t (see Sect. 6.4.2 for a discussion 

of the stress report). 

Discussions were held with each of the two vendors .and three fabri

cators in order to ascertain as nearly as possible their current practice 

regarding Section III Class A pressure.vessel design and stress analysis. 

Company personnel at these meetings numbered from 3 to 7 and represente'd 

the most expert and directly responsible individuals. The discussions 

centered on a series of e'ight categories of questions designed primarily 

to open areas of discussion concerning as much of the detailed operational 
\ 

methods as could be covered .in conference. In this regard, the visits 
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were quite successful; free and open discussions were held with each group. 

It can be correctly reported that in·every case a high degree of competence 

and responsibility was evident. The eight categories of questions ·for 

discussion were: 

1. What is your design philosophy for boiling- and/or pressurized

water reactors? 

2. In what manner do you treat the stress report as required by 

Section III of the ASME Code? To what degree is it reviewed? Are the 

reviews and recommendations timely? 

3. To what degree do you cooperate with the fabricator or customer 

(as the case may be) in preparing the stress report't 

4. In what areas do you feel that Section III of the ASME Code is 

deficient? Do you agree that design codes should be limited .to the quality 

of new construction? If so_, what is the best way to insure safety during 

operation? Is a separate code necessary for this purpose and if so who 

should write it? 

5. What experimental stress analysis do you support and to what ex

tent do you require new design features. to be "proven" beyond that required 

by Section III? 

6. What methods of theoretical stress analyses are employed in your 

work? What mathematical methods are used? . How are stress analysis com

puter programs verified experimentally? Is a complete vessel analysis 

performed, including a thermal stress analysis? 

7. What type of failure analysis is performed? What is your philoso

phy on failure of the vessel? 

8. What research do you support relative to the above questions in 

order to extend the state of the art? 

Particular interest was shown in obtaining copies of stress reports 

and design specifications that reflected the present practice relative to 

Class A nuclear vessels. When such material was documented it was made 

available, even when it contained privileged information and required a 

release from several interested parties. At the time of the discussions 

there were only two Class A Section III vessels far enough along to get 

specific documented design and stress report information. These documents 

were studiec'l :in dP.tail and thP. state of the art as revealed is reflected 
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throughout this entire chapter. Two companies each are responsible for 

these vessels; Westinghouse and Combustion for the Zorita vessel, and 

General Electric and Babcock & Wilcox for the Dresden-2 vessel. At this 

time Chicago Bridge and Iron is working actively with General Electric on 

the design of the Monticello plant vessel, which will be field erected. 

It would be a mistake to indicate that nuclear pressure vessel technology 

is in its infancy; however, it is a pertinent fact that the industry does 
p 

not have much experience in working with Section III of the code. 

The relationship between the vessel fabricators and the system de

signers has worke4 especially well. Technically speaking, the system-de

signers are fully responsible for writing complete specifications, whereas 

the fabricators are fully responsible for detailing the design, including 

the stress analysis and stress report. However, it has been necessary. 

and will continue to be necessary_for the process designer and the ves

sel designer to maintain very close contact. Process designers are still· 

learning how to write complete and adequate specifications, and the fab

ricators are still learning how best to complete the mass of detailed 

stress analysis and documentation required by the customer and Section III. 

The stress analysis review by the process designer is thorough and com

plete. All groups feel that such second-party review is. 'highly desirable 

and contributes significantly· to the quality of the final product. The 

question of third-party review was also discussed. The general feeling 

was that such a review would not add quality to the product if an adequate 

and timely second-party review was performed as at present. No one was 

against a third-party review provided it would be performed by competent 

personnel and that proprietary interests of the major parties could be 

guaranteed. There would be certain advantages to the present five de

signers if persons not now in the business were required to pass third

party review. A complete and adequate stress analysis that meets not 

only the letter of Section III but also the intent, requires a significant 

expenditure of time and money, and· it would be advantage.ous if the entire 

industry were required to compete according to the same set of ground 

rules. Third-party review would help in this respect. 

All the companies have active membership on the ASME code committees, 

including Section III for nuclear vessels. In the main, it is felt that 
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Section III is a good code. Working to the requirements of Section III 

has increased the work load for some of the companies; however, most felt 

that the technology would have demanded the additional analytical work in 

any case. Section III essentially only requires that which was previously 

a matter of good practice. All parties expressed a desire for better ana

lytical solutions backed up by experimental evidence. However, they ques

tioned the advisability of including mathematical solution techniques into 

a code which will in all likelihood be written into the law in several 

states. It would be much more desirable if a separate document were avail

able that contained acceptable analytical methods. Such a document would 

be easier to keep up-to-date with the technology without forcing the de

signer to use methods that might be less efficient because of peculiar 

ci.rcumstances. 

It was the considered opinion that a code such as the ASME Pressure 

Vessel Code could only be written for new construction because of the prob

lem of enforceability. A proper addition to the Code is that it could re

quire that the design permit periodic inspection in the event that such 

technology becomes available. After the vessel leaves the dominion of 

the fabricators' influence, he has no control over the treatment the ves

sel will receive in operation (and does not want it). He can, however, 

and does write an operating and maintenance manual the new owner can use. 

There is very little or no direct feedback to the designer in the way of 

actual operating data, such as vessel temperature distributions and tran

sients, pressure cycles, or unusual mechanical loads, not to mention actual 

stresses or strains. The designer, therefore, has no way of evaluating 

his design predictions, except in the event of structural difficulties. 

All the companies have an experimental stress analysis program; the 

fabricators are much more active than the vendors since it is they who 

are ultimately responsible for the design. Their experimental work is 

primarily directed toward answering specific design questions. Problems 

of a general nature are taken under advisement by the Pressure Vessel Re

search Committee of the Welding Research Council. Industry supports .a 

portion of the PVRC work. Disseminatton of information is not the primary 

goal of the pressure vessel industry. However, much of the information 

in the open literature is a 'result of private industrial research programs. 
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Nobody is more interested in sound techriical information .than the designer 

who must bear the ultimate responsibility. 

Up to the present time, failure analysis of a steel nuclear pressure 

vessel has not been considered as a valid design criterion. If the de

signer can meet the specifications written by the customer and the stress 

limit and other criteria established by the Code and uses his best judge

ment in the exercise of good design practice, including accurate analyses, 

it is his feeling that a failure analysis is not only unnecessary but 

could be seriously misleading. If overload conditions can be written into 

the specifications, they can be adequately covered in design. If they 

are not defined for purposes of design, design against their occurrence 

cannot be defended in a competitive environment. It was frequently 

stressed that the set of specifications is fully as important as the stress 

report in insuring that the final product is as good as present technology 

will allow. Careful consideration should therefore be given to establish~ 

ing minimum standards for nuclear pressure vessel design specifications. 

6.4.2 Stress Report 

In order to assure that an adequate stress analysis of the vessel 

has been made, the Section III.rules stipulate that a stress report be 

prepared, certified by.a Professional Engineer, and f~led with the proper 

authorities at the point of installation. The rules also provide that ex

perimental stress analysis methods, either strain gage or photoelastic, may 

be used to verify specific design areas when theoretical solutions are un~ 

available or for determining fatigue-reduction factors for cyclic opera

tion. The results of such tests are to be included in the design report. 

The Code specifies only that a complete set of stress analysis calcu

lations shall be made and reported. It does not.specify that the calcu

lational methods used must yield correct or conservative results as veri

fied by experimental data or that such evidence .shall be offered in support 

of the calculations. The Code does require that the stress report be cer

tified by a registered Professional Engineer experienced in pressure vessel 

design. The Code does not specifically say that t~e Professional Engineer 

must be experienced or qualified in stress analysis. The Inspector who 
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affixes the Code Stamp is specifically not responsible for the complete

ness or correctness of the design calculations as set forth in the stress 

report. 

Stress analysis by computer is fast becoming a necessity in the in

dustry, both because of the enormous amount of labor that can be saved 

with the computer and because of the competitive advantage in being able, 

with a limited staff, to more thoroughly analyze a vessel. As remarked 

earlier, the investment in computing machinery and computer programs is 

high, and private industrial concerns quite naturally are interested in 

preserving their proprietary interest. Since the Code makes no mention 

of how to report the calculations in the stress report, it is conceivable 

that a stress analysis could be reported simply as a list of computer pro

gram "names" and a listing of the computer output. This would seem to be 

inadequate reporting if the purpose of the stress report is to justify 

the design as based on computation. However, if the purpose of the report 

is to certify that the computations have been made, it would be perfectly 

satisfactory. 

No reputable manufacturer is unwilling to have his computations ex

amined by an impartial investigator provided every other manufacturer is 

equally treated and his own investment is not jeopardized. During the 

visits discussed in the above section, each group interviewed expressed 

the opinion that his methods were as good as those of other groups and, 

in general, wculd welcome a stress report review. As remarked earlier it 

was not always possible to obtain complete stress report documentation 

because only one Section III Class A vessel stress report has been com

pleted. The primary concern of industry is that persons not now in the 

business will later be able to capitalize on the information. 

One of the specific questions to which this report is addressed is 

whether an independent third-party review of the stress analysis and 

stress report is advisable. This question is almost academic until a 

complete and adequate description of exactly what should be reported and 

how the report should be written is available.. The following questions 

should be explored: (1) Are computer calculations acceptable? (2) Should 

the computer codes be part of the report, to what extent should the for

mulas and. met.hods of evaluation be documented, and should the results be 



.. 
'-. 

412 

computer output, tabular listing, or plotted curves? (3) What experimental 

justification for theoretical formulas is necessary and in what quantity? 

(4) Should the experimental investigations be part of the stress report 

or be reported separately? 

Once these questions are fully explored and answered, the question 

regarding an independent stress evaluation can be answered. It may indeed 

be necessary in order to protect the interests of both the manufacturer 

and the public to establish an authority charged with the sp.ecific task 

of reviewing and establishing the adequacy of the stress report. Presently 

the qualifications for obtaining a Professional Engineer's license are not 

·necessarily adequate to qualify a person as a pressure vessel stress ana

lyst. Paragraph N-142 of Section III requires, however, that the engineer 

be experienced in pressure vessel design. It is our understanding that 

forthcoming revisions to Section III and AS.ME guidelines for the prepara

tion of the stress report may·satisfactorily answer many of the above 

questions. 

6.5 SUMMARY AND RECOMMENDATIONS 

The objective of this.chapter on the design of nuclear pressure ves

sels· has been to present the basic background material necessary to 

evaluate the current trends in pressure vessel technology, as related to 

design, and to make a judgement of the areas that heed additiona~ emphasis. 

Also,' an attempt has been made to evaluate the impact that Secti9n III of 

-the ASME Code has had on the industry and the degree to which vessel fab

ricators and designers actually comply with the Section III requirements. 

The approach has been to answer the following questions: (1) How are 

stresses and strains calculated (see Stress Analysis of Pressure Vessels, 

Sect. 6.1)? (2) What do stresses mean when they are calculated (see 

Stress Evaluation for Nuclear Pressure Vessels, Sect. 6.2)? (3) What is 
~ 

being done to advance design technology (see Current Research on the De

sign of Pressure Vessels, Sect. 6.3)? (4) What is being done in actual 

practice (see Current Design.Practice and the Stress Report, Sect. 6.4)? 

The answers to each of these questions are summarized below. Following 

,,. 

" 



413 

this is a list of specific recommendations based on the material presented 

in this chapter to pin-point the "soft" spots in design technology. 

First, the linear theory of elasticity is discussed. This theory, 

which includes the theory of stress, the theory of strain, and Hooke's 

law, is the basis for all current methods of theoretical stress analysis. 

The theory of elasticity is complete in the sense that all the necessary 

theorems, including uniqueness, are available. However, the theory is 

mathematically complex, and relatively few complete and exact solutions 

have been found for structures of practical interest. The real utility 

of the theory, from an engineering point of view, is in the development 

of the approxima.te theories of shells and strength of materials. These 

approximate theories and the solution of specific design problems are 

based on certain assumptions about the gross behavior of a structure and 

therefore must be verified experimentally. 

In general, the agreement between analytical solutions and experi

mental investigations on carefully constructed models has been quite good. 

However, there are still a number of weak points in the analytical stress 

analysis, and much of the experimental information reported in the litera

ture is unfit for developing better solutions. These weak points include 

the immediate regions around those discontinuities, penetrations, support 

points, clustered nozzles, and other nozzle configurations that produce 

asymmetric stress distributions. Currently vigorous programs are under 

way in some areas to improve analytical methods and experimentally verify 

the results. Also these experimental programs are coordinated to provide 

explicit design information. 

Methods and techniques for determining stresses experimentally have 

been developed to a high degree of reliability, except for thermal stresses. 

Recent developments, such as laser photoelasticity for three-dimensional 

work and computer techniques for data reduction, are continually improving 

the usefulness of experimental stress analysis. However, proper utiliza

tion of ex:per:imental methods req\l,ires very careful laboratory practice 

and an abundance of experience and training. Unfortunately this is seldom 

recognized. 

It is important to realize that design details which can be analyzed 

should be the ones preferred in design practice. It follows then that the 
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designer should be involved in the conceptual stage of reactor design in 

.order to avoid being "boxed" in by process requirements over which he has 

no control. Another problem not presently consiciered in most vessel de

signs is that of in-serviee inspection. The long service life of the many 

power reactors now being built would be accomplished with increased con

fidence if in-service inspections could be performed. Designs finalized 

with the possibility of such inspections give recognition to the rapid 

advances of nondestructive testing techniques. 

A series bf strength tests on flawed vessels is discussed in detail. 

From·the results it is apparent that neither the transition-temperature 

approach nor the fracture-mechanics approach is entirely adequate for de

sign against failure. Some of the large-scale tests have shown that cyclic 

crack growth is a significant problem and further research is needed in 

this area. The pitfalls in design and fabrication are emphasized by a 

short discussion of a dramatic catastrophic failure during hydrotest of 

a nonnuclear vessel at a pressure below the design pressure. Although 

the materials and fabrication practices in this case history are not rep

resentative of those of the reactor vessels being reviewed in this report, 

the importance of maintaining adequate control over the many variables 

involved is vividly illustrated. 

For the first time, as far as ASME rules for pressure vessel con

struction are concerned, the acceptable stress limits are based on a theory 

of failure for combined stresses. The failure theory adopted is the maxi

mum shear-stress theory (Tresca theory), which is the simplest and most 

conservative of the tria.Xial failure theories or yield criteria. The 

allowable stress intensity is a measure of the load required to cause the 

material to !ield plastically. · In order to compute the stress·-intensi ty 

value at a point, it is necessary, in general, to determine all six of 

the stress components at the point. This requirement alone has made many 

of the solutions based on a strength-of-materials approach obsolete. Brit

tle fracture, although now ·considered a possible ··mode of failure, is not 

specifically mentioned as a possible mode of failure in Secti.on III. How

ever, the Code does specify Charpy V-notch impact energy values. 
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The rules of Section III and the allowable stresses permitted are 

based on the assumption that a complete and accurate elastic stress analy

sis of every nuclear pressure vessel can and will be made to insure that 

the stresses in the final structure will be within acceptable limits. In 

order to insure that the analysis has been done, the fabricator is re

sponsible for the preparation of a stress report that includes a complete 

set of stress calculations and pressure vessel drawings. From examinations 

of stress reports and discussions with vessel fabricators, it is apparent 

that the Code requirement concerning the stress report may be inadequate 

if a document for third-party review is desirable. Each of the companies 

visited thus far ex:preneed a.n interest in having a com.petent stress report 

review. However, they would require assurance that any such review would 

not jeopardize their own proprietary interests. 

Visits have been made to the principal nucle.ar pressure vessel fabri

cators and system designeYR. In general, discussions were focused on 

(1) design philosophy, (2) writing and review of the stress report, (3) de

ficiencies and limitations of Section III of the AS:ME Code, (4) the place 

of experimental and theoretical stress analyses in the design of nuclear 

pressure vessels, and (5) the type of failure analysis performed on the 

vessel. The companies visited were most eager to discuss their competence 

and made available their key personnel in the areas for discussion. Their 

frankness and de::>i.ce to make a meaningful contributj on to subjects under 

discussion contributed much to the insight gained. It is interesting to 

note that while the persons visited were quick to discuss subjects brought 

up, they were reluctant in general to point out "soft" spots unless the 

item was fairly well identified in the discussion, as would be expected. 

The requirement for a complete stress analysis places the manufac·

turer' s analytical departments under increasing work loads, and these 

groups are being expanded. The cyclic analyses for fatigue evaluation 

and the determination of thermal stresses are both troublesome areas. In 

orU.er to comply fully with the cofle requirements and handle an increased 

demand for nuclear pressure vessels, the manufacturers, in general, a:r·e 

expandins their analytical capabilities and upgrading their personnel. 

At least one company is installing new and bigger computers. Until they 
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are fully capable of performing their own stress analyses, at least a por-

tion of the work will be subcontracted. 

Irradiation is identified as one of the prime phenomena that may 

·degrade a pressure vessel if the fluxes exceed 1018 neutrons/cm2 • The 

most significant effect is the loss of ductility. Irradiated mild steel 

has a stress-strain diagram similar to that of high-strength steel. This 

is very important in nuclear pressure vessel safety because the uncertain

ties regarding the behavior of high-strength steel vessels become appli

cable to irradiated mild steel vessels as well. However, Section III 

recommends and USAEC requires a comprehensive surveillance program to 

check for irradiation effects. 

The analytical and experimental aspects of stress evaluation for 

nuclear vessels have been summarized. Special emphasis has been placed 

on the relationship of fracture mechanics to plasticity and fatigue. The 

transition-temperature approach is also discussed. The recent experiments 

on flawed test vessels have produced failures that have not been completely 

explained by present analytical methods. The two .factors that appear to 

be the primary causes for these discrepancies between theory and experiment 

are (1) extensive yielding at the crack tips and (2) rate of change of 

applied load during crack propagation. 

Several methods for design against fracture exist but none are in

fallible. The fracture analysis diagram does not account· for the effects 

of stored energy in the load and is inapplicable to nonstrain-rate-sensi

ti ve. materials. It is also subject to size effects and may not be accurate 

for some cases involving extensive crack-tip yielding p~ior to fracture. 

Basically, it is an empirical, not an analytical, method and therefore is 

subject to the usual shor"tcomings of empiricism. The effect's· of stored 

energy in the load are not considered in fracture mechanics either, al

though the onset of instability. can ·be fairly. well predicted if yielding 

is limited. No exact methods exist for correcting the elastic stress 

distribution near the crack for the presence of the crack-tip plastic zone 

in cases of extensive crack-tip yielding. · The British empiri'cal method 

implicitly considers ~xtensive crack-tip yielding, but it lacks a proven 

analytical basis. Further research is needed to determine the effects on 

the fracture strength and mode of failure of the following: stored energy 
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j_n the load, yielding, residual stresses, stress gradients, size, and 

welding. An extension of the fracture mechanics approach appears most 

likely to be able to consider these factors. The effects of residual 

stresses are particularly important, since stress relieving at tempera

tures low enough to preserve mechanical properties may be only 80% effec

tive. 

Mild steel and high-strength steel have about the same fatigue strength 

in the plastic range. Therefore, since the "shakedown" fatigue strains 

are governed by the elastic modulus, which is about the same for both 

materials, fatigue must be prevented from governing the design if high

strength steel is to be used to advantage in nuclear pressure vessels. 

This requires refined analysis and improved geometric design and inspection 

in order to minimize strain-concentration factors. 

Material ::;election, fabrication, surveillance, inspection, and main

tenance all play a prominent roll in finalizing a pressure vessel design. 

These items are only mentioned here, since they are discussed in detail 

in other sections of this report. 

It should perhaps be noted that while current vessels are being de

signed by Section III, those vessels designed under Sections I and VIII 

may not meet the requirements of Section III. Thus, such vessels now in 

operation could and perhaps should be reanalyzed and referenced to Section 

III. In some instances operating procedures may have to be amended in 

order to insure safe operation. 

In considering this chapter, several areas stand out as ones that 

are in much controversy or are currently ill defined or, again, are little 

understood. Doubtlessly, much controversy could arise from just a listing 

of these areas. Nevertheless there is much work still to be done on the 

structural behavior of nuclear pressure vessels. The recommendations, as 

an outgrowth of this chapter, are the following: 

1. The strong and vigorous program for theoretical analyses of pres

sure vessels should be continued. Areas such as nozzle-to-cylinder attach

ments and nozzles attached in clusters to vessels are currently of prime 

importance. However, other asymmetric configurations, such as a nozzle 

closely attached to a spherical head-to-cylinder junction, occur in almost 

every design. Such problems should also be covered in the general outline 
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of analytical work to be done. Unfortunately, these more complex problems 

must often await the successful analyses of those currently being analyzed. 

2. The current experimental stress analysis efforts should be con

tinue.a and expanded. Such efforts not only give data to support the theo

retical analyses but also present interim information for design purposes. 

The experimental effort should be expanded to include the more corrnnon con

figurations for which theoretical analyses are not currently available. 
' 

These configurations include closely_spaced and grossly asymmetric con

figurations (e.g., a large nozzle near a major junction), brackets, and 

gene'ral support arrangements other than skirts. 

3. Section III of the ASME Code should give more precise detail and 

direction with regard to (a) categorizing of stresses, (b) definition of 

loading conditions, (c) brittle fracture as a potential mode of failure, 

and (d) the stress report (this is discussed under the next item). 

4. Section III should specify precisely what is acceptable as a 

stress report and what is not. Specifically, it is recommended that the 

stress report contain such details as would be necessary for a third

party review. Also, the fabricator should give evidence as to the ac

curacy of his analyses. For example, most boiling- and pressurized-water 

reactor pressure vessels have nozzles penetrating the cylindrical portion 

of the vessels. Only recently has a method become available for the analy

sis of such a design feature, and this method is not in common use. Short 

of an experimental analysis, it is difficult to say what would be accept

able for the stress report in this example. 

5. To maintain a high quality of design and structural performance, 

it is recommended that a review of the stress report by a qualified engi

neer representing the system designer or owner be mandatory. Such a re

view should be timely so that recommendations by the reviewers can be 

incorporateQ. into the design. In addition to this a third-pa:rty review 

board responsible to USAEC may be desirable. Such a board for a particular 

stress report could consist of a fabricator's representative, an owner's 

representative, and two qualified members at large who are not specifically 

associated with the industry. The board would be set up with very specific 

responsibilities so as not to conflict and seriously overlap with other 

review committees, such as the Advisory Committee on Reactor Safeguards . 
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6. The study of strength of pressure vessels below the transition 

temperature where brittle failure could perhaps occur should be continued. 

In the case of ductile fracture, an extension of the fracture mechanics 

approach probably has the 9est chance of providing a reliable estimate of 

strength. 

7. The behavior of flaws in the presence of different geometries, 

residual stresses, stress gradients, yielding, and irradiation should be 

studied as a function of size. In particular, fracture mechanics should 

be extended to include these variables. 

8. Section size and stored energy should be considered in the transi

tion-temperature evaluation of pressure vessels. 

9. The hydrotest and warm prestressing should be more carefully 

evaluated as means of preventing failure. In particular, the superposi

tion of loadings on nozzles as a part of the hydrotest should be con

sidered. 

10. Studies on welds, heat-affected zones, out of roundness, bi

axiality of stresses as related to fatigue, load-cycling rates, and slow 

growth of cracks by fatigue should be continued and implemented. 

11. Additional emphasis should be given to design aspects that lend 

themselves to accurate analyses. Likewise, consideration should be given 

to designing the vessel to accommodate in-service inspection, even though 

current techniques of in-service inspection are not adequate. 

12. Specifications play as important a part in the design of nuclear 

pressure vessels as the stress report. Thus, studies should be made that 

are aimed at establishing minimum standards for nuclear pressure vessel 

design specifications. 
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7. BASIC ASPECTS OF CRACK GROWTH AND FRACTURE* 

7 .l DEFECTS AND FRACTURE CONTROL 

Strength failures of load-bearing structures can be either of the 

yielding-dominant or of the fracture-dominant type. Defects are of i~

portance in both types of failure, but those of primary importance to a 

fracture failure differ in an extreme way from those that influence re

sistance to plastic flow. For the latter, the significant defects (dis

location arrays, interstitial atoms, out-of-size substitutional atoms, 

grain-boundary spacings, bonded precipitate particles) are those that 

tend to warp and interrupt the crystalline lattice planes and thus in

terfere with easy glide of dislocations. The resistance to plastic de

formation thus provided is essential to the strength of high-strength 

metals. Larger defects, such as inclusions, porosity, surface scratches, 

and small cracks, may influence the effective net section bearing the 

load but otherwise have no significant effect on resistance to plastic 

yielding. 
.. 

In the case of failures of the fracture~dominant type (fracture prior 

to general yielding of the net section), the size scale of those defects 

of major significance depends on the toughness of the material. For the 

common structural steels, surface scratches, regardless of sharpness, do 

not lower the strength of a tensile specimen unless the testing tempera

ture is far below the NDT temperature (small-flaw drop-weight nil-ductility 

transition temperature). The 1/4-in. brittle-weld-bead flaw used in NDT 

fracture te.sting and the notch depth used in Charpy V-notch fracture-ap

pearance transition temperature (FATT) evaluations are indications of the 

major (directly significant) flaw size for steels in the NDT to FATT tem

perature range when a tensile stress equal to the dynamic yield stress 

is applied. Rapid crack propagation at smaller stresses or smaller load

ing speed would require cracks of larger size. The minor flaws that in

fluence the fracturing process range downward toward smaller sizes. The 

*This chapter was prepared by G. R. Irwin and J. M. Krafft of the 
Naval Research Laboratory, P. C. Paris of Lehigh University, and A. A. 
Wells of Queens University, Belfast, North Ireland . 
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minute flaws that control resistance to plastic flow are of interest to 

macroscopic fracture behavior primarily through the fact that resistance 

to plastic flow is related to crack toughness. 

At temperatures near or above the NDT temperature, a structural com

ponent of interest for this report must contain at least one crack-like 

flaw of substantial size in order for fracture to occur prior to general 

yielding. The size necessary for crack propagation is a function of 

toughness and average tensile stress and can be estimated by the methods 

of fracture mechanics, as will be explained later in this chapter. De

pending on the size and shape characteristics of a structural component 

and on its stress-environment history during service use, a critical con

dition for crack propagation may develop gradually in the following ways: 

1. crack growth by fatigue, 

2. crack growth by stress-corrosion (or hydrogen embrittlement), 

J. reductions of crack toughness, for example by radiation damage. 

It is unlikely that a crack large enough for propagation by a normal 

service load would be introduced during fabrication. In any case, the 

pressure vessels of interest will be pretested with pressures higher (by 

25%, say) than the largest expected during service. Thus the attention 

of a fracture control plan can focus on achievement of a satisfactory 

time duration of fracture-safe operation relative to the three dangers 

stated above. These can occur in various combinations. The "safe life" 

depends on suitable limiting of these dangers in such ways as are pos

sible. 

Unfortunately, interest in studies of crack growth rate for fatigue 

and stress-corrosion conditions is comparatively recent, and data directly 

applicable to the materials and conditions of interest are quite limited. 

Some assurance can, however, be obtained if conservative estimates of 

stable growth added to the plausible initial crack sizes still leave 

situations well removed from rapid crack propagation. In addition the 

possibilities for stable cracks large enough to allow leakage through 

the vessel wall can be examined. In this way the principal elements of 

a fracture control plan can be illustrated and the kinds of information 

necessary for more accurate predictions can be understood. 
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Comments bearing on the anticipated kinds of initial defects and 

their possible sizes at the outset of service life of a vessel are pre-

sented next. The gross defects that can be identified both in hot-worked 

steels and in welded joints may be divided into geometrical forms that 

are one, two, and three dimensional. Examples of the first form are 

stringers of nonmetallic inclusions in rolled plate; the second form, 

laminar ~nclusions and cracks; and the third form, distributions of po

rosity. Planar defects and cracks are important because they may extend 

in area when the surrounding material is stressed in tension. Stringers 

and globular defects represent comparatively weaker stress concentrations. 

They are undesirable when present in clustered groups because these re

gions have a weakened resistance to the development and extension of a 

crack. A more serious consideration is the contribution of such segre

gations to weakness of solidification boundarie.s in a welded region. De- ~ 

fects of the volume type, that is, those in the nature of holes, do not 

represent a fracture-initiation hazard unless, in combination .. with other 

holes or inclusions, they assist the low-stress. extension of a separation 

through a damaged region. Holes are readily detected by radiography if 

they present a nonmetallic path length exceeding 2%. of metal thickness. 

Conversely, the detection of planar defects by radiography is difficult. 

A flat, open separation aligned with th~ radiation and giving a sharp 

linear indication on the radiographic film is rare. More often such de

fects are not flat and are not well-enough aligned with the radiation so 

that the film record permits recognition of the defect. Furthermore 

little confidence can be given to estimates of crack size from such radio

graphic indications as are seen. Chapter 9, Quality Assurance, discusses 

these matters in more detail and points out the increasing disadvantage 

to crack detection by radiography with increasing wall thickness. 

Inspection methods that use ultrasonic waves are more sensitive than 

radiography in revealing cracks and have greater improvement potential 

for that purpose. It is recognized that present specifications for the 

pressure vessels of interest do not require advanced shear-wave-type 

ultrasonic inspections. However, the degree of fracture safety that will 

be required in future large-size boiling-water and pressurized-water re

actor vessels suggests that development and systematic use of such methods 

'•. 
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would be desirable. In the case of heavy rotating components for large 

steam turbine-generators, extensive ultrasonic inspection studies are 

conducted by the large producers. Thus ultrasonic inspection methods 

suitable for the specialized regions of most interest have been developed, 

are routinely used, and are essential.to tne fracture-control plan for 

large steam turbine-generators. 1 ' 2 

Longitudinal-wave pulse-echo methods are currently used in the in

spection of plates for lamination defects. However, the cracks such 

methods disclose are those that are nearly parallel to, rather than nor

mal to, the largest expected tension in service. The seriousness of a 

crack left after inspection is roughly proportional to the short dimension 

of the crack area times the square of the tensile stress normal to the 

crack. A low-toughne9s condition of the region containing the crack con

tributes additionally to the chance of crack extension. Surface cracks 

are usually transverse and thus have a dangerous orientation relative to 

the expected tension. Magnetic-powder and dye-penetrant methods are used 

to find such cracks and are better for this purpose than radiography. 

However, a high degree of detection accuracy requires smooth surfaces 

devoid of the troughs and ridges commonly present on as-welded surfaces. 

In addition, only a crude indication of crack size, particularly of crack 

depth, is possible. 

In simple concept it might be imagined that after all fabrication 

is complete and a successful hydrotest has been passed, meticulous direct 

inspection could be employed to guarantee absence of any significantly 

dangerous crack. The effect of the heating cycles and hydrotest would 

be to open any overlooked cracks and make them more easily seen in in

spection. However, many parts of the vessel are much easier to inspect 

in detail at an intermediate stage of assembly and cladding (see Chap. 9, 

Quality Assurance). For this reason considerable reliance is placed on 

intermediate inspections. This means that the fabrication process must 

be trustworthy with regard to avoidance of crac~ing in already inspected 

parts. 

A major contribution to the control of crack-like flaws in nuclear 

pressure vessels is obtained through the general practice of using clean 

vacuum-degassed steel for shell and forging stock. Thus hydrogen in the 
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·steel is restricted.to the transient concentrations that may result if 

some hydrogen is introduced.during welding. The' stirring action of the 

degassing treatment tends to restrict impurity segregation, and amounts 

of impurity are reduced by the reduced dependency on chemical action for 

deoxidation.(see Chap. 4, Materials). At the same time the amounts of 

sulphur and phosphorus allowed in the final composition are relatively 

small. The advantages thus achieved in terms of freedom from hydrogen

induced slow crack extension and by reduced segregation at solidification 

boundaries during welding are an essential part of the program for mini

mizing the presence and danger of crack-like flaws in the final pressure 

vessel. 

In view of the fabrication care and intermediate inspections pertain

ing to steel used for shell and nozzles (as discussed in Chaps. 4 and 9), 

the greatest chance for prior crack-like defects of transverse orienta

tion and significant size is in the welded regions. Some concern must 

be reserved for regions away from the welds that are subjected to tension 

during straightening and for unexpected damage, such as arc-strikes from 

poor control of prods used for magnetic-particle inspection and cracks 

under handling tabs. 

The welding methods anticipated are mainly electroslag welding and 

submerged-arc welding. From past experience both methods have produced 

crack-like defects. The causes are thermal stress, residual stress, 

coarse dendritic solidification, and impurities in various combinations. 

Cracks along the borders of a submerged-arc weld have sometimes occurred, 

particularly when the top surface of the weld bead was permitted to join 

the base metal with a relatively sharp angle. Cracks of this nature of 

substantial size can remain undetected unless the weld border is ground 

to a smooth contour. Since these cracks are open to the surface and are 

in a region of obvious suspicion, only very small cracks of this kind 

should escape notice. Cracks may be introduced during the process of 

overlaying the internal surface of the pressure vessel with a stainless 

steel coating. Since a residual tensile stress is probable in and near 

the solidified layer, some cracks might form through this layer after a 

time.delay, with such crack formation being assisted by any hydrogen 
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introduced during the overlaying process or by stress-corrosion extension 

of small prior cracks. 

Crack-like defects produced internally within a large solidifying 

segment of welding represent a special danger. Impurities such as sulphur 

and phosphorus tend to segregate on the solidification boundaries. In 

multiple-pass welding of the TIG (tungsten, inert-gas) type, the solidi

fication structure is often on a relatively fine scale. This lessens the 

impurity segregation. Furthermore, some homogenization and grain refine

ment are introduced by the temperature cycle from subsequent adjacent 

weld beads. In the case of the submerged-arc welding process, fewer 

passes and larger masses of solidifying metal are customary, and hence 

there is greater danger that weak solidification boundaries may be formed. 

Such defects may not be pulled open until subjected to a tensile stress. 

Even when pulled open, they are difficult to recognize in radiographic 

inspection. When solidification defects of this kind present an opening 

to the surface, the defect size may be much larger than the size sug

gested by the irregular elements of separation visible at the surface. 

In the case of electroslag welding the solidification pattern is 

gross; that is, it is much larger than for multiple-pass submerged-arc 

welding. A subsequent qnench-a.nd.-temper treatment is used to refine the 

e;rain s i_ze and improve the properties. Despite the coarse-grained nature 

of the electroslag weldment, considerable.success has been achieved with 

this method (see Chap. 8, Fabrication). Nevertheless undesirable amounts 

of center-line weakness, where impurity segregation is most serious, have 

sometimes occurred. It may be correct to assume that significant degrees 

of center-line weakness can be eliminated by careful control of the elec

troslag weldine; rror.e::;s and of the impurity level. However, the term 

"significant degree" is not yet clear, and studies of how to recognize in

tolerable amounts of this defective condition by inspection are needed. 

When a welded region is subjected to a heat treatment after welding, 

experience has indicated that more defects are disclosed by nondestructive 

inspection after the heat treatment than before, and thus postheat-treat

ment inspection would be advantageous to establish final quality in the 

case of the pressure vessels of interest here. The inspection advantages 

provided by some opening of defects durine; heat treatment are additionally 
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enhanced by the stress applied during internal pressure testing prior to 

service. An increased detection sensitivity for flaws of the weak so

lidification-boundary type is needed. Repetition of certain inspections 

after hydrcotesting, with the assistance of ultrasonic techniques, there

fore deserves careful study. 

The transverse crack-like defects previously discussed were primarily 

those oriented to favor crack extension parallel to the line of welding, 

either at the weld border or within the weld. Cracks may also be formed 

in the heat-affected zone normal to the direction of welding, particularly 

when the preheating and postheating are inadequate. Cracks of this type 

that have extended through the zone of residual stress and have been ar

rested are often observed where two stiff members of steel are joined by 

a line of tack welding. Cracks of this general class have caused frac

ture failures in numerous field-welded structures. The danger of such 

a crack is increased first by the fact that once instability by stable 

growth or stress elevation is achieved, the crack extends immediately 

through ~nd beyond the region of residual tensile stress bordering the 

weld. A second enhancement of danger results from the moving nature of 

the crack, which means that crack arrest is resisted only by the minimum 

dynamic crack toughness of the steel. 

Development of prior cracks of the type discussed above is essen

tially el~minated in:thick-walled boiling-water and pressurized-water re

actor pressure vessels because of the slow heating and cooling rates and 

the postwelding stress relief. However, the fabrication plan may require 
I 

mak:i,ng a girth weld across a previously completed longitudinal seam weld. 

In this ca~e small· welding defects in the seam weld may be opened. The 

danger of such new cracks would be increased by any residual tensile 

stress parallel to the girth weld that remained after the girth welding 

operation. 

A large number of fracture-failure examination records resulted from 

the hydrotest failures of high-strength-steel solid-propellant rocket 

chambers. Several comments based on these records may be of interest 

here. 3 Initially, attachment of small brackets needed to support test 

equipment or guidance mechanisms was attempted by tack weiding. It was 

.not feasible either to.reliably detect cracks produced by the welding 

_I 
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beneath the bracket or to avoid making such cracks. Prior to adoption 

of different joining methods (brazing, for example), a significant frac

tion of the bydrotest fractures initiated beneath such small tack-welded 

attachments. Repair welding of the rocket chamber might seem an unre

lated cause for fractures. However, in both cases, the tack welding of 

the attachment and the repair welding of the rocket chamber, a welding 

operation was contemplated on a component already fabricated to the de

sired size and shape. Apprehension over possible alteration of dimen

sions furnished an incentive toward preheating and postheating treatments 

subsequently proved to be inadequate. As a result many of the fractures 

that originated in a longitudinal seam weld started in a region of repair 

welding. 

Full cooperation in the development of improved inspection for cracks 

in steel rocket chambers was j_ni,tially difficult to obtain. Presumably, 

a "zero-defects" rating was wanted, and the fabricator preferred an in

spection system that detected only the flaws of "significant" size. In 

the case of the Polaris and Minuteman rocket chambers, wall thicknesses 

were generally less than 0.2 in. Flush grinding of the seam and girth 

welds plus careful radiography sufficed to furnish the sensitivity needed 

so that cracks of insignificant size could often be observed in those 

regions and could be seen clearly enough to permit sensible decisions 

with regard to need for repair welding. 

In the case of boiling-water and pressurized-water reactor pressure 

vessels, it is desirable not only to detect cracks of marftinal size rela

tive to sie;nif:i.cance, but also to "see" these cracks well enough, say 

with ultrasonic shear waves, to obtain estimates of their dimensions. 

Inspection procedures have not, so far, attempted to do this in a sys

tematic way, and considerable additional study is certainly required. 

Meanwhile estimates of the sizes of unseen cracks allowed by present fab

rication and inspection methods will be difficult to fix. The estimates 

depend on confidence in the fabrication controls, as well as on confidence 

in the direr.t inspections. For exam-ple, there is evidence that surface 

cracks about 0.5 in. long and 0.2 in. deep might be overlooked by pres

ent inspection methods, even with the advantage of smoothly ground sur

faceG (see Ref. 15 of Chap. 9) • Whether or not cracks of 0. 5-in. depth 
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are' discovered with negligible· error might be questionable. However, in 

regions where cladding is applied to shell or nozzle base metal, such a 

choice of maximum crack depth seems reasonable, simply because of the 

small thickness of the added metal and the considerable experience and 

machine control now available for cladding nuclear pressure vessels. A 

larger estimate of maximum prior crack size, say 3/4 in., might be best 

for surface regions of welds. 

Transverse cracks of substantially larger sizes than those suggested 

above are less significant if located near the midpoint of wall thick

ness, for three reasons: (l) exposure of a crack to a free surface es

sentially doubles its effective size relative to stress elevation near 

the leading edge, (2) the midthickness crack does not feel stress ele

vations due to superimposed bending, and (3) stable extension of the mid

thickness crack cannot be assisted by contact with the water inside the 

vessel or with the water vapor outside. 

The most reliable indicator of the kinds of defects likely to cause 

serious fracturing of thick-walled boiling~water and pressurized-water 

reactor pressure vessels would be extensive experience with internal pres

sure testing of vessels of similar wall thickness, geometry, materials, 

and fabrication methods. Such a test program would not, however, settle 

all doubts. For a number of reasons, such as differences of design, 

size, location, and construction date, each large nuclear reactor pres

sure vessel will possess certain fabrication problems individual to that 

particular vessel. Unquestionably continued accumulations of experience 

will be quite helpful, but a requirement for nearly absolute fracture 

safety suggests that experience should be assisted by a very conservative 

fracture control plan. Such a plan must assume that any crack-like de

fect that is plausible and which has not been proved absent by inspec

tion may actually exist in the vessel. The plan must then establish 

methods of estimating fracture-safe life based on stable crack-growth 

data, service environment, and service stress cycles. An additional de

gree of confidence-can be predicted if the toughness and stress level at 

the end of the safe life correspond to a leak-before-break condition. 4 

A complete specification of such a fracture control plan requires a more 

detailed understanding of progressive fracturing than currently exists. 

'] 
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However, present fracture mechanics technology provides general features 

of the control plan and a number of answers that are of interest. Sub

sequent sections of this chapter discuss current knowledge of progressive 

crack extension, largely in terms of fracture mechanics, and illustrate 

application of this information to the planning of fracture control. 

Throughout this chapter many formulas involving extended usage of 

symbols are presented to illustrate the development of fracture mechanics. 

The following nomenclature listing provides definitions for the symbols 

not otherwise presented in the text: 

a 

a. 
J_ 

a c 
ao 

a 

b 

bo 
B 

Brr 
Bo 

co 

c, c1, 

c4 
ci 

c11 

C II I 

c 
2 

da 

dn 

d 
0 

C 2' C3 

Defect size, generally half-length, in. 

Initial crack size, in. 

Final or critic al. crack size, in. 

Crack length correction for double cantilever speci-
men, in. 

Crack speed, µin./sec 

Crack semimajor axis, in. 

Size of strip-yield plastic zone, in. 

Plate thickness, in. 

Specimen thickness at crack plane, in. 

Spec:i,men thickness, in. 

Compliance, in./lb 

Constant relating crack growth to stress-intensity 
range and crack size 

Constant 

Constant relating crack growth to stress range and 
crack size 

Constant relating cyclic life for moderately high-cycle 
fatigue to stress range and initial and final stress 
intensity 

Constant relating cyclic life for moderately low-cycle 
fatigue to stress range and initial and final stress 
intensity 

Elastic shear-wave speed, ft/sec 

Increment of crack extension 

Net ligament size, in. 

Original ligament depth, in. 
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Length factor, spacing of fine-scale elements of sepa
ration 

Rate· of crack growth, µin. per loading cycle 

Uniaxial tensile (Young's) modulus, psi 

Force, lb 

Strain-energy release rate, in.-lb/in. 2 

Plasticity adjusted value of r!I, in.-lb/in. 2 

Strain-.energy release rate for opening mode of crack 
surface displacement, in.-lb/in. 2 

Critical strain-energy release rate, in.-lb/in. 2 

Critical strain-energy release rate for opening mode 
of crack surface displacement, in.-lb/in. 2 

Function relating NF to P, ai, and ac 

Function relating NF to P, Ki, and Kc 

Function relating crack growth to stress intensity 

Beam depth, in. 

Imaginary component of shearing st~ain expressed as 
complex number 

-
Stress-intensity factor, ksi·in. 1 / 2 

,, 
Final or critical stress-intensity factor, ksi·in. 1 / 2 

Initial stress-intensit~ factor, ksi·in. 1 12 
., ' 

Stress-intensity factor for relative mean load PM, 
ksi·in. 1 12 · ' 

"', 

Theoretical geometry-dependent stress-concentration 
factor (function of P) · · 

Stress-intensity factor for opening mode of crack sur
face displacement (~ensi+e), ·kSi·in. 1 12 

Stress-intensity factor for forward shear mode of crack 
surface displacement, ksi·in. 1 12 

Stress-intensity factor for parallel shear mode of crack 
surface displacement, ksi·in. 1 12 · 

Critical stress-intensity .factor for opening mode of 
crack surface displacement, ksi·in. 1 12 

Stress-intensity factor corresponding to minimum frac
ture toughness for dynamic loading, ksi·in. 1 12 

Critical stress-intensity factor associated with stress
corrosion cracking, ksi·in. 1 12 

Stress-intensity rate, ksi·in. 1 / 2/sec 

Total load displacement, in . 

, 

J 



Mode 

Mode 

Mode 

m 

NF 

n 

p 

PM 

pp 

p 

q 

R 

Ro 

r 

r 
1 

s 

v 

w 
x 

I 

II 

III 
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Opening mode of crack surface displacement 

Forward shear mode of crack surface displacement 

Parallel shear mode of crack surface displacement 

Flaw distribution exponent 

Cyclic life, cycles to failure 

Strain-hardening exponent 

Applied load, lb 

Relative mean load, lb 

Proof load, lb 

Internal pressure, psi 

Constant 

Radial position at the elastic-plastic boundary mea
sured from the apparent crack leading edge, in. 

Radial position at the elastic-plastic boundary mea
sured from the apparent crack leading edge in the 
plane of the crack, in. 

Radial position coordinate measured from the crack 
leading edge, in. 

Radial position coordinate for plastic zone measured 
from the apparent crack leading edge, in. 

Plasticity adjustment factor 

Limiting strength associated with a defect 

Minimum limiting strength associated with worst defect 

Temperature, °F 

Temperature following load rise time, °F 

Temperature associated with allowable load criterion, °F 

Time, sec 

Till).e required for temperature equalization across 
a distance x., sec 

Energy from weld residual stress field, in.-lb 

Energy from superimposed stress, in.-lb 

y-direction displacement, in. 

Width of strip, in. 

Coordinate direction 

Dimensionless ratio; x 0 = (a + a 0 )/h 

x coordinate distance determined by e and r 
1 1 
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ao 
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l 
~ 

l 

/'l 
0 

0 c 
6E 

AK 

LP 

6J:J 

El 

ETS 
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p 

cr 

crN 
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Distance in x direction, in. 

Service time, hr 

Service.time associated with SMIN' hr 

Coordinate direction 

Dimensionless ratio cr/crys or crLB/crYD 

Coordinate direction 

Plastic-zone size parameter 

Thermal diffusion coefficient, in. 2/sec 

Dimensionless ratio relating plastic zone size to plate 
thickness 

The value of ~c computed by using Krc in place of Kc 

Shear strain, in./in. 

Shear strain in vector form 

Dimensionless ratio stress-intensity factor 

Crack-opening displacement or dislocation, in. 

Critical opening dislocation, in. 

Strain range, in./in. 

Stress-intensity factor range, ksi·in. 1 12 

Load range, lb 

Stress range, psi 

Critical average strain for plastic instability, in./in. 

True strain, in./in. 

Mean strain, in./in. 

Strain rate, in./in.·sec 

Angular position coordinate measured from the crack 
leading edge, radians 

Angular position coordinate for plastic zone measured 
from the apparent crack leading edge, radians 

Shear modulus of elasticity, psi 

Poisson's ratio 

Crack root radius, in. 

Nominal stress on the crack plane, psi 

Nominal stress on a given cross section, psi 

Stress. constant in strain-hardening relationship 

J 
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CT 
y 

CT 
z 

cry 

er LB 

er TS 

crYd 
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Tensile stress component parallel to the plane of a 
crack in the x-coordinate direction, psi 

Tensile stress component normal to the plane of a 
crack in the y-coordinate direction, psi 

Tensile stress component parallel to the crack lead
ing edge in the z-coordinate direction, psi 

Critical yield-.stress value, psi 

· Leak-before-break tension stress, psi 

True stress, psi 

Dynamic yield stress, psi 

Uniaxial tensile yield stress, psi 

Standard deviation 

Shearing stress, psi 

Shearing stress in the y direction 
dicular to x; equal to 'rYX' psi 

Shearing stress in the z direction 
dicular to y; equal to -r zy, psi 

on a 

on a 

plane 

plane 

Shearing stress in y-coordinate direction 

Elliptic integral function 

7.2 LJNEAR ELASTIC MODELING OF CRACKS 

7.2.1 Progressive Crack Extension 

perpen-

perpen-

The nature of the fracture behavior for which a suitable analysis 

is needed is termed progressive crack extension. A brief description 

of this is given below. 

The distribution of' a tensile load across a region containing a crack 

(normal to the tension) results in elevated tension adjacent to the pe

rimeter or leading edge of the crack. The tension at the leading edge 

is somewhat relaxed by local plastic strains. This local change in the 

stress distribution eliminates the linear analysis stress infinity but 

causes very large strains adjacent to leading elements of the opened 

crack. The combination of local pJastic strains, advance separations, 

elastic constraint, and tension near the leading edge may be sufficient 

or lcoc than su:fficient to <:'Hl18P. ::mddP.n ra.J;)id spreading of the crack. 
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If_less than sufficient, plastic strain reversals in the material near 

the leading edge may occur, with the aid of repeated changes of stress 

during service, and cause stable forward growth of the crack by fatigue. 

In addition, the envirpnment, with or without fatigue assistance, may 

cause stable spreading of the crack by stress-corrosion cracking. Liquid 

water or water vapor suffices for tµis purpose in the case of .many struc-

· tural metals. Hydrogen in the steel also assists slow, stable extension 

of a crack subjected to tensile stress. When a structural member con

taining such a crack is in general tension, as for the wall of a vessel 

containing internal pressure, extension of the crack area results in 

larger stress elevation near the leading edge and hastens the pace of 

stable growth. The onset of rapid crack extension provides a relatively 

abrupt endpoint for the stable growth period. To appreciate how this 

can happen at a nominal tensile stress well below the yield strength it 

is best to focus attention on the leading-edge stress elevation associated 

with a crack, rather than on brittleness per se, because large local plas

tic strains occur as an essential part of progressive crack extension in 

the customary structural metals, even when their behavior is somew_hat 

brittle. 

Studies of running cracks have been conducted by using a variety of 

techniques to measure crack speed and the stresses near the crack. Such 

studies are more easil! done ¥ith glass and brittle plastics. However, 

for a brittle crack traversing a plate of steel, Wells 5 observed the 

temperature rise parallel to the path of the crack. From these observa

tions the sep8:ration regi.on was found to be acting as a heat source with 

a strength increasing with crack length. Edge-notched plates were used, 

as in later work by Wells and Post 6 in which the rate of strain-energy 

release was calculated from photoelastic observations and was propor

tional to crack length. At the time of' Wells' thermal observations the 

evolved thermal energy seemed somewhat higher than the stress-field energy 

release, but this was not regarded as significant in view of experimental 

uncertainties. Currently available' stress analysis information applied 

to the experiment would increase the estimate of rate of strain-energy 

release and would reduce the moderate difference of this estimate from 

the observed rate of thermal energy production. 
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In terms of the old modified Griffith theory, 7 ' 8 the condition criti

cal for onset of rapid fracture was a point of stable balance between 

stress-field energy-release rate and rate of plastic work near the crack, 

which was to be followed by a regime of unstable rapid crack propagation. 

However, study of the implications from Wells' thermal measurements sug

gested, ~uite oppositely, that the point of onset of rapid fracture was 

an abrupt instability point followed by a stable regime in which work 

rate and loss of stress-field energy were balanced through a considerable 

range of crack speeds. Indeed the instability point could be preceded 

by a slow regime of crack extension in which the crack-extension process 

was also stable. From these facts it was not clear that writing o.n 

equality between rate of strain-energy release and plastic work rate would 

be helpful as a means for understanding sudden onset of fast crack ex

tension. 

The preceding conclusions have been verified by numerous subsequent 

observations of running-crack behavior. The latest results of this kind 

are discussed in a recent paper by Clark and Irwin. 9 During the mid 

1950's, the effect was to shift the emphasis of fracture mechanics to

ward characterization of the onset of fast progressive fracturing as the 

primary task. In the modified Griffith theory, this characterization of 

onset of fast progressive fracturing was linked unnecessarily with an 

energy balance relationship that was uncertain both in terms of' useful

ness and validity at the measurement point. The dubious validity aspect 

is discussed by McClintock and Irwin, 10 who use calculations of a plas

ticity model for illustration. 

Progressive era.ck-extension behavior ranges from several kinds of 

slow, stable extension through the fast, stable regime. At very high 

crack speeds a limiting velocity is observed that is followed by crack 

division tendencies when the tensile driving force is still further in

creased. A single service fracture failure may exhibit all these crack

cxtension behavjor.s. In order to understand and prevent such fractures, 

appropriate use of experimental data from laboratory testing is essential. 

The characterization plan should permit application of laboratory frac

ture-testing data to service components in the simplest adequate way. 

Linei=i:r-P.lastic-fracture mechanics provides an appropriate and simple 
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characterization method applicable to any component in which we have a 

reasonable idea of the stress distribution. With some care with regard 

to interpretation, the linear analysis method retains usefulness as the 

stress level approaches a general yielding condition. The method is not 

suitable for use at higher stresses. 

7.2.2 Linear~Crack Stress-Field Analysis 

For purposes of linear stress analysis, a crack is regarded as a 

flat separation bounded within the material by a leading edge that is 

approximated as a simple curve. For example, if a sharp groove of small 

length is cut fnto one face of a metal plate and subjected to fatigue 

s~ressing, a leading-edge contour resembling half an ellipse is produced. 

At a relatively small tensile stress across the cracked region, plastic 

strains are confined to a small zone, as shown schematically by the shaded 

area ~n Fig. 7.l. The plane of Fig. 7.l is normal both to the crack and 

to its leading edge and represents only a small segment of the leading 

J; = (~) K2, PLANE STRESS 

J.i = ( 1-[) K2, PLANE STRAIN 

Fig. 7.l. Schematic Diagram of the Leading Edge pf a Crack. 

' 1 l L ~ 

, l 
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edge. Following the practice customary for stress analysis near a crys

talline dislocation line, the region containing plastic strains is re

garded as a line-disturbance zone. The natural locus for the leading 

edge of the linear-analysis-model crack is a central position within the 

plastic zone rather than the left side of this zone where the leading 

separational elements are situated. This aspect is considered later. 

At this point of the discussion, since the plastic zone is assumed to be 

very small relative to crack size, the above difference of crack border 

location for analysis purposes is not important. 

For the region of the tensile crack shown in Fig. 7.1 (close to the 

leading edge), the stress distribution is two-dimensional and, from lin

ear analysis, the stresses are 

CJ 
y 

CJ x 

T 

and 

xy 

CJ z 

K e (i e :a)' --- cos + sin sin 
~ 2 2 

K e 

~ ~sin 39
), cos sin 

v'2iIT 2 2 2 

K e e Je 
sin cos - cos 

' V2iFr 2 2 2 

v(CJ + CJ )(plane strain) , 
y x 

(1) 

( 2) 

where the coordinates are as shown in Fig. 7.1 and v is Poisson's ratio. 

The y-direction displacements, v, at the crack plane, from which 

crack-opening size would be estimated, are given by 

Ev = ;K (1 - v:2) v'?Jrr , (J) 

where Eis Young's modulus. From Eqs. (1) and (3), computation of the 

work done in an increment of crack closure shows that the Griffith-theory 

strain-energy release rate, .JIJ, is proportional in a simple way to K2 • 

The terms on the right sides of the above equations are the leading 

terms of the linear stress analysis solution, which would be completed 

by adding terms proportional to higher powers of the ratio r/a (where a 
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is a length factor indicative of crack size). In the limit of small 

enough values of r/a, the terms shown dominate and form a leading-edge 

stress system that is characteristic of Mode I (tensile) cracks. The 

parameter K is proportional to the applied tensile load and is a function 

of the crack and specimen size and shape factors. The stress-intensity 

factor K, termed K1 for the opening (tensile) mode of crack surface dis

placements, provides a simple one-parameter characterization of the 

stresses tending to cause crack extension. Use of the ~I value corre

sponding to K1, for characterization purposes, is optional and equiva

lent. A well-known example of characterization is the determination of 

the critical value, Kic' for onset of fast crack extension. 

A general mathematical treatment would refer to Mode II (forward

shear) and Mode III (parallel-shear) stress equations in order to rep

resent stresses developed by application of shears parallel to the crack 

plane. This complexity is unnecessary here, since the primary concern 

is with tensile cracking in which the stresses Txy and Tzy on the plane 

of expected crack extension (ahead of the leading edge) are.zero. An 

article by Paris and Sih11 provides a comprehensive summary of linear

crack stress-field analysis. 

The tensile-crack stress field near the leading edge of a crack is 

regarded as either of the plane-strain or of the plane-stress type. The 

plane-strain model is three dimensional in the sense that the stress con

ditions must be uniform in the z direction across a leading edge region 

that is large compared with the size of the zone containing plastic 

strains. The plastic zone is then held within a plane-strain stress sys

tem with its size somewhat reduced by elastic constraint. Of course, if 

the crack is what is termed a "through-crack," with leading edges right 

through the plate thickness, even if the plastic zone is small a plane

strain condition near the free surfaces is not possible. Customarily 

the linear analysis applied to crack problems of this kind is the one 
r 

termed the generalized plane stress in which rr = 0 is assumed. In this . . z 
case Eqs. · (l) remain applicable with the stresses interpreted as aver-

~ 

ages through the plate thickness. Such a model is two-dimensional, since 

' the z-direction dimension plays no role in the analysis. The effect of 

assuming rrz = O, instead of Eq. (2), is to eliminate the factor (1 - v2 ) 

i 

J 

l 

t' 

1. 



from Eq. (3). The two-dimensional plane-stress situation permits larger 

shear stresses and thus a larger plastic zone size than would occur for 

plane-strain with the same stresses in the x,y plane. The relation of 

this to the brittle-ductile change in fracture toughness is discussed at 

a later point. 

From Eqs. (1), K is the limiting value on e = 0 of the product rry~ 

as r approaches zero. Given any valid stress analysis solution for rry, 

even though it is not expressed in the r/a power series form, the preced

ing limiting process may be used to obtain the value of K. In fact, if 

a small-flank angle notch of root radius p is subjected to the nominal 

stress rrN, and if the stress-concentration factor Kth is available as a 

function of p, 

K = lim ~ rr~th v'TFP° · 
P->O 

(4) 

In the calculation of Kic from tensile fractures of circUIDferentially 

notched round bars, Eq. (4), along with published stress-c~ncentration 

factors pertaining to that geometrical shape, furnished the first approxi

mate answers. This procedure is reviewed by Paris and Sih. 11 

The same basic analytical rules apply to determinations of K for a 

laboratory specimen with a crack of controlled size and shape inserted 

for testing as are used to determine K for a crack in a service compo

nent. However, for the most used types of laboratory specimens, the 

analytical accuracy has been improved by considerable nUIDerical work. In 

the case of cracks in service components the estimates used are usually 

of the "engineering-approximation" type based on one or more of the crack 

stress-field results discussed next. 

For an infinite plate subjected to an in-plane uniform stress rr 

perpendicular to a through-the-thickness crack of length 2a, 

K = rr...;Tra. • (5) 

Cutting this configuration in half results in a through-crack of length 

a into the edge of a semiinfinite plate with the stress, rr, parallel to 
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the edge, where 

K = l.l3 rrV7Ta • ( 6) 

·The l.l3 factor may be regarded as the correction factor for increased 

crack opening due to the free surface. 

For a strip of width W with a ce~tral crack of length 2a perpendicu

lar to a longitudinally applied stress, rr, approximate values of K can 

be obtained from 

K ( 
rra)l I 2 

rr rra sec W , (7) 

where a is 0.9W or less. 

Returning to the idea of calculating K as a limit, the addition of 

any uniform tension or compression to a crack stress-field solution would 

not change the value of K, because this would not change the limit 9f 

the product CJ ..../?iiT as r approaches zero. Thus if a uniform compressive 
' y 

stress numerically equal to CJ is superimposed on the problem of Eq. (5), 
" 

the K value is not changed. However, the stress CJ at·infinity is thereby 

cancelled, .and a uniform pressure numerically equal to CJ is placed on 

the crack surfaces. In this way it can be seen that Eq. ( 5), with CJ re

placed by p, provides the answer to the problem of a· two-dimensional 

·crack of length 2a opened by an internal pressure p. If both CJ (at in

finity) and p (on the crack surfaces) act at the same time, the'K value 

is obtained by substituting CJ + p for CJ in Eq. ( 5). Similar comments 

. pertain to the influence of internal pressure, say from hydrogen, in 

connection with the three-dimensional problems discussed next. 

Fbr a circular (penny-shaped) crack of radius a imbedded in an in

finite three-dimensional body with uniform stress CJ applied perpendicular 

to the crack, 

2 
K = - rr...{ira • 

1f 
(8) 

This is really a special case of a similarly oriented elliptical crack 

·of semiminor axis a and semimajor axis b. At the semiminor axis, where 

I ,, 
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K is largest, 

K (9) 

and 

;r.. rrr/2 ~ b2 -a2 . 2 )1/2 
~o = J, l - sin e de ' 

0 b2 

where cl>0 is recognized as the complete elliptic integral function whose 

values are 

a/b cl>o a/b cl>o 

0 1.0 0.6 1.277 
0.1 1.016 0.7 1.345 
0.2 1.051 0.8 1.418 
0.3 1.097 0.9 1.493 
0.4 1.151 1 rr/2 
0.5 1.211 

For the extreme values of a/b, Eq. (9) leads to Eq. (5) or to Eq. ( 8)' 

as would be necessary. Thus cl> can be regarded as a correction factor 
0 

for the eJJiptical nature of the c:rack shape. 

Influences on the K value of proximity to a free surface and changes 

of crack shape can often be approximated in a simple way with good enough 

accuracy for practical applications. Equation (6) is known to be the 

free-surface modification of Eq. (5) from numerical calculations. Equa

tion (7) is simply an approximate empirical representation of the results 

from numerical calculations for a central two-dimensional crack in a 

finite-width plate. Comparisons to accurate numerical results, when these 

became available, showed Eq. (7) to be preferable to a tangent-function 

representation previously used. 

Often the shape of a surface crack suggests representation of the 

crack as half of an ellipse, with the long principal dimension at the 

surface of the plate. The analysis problem is a difficult three-dimen

sional calculation, and exact numerical results are not available. How

ever, from comparisons of test results, the controlling K value for this 

problem can be estima:tea. With the equat.ton 
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1.12 crv'ira 
<P 

0 

(9a) 

The factor 1.12 was guessed from comparison with the problems represented 

by Eqs. (5) and (6) at a time when the third figure of the coefficient 

in Eq. (6) was not well determined. 12 Caref'ul measurements of Krc for 

semielliptical cracks and Eq. (9) have agreed well with Kic values from 

other methods so long as the value of a was not more than half the plate 

thickness. 13 

7.2.3 Experimental Fracture Mechanics Analysis 

In view of the inherent difficulty of some three-dimensional-crack 

stress-field problems, experimental methods of determining K are briefly 

_reviewed below. The first of these employs compliance measurements and 

leads directly to values of ~ rather than K. For tensile cracks the re

lationships connecting ~ and K are 

K2 
E (1 - v 2 ) (plane strain) (10) 

and 

K2 
~ = E (plane stress) . (11) 

Figure 7.2 shows a single-edge-notched plate specimen sometimes used 

for crack-toughness measurements. This is a through-crack problem for 

which a generalized plane-stress analysis viewpoint is natural. The ex

periment consists in repeated measurements of specimen compliance with 

the crack-notch depth into the specimen fixed at a series of values, say 

from O.lW to 0.7W, where W is the specimen width. If P is the applied 

load and l is the total load displacement (between the two loading points), 

the compliance, C0 , is given by 

l 
p (12) 
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0 

0 
Fig. 7.2. Single-Edge-Notched Specimen. 

In a graph of P as a f'unction of l for a series of increasing crack 

depths a, each load-un1oad line would have a slope l/C
0

, which would be 

a decreasing f'unction of the depth a. Simple analysis of the strain 

energy lost from the specimen in a small increment da of crack extension 

shows that the energy loss per unit of plate thickness B is given by 

(13) 
2 B da 

'l'he expre~sion for K2 
C8Jl be written in the form 

1 p2 d(EBC
0

) 
K2 = -~- -- ' 2W B d( a/w) (14) 
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where the final derivative term is dimensionless and, for a long specimen, 

depends only on the relative crack depth a/W. As discussed by Srawley 

and Brown, 14 comparisons of K from compliance measurements with numerical 

collocation-analysis values of K can be done with sufficient accuracy to 

show agreement within about 3% for the specimen of Fig. 7.2, and equiva

lent agreement has been found using notched bend specimens. When this 

method is applied in a simple way to three-dimensional problems and K 

does not have a constant value along the entire leading edge of the crack, 

the method provides only the average value of K2 across the leading edge. 

Attempts to measure K based on determinations of stress near the 

leading edge of the crack, either with photoelasticity or with bonded 

strain-gage methods, have not been equally successful. Approximate an

swers can be achieved, but errors of 10 to 15% have been apparent in work 

of this nature so far. The reason is probably the dependency of the 

definition of K on a limiting process in which the distance r must ap

proach zero. In the compliance technique an uncertainty as to the exact 

location of the leading edge contributes only a small error. However, 

the leading-edge location is of critical importance to the photoelastic 

and bonded strain-gage methods. Further study of the positioning of the 

leading edge of the crack for analysis purposes will be required to re

duce the existing analysis uncertainties. 

Other experimental methods are possible that may well be more accu

rate than those discussed above but which have .received' very little trial. 

Two such methods would proceed as follows: 

1. Calibrate a test material for fatigue striation spacing as a 

function of K in tension-tension fatigue, and then use measurements of 

striation spacing to measure K values for crack geometries of interest. 

2. Form a model of the component of interest from glass or another 

suitable transparent material. Move a crack into the model as desired 

and use a fixed low humidity to assist stable crack extension. Measure 

-· crack-opening displacement as a function of distance from the leading 

edge with the use of optical techniques and interference fringes. Use 

Eq. (3) to obtain K. 

Except for reservations based on accuracy troubles, frozen-stress 

photoelasticity methods might seem well suited to the determination of 

. t 

I 
I. 



455 

ratios of K to applied nominal stress for, say, deep cracks in the throat 

regions of nozzles. The results from frozen-stress methods would have 

improved value if these results could be checked with a different tech

nique, such as one of those suggested above. 

When artificially inserted increments of crack extension are used, 

along with the compliance technique, to determine K values for the speci

men of Fig. 7.2, the extensions are straight across the plate, because 

this is the natural path for tensile-mode crack extension. In general 

the natural trajectory for a moving tensile crack may b~ a curved sur

face. Where this surface is not known in advance it can usually be de

termined by three-dimensional model studies with the use of fatigue or 

stress-corrosion to produce stable extension of the crack. The deter

mination of K for a crack or slot that does not correspond to a natural 

tensile-mode crack surface is complicated by the fact that the leading

edge stress system will contain contributions from Mode II and Mode III 

stress fields. In the case of the single-edge-notched plate or a notched

bend-bar Kic test, available analysis methods provide only the average 

value of K2 along the nearly straight leading edge of the crack. The 

actual value of Kf in central regions should be larger than the average 

value of K2, but the amount is uncertain. Some workers estimate the in

crease factor as the reciprocal of (1 --v 2 ). Others report a value of 

Kic that may be conservative (possibly by as much as 5%) by taking the 

central region Kf value as equal to the average K2 across the specimen. 

The difference is of small practical importance, since replicate test 

results tend to vary by amounts in the range of 5 to 10%. 

7.3 PLASTICITY ANALYSIS CONCEPTS FOR CRACKS 

Studies of fracture suggest that a close relationship to plastic 

flow properties exists. It is impossible to explore interests of this 

kind in a quantitative manner without use of analytical models to define 

properties that can be computed as well as observed and discussed. Exact 

elastic-plastic solutions are not available for the tensile cracks of 
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interest. Furthermore the structural metals possess fine-scale inhomo

geneities, and this limits the realistic accuracy of any continuum me

chanics representation. Despite these difficulties, significant progress 

has been made with the aid of several relatively simple analytical methods. 

Three elementary and \·1idely used plasticity analysis concepts for cracks 

are described below. A fourth section discusses fracture characterization 

problems in relation to plasticity analysis ideas. 

7.3.1 The ry Plasticity Adjustment Factor 

Critical values, ~c' for onset of rapid fracture in high-strength 

aluminum-alloy sheets were among the first crack-toughness measurements 

attempted. Tensile sheets of various size with a central, sharp-ended 

slot to represent the initial crack were employed for these measurements. 

Results showed a trend for Ile to increase with the lateral dimensions of 

·the specimen that T:ms nearly eliminated by adding a plasticity adjust

ment, ry, to the crack size. 15 

No specific model of the plastic zone was attempted. The idea.was 

. simply to remove a leading-edge positioning error from the linear elastic 

analysis model. A central position inside the plastic zone, as shown in 

Fig. 7.1, was assumed to be a better location for the analytical model 

leading edge than the 

zone. From the first 

apparent tip 

of Eqs. ( 1)' 

(J 
y 

of the crack at the left. side of this 

with e = o, 

K 
(15) 

'\/2iFr 

It was assumed that the distance ry from the central location to the elas

tic-plastic, boundary could be estimated by inserting a critical yield

stress value, Ciy, for CJ in Eq. (15) and that this distance could also 
y . 

be taken as the separation of the analytical model leading edge from the 

apparent tip of the crack. 16 From these rules, 

(16) 

J' ...... 

<, 

'· 

i 
• I 
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In fracture-testing applications the value of rJy 71ms taken to be the O. 2% 

offset uniaxial tensile yield strength, rJYS' for situations of plane 

stress. The length factor, 2ry, was used as an approximate estimate of 

the size of the plastic zone. The influence of plane-strain conditions 

in elevating the tensile stress necessary for yielding was assumed rep

resentable by taking rJY ~ v'3 rJys· 

Crack-toughness testing of the plane stress kind is not yet care

fully defined. Within the limited accuracy of available results for on

set of rapid crack extension in high-strength metal sheets, use of the 

leading-edge positioning adjustment, ry, results in ~c values that are 

essentially constant with change of test sheet size as long as the net 

section stress is less than CYys· 

Historically, the length factor, 2ry, was used as an approximate 

estimate of the plastic zone size. Studies of the change in the ratio 

of 2ry to test-plate thickness across the brittle-ductile fracture-mode 

transition range showed clearly the dominating influence of elastic con

straint and led to interpretation of this fracture transition as a plane

strain to plane-stress change in the leading-edge plastic zone. 17 Clark18 

investigated the apparent size of the plastic zone in silicon iron both 

for plane-stress and plane-strain conditions and at a stress level where 

the net section stress was well below CYys· He concluded that the size 

estimates provided by calculating 2ry for plane stress and plane strain 

were approximately correct both in magnitude and in terms of the three

to-one size ratio for the two conditions of elastic constraint. 

Substitution of ry for r in Eq. (3) permits calculation of a crack

opening dimension that is of interest for various fracture analysis ap

plications. Wells 19 has used terms such as crack-opening displacement 

and crack-opening dislocation for the crack-opening size 2v = 5 estimated 

in this way. He noted that the result 4,Jj/vrJy is obtained regardless of 

whether a plane-stress or plane-strain condition is assumed. 

7.3.2 The Strip-Yield Zone Concept 

Linear analysis of stresses near a crack can always be formally done 

by solving the stress problem, ignoring the crack, and then superimposing 
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a solution that contains forces at the crack plane just sufficient to 

restore free-surface conditions. The analysis can be adjusted so that, 

adjacent to the leading edge, the crack surfaces are not force free but 

are subject to crack-closure forces arising, say, from attraction be

tween opposite crack surfaces. Barenblatt 20 assumed that such a system 

of crack-closure forces always.exists near the leading edge. The closure 

tensions and their distribution were balanced to eliminate the linear

analysis stress infinity. 

Dugdale 21 noted that this idea could be applied to representation 

of the plane-stress yield zone for a crack in a thin metallic sheet. In 

this application the force system became simply a constant tensile stress 

across the linear yield zone equal to the tensile yield strength. Since 

Dugdale's analysis ignores the sheet thickness, the analysis-model plas

tic zone is simply a line segment extending ahead of the apparent tip of 

the crack. Concentration of all the plastic strain into a line results 

in a representation that permits calculations of the opening-displacement 

d·iscontinui ty but does not permit calculations of plastic strains. 

Interest in this type of representation also developed among dis

location scholars who saw that a strip-yield zone could be thought of 

in terms of a continuous distribution of dislocations. A criterion for 

onset of rapid crack extension based on a critical value of crack-opening 

displacement might, it seemed, provide a way to connect macroscopic frac

turing directly with dislocation mechanics. 22 Modifications toward 

greater realism are possible by assuming various line patterns of con

centrated yielding at the expense of greatly increased analytical com

plexity . 

. For those with less ambitious analytical objectives, there are other 

reasons for interest in the strip-yield plasticity analysis idea. For 

example, the analysis for a single line of yielding can be accomplished 

with only moderate computational difficulty for certain tensile-fracture 

specimens that might be used for crack-toughness evaluation. Wells' 

crack-opening displacement, o, could be estimated for such tests from 

the strip-yield analysis model in terms of observations of applied load 

and crack size until the yield zone extends completely across the net 

section. Only theoretical studies of this kind have been done. These 

I 
J 
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resulted in 5 values not significantly different from the value of ~/~y 

resulting from a linear analysis with the usual ry positioning adjust

ment. 23 

When the size, b
0

, of the strip-yield plastic zone is small relative 

to crack size and net section size, the following relationships hold: 

(17) 

and· 

K v'21Tbo . (18) 
7T 

Examination of stress and opening-displacement equations for the strip

yield model in the small plastic-zone limit show that the "best fit" lo

cation for the leading edge of a linear-analysis-model crack is at the 

distance b
0
/3 from the apparent +eading edge of the crack. Comparison 

of 

(19) 

with Eq. (16) shows that b
0
/3 is smaller than ry by only 18%. 

Compression of all the yielding into a thin layer ahead·of the crack 

might seem too unrealistic to be of value for thick-section tensile frac

turing of metals. However, it is helpful to learn what concepts associ

ated with various models of the plastic zone have magnitudes that are 

nearly independent of plastic-strain distribution. Comparison of Eqs. 

(19) and (17) with the ry and 5 values from Section 7.3.1 suggests that 

the linear-analysis positioning adjustment ry and the crack-opening dis

placement 5 are two concepts possessing a considerable degree of strain

distribution invariance. 

'/. 3. 3 'l'he Mode III Elaotic-Plo.otic Treatment 

The system of deformations near the crack border termed Mode III is 

a distribution of shear strains such that all the particle displacements 

are parallel to the leading edge of the crack. Limitation of displacements 
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to a single coordinate direction reduces the mathematical difficulty for 

linear analysis (with yielding suppressed) and for strip-yield analysis 

(with yielding confined to a line segment). In fact, Mode III elastic

plastic solutions can be obtained without arbitrary restriction of the 

region of yielding and, for zero work hardening, with a degree of mathe

maticai difficulty only moderately greater than that for the strip-yield 

analysis. The Mode III plasticity analysis idea introduced by McClintock 

and his associates 24 - 26 became of increasing interest as the inherent 

difficulty of the corresponding Mode I analysis became increasingly evi

dent. The reason for this is the need for analytical representation of 

plastic.strains very close to the leading separational elements of the 

crack. 

If zero work hardening and either the Von Mises or Tresca criterion 

for yielding are assumed, Mode III plasticity analysis predicts a dis

tribution of shear· strains representable in the form 

where 

lyz 
R 

l - cos 81 ' y r1 

( 20) 

( 2l) 

( 22) 

and -Yy = Ty/µ is the shear strain at the elastic-plastic boundary. 

The coordinates r 1 ,e1 are cylindrical coordinates about an axis 

coincident with the apparent Ie'ai:hng edge. - R is the value of r if the 
1 

latter ·is extended to the elastic-plastic boundary. The preceding re-

sult is not generally valid; however, it is valid for any series of 

equally spaced equal.:.length two-dimensional cracks on the x,z plane and 

for a uniform stress, T yz T, acting remote from this plane. This prob-

lem has been studied because it can be regarded as the Mode III analog 

for the centrally cracked and synunetrically edge-cracked finite-width 

tensile specimens used for crack-toughness evaluation. 
• L 

Analytical considerations 10 show that.as.the plastic zone reduces 

in relative size, the elastic-plastic boundary a~proaches the shape of 
• " 'I • 

a circle (or cylinder) with the coordinate axis of e
1 

at the left extreme 

-\ 

J 
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of the x-direction diameter, as suggested by Fig. 7.1. The size R
0 

of 

this diameter is 

( 23) 

For comparison, the leading-edge equations for the elastic strains 

predicted by linear analysis in Mode III are 

and 

IL . e 
---rII sin 2 

;-,y~ ~ 

( 24) 

(25) 

If we locate the origin of the r,e coordinates at the center of the plas

tic zone and put r = R0/2, Eqs. (24) and (25) predict the same strain as 

do Eqs. (21) and (22). Thus the linear analysis value of ry for this 

problem is 

r = Ro = :_ (KnI)2 . 
Y 2 · 2Tr Ty 

( 26) 

Clearly, Eq. (16) is the tensile analog of Eq. (26). 
If R = R

0 
cos 8

1 
is assumed, corresponding to the small plastic-

zone situation, integration of the total strain / around the elastic-plas

tic bow1dary provides 

Dy using 2µ~III 

2 
5 = - I 

7r y 

Ki11, this equation becomes, 

( 27) 

(28) 
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Equation ( 28), with cry in place of TY' is,. the same as the value for 5 

in the case of the tensile mode when the linear analysis approach, sup

plemented by the leading-edge positioning adjustment ry, was used. 

For the Mode III elastic-plastic problem of a finite-width plate, 

such as was indicated above, values of 5 have been calculated by Rice 27 

as a function of T and crack size a for various levels of net section 

stress. From comparisons with th~se·results it is found that the value 

of 5 provided by Eq. (28) is still accurate to better than 5% when the 

net section stress is 0.95 Ty· 

An additional result of interest from studies by Rice 28 pertains to 

the influence of strain hardening. By using a nonlinear stress-strain 

law in the plastic range of the type 

Ty 
n 

T /' 
0 

( 29) 

Rice was able to study·the shape of the Mode III crack opening and the 

shift of the elastic-plastic boundary for the small plastic-zone situa

tion with a ;vork-hardening influence present. He found that the elastic

plastic boundary remained circular. The diameter was still given by 

Eq. (23), and the crack opening at the intersection of the elastic-plas

tic boundary with the crack differed negligibly from Eq. (28) for small 

values of n. 

?.J.4 Fracture Characterization Problems 
in Relation to Plastic Analysis 

As noted in previous sections, much has been learned about progres

sive crack extension through direct observation of the behavior trends 

as functions of K (or~). The degree of success thus achieved resulted 

from giving primary analysis attention to the region close to the lead

ing edge. Intuitively, a similar procedure should be followed in plas

ticity studies. Primary attention should be given to regions of the 

plastic zone close to the leading separational elements of the crack. 

The Kor~ value represents a controlling aspect of the elastic stress 

field. Presumabl:y a controlling aspect associated with plastic strain 

would be appropriat~ in the case of plasticity studies. However, the 

•• 
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task of selecting a simple characterization plan based on plasticity 

analysis can only be done, at present, on a judgment basis. Essentially, 

the answer sought is needed in order to find this answer - a dilemma not 

uncommon in exploratory science. 

Two judgment-type answers are the following: 

1. Characterization in T~rms of the Crack-Opening Displacement, o. 
Intuitively, an average strain of some kind would seem most promising as 

a single-parameter characterization of critical "state of strain" for 

onset of rapid crack extension. One special kind of averaging, poten

tially suitable, would be that measured by the value of the crack-open

ing displacement, o. Although, conceptually, values of o might be ob

tained by direct observation, the feasibility of doing these measurements 

with useful accuracy is still not clear. Calculations of 5 can be made 

that are based on a specific elastic-plastic model as the .integral around 

the elastic-plastic boundary of the extensional strain normal to the 

crack. A simpler plan would be to compute 5 as equal to ~/~y· Both 

these methods become inapplicable after development of general yielding. 

Beyond general yielding, estimates of o can be made with a rigid-plastic 

slip-field viewpoint. Obviously, somewhat different values of o would 

be obtained with different methods, and use of o as a characterization 

parameter in a consistent way would require arbitrary standardization of 

the calculation procedures. 

2. Characterization in Terms of a Critical Average Strain, E1 , 

for Plastic Instability. This procedure is based on Krafft's correla

tions between Kic and strain hardening, which suggest that local plas

tic instability is a significant controlling aspect for onset of rapid 

crack extension. 29 In the calculational plan used by Krafft, the criti

cal average strain, E1 , is assumed to be given by 

(30) 

The length factor dT for a given test material ~ras determined by Krafft 29 

by assuming E1 equal to the strain-hardening exponent n for isothermal 

conditions of straining. Direct measurement comparisons of Kic and n 
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for similar conditions of strain rate and temperat:q.re then permitted find

ing a best-fit proportionality factor. More recently, following sugges

tions by Williams and Turner, Krafft assumed 

n cry 
-+-
2 E 

( 31) 

where the terms on the right represent the influence of an assumed spe

cific type of elastic constraint on the critical strain for plastic in

stability. 30 

It is possible to arrive at somewhat similar equations by defining 

an average strain close to the leading edge in terms of the Mode III 

elastic-plastic model, Eqs. (21) and (22), as follows. From the preced-

ing equations, the maximum shear strain at 

R 
)' ly r1 

By assuming 

R = 2ry cos e 1 

the average strain )'' along a vertical line 

f s given by 

2 µ ""'7fX µ 
1 

The tensile analog of Eq. (34) is 

E 
1 E 

a point rl,el is given by 

(32) 

at x xl, where x << 2ry, 1 

(33) 

( 34) 

(35) 

',• 

·.J 
] 
] 

J 
~ 

I 
., 



465 

In this calculational plan the elastic constraint might be assumed repre

sentable by E1 = n/2 in order to derive a relationship between Kic and 

n similar to that provided by Eqs. (30) and (31). 

At the present time, correlation studies between plastic flow prop

erties and crack toughness need additional support from plasticity analy

sis. Equation (35) is of no special importance in itself, but the deri

vation has illustrative values. Plasticity investigations intended to 

assist extension of fracture mechanics toward basic factors at finer scale 

should provide help of that kind in terms of better plasticity models. 

Previous calculations of plastic strain fields near a tensile crack made 

with computer programs have not been planned so as to assist the char

acterization task either in terms of a crack-opening displacement con

cept or along the lines of the Kic-n correlation. 

7 .4 SLOW, STABLE CRACK GROWTH 

7.4.1 Crack Growth Rates as Affected by Fatigue 

In assessing the severity of flaws in a structure, the possibility 

of their growth to a.dangerous size from the effects of repeated loading, 

including cyclic thermal stresses, and/or environment should be con

sidered. Two related approaches have been adopted for making this as

sessment: 

1. to give attention to analysis of the rates of growth of subcritical 

flaws 31 , 32 that can subsequently be used to estimate a "life" from 

an initial flaw size to the critical size, 

2. to give attention to a direct analysis of the "life" of typical 

fla1vs. 13 

Of these two approaches, the first is the more detailed and fundamental 

and, as a consequence, leads to a better understanding of service be

havior. On the other hand,, the second approach is simpler and has been 

demonstrated to be adequate for certain analyses of the life of pressure 

vessels of very high-strength metal alloys, such as rocket-engine cases, 

etc. 13 For a full understanding of flaw growth considerations in the de

sign and behavior of pressure vessels_, both approaches should be employed. 
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In the initiation of subcritical growth of flaws due to fatigue, 

planar defects are most likely to develop into growing fatigue cracks. 

However, in a conservative assessment of the danger, all flaws and de

fects are potentially growing cracks with a slight amount of sharpening. 

As one might expect, the most severe flaws are normally those that are 

largest and in the most highly stressed regions of a structure, and such 

flaws are often associated with damage to the. material during fabrication. 

The analysis of growth rates of flaws from those too small to find 

in normal inspection to those of critical size for unstable running frac

ture proceeds on a similar basis as, that for final failure itself. The 

increment of crack growth experienced in a cycle of loading depends on 

the corresponding excursion in the stresses surrounding the crack tip, 

as measured by K. 

For a given material and environment, the rate of crack growth, 

da/dN, depends primarily on the stress-intensity-factor range, 6K, and 

secondarily on the relative mean value, / 1 , of the stress-intensity fac

tor, J<M' or re;l.ative mean load, PM; that is, 

( 36) 

Also of secondary (but not negligible) importance are the frequency of 

loading, plate thickness effects, and processing of material, which should 

be assessed in a refined analysis. 33 , 34 

Since growth rates can be correlated by stress-intensity factors, 

the effects of the location of applying the loading and the solid body 

·and crack configuration are known, provided the growth rates are known 

for some laboratory test configuration at the corresponding 6K level; 

that is, plotting da/dN versus 6K may be regarded as a basic way to rep

resent a material's crack growth rate behavior, and the effect of secon

dary variables is to cause shifts in the curve so obtained. 

Many such plots of da/dN versus 6K (or K) for steels are available 

in the literatu:re. 32, 33 -.3 6 If the plots for steel are superimposed, a 

curious result is obtained. For zero-tension loading (1 = 0.5), all 
1 

the data fo~ steels fall very close to each other; that is, within a 

J 
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factor of 2 (or perhaps at most 3) in the growth rate for a given 6K. 

For example, Brothers' data35 on low-alloy medium-strength rotor steels 

are very close to Carman's data36 on high-alloy very-high-strength rocket

engine pressure vessel steels. Moreover, the meager data (Fig. 7.3) 

available on low-strength steels for pressure vessels, such as A 302 grade 

B, indicate that they are no exception. 37 
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Consequently, from the steel data now available, a rather crude em

pirical relationship may be devised to describe the normal rates of growth 

of cracks in all steels in air at room temperature. 32 , 33 , 35 - 37 It is 

da 
d.N 

C(lK) 4 , ( 37) 
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where, referring to Fig. 7.3, 

c = 2.0 x 10- 24 
1 

· for mean data on medium- and low-stre.ngth steel, 

for mean data on all steel, 

c - 3 2 x 10- 24 
2 - • 

for conservative estimating of fastest rates on all steels; the units of 

da/ dN are inches per cycle and 6K is given in ksi ·in .. 1 I 2 • Equation ( 37) 

gives a reasonable estimate for growth rates from 10- 6 in./cycle up to 

final failure, provided the cyclic K stays below Kic for the material 

and the cyclic nominal stress is below the static yield point. These 

restrictions are normally no loss. in general in describing flaw behavior 

in relatively thick pressure vessels of conservative design. 

The crude relationship of Eq. (37) may at least be used to estimate 

whether fatigue-crack growth is a real problem for an anticipated flaw 

in a steel pressure vessel. For example, for a known or anticipated fiaw, 

the stress range and subsequently the range of K (or 6K) may be estimated, 

and an anticipated rate of growth may then be estimated by using Eq. (37). 

The relative severity of flaws of various sizes and locations may thus 

be estimated also. In this manner, Eq. (37) provides useful information 

on fatigue-crack growth rates expected in vessels. 

However, Eq. (37) is not reconnnended for actual estimates of the 

fatigue life of vessels. By itself, it is too. crude an empirical rela

tionship for this purpose. It does not contain the effects of mean load, 

frequency, environment, or temperature, which surely play a role in the 

flaw-growth fatigue life of vessels. For estimating flaw-growth lives 

with some precision, it is necessary to revert to the fundamental concept 

of measuring fatigue-crack growth rates in laboratory tests that simulate 

the 6K levels under conditions of mean load, environment, and temperature 

expected in a vessel. Under the expected conditions, the rate of crack 

growth, da/d.N, versus the stress-intensity-factor range, .6K, may be plot-

~ ted to give the basic behavioral pattern of the material being tested . 

. 
' 
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Differences in materials may be readily observed by comparisons of such 

curves. Moreover, carefully obtained data, as represented on these curves, 

may be used to estimate the fatigue-crack growth life of a vessel. A 

numerical integration of crack growth rates from the initial flaw size 

to the critical size that precipitates failure is all that is required 

to make such estimates. 33 ,36 

Data on fatigue-crack growth rates under expected environmental con

ditions are not yet available for pres.sure vessel steels. Nevertheless, 

data that are available on aircraft materials 33 , 38 and some data taken 

on pressure vessel steels 39 with an unfortunate choice of specimen con

figuration (the K levels cannot be computed) allow some tentative con

clusions to be drawn on the effect of environment on fatigue-crack growth 

rates. The presence of water (or high humidity) tends to accelerate 

fatigue-crack growth rates in pressure vessel steels, as well as others. 

For example, data40 on A 302 grade B steel indicate that simulated boiler 

water increases the rates of fatigue-crack growth by a maximum factor of 

2.5, whereas for salt water the factor is about 3 (Fig. 7.4). Data on 
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'· . 
A 201 grade B steel show virtually identical behavior, which leads to 

the conclusion that a factor of 3 is rather reasonable for A 302 grade 

B steel. These factors may be directly applied to the estimates for 

crack growth rates made with Eq; (37), as discussed earlier. Although 

this factor of 3 is.an approximation, since it. was obtained from a test 

for which stress-intensity factors cannot be computed, its precision is 

at least consistent with t~e·precision·of Eq. (37). 
The more precise and fundamental approach of simply gathering and 

plotting data on a da/d.N versus K basis is preferred. The relationship 

is implied that 

da/dN = f(K) , ( 38) 

where f(K) is a function that depends on the material and environmental 

conditions. Equation (37) is representative of the gross features of the 

function f(K), which shows the main trend but not the details. 

Similarly it may be recalled that the stress-intensity factor for

mula for any given solid body configuration depends linearly on the load, 

P, and also in some way on the crack size; that is, 

K = P f(a) (39). 

In general, Eq. (3.9) may be substituted into Eq. (38), which may be in

tegrated to give the "life," NF of a given configuration of a given ma

terial and environmental conditions. The life, NF, can be written as a 

function of the load, P, arid, alternatively, either the initial and final 

crack size or stress-intensity factor values; that is, the form is 

or (40) 

NF = H (P,K. ,K ) , 
2 J. c 

where H1 and H2 depend on material and environment and the effect of the 

configuration through the form of the variation in its stress-intensity 

factor with crack size. 

From Section 7.2 and other references 11 on stress-intensity factor 

formulas, it may be casually noted that for flaws which are relatively 

~ 
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small compared with other body dimensions, the formulas take the form 

K c <TVa' 4 
(41) 

where o- is the nominal stress on the crack plane and C4 takes on values 

from 2/....tTrfor an embedded circular crack of radius a to l.12v'7T for a 

long surface crack of depth a or an edge crack in a sheet. For typical 

flaws that cause concern in pressure vessels, for example, surface flaws 

that are of fairly similar proportions, the coefficient C
4 

is nearly al

ways roughly the same value. It is therefore reasonable, as well as in

formative, to combine Eqs. (37) and (41) in order to observe the broad 

trends of variables in life calculations, as implied by Eqs. ( 40). 

Making the substitution of Eq. (37) into Eq. (41) gives 

da 
dN 

Rearranging and integrating leads to 

or 

1 

(=-- - =--)' a. a 
l c 

c 1(&-)4 

or again making use of Eq. (41), 

(42) 

(43) 

Note that Eqs. (42) and (43) are rough approximations of the forms of 

Eqs. (40), where C 1 and C 11 are constants that depend on the material 

and environment and to a lesser degree on the configuration of the flaw 

or crack. 
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Some important conclusions on·fla~ growth life may be extracted from 

Eqs. (42) and (43). First, if the initial flaw size, a. (or K1·), is 
- l 

small compared with the critical size, a (or K ), moderate changes in c c . 
the critical fracture toughness, Kc (or ac), have little effect on the 

flaw growth life. This is the case of moderately "high-cycle fatigue." 

It is only in the case where the initial flaw size is nearly of the order 

of magnitude of the critical size that the· critical size, or Kc' becomes 

important. This case is relatively "low-cycie fatigue." Moreover, upon 

lumping the material constant K2 into'ci 1 , Eq.· (43) becomes 
c 

1 . (K2 ~ 
C'''{L\rr)2 Kf - 1) (44) 

Quite independently of the derivation of Eq. (44), Tiffany13 and others 

have observed that data on the lives, NF, of flawed laboratory test speci

mens and typical structures of a given material are correlated very well 

in terms of Ki/Kc' provided the stress ranges, &-, are roughly comparable. 

Moreover, Eq. (44) has a certain measure of appeal to those who follow 

the Coffin-Manson type of approach to low-cycle fatigue, where the rela

tionship 

(6E) 2 NF =constant 

is observed to correlate data for many materials. Equation (44) implies 

agreement to this relationship but that life also depends strongly on 

initial flaw size, ai, or stress-intensity level, Ki. 

Equation (44) is only the result of ~rude approximations for the de

tailed behavior of flaws growing by fatigue loading, Eqs. (37) and (41), 

and though it would be inadvisable to apply it directly, using it to study 

the significant variables and to understand their relative roles is quite 

appropriate. It is perhaps used best as originally suggested by Tiffany13 

through plotting test data on Ki/Kc versus NF in order to observe effects 

of flaw size, environment, etc., in a way that lends itself to selecting 

proper materials and assessing directly the severity of subcritical flaws. 

Again, some preliminary data37 on flaw lives in A 302 grade B steel are 

shown in Fig. 7,5. These data indicate lives of thousands of cycles for 

l 
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• ASTM A 302 GRADE 8 DATA37 

~• - .. ·- ·--.... •-.;::;·· ·- ....... ,.. .. _"; 
~,.."" 

5 10,000 2 5 100,000 

NF, CYCLIC LIFE 

Fig. 7.5. Cycles to Failure as a Function of the Initial K Value, 
Ki. Data from Ref. 37. 

flaws of about 4 in. or more depth and breadth in A 302 grade B base

metal plates tested dry at room temperature and cycled at half the yield 

strength. Similar tests should be performed on welded plates and with 

various typical environments for pressure vessels. 

The method of plotting data on Fig. 7.5 also implies the value to 

overload pressure testing in assessing the remaining cyclic life. 13 Since 

K is proportional to load P if any flaw survives an overload, the over-

load 

ating 

ating 

K must be less than Kc; or, as a consequence, its 

load, Ki, must be less than Kc multiplied by the 

load to the overpressure load, P/Pp; that is, 

K. 
l 

p 

-<Kc p 
p 

initial K at oper-

ratio of the oper-

(45) 

Moreover, the overpressure load can be deliberately applied at a lower 
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temperature, where Kc (low temperatur-e) is lower (see S.ect. 7.6.5). If 

the K values are knoWn a.t both temperatures, 
c 

(l.ow 
·' K. p K temperature) 

..2:. < c (46) K p K 
c p c 

From a fracture-mechanics flaw~growth viewpoint, there are no known dis

advantages of overload pressure testing.. On the contrary, Eq. (46) com

bined with data in the form of Fig. 7. 5 offer. ,decided advantages by quan

titatively guaranteeing a certain flaw-growth life independently of other 

inspection procedures. 

7.4.2 Crack Growth Rates as Af'fected by Environment 

The growth of cracks in a corrosive environment may be analyzed in 

much the same manner as fatigue-crack growth by using the stress-intensity 

factor, K, as the local stress variable for the "driving effect" of stress 

near the crack tip. 

In stress-corrosion crack propagation, relatively weak environments, 

such as water, often have pronounced effects in materials where the same 

environment may have very small effects on pitting corrosion (i.e., crack 

initiation from a smooth surface under stress). Moreover, the crack-tip 

stress state, plane stress versus plane strain, has marked effects on 

the growth of stress-corrosion cracks; that is, where the plate thickness 

.is large compared with the plastic-zone size and the plane strain, the 

conditions for environmental crack growth are much more severe than for 

relatively thin plates. Since most stress-corrosion tests have been 

performed on thin, smooth samples of materials, for the preceding rea

sons, most ordinary stress-corrosion data are of doubtful value for as

sessing the possibility of crack growth in the design of thick-walled 

pressure vessels with flaws. 

In some work on high-strength steel alloys 31 , 38 , 41 it has been shown 

that environmental flaw-g'rowth data can be correlated in terms of stress

intensi ty factors; this implies the form 

(47) 

..... -.} 

·' 
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This equation is analogous to Eq. (38), but here statically applied 

loads and environment are present (or fatigue loading and environment) 

with a stress state of plane strain (thick plates). For the case of a 

statically applied load for each material and environment combination, 

there appears to be a threshold level, KISCC' below which crack growth 

does not occur. This is also evident in other recent works, 13 , 42 , 43 

which in addition have shown that the KISCC value is substantially ele

vated under stress conditions tending toward plane stress (thin plates). 

On the other hand, under repeated fatigue loading (a few cycles per sec

ond), no threshold level seems to exist. 38 However, the normal case in 

reactor vessels is probably the former, where the occasional changes in 

load do not significantly alter the rate of progress of a stress-corro

sion crack. 

In low-strength high-toughness steel alloys, the KISCC stress-corro

sion-cracking threshold level is not unlikely to be nearly as high as 

Kic itself. 43 Consequently, it appears that it may be possible to com

pletely avoid static-load stress-corrosion cracking in reactor vessels 

simply by judicious choice of materials. The tests of the materials should 

be for the absence of any crack growth over long periods of time under 

environments and load variations (K-variations) anticipated in service". 

Currently in such tests fatigue-cracked notches are used as simulated 

flaws, and examination for absence of growth is by fractographic exami

nation upon completion of the ·test. Other techniques such as sectioning 

of the crack-tip region to show blunting of the crack are perhaps even 

more convincing. 

However, if KISCC is determined to be a significant amount below, 

Kic' several alternative considerations must be suggested. First, the 

time to failure (or rates of growth) for cracks with applied K levels 

above KISCC should be determined. 13 , 42 , 43 Normally, these times are rela

tively short; that is, a matter of minutes or a few hours from first load 

application. Consequently, a reator vessel vli th a flaw stressed above 

KISCC would fail in a short time unless it was protected from the environ

ment or unless plane st:ress c·ondi tions prevailed for cracks through the 

wall. In some cases, protection is possible, but not in general. In 
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the cases where protection is not possible, the fatigue analysis of Sec

tion ?.4.1 should obviously be terminated at KISCC [i.e., replace Kc in 

Eqs. (40) through (46) with Krscc with a corresponding change in inter

pretation]. Above KISCC' either there is no significant life remaining 

or if plane stress conditions occur at K-levels between Krscc and Kic' 

there is some chance of arrest or inhibition of static stress-corrosion

crack growth, whereupon the fatigue-crack growth mechanism might again 

prevail. Again, this is an area where little work has been done, and 

there has been especially little on low-strength high-toughness materials. 

In summary, for corrosion considerations, KISCC' or its equivalent, 

should be established for the materials considered in reactor vessels. 

Hopefully, KISCC will be very close to Klc' in which case no special 

provision for stress-corrosion cracking need be made in addition to that 

in' the fatigue-crack growth analysis .(with environment) in Section ?.4.1 . 

. However, if KISCC is appreciably below Kie' either KISCC should be used 

as the "failure level" in design or special procedures must be developed 

to assess the remaining life. 

7.5 CRACK PROPAGATION AND FRACTURE TOUGHNESS 

?.5.1 Measurements of Kc and Kic for 

Very-High-Strength Metals 

Crack-toughness measurements based on linear-crack stress-field 

analysis lead to critical values of the stress-intensity factor K for 

either onset of rapid fracture or crack arrest. Measurements of crack

arrest K values are less common, mainly because such tests require larger 

amounts of material. Similarly, for reasons of convenience, the testing 

speed most often used has been slow. · The loading time to fracture in 

slow testing is 'usually about 2 min. The primary interests supporting 

K and IC_ test development pertained to very-high-strength metals for c --le .-
u~e in rocket or ordnance applications. Adequate reviews of this field 

o.f work have b~en made (Refs. 10, 11, 13, 14, 44, 45), and this discus

sion summarizes only selected major points. 

.. ' 
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Onsets of rapid fracture and crack arrest are naturally of interest 

for use as crack-toughness measurement points, in part because they tend 

to occur abruptly and in part because present knowledge suggests no al

ternative choices. In the slow, stable and fast, stable regimes of crack 

extension, the average crack speed changes continuously in response to 

changes in the value of K or ~- The in-between points, called onset of 

rapid fracture and crack arrest, under ideally brittle conditions appear 

to be true instability points at which there is an abrupt upward or down

ward jump in the crack speed. As toughness increases and the plastic 

zone grows in size, the crack length for onset of rapid fracture becomes 

more difficult to select unambiguously in a simple way. Even for plane

strain Kic testing, material properties leading to unexpected amounts 

of stable crack extension prior to onset of rapid fracture sometimes oc

cur. After some years of study, the ASTM E-24 Committee recently ap

proved for trial, as a tentative Kic testing standard, a method remindful 

of a percent-offset tensile-yield-strength testing practice. 

In K and KI testing, some stable crack growth prior to the mea-
c c 

surement point is expected because the natural contour of the leading 

edge of the crack at the fracture load usually differs from the crack 

shape inserted_, say .• by low stress fatigue. When the specimen has a 

through crack, as in Fig. 7.4, plastic yielding near the plate surfaces 

results in added stress on central regions of the leading edge. The 

central region then advances. Whether this advance takes the form of an 

unstable plane-strain pop-in or appears gradual depends on the length of 

the leading-edge segment that becomes nearly unstable at the time of 

forward movement. From experience, a pop-in often occurs when the plate 

thickness B is more than four times the plane-stress value of 2ry, and 

it nearly always occurs when Bis more than 10(2ry). Also from testing 

experience, a substantial, stable forward motion of central regions of 

the crack can be assumed to be governed by a Kic level of K so long as 

environment effects that would cause continuing stable crack extension 

are absent. 

In K testing of very-high-strength steel and aluminum alloys, the 
c 

test method of Ref. 46 emp1oyed an ink-staining technique to mark the 

region of slow, stable extension prior to onset of rapid fracture. Study 



', 

478 . 

of a large number of these results showed stable extensions were rarely 

less than ry and rarely more than 2ry (Ref. 10), where these length fac

tors were computed on a plane-stress basis regardless of the degree of 

plane-strain influencing the test result. The presence of water in the 

ink no doubt assisted the observed stable extensions. However, "Elox" 

notches (about 0.002-in. root radius) were used for most of these tests, 

and this tended to reduce the stable growth. On general grounds a stable 

crack extension of about ry in size is expected as normal behavior and 

represents, primarily, readjustment of the leading-edge contour toward 

the shape most natural for the onset of a rapid fracture instability that 

s~vers the specimen. 

Roughly speaking, the present ~c testing method favored by the ASTM 

E-24 Committee is based on the assumption that when the load-deflection 

curve indicates stable crack growth of more than ry, a load corresponding 

to the Kic value has been achieved. Other details of the test method 

tend to encourage use of large enough test specimens so that most tests 

will terminate with an abrupt onset of rapid fracture prior to visible 

indications of stable growth. No change in the average level of ~c 

test results from those using presently customary methods is expected. 

During the past eight years, many thousands of K and K_ test re-c --re 
sults were reported from test methods suggested by the currently avail-

able techhical literature. Results reported in Refs. 30 and 45 are 

typical. The scatter band for a group of results from similar specimens 

of the same plate material usually extends 5 to 10% above and below the 

mean value. Welded regions tend to have larger variations of microstruc

ture and impurities, and the scatter range of test results is larger. 

Kic values reported by'Kies and his associates45 for various welds in 

ultra-high-strength maraging steel' show ±15 to 25% scatter bands for cen

tral· regions of the welds. The report states that these variations car-. . 
related with variations in quality of microstructure in the local region 

tested. 

The· difference in test result scatter between fracture-toughness 

tests and tensile-yield-strength tests corresponds in part to the con

trasting influences of small defects on these properties, as discussed 

in1 the first section of this chapter. The larger defects, which tend 

•,. 
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to be less uniform in distribution, influence the crack toughness but 

do not influence resistance to plastic deformation. An additional fac

tor is related to the test volume size. 

When the size of the fracture-toughness specimen is increased, the 

leading edge of the crack samples a larger volume of material. The re

sult is a reduction in the absolute size of the test result scatter zone. 

A corresponding reduction of the average critical K value should occur, 

in accordance with a "worst flaw" statistical treatment of the problem. 

In the case of Kic evaluations of the through-crack type of specimens, 

one dimension of the test volume is the plate thickness diminished by 

regions comparable in size to 2ry (plane stress) adjacent to the test 

plate surfaces. The area that would be used in completing the test vol

ume estimate would be the square of a small dimension intermediate in 

size between 5 and ry (plane-strain) and might be guessed as simply the 

product of these length factors. Such a test volume is quite small. 

Yield-strength tests respond to the average critical stress through a 

test volume comparable in size to the cube of the test-bar diameter, a 

volume several orders of magnitude larger than can participate in deter

mining a ~c test result. 

The substantial scatter of test results inherent to crack-toughness 

measurements has a definite bearing on a fracture control plan, which 

assumes that certain levels of crack toughness, established by testing, 

will be present as a barrier to crack propagation .. There are no conven

tional methods for selecting a worst Kic value for a particular applica

tion on a probability basis other than straight-forward statistical theory. 

On the basis of statistical theory, suppose ~c tests, say of an 

electroslag seam weld, have been done in sufficient number to permit de

termination of the standard deviation u, then a Weibull theory flaw dis

tribution exponent, m, can be estimated46 from the equation 

1 ') ..... 
(48) 

From the statistical theory, the average ~c for a large crack through 

thP. walJ. thic:kness B should be less than that for the small test cracks 
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in specimens of thickness B
0

, in accordance with the equation 

~c (
BBo.)1/m . 

(~c)average 
from tests 

(49) 

The value of ~ applicable to the large cracks would be reduced in size 

by the same factor, (B
0

/B) 1 /m. Several times this reduced~ value would 

then be subtracted from the large crack ~c to determine a conservative 

estimate for the service vessel. The details of this would depend on 

judgment factors best settled at a later point in fracture control plan

ning. 

7.5.2 The Brittle-Ductile Fracture Transition 

During fracture investigations associated with welded steel. rocket 

chambers for the Polaris and Minuteman programs, K measurements were 
c 

made on a variety of ul~ra-high-strength metals. It was noted that the 

percentage of oblique shear on the fracture surface showed a trend type 

of correlation with the dimensionless ratio 

Since 

1 (K )2 c t3 = - -
c B er Y plane stress 

= (Kc)2 
1T er . 

y 

(50) 

(51) 

is regarded as a formal measure of plastic~zone size, the ratio of plas-

tic-zone size to plate thickness was t3 /1T. As was noted in Refs. 17 and c 
47, less than 50% oblique shear was usually present when t3c was less than 

Furthermore, the condition t3 = 'fr represented one in which the value 
c 

of K, as a function of t3, was.increasing rapidly. Clearly t3 = 1T rep-
c . c c 

resented a midrange condition for the change from a flat-tensile fracture 

with relatively small shear lips to an oblique-shear fracture with 
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substantially increased fracture toughness. The ~ = ~ criterion for c 
midrange behavior was the same regardless of whether the fracture tran-

sition was induced by changing testing temperature or by changing test 

plate thickness. In the case of high-strength aluminum, K did not change 
c 

appreciable with temperature (excluding temperatures below -250°F) but 

did change with changes of test-plate thickness in the same manner as 

for steels. 

At the time Ref. 17 was prepared, fracture-toughness data for sev

eral rotor steels at about 100-ksi yield strength were available. These 

showed the same behavior pattern relative to the brittle-ductile tran

sition as did the high-strength metals. With regard to low-strength 

mild-steel plate material, only approximate estimates of fracture tough

ness based on crack-arrest tests were available. However, rough esti

mates of ~ based on elevated dynamic yield strength were made. The c 
same correlation between ~ and fracture transition was again evidenced. 

c 
A clear mechanism exists for the control of the brittle-ductile 

transition in terms of the plastic-zone size. For a plate in tension 

that contains a round hole straight through the plate thickness, the 

thickness-direction stress close to the hole at midthickness of the plate 

shows a large amount of plane-stress relaxation unless the hole diame

ter is less than half the plate thickness. 48 From this it is expected 

that plane-strain confinement of the plastic zone will disappear as we 

increase the plastic-zone size factor, 2ry, relative to the thickness of 

the fracture test specimen. If the open hole is allowed a moderate ad

vantage over the crack-tip plastic zone in causing thickness-direction 

stress relaxation, the ~ = ~ criterion for a midrange fracture transi-c 
tion condition is quite plausible. 

The.crack-opening displacement, 5, decreases with testing tempera

ture for a steel and thus changes in size relative to the grain size and 

relative to Krafft's dT. Alterations of this kind may have a bearing on 

appearance features of a flat tensile fracture; for example, on the frac

tion of the exposed fracture surface composed of cleavage facets. How

ever, the role of fracture appearances in relation to macroscopic fracture 

toughness is still not very clear. Notched-bar fracture tests of steels 

conducted at a RP.:r.ies of temperatures and with a series of specimen sizes 
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do not show one fracture transition associated with crystalline cleavage 

and a second transition associated with the relative size of the plastic 

zone. Only the transition associated with relative plastic-zone size is 

consistently observed. 

Several tensile fracture tests were performed at the Naval Research 

Laboratory with 60-in.-wide 3/4-in.-thick 2024-TJ aluminum plates cen

trally notched. The toughness was so large that the average net section 

stress roughly equaled the yield strength at the load for crack propaga

tion. However, the first test produced a flat tensile fracture normal 

to the plate surface extending nearly to the side boundaries of the speci

men. In a second trial, the hacksaw extension of. the central slot was 

tilted to 45° with the plate surfaces. This time the fracture was en

tirely oblique shear, but the load and net section stress did not differ 

significantly from that for the first test plate. According to J. G. 

'Kaufman (Alcoa Research Laboratory, New Kingston, Pa.), similar observa

tions have been made at his laboratory. Formal reports of this curious 

behavior do not seem to be available. The rapid room-temp_erature aging 

of 2024 aluminum after plastic straining is thought to be a factor. 

Anomalous flat tensile fracturing also occurred with certain rotor

steel alloys tested in the form of centrally notched 4- and 6-in.-thick 

spin disks at the General Electric Company's Large Steam Turbine Divi

sion.49 A thickness reduction at the root of the notch was observed that 

was indicative of large plastic strains, and the computed fracture tough

ness was high; however, the fracture showed shear lips that were almost 

negligible in-size. In these tests an arrest line could usually be seen 

on the fracture surface that marked the zone in which an oblique-shear 

fracture, if present, would have provided normal behavior. The tempera

ture range for these tests was room temperature to 450°F, and the anoma

lous flat-tensile fractures tended to occur in the upper half of this 

range. ·A report of recent fracture tests of beryllium plates states that 

large amounts of plane-stress yielding accompanied a flat tensile frac

ture appearance. 50 

The .interest in JS:c testing has led to use of brittle boundary coat

ings and face notching to assist establishment of plane-strain fracturing. 

The results show·that shear lips can be eliminated in this way. However, 
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the results also show that a fracture transition, in terms of plastic

zone size and fracture toughness, occurs despite elimination of the shear 

lips. From such observations as these, it is concluded that the position 

of a fracture-toughness test relative to elevation of toughness by plane

stress yielding is best judged by direct measurements of thickness re

duction or in terms of a parameter such as ~c' rather than solely from 

appearance aspects of the fracture surface. 

7.5.3. Double-Cantilever and Face-Grooved Specimens 

The single-edge-notched bend and tensile specimens most used for 

fracture-toughness evaluations are 1·rell described in Refs. 10, 11, 13, 

14, 44, and 45. For investigations of rate-sensitive materials and t'or 

other special purposes, specimens sometimes referred to as "double-can

tilever". and somet:i.mei:; ai:; "crack-line loaded" are of interest and will 

be discussed here. The testing advantage sought in this type of speci

men is control of the K value. In remotely loaded tensile and bend speci

mens, the increase of K with crack length at onset of rapid crack exten

sion is too fast, and continued crack extension is beyond control by the 

loading system. 

A double-cantilever specimen of' simple design is shown in Fig. '"/.6. 

If the beam depth, h, is small compared with the crack length, a, an 

p 
b 

h 

------a 
p b 

..-.--------------~12in.---------------------i 

Fie;. 7.6. Double-Cantilever Specimen. 
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adaptation of St. Venant's principle suggests an approximate but useful 

method of analysis. Since the section above the leading edge of the crack 

is remote from the applied force P, the load-displacement l can be esti

mated from a simple beam-theory stress distribution across the beam near 

the leading edge of the crack. So long as the assumed stress distribution 

possesses a bending moment equal to the applied moment, P(a + a
0
), the 

fact that the stress singularity is ignored causes only a relatively small 

error. By using the customary equations for beam deflections, 51 

where 

8(3+ )p E Xo xo B ' 

a + a 
0 

h 

(52) 

(53) 

and a is the crack length as measured from a point close to the applied 

load. Then from Eq. (13), 

4p2 (Jx~ + 1) ' 
EhB 2 

( 54) 

and using K2 = E~ provides the value of K. Adjustment of the small length 

correction a
0 

with the aid of several direct observations of C
0 

permits 
' 

approximate representation of K across a substantial range of crack 

lengths. Because of the relatively large compliance of the specimen, a 

careful experimental calibration for improved accuracy is not difficult. 

From study of the way beam-stiffness factors influence Eq. (54), it 

can be seen that the beam depth contributes only in terms of its value 

near the leading edge of the crack and that a tapered contour, with beam 

depth increasing in the direction of crack extension, .can be devised 

such that the coefficient of P 2 in Eq. (54) is held at a constant value. 

Tapered specimen contours of this kind have been developed by Mostovoy 

and Ripling. 52 For these specimens, the~ or K values depend only on 

the applied load and do not depend on the length of the crack. 

l 
J 
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Reference 51 discusses applications of specimens similar to that 

of Fig. 7.6 in studies of separational behavior of adhesive joints. For 

a layer of relatively low-modulus adhesive between two metal bars, x

direction strains in the direction of crack extension are suppressed. 

Thus the stress IT normal to the adhesive layer readily dominates in con-y 
trolling orientation of the tensile crack. Unless the interface regions 

are weak, the crack moves straight ahead nearly at the midpoint of the 

layer thickness. Usually the load-displacement speed can be adjusted so 

that crack extension consists of a series of abrupt run-arrest sequences. 

As many as a dozen or so samplings of the K value for onset of rapid 

fracture and of the K value for crack arrest can sometimes be obtained 

with a single specimen. 

A specimen that permits repeated observations of K for onset and 

arrest of rapid fracture is of natural interest for studies of crack ex

tension in metals, particularly fc:ir the rate-sensitive metals. However, 

unless a very stiff specimen is used with the beam depth large relative 

to crack size, the desired path for the crack, straight-forward along 

the plane of the initial starting crack slot, is unstable. For specimens 

similar to that of Fig. 7.6, IT is so large compared with IT at a short 
x y 

distance from the crack that a slight turning of the crack from the line 

of symmetry is enough to start a cracking path that breaks off one arm 

of the specimen. 

By machining the faces of the specimen along a strip containing the 

symmetry plane; a situation similar to that for the adhesive layer be

tween metal bars can be restored. Essentially the IT /IT ratio can be in-
y x 

creased sufficiently in this way so that the stress system controls and 

the crack plane lies in a region near the middle of the reduced-thick

ness strip. 

Face grooves of moderate depth (10% of specimen thickness or less) 

and moderate sharpness (0.1-nun root radius or more) have seemed to im

prove the abruptness of onset of rapid fracture for Kic testing of single

edged notched tensile and bend specimens. For face-notched specimens of 

these types, the test result K value is simply the K computed without re

gard to the face grooves multiplied by the square root of B/B , where B n n 
is the specimen thickness a.t the c::rack plane. 
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Use of face grooves with double-cantilever specimens requires~more 

careful study. In addition to reducing the size and influence of shear 

lips, the face groove is expected to control the direction of crack ex

tension. These are two separate tasks and must be done in a cautious 

manner relative to the following points: 

1. The compliance calibration (or two-dimensional analysis) fur

nishes the average of '29 across the specimen thickness at the leading 

edge of the crack. The total strain-energy release rate can be divided 

by the reduced-section thickness to obtain the d9 value applicable to the 

leading edge of the crack under observation with about the same accuracy 

as for situations with no face groovtng as long as the crack front main~ 

tains a normal shape. A normal crack-front shape for plane strain would 

lead. slightly at midthickness in a ·way corresponding to the anticlastic 

curvature of the crack surfaces. If the face groove is very sharp and 

produces a crack front leading at the side boundaries, there are several 

barriers to clear interpretation of results. One of these is the need 

for a three-dimensional analysis, which is currently not available. 

2. Unless the reduced-section thickness Bn is greater than a
0
(2ry) 

(plane-stress), a significant elevation of toughness from thickness re

duction yielding may be present. The value of a
0 

needs to be investi

gated. For deep notches, a probable result would be a
0 

= J. 

J. The effects of too much depth and sharpness of the face grooves 

and too little net-section thickness tend to offset one another in their 

contributions to the formally computed K value. Thus comparisons show

ing ~c from deeply face-grooved specimens equal to ~c fr~m large test 

specimens {known to be of adequate size for plane-strain control of test 

results) do not prove that the face-grooved specimens are testing the 

material in the desired manner. Thickness-reduction yielding may have 

occurred far enough in advance of the crack so that test results are 

influenced by a nontypical distribution of plastic strains. In addi

tion,. the crack-front shape may require a different stress analysis than 

the one usually assumed, as suggested in item 1 . 

. ' 

I 
. J 



487 

7.5.4 General Aspects of Dynamic-Crack 
Stress-Field Analysis 

A stress distribution was published by Yoffe 53 for a two-dimensional 

crack of constant length 2a moving at a fixed crack speed in an infinite 

solid with the tension cr acting normal to the crack at infinity. The 

value of K for the leading edge of this crack was cr...;rFa., the·s~e as for 

the similar static problem. Since Yoffe's analysis was based on crack

closure action proceeding at the same speed as the opening process, the 

usefulness of this solution was not at first clear. However, after some 

study it can be seen that the prediction from Yoffe's analysis that the 

limit to the speed of a crack fixed by inertia is the Rayleigh wave ve

locity is generally correct. A stable crack speed higher than this would 

not be possible because a fixed pattern of crack-opening displacements 

could not then advance as fast as the leading edge of the crack. Thus 

the limiting velocity of a brittle crack from purely inertial limitations 

is about 0.9c
2

, where c
2 

is the elastic shear-wave speed. In addition, 

the pattern of stresses and strains very close to the leading edge of 

the Yoffe crack can be assumed to apply generally to a running brittle 

crack because this stress field is dominated by the leading-edge stress 

singularity local to the region under consideration. In the dynamj_c 

leading-edge stress pattern the principal ~hange from the static pattern 

is a tendency for the maximum value of cr , at about e 60° from the crack y 
plane, to become more pronounced ~ith increase of crack speed. The change 

is gradual and no alterations worth attention occur when the crack ve

locity is below 0.4c
2

. 

The highest crack velocities so far observed9 were found in nearly 

pure silica glass and were about 0.6c . 
2 

More often the limiting velocity 

is about 0.5c and is far enough below 0.9c so that only a moderate dy-
2 2 

namic influence can be found in the calculated stress pattern for cracks 

movtng at maximum real crack speeds. For low-velocity cracks, less than 

3000 ft/sec for steels, the elastic stress pattern around the plastic zone 

of the crack does not differ from that for a stationary crack in tension. 

In concept, the stresses near a running crack in a structur8.l com

ponent might be found in the following way. The leading-edge stress 
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pattern (dominated by the singularity terms) could be assumed to be given 

by the Yaffe solution. This pattern would have a one-parameter K value 

characterization. A small circle would be drawn around the crack tip to 

establi.sh a boundary for the assumed crack-tip stress field, and then 

stress waves (in they direction, primarily tensile unloading waves) from 

the crack-tip stress field and wave reflections would be constructed from 

the boundaries in sufficient detail to establish the K value for the crack. 

No accurate solution of a problem of this nature is known. 

Such analytical study as has been given to practical dynamic-frac

turing problems - for example, crack arrest studies in large welded test 

plates - has been of the static kind. There is some evidence from data 

consistency that errors from not using a dynamic treatment have been rela

tively small. These observations are discussed in Section 7.5.7. 

For the running crack, the inertia of surrounding plate material de

lays interaction of the crack-tip stress field with the points of load 

application and specimen boundaries. The effect of this delay is a mod

erate reduction of the K value below the static estimate. Essentially 

the plate material inertia provides a short-specimen fixed-grip condition· 

to a partial degree. Subsequent reflection of tensile unloading waves 

might add positive increments to K if free boundaries existed directly 

above and below· the crack. However, such a s i tua ti on is not expected 

for the tensile direction of loading. 

After arrest of the crack, restoration of the original load results 

in a total stress-field energy in the structure larger than the original 

amount. Suppose the total energy consumed in crack extension is Uw + UL' 

where Uw comes from the weld residual-stress field and UL comes from the 

superimposed stresses due to loads on the structure. Roughly the in

crease of stress-field energy·in the structure is UL, and the loading 

forces have added twice UL during a short period following crack arrest. 

During this time period the K value must change from a dynamic-arrest 

value, somewhat lowered by the inertial effects, to the static value. 

Occasionally several arrest markings are visible close to a position of 

final arrest; this suggests that added crack extension may occur during 

the transient time interval prior to the final static stress distribution. 
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In summary, static methods of analysis serve well enough for purposes 

of estimating the crack arrest possibilities in a structure. The error 

from not using a dynamic analysis method is probably small and probably 

conservative. Run-arrest segments of crack extension comparable in size 

to the wall thickness would not be expected in carefully fabricated boil

ing-water and pressurized-water reactor pressure vessels. This phenomenon 

requires a local region of large residual tensile stress, say from weld

ing without stress relief, or a substantial local region where resistance 

to crack extension has been lost for some reason (for example, an exten

sive concentration of undesirable impurities). Both conditions should 

be eliminated by fabrication and inspection controls, as discussed in 

Section ?.J. of this chapter. 

7.5.5 Fracture-Process Zone, Time-Rate Effects, 
and Minimum Fracture Toughness 

The term "fracture process zone" is used here for the region at the 

leading edge of the crack within which small separational elements form 

and within which plastic-strain conditions critical for their rapid join

ing develop. The length factor 5 seems a large enough estimate of the 

size of this zone. Krafft's dT length factor is smaller and is thought 

of as the spacine; of the finP.-scale elements of ceparation. 

A rough estimate can be made of ·a time, tA' necessary for a substan

tial degree of temperature equalization across a distance, x
2

, in a metal, 

with the equation 

x2 
2 

( '.:l5) 

where the thermal diffusion coefficient a is the ratio of the thermal 

conductivity to the product of density times specific heat. 

In order to obtain the value of tA' an opening dislocation, b, which 

would be typical for ·A 302 grade B steel at onset of rapid fracture (plane 

strain), is used for x , and rapid load application in a time of several 
2 

milliseconds at room temperature is considered. For these conditions 

Kic = 75 ksi·in. 1 12 can be assumed. The yield strength is taken as 
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-62 ksi plus 20 ksi for elevation by rapid loading. The sum of these times 

y'"?;for plane-strain constraint gives rry = l42 ksi. Thus 

l.3 x 10- 3 in. (56) 
Erry 30 x l0 6 x l42 x 103 

If we assume a O.l6 cm 2/sec = 0.025 in. 2/sec, it is found that 

68 x 10- 6 sec . (57) 

0.025 

The resulting value of tA is so small in comparison with the l~ading 

time of several milliseconds that there is assurance that a fracture

process zone comparable in size to 5 would be quenched by surrounding 

metal to an isothermal condition. 

For a running plane-strain crack approaching an arrest point in the 

same metal, a K value of 70 ksi·in. 1 12 and a minimum crack speed of 50 

ft/sec would be reasonable estimates. The estimate of loading time for 

a zone of siz.e 5 near the leading edge of the running crack will be ap

proximated as 5 divided by 600 in./sec. Because of the shortening of the 

loading time, rry is estimated as '\/3 (62 + 40) = 178 ksi. Thus 

o.92 x l0- 3 in. (58) 
30 x l0 6 x l78 x 103 

and 

(59) 

However, the loading time is only 

0.92 x 10- 3 in. 
l. 5 x lo- 6 sec . ( 60) 

600 in./sec 

This time is so short compared with tA that there is assurance that thermal 

.. .-

l 
1-:'): 

\ 

l· 
I 



491 

gradients will be maintained corresponding to differences in local plas

tic work across dimensions in the metal substantially smaller than 5. 

Use of dT in place of 5 in the preceding illustrations would not 

have changed the conclusions. For metals, quite generally, the most rapid 

loadings feasible with testing equipment ( 2 ms·ec for fast hydraulic testers 

and 0.2 to 0.5 msec for drop-weight and Charpy impact testing) are not 

fast enough to prevent quenching of the fracture process zone of the 

stationary crack to an isothermal condition. In contrast, the smallest 

speeds that have been observed for cracks approaching an arrest in a rate

sensi ti ve steel are equivalent to loading times so short that the frac

ture-process zone has an adiabatic thermal condition down to length fac

tors as small as dT. 

The running crack approaching a crack-arrest point and a stationary 

crack approaching instability due to rising tensile load are clearly dif

ferent in terms of thermal conditions. Nevertheless, a strain-rate com

parison is of some interest. Section 7,3 of this chapter discussed the 

characterization of the fracture-process zone in terms of an average 

strain concept, E
1

• It will be assumed that attention can be restricted 

to the fracture process zone and that only the strain rate pertaining to 

E need be considered. For this purpose the relation suggested by Krafft 
1 

serves well enough. Thus the critical strain, E1 , for the fracture pro-

cess zone is represented in the form 

E 
1 

K 

E v2JrdT 
(61) 

For a Kic test conducted with a linear increase of load with time up to 

the fracture point, the strain rate, €, is given by 

K 
E E 

1 ~c 
(62) 

As noted in Section 7.3, other representations of E
1 

are possible. 

An averaging procedure that would predict proportionality of E1 to K2 

could be shown. However, this would merely insert a factor of 2 in the 



492 

numerator of the last term of Eq. (62), and changes occur slowly enough 

with strain rate so that a factor of 2 error in E would not be serious 

in correlation studies. 

The strain rate for a crack traveling at some relatively low con

stant speed, a, is considered next. As in the case of the thermal esti

mate, the time for elevation of the strain to E at a fixed point ap-
1 

proached by the process zone will be taken to be o/a. Thus the strain 

rate for the running crack becomes 

(63) 

A match between strain rates for the stationary and moving cracks, except 

for difference in values of E
1

, would occur for a loading time equal to 

o/a. In the case of the 50-ft/sec crack in A 302 grade B steel employed 

for a thermal_ condition illustration, this time was found to be only 1.5 

µsec, a factor of 300 smaller than the loading time estimate for a notched

bar impact-fracture test. Actually K value estimates from studies of 

crack arrest in strain-rate-sensitive steels do not seem to differ from 

Kic values derived from notched-bar impact tests, despite the difference 

in the corresponding estimates of strain rate. 

Figure 7.7 provides a concise summary of plane-strain crack extension 

behavior in schematic form. A solid curve and a dash-dot curve show the 

fast, stable and slow, stable regimes in terms of log a as a function of 

log ~. The _vertical line segment forming the lower left portion of the 

solid curve represents the tendency for crack arrest in rate-sensitive 

materials to occur abruptly from a certain minimum velocity. This ver

tical portion should be thought of as a stretched-out end point of the 

fast, stable regime. Crack extension is stable only where the slope of 

.the line is positive and finite. In terms of a loading-speed scale at 

the right of the graph, log l/t, the dashed line represents the tendency 

of~Ic' for onset of rapid fracture, to decrease with increase of strain 

rate. All the behaviors are for a fixed temperature. With increase of 

temperature the slow, stable curve would tend to shift upward, while the 
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Fig. 7.7. Crack Extension Behavior as a Function of the Force,&, 
at a Fixed Temperature. 

fast, stable and &re curves would shift to the right. For a rate-insen

sitive metal, such as 7075-T4 aluminum, the &re curve would coincide with 

the left vertical portion of the solid curve, which would then not .shift 

appreciably over the temperature range of rate insensitivity. 

For tests of layers of epoxy adhesive between metal bars in the 

double-cantilever specimen form, the crack speed has been measured with 

vibration-induced ripples on the fracture surface, 52 and the observed be

havior corresponds to the crack-arrest curve shown in Fig. 7.8. The load

time curves for these tests showed a saw-tooth appearance. Each run

arrest burst produced a vertical segrrient of load drop that was ·followed 

by an upward slanted reloading line to the next instability point. With 

increase of loading speed a record could be produced showing no load 

change discontinuities, while the fracture surface still exhibited arrest 

markings. This means that the va.lues of rflJ (or K) for onset and arrest 

of rapid fracture had become very nearly equal. In terms of Fig. 7.8 

this means that the &Ic line, extended to high enough loading speeds, was 

meeting the vertical end-point portion of the fast, stable behavior curve. 
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Fig. ?.8. Crack-Arrest K Values.from Wide-Piate Tests. 

It would be most ·reasonable to expect rate-sensitive steels to be-

have in a similar manner. Evidence for this will be discussed in a later 

section. For strain-rate sensitive steels, the evidence suggests that 

a ·1oading time about equal to that for a notched-bar impact-fracture 

test is fast enough to reduce the fracture toughness to the minimum value. 

7.5.6 Fracture Toughness in Relation to 
Plastic Flow Properties 

The two plastic flow properties of primary interest in relation to 

fracture are yield strength and strain hardening. These may be measured 

and represented in various ways. The yield property wanted is that which 

would serve best in estimates of plastic zone size, such as 2ry· For 

this use the 0.2% offset uniaxial tensile yield strength, which is most 

often available, has served satisfactorily. 

With regard to strain hardening, the purpose is to assist prediction 

of fracture-process-zone strain, E , as a critical strain for plastic in-
1 

stability. For this purpose it is a natural choice to define the measure 

J 
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of strain hardening as the exponent n in the equation 

( 64) 

where crTS and ETS are the true stress and true strain, respectively. For 

a uniaxial tensile specimen, this equation predicts that plastic insta

bility will occur when ETS n. Krafft measures n with small cylindrical 

compression specimens as a function of temperature and strain rate. To 

obtain isothermal n values, it is necessary either to avoid adiabatic 

temperature rise (by step loadings separated by time intervals) or to 

correct for the effect of the temperature increase. 

To compare n values with Krc values for equal temperatures and strain 

rates, Krafft assumes 

:K 

~c 
E 

n (65) 

This amounts to assuming E
1 

= n as the condition for onset of rapid frac

ture. The justification for this assumption is found in the results. As 

illustrated in Ref. 29, a comparison on this basis over a wide range of 

strain rates and temperatures shows that a trend cxic;tc; for Krc to vary 

in proportion to the isothermal n value. Successful trials have been 

made with a wide variety of steels and several titanium alloys. 

Fracture toughness is expected to depend in a joint way on small de

fects and plastic flow properties. Krafft assumes that the influence of 

the defects which assist advance separations in the fracture-process zone 

can be represented by the Krein ratio, a factor assumed to be invariant 

with temperature and strain rate. This invariance and the simple Krein 

proportionality are, no doubt, oversimplifications that will receive 

some modification after closer study. Nevertheless, the large degree of 

success and the information resulting from thi~ approach provide essential 

guidance for basic research and for certain practical applications as 

well. 

When a series of crTS versus ETS ~urves are made for a ferritic steel 

at a series of decreasing temperatures, these show regular increases of 
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yield strength with lowered temperature, but the absolute slopes o~ these 

curves after yield are quite similar. 54 The same observation can be made 

, for a series of increasing strain rates when an adiabatic temperature 

'rise is avoided. This mean·s that if the n value measure of strain harden

ing is known for one of these curves, approximate ri values for the other 

temperatures and strain rates can be estimated on the basis of an inverse 

proportionality of n to yield strength. Comb~ning this procedure with 

the idea of a direct proportionality between Kic and n means that given 

knowledge of a Kic(T
0

) measured at the temperature T0 , 'the value of Kic(T) 

for the temperature T can be estimated from the relation 

( 66) 

The values rrys are regarded as 0.2%-offset uniaxial tensile yield 

strengths for the strain rates pertaining to the Kic 'tests. Use of Eq. 

(66) over a very wide range of temperatures and strain rates would not 

serve well because Krafft's studies show a closer degree of proportion

ality of Kic to n than to (rrys)- 1 • Trials indicate that Eq. (66) esti

mates of the increase or decrease of Kic due to a ±60°F temperature change 

do not show appreciable error. When the range is extended to ±l20°F the 

results tend to be moderately conservative. 

Investigations of rrYS' for a steel, as a function of temperature and 

strain rate in the range from very low temperatures to room temperature 

can be nearly represented by a single curve in terms of a speed-tempera

ture equivalence. In fact, Bennett and Sinclair55 show that data for a 

variety of metals with crystalline similarity can be fitted to this same 

curve by a uniform shift of each curve parallel to the rrys coordinate 

direction. 

In later sections it will be desirable to estimate rrYS for certain 

rapid strain rates and at various temperatures from the room-temperature 

static value of rrys· A recent report by Wessel, Clark, and Wilson 56 pro

vided measurements of rrYS for two large-thickness plates of A 302 grade B 

steel and a plate of rotor steel across the temperature range from -320°F 

to room temperature. From the basic idea in the Bennett-Sinclair paper, 

J 

) 

I 
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a single curve representation of this data was made. 57 A convenient 

equation with a good fit to this curve was given by the expression 

+ 14,500 ksi 
T + 459 - 40.4 ksi , ( 67) 

where T is the temperature in degrees Farenheit, and t
0 

is the load rise 

time for static (slow) testing and is assumed for later purposes to be 

50 sec. 

To estimate the rrYS for a shorter load rise time, t, the temperature

rate equivalence idea leads to the relations 

where 

T1 + 459 

T + 459 

log (2.1010 t) 

log (2.1010 t
0

) 

The frequency constant in this equation is adapted from Ref. 55. 

( 68) 

( 69) 

Equation (67) was written in terms of matching the rry8 -temperature 

curves at -100°F. This is better than matching the curves at 70°F be

cause it eliminates effects of strain aging. If the reference tempera

ture is changed to 70°F, the negative term at the right of the equation 

becomes -13 ksi. Primarily, Eqs. (67), (68), and (69) are intended for 

use in estimating dynamic yield values at various temperatures in a sim

ple way. It is not possible to include effects of strain aging without 

a large increase of complexity in the equations. Correspondingly the 

tendency of Eq. (67) to predict static rrys values above 0°F that are some

what low was thought not to be harmful. 

A recent paper by Corten and Shoemaker~ 8 suggests that correlation 

of Kic values over a range of temperatures and strain rates might be 

simplified by going directly to a rate-temperature parameter approach, 

such as that used by Bennett and Sinclair, 55 for correlation studies of 

yield strength. Reference 58 notes that an approximate proportionality 
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of Krc to n can be implicit in this method and that an n-value-independent 

relationship of Krc to o-ys can, in this way, be included. 

The most prominent influence of plastic flow properties on fracture 

toughness is the brittle-ductile transition introduced when the crack

tip plastic zone becomes comparable in size to the dimension of the part 

parallel to the leading edge of the crack. This was discussed previously. 

Because of material and testing-machine limitations, the critical K for 

onset of rapid fracture, which is measured and reported often, contains 

some elevation above Kic due to plane-stress yielding. If these results 

correspond to t?>c less than v; approximate values of Kic can be obtained 

from the relationship, 17 

K~ = Kie (~ + 1.4 t?>ic) ' (70) 

, where · 

t?>Ic 
1 (Kic)2 

B o-YS 
(71) 

The use of Eq. (70) to predict Kc from a given value of Kic is subject 

to a larger uncertainty than its use in the opposite way. However, if 

conditions representable as t3 < v or t?>1 < 1 are met, the error of a c c 
Kc value obtained in this manner should be of tolerable smallness in re-

lation to other uncertainties. 

A variety of estimation relationships have been reviewed in this 

section because their employment has proved to be useful in checking the 

general consistency and meaning of fracture-testing information of many 

kinds from a variety of sources. Readers should not infer that these 

relationships are preferable to possession of the accurate test infor-
1 

mation, absence of which motivates their use. 

7.5.7 Dynamic Fracture-Toughness Measurements and 
Fracture Transition Temperature Tests 

Figure 7.8 shows results of crack-arrest observations by Nordell 

and Hall 59 for l- and 3/4-in.-thick plates of A 212 grade B steel. At 

-l .. , 
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the NDT temperature of this material, 20°F, the plastic-zone size factor, 

2ry (plane stress), is about 1/3 in., which is small enough for the shear 

lip borders of the fracture to be small but large enough to allow some 

plane-stress elevation of the K value. The fact that the results show 

negligible temperature effect below 0°F may not be significant, because 

only a small range of temperatures was covered. The upward trend of the 

crack-arrest K values above 20°F is due to the approach to the midrange 

fracture transition conditions expected at about 85°F. These results may 

be compared with an estimate of a rapid load Kic from the small-flaw drop

weight impact tests used to find the NDT value for the plate material. 

The critical section for the fracture produced in NDT temperature 

testing is shown in Fig. 7.9. The bar is broken in drop-weight impact 

bending with a notched brittle weld on the tensile side to serve as a 

representative small flaw. In original concept the NDT separated the 

temperature region in which a flat break occurred from the higher tem

perature region in which noticeable platic bending accompanied separation. 

In the course of test development and standardization, it was convenient 

to make use of the rapid increase in tendency for arrest of lateral crack

ing, with increase of temperature, through the region of the NDT. Thus 

stops were used under the bar that made these arrests positive, and the 
-~ 

failure or success of arrest. ;i,i:; critical to the test result. However_, in 

the analytical interpretation it is best to return to the original idea. 

men. 
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Fig. 7.9. Schematic Diagram of Fracture Section of NDT Test Speci-



' . 500 

.As the specimen bends1 the notched brittle weld bead produces a small 

partly through starting crack. If propagation of this crack occurs prior 

to yielding at the. tensile surface, the quick motion of the crack causes 

separation without noticeable plastic distortion. At temperatures lO to 

30°F above the NDT temperature, tests with the stops removed have shown 

that plastic bending_,does occur. At the· NDT temperature, the stress level 

,for crack propagation is very nearly the dynamic yield stress for the 

piate material, rrYd" By making a fixed arbitrary estimate of the size 

and shape of the· small starting crack, use of the equation for a semi

elliptical surface crack, as indicated on Fig. 7.9, gives the result 

.. 
Kid = 0.78 in. 1 12 rrYd . (72) 

Examination of typical fractured NDT specimens (by G. Irwin and P. 

Puzak at Naval Research Laboratory) suggested that dimensions about as 

shown in Fig. 7.9 could be justified in terms of hesitation lines seen 

on the fracture surfaces. These dimensions might be adjusted moderately, 

but the magnitudes given lead. to K values that are, so far, consistent 

with other experimental evidence. The result from Eq. (72) is a Kic 

value. However, it might be helpful to have a special designation for 

the dynamic crack arrest or rapid-loading K values, which are considered 

to represent minimum fracture toughness of the material at the testing 

temperature. The suggested designation is Kid" 

The room-temperature rrYS for the material of Fig. 7.8 was reported 

as 36 ksi. Assuming a loading time of O:? msec for the NDT tests and a 

loading time of 50 sec for static (slow) measurement of rrYS' use of Eqs. 

(67), (68), and (69) results in rrYd = 60.4 ksi at the NDT temperature, 

which was 20°F. Thus the prediction from Eq. (72) becomes 

~d = 0.78 x 60.4 

= 47.1 ksi·in. 1 12 (73) 

The values of ~Ic for 0.75- and 1.0-in. plates were therefore 0.8l and 

0.6l, respectively. Using Eq. (70) to estimate the toughness elevation 

due to plane stress yielding results in K values of 65 ksi·in. 1 12 for 

'' 
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0.75-in. plates and 58 ksi·in. 1 12 for 1.0-in. plates. These values agree 

with the tests results in Fig. 7.8 somewhat better than might be expected, 

particularly since neither the Nordell-Hall calculations nor the estimates 

developed here for comparison have an accuracy likelihood greater than 

about 10% in the K value. 

At the Materials Research Laboratory (Richton Park, Illinois), mea-

. surements by Ripling and Crosley are in progress with the objective of 

Krd determinations from rapid hydraulic loading and a tapered double

cantilever specimen. The procedure employs a rapid loading surge super

imposed on a moderate initial tension on the specimen. Figure 7;10 shows 

a set of results that was informally available in October 1966 for speci

mens of A 302 grade B steel. The estimate of Krd from NDT was uncertain 

because results of direct NDT testing of the material were not available. 

From the yield strength and the fact that the material was from a large

thickness plate, an NDT temperature of 20°F was selected for comparison 

purposes. The estimate of Krd for this choice of NDT is 70 ksi•in. 1 12 • 

Assuming inverse proportionality of Krc to yield strength provided the 
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, lower dashed curve of Fig. 7.10. The measured results lie not far above 

·this curve. 

In order to consider whether the specimens were of adequate size, 

values of 2ry (plane stress) are needed. At a 0.5-msec load-rise time 

the value. of crYd is estimated as 85.5 ksi. With Kid estimated as 74 

ksi·in. 1 / 2 at 70°F, the value of Kc based upon B = 2 in. for 70°F is 

81 ksi-in. 1 12 • From this, the value of 2ry (plane stress) is 0.29 in. 

At a 50-msec load-rise time, 2ry (plane stress) has increased to 0.38 in. 

For a net section thickness three times 2ry for adequate constraint, the 

size of the 2-in.-thick test specimen used in the Ripling-Crosley tests 

was marginal. However, the specimen size is close to that desired, and 

the results correspond to expected behavior relative to loading time. 

Thus some confidence can be placed in estimating the 70°F value of Kid 

to be about 74 ksi•in. 1 12 . 

Several crack-arrest events were noted during the tests discussed 

above. Only for one of these was the load for crack arrest indicated 

clearly enough to permit a calculation. The result of this single arrest 

trial pr.ovided a Kid value of 70 ksi ·in. 1 I 2 •. 

Figure 7.11 shows Kid values estimated for HY-80 steel at the NDT 

temperature (-150°F), at NDT temperature plus 60°F, and at NDT tempera

ture plus 120°F. Fragmen~~ of comparison data were available from Lehigh 

Unl.versity 60 and (informally) from Krafft. The experiments at Lehigh 

University were tests of a wide 1.75-in.-thick ship-steel plate. The 

test plate contained·,a r.ectan'.gular welded insert of HY-80 steel in line .. 
·with the··crack st·arter slot for a trial at crack arrest. At 0°F, one 

trial gave a successful arrest. In a second trial, with the crack much 

longer at the arrest position, the HY-80 steel separated with a ductile 

fracture, and no arrest '·1as observed. Rough estimates of the minimum 

Kc value ·for crack arrest in the first trial were possible. The conver-
~ ' 

sion to Kic gave the'""value 135 ksi. in. 1 I 2 as a minimum estimate, and this 

is shown in Fig. 7.11. 

Krafft's measurement.s of Kic' indicated by the symbol Kin Fig. 7.11, 

were made with slow-speed loading at -320°F. An n coefficient estimate 
' 

. .Jof .the static Kic at -220°F was available and is shown as the point S in 

Fig. 7.11. The short vertical line to the right of S indicates the 
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Fig. 7.11. Fracture Toughness Estimates for HY-80 Steel. 

temperature at which crYd for HY.-80 would be expected to equal the static 

crys at -220°F. Thus the estimate of Kid from the point S is in close 

agreement with the estimates of Krd from the NDT measurement. Results 

of a di:r.ect m~asurement of NDT for the material used in the Lehigh Uni

versity tests were not available. 

The toughness indicated by the crack-arrest trials discussed above 

is encouraging. A room-temperature fracture toughness above 140 ksi·in. 1 12 

may be required for a fracture-safe 12-in.-wall nuclear reactor pressure 

vessel. This would seem to be obtainable with steels having a toughness 

quality similar to that of HY-80 steel. 

A variety of crack-arrest tests have been employed for crack tough

ness evaluations led by work of this nature by Robertson at the Admiralty 

·Construction and Repair Establishment. These are well summarized by 

~ipper. 61 Generally the procedure consists in rapid application of wedge

opening forces to a sharp notch in the specimen. The notched region is 

chilled to a low enough temperature for brittle fracturing. The balan~e 

of the specimen may be held at a fixed gradient of temperature rise. Al

ternatively, the.temperature of test portions of the plate may be placed 

at a series of uniform temperatures in a sequence of tests. Variations 
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of superimposed tension perm.it finding a relationship between the machine 

tensile load and the temperature for successful arrest of the crack. Al

though, in concept, a fracture-mechanics analysis of these tests might 

be used to determine the K value for crack arrest, the testing plans do 

not provide for control and measurement of the applied forces to a degree 

adequate for such calculations. Crude estimates of the wedge-opening 

_forces for certain SOD (Standard Oil Development) tests of 3/4-in. ship

steel plates were made by Wells, 62 and values of K (for crack arrest) 

were found that agree roughly with those of Fig. 7.8. 

By standardization of lateral test dimensions and restriction of 

testing to a limited range of plate thicknesses, crack-arrest tests have 

served quite usefully for comparative assessments of crack toughness. 

The recommendations therefrom regarding safe range of operating tempera

ture are generally similar to those from NDT testing. 

The test most used for assessment of fracture toughness on a tran

sition-temperature basis is the Charpy V-notch test. So much information 

has been collected in this form that an attempt at its use for Krd esti

mates seems desirable, even though the foundations for such estimates 

are far from ideal. 

The definition of Charpy V-notch transition temperature that seems 

best for analytical purposes is the FATT, the temperature at which the 

side border shear regions occupy half of the fracture surface. Use of 

a test result corresponding to greater brittleness, say, the 12 ft-lb 

temperature, seems undesirable because this is known to depend on notch 

sharpness and shifts to considerably higher temperatures when a fatigue 

crack is used at the notch root. The energy level in regions less sen

sitive to notch sharpness can be used in terms of an analysis suggested 

by Wells. 63 This 'provides a plausible Kc-type estimate but one which is 

too far from plane strain to permit use of Eq. (70) to derive a value of 

Krd· The fracture appearance itself is not truly indicative of relative 

plastic-zone size because the run of the crack is too short relative to 

specimen thickness and does not permit the shear-lip development that 

would be found in a long crack traversing an equal thickness plate of 

the same material. 
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Two facts that do appear useful are the following: 

1. The Charpy V-notch FATT corresponds generally to a 50% shear 

fracture appearance for a low-velocity crack in steel plates of 3/4- or 

1-in. thickness. By assuming ~c = rr for each of these two thicknesses, 

the proportionality of Krd to a-Yd can be e.stimated from Eq. (70). 

2. The Cha~y V-notch FATT is often not far from the NDT tempera

ture plus 60°F. From Eqs. (66) and (72), 

(

(J )2 = 0. 78 in. Yd at NDT • 
FATT a-Yd at FATT 

(74) 

Trials of (1) and (2) above with data typical for A 212 grade B, 

A 302 grade B, and HY-80 steels suggested that an approximate estimate 

of Kid at the FATT.is given by 

(75) 

Except for flaw statistical considerations, Krd is a thickness-in

dependent fracture-toughness property of the material which, for steels, 

increases in a regular way with temperature. Transition-temperature re

sUlts from .Charpy V-notch (or NDT) testing .. can be thought of as assess

ments of the temperature at which (K1d/o-Yd) 2 achieves a value within a 

certain size range. Use of transition temperature for judging fracture 

toughness in comparative terms is not, in general, misleading to the 

metallurgist in his efforts to improve the toughness of the material. 

Caution is required, however, in applications to design. As the yield 

strength increases, a design stress that is proportional to the static 

yield strength becomeG a lo.rger fraction of a-Yd. Thus some flaw toler

ance is lost, even if the transition temperature remains unchanged. In

fluences of thickness are discussed in Section 7.6 of this chapter. 

Extension of Krc testing to very large bend tests and to rapid load

ing has been under discussion and has achieved various degrees of devel

opment at a number of laboratories. Progress has been steady but slow 

due to the expense of equipment and specimens. A paper giving initial 

exploratory results was published by Raden and Turner. 64 Their work was 
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at Charpy bar size, but it illustrated successf'ul use of the striking 

tup as a dynamic weigh bar to furnish load-time records necessary for K 

value calculations. Similar work across a range of sizes is in progress 

at the Naval Research Laboratory. 

More study has been given to Krc testing of very-high-strength steel, 

aluminum, and titanium alloys than to the rate-sensitive steels of in

terest for boiling-water and pressurized-water reactor pressure vessels. 

However, the testing deficiencies are not in the areas of concepts and 

analysis so much as in matters of equipment and technique. The vessels 

of interest will be designed sufficiently below the level for general 

yielding that the fracture prevention problem largely concerns plane-

s train toughness properties and crack situations for which existing methods 

of fractur~ mechanics analysis are suitable. · 

The high values ~f (Krc/rry) 2 of interest indicate that rather large 

specimen sizes will be required, precracking of the notches will be more 

difficult, and some testing problems no doubt will develop that are not 

at present foreseen. Within a given size limitation, Krc values can be 

measured across a ~ange of loading speeds and up to higher temperatures 

for dynamic than for static loading. There are also interpretation dif

ficul tie_s in practical applications. For example, the relative usef'ul

ness of static and dynamic fracture toughness is in question with nuclear 

reactor vessels. However, the _entire subject has advanced greatly since 

the 1955-1960 period. During that period three major fracture problems 

(de Haviland Comets, heavy-section rotating parts of large steam turbine

generators, solid propellant rocket chambers) assisted fracture-mechanics 

testing developments and at the same time benefited therefrom. Hopef'ully, 

the concern over the vessels of interest for this report will contribute 

and benefit in a similar way relative to rate-sensitive high-toughness . 

metals. 

7.5.8 Comments on Crack-Opening Dislocation Measurements 

In previous comments, attention was drawn to the analytical usef'ul

ness of the small length factor, o. This is perhaps better called "crack

opening dislocation" than "crack-opening displacement." The former term 

. •. 
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has been used at times by Wells and avoids confusion with crack-opening 

measurements at other positions than the actual leading edge of the crack. 

If a sharp fatigue crack is used at the leading edge of the crack-repre

senting notch in the specimen, some slow crack growth cannot be avoided, 

even under plane-strain conditions. Thus it is not clear how a direct 

measurement would cope with the gage-positioning problem. In addition 

there would be the normal irregularities of the fracture surface. 

In trials of direct measurement of 5, attention was given primarily 

to rate-sensitive structural-grade steels. The leading portion of the 

notch was a jewlers hack saw cut with no fatigue-crack extension. 65 It 

can be argued that under conditions of moderate ductility the notch sharp

ness would not cause a significant difference in the fracture load. Static 

testing was used and the temperature range covered did not go far below. 

the region of plane-stress to plane-strain fracture transition. At these 

lower temperatures the 5 value, of the order of 10-J in., became compa

rable to the limits of measurement precision. The strain-rate sensitivity 

and the notch sharpness tended to suppress slow crack growth, and the 

hack saw cut provided smooth surfaces for the gage. For these reasons 

the results of Ref. 64 are of special value from a model-testing view

point. 

The results verified that the condition for onset of rapid fracturing 

could be characterized by a critical opening-dislocation value, oc, which 

was a function of temperature and degree of plane stress. Aside from 

considerations of elastic constraint, 5c did not depend on dimensions of 

the crack and specimen. Comparison of wide-plate and bend test results 

permitted examination of the accuracy with which 5c could be estimated 

from the plastic bend angles of bars that were too small to prevent gen

eral yielding prior to fracture. 

The preceding work is summarized in Ref. 19. A more recent review, 

which also contains additional applications of the 5 concept in fracture 

testing, is provided in a current paper hy W~lls. 63 In this paper Wells 

derives a method for estimatingiS-c from the energy loss measurement of 

a Charpy impact test. Of special interest is Wells' comment regarding 

a relationship of 5 to thickness reduction. He reports that Burdekin of 

the British Welding Research Association studied more than 78 measurements 
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of 5 in comparison with thickness reduction (just beneath the notch) and 

found that they were equal to within a standard error of 20%. 

If 5 is assumed to be equal to the thickness reduction, the latter 

should be about 0.013 in. for ~steel with a K of 200 ksi·in. 1 12 and a 

ITy of 100 ksi. In the temperature range 200 to 500°F, values of Krc/uy 

of 2 in. 1 12 or more would be expected for a steel similar in toughness 

to HY-80 steel. The corresponding thickness reductions would be easily 

measurable with a precision greater than the fracture-toughness variations 

inherent in the material. Af'ter suitable testing experience, methods of 

correlation should be possible that would permit use of such measurement 

results to provide approximate values of fracture toughness in terms ~f 

Krc' as well as in terms of. oc. 

7.5.9 Comments on Load Toughening and Strain Aging 

Various testing experiences have indicated that a steel pressure 

vessel preloaded to a given pressu~e at a warm temperature will not frac

ture appreciably below that pressure if subsequently tested at a cold 

temperature. 66 , 67 Trials of this nature with precracked tensile speci

mens by Brothers and Yukawa68 and by Srawley of the Naval Research Labo

ratory gave a similar indication on an average basis. The scatter of 

these results might not encourage absolute confidence in warm preload 

strengthening relative to low-temperature service. Krafft of the Naval 

Research Laboratory has noted unexpectedly large values of Krc in rapid 

load Krc testing for occasional specimens that had been accidentally pre

loaded at a slow speed; this is presumably the same effect as the influ

ence of w~rm preloading. 

Since the nuclear reactor vessels of interest will be us~d at ele

vated temperature, it seems that the warm preload would primarily assist 

a successful proof test. However, if the preloading is done at a tem

pe!ature well above the service temperatur~ and if the strengthening by 

crack blunting is verified by a 70°F proof test, confidence in warm pre

load strengthening is merited. Furthermore a substantial advantage rela

tive to fracture safety during service can be obtained. Sonic monitoring 

during the.preloading might indicate locations of previously unseen flaws. 

-' '. 
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In addition, the cracks should be more visible to ultrasonic inspection 

after the preloading than before and a reinspection at that time would 

be advantageous. 

Room-temperature notched-bend-test fractures of mild steel7 were 

observed to show a segment of sudden bri tt.le fracture if they were pre

cracked and then left unloaded overnight. No such indication of local 

embrittlement was found when the specimens were broken within an hour or 

so of the precracking. Observations of this kind are not uncommon, and 

the embrittlement is considered to be from the influence of strain aging. 

In the tests discussed ih Ref. 7, brittle fracture segments did not ap

pear at lower loads than those used for precracking. However, in frac

ture trials directed toward Kic testing, Turner (at Imperial College, 

University of London) found that a specimen with a notch that had been 

compressed at room temperature broke at -40°F with a Kic value of about 

the magnitude observed for crack arrest in similar mild steels. In this 

case, the strain aging occurred after compression normal to the fracture 

plane, and some residual tensile stress was present. 

Tests by Mylonas at Brown University and his "exhaustion-of-ducility" 

concept stimulated several British investigations of compresssive pre

strain damage. Tipper 61 showed that a substantial portion of the com

pressive-strain-embrittlement effect is not due to residual stress by 

applying l0% compressive plastic strain to a large block of low-carbon 

structural steel from which Charpy specimens were later made and tested. 

When the fracture plane was normal to the direction of c~mpression, the 

results showed a substantial increase of transition temperature. The 

original toughness was restored by stress-relief heat treatment. It 

seems significant that fracture planes parallel to the direction of com

pression showed only a relatively small increase of transition tempera

ture. 

Although steels dif.fer in their strain-aging tendencies, a signifi

cant influence on fracture toughness would n9t be expected for plastic 

strains less than three times the yield strain regardless of material or 

fracture plane orientation. General yielding of this order, say at the 

throat section of a pressure vessel nozzle, would not be harmful unless 

a crack was already present. A substantial amount of strain aging would, 
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·then, occur in the local regions close to the leadi~g edge of the crack. 

During unloading the material closest to the leading edge receives some 

reverse plastic straining in compression. Thus, greater damage is ex

pected if the strain aging occurs mainly after rather than before unload

ing. 

A question of interest to thick-walled nuclear reactor pressure ves

sel safety concerns whether an abnormal fatigue or stress-corrosion crack 

growth should be expected due to strain-aging embrittlement. Answers to 

this question should be sought experimentally. The crack growth per cycle 

observed experimentally could be compared with the size of the crack 

border strip in which substantial amounts of reverse plastic straining 

are predicted by analysis. 27 

7. 6 FRA.CWRE CONTROL PLANS 

7.6.l Elimination and Slow Growth of Defects 

Among the cracks or sharp reentrant notches present in a large struc

ture after initial inspections and repairs, a single remaining "worst 

flaw" would be difficult to select. Granted that all cracks could be 

clearly "seen," a substantial number might appear comparably dangerous 
·- - --· 

because of judgment uncertainties that would require disproportionate 

time and new information for settlement. Real inequalities would doubt

less exist. However, even if the real inequalities were small, stable 

crack growth during service would tend to develop large differences in 

crack size. Because of the high power of K controlling stable crack ex

tension, small differences of size and growth rate are continually am

plified so that, eventually, a comparatively few cracks emerge as obvious 

"worst" defects. From service fracture examinations it is clear that 

there· is never more than one winner of this growth race because the frac

t-qre of the structure can always be traced back to a single origin. 

Clearly, elevation of the initial fracture strength by the location, 

grinding out, and repairing of cracks has certain practical limits. Re

moval of the huge cracks found by inspection is obviously necessary and 

J 
j 



511 

helpf'u.l. In the smaller range of crack sizes, questions of necessity of 

repair arise that depend on a number of considerations. At some point 

the possible damage introduced by the repair practice itself becomes a 

limiting factor. 

The reliability of the structure is greatly improved by improvements 

in the clarity with which cracks and localizations of impurities are seen 

by inspection techniques. This reduces the seriousness of the worst re

maining overlooked defects and permits sensible decisions regarding re

pairs. However, even if all crack-like defects were clearly seen there 

would be a barrier to improvement of assured strength in terms of judg

ment uncertainties. In this regard consideration can be given to methods 

of using the amplifying effects of slow, stable crack growth to increase 

the efficiency of the overall inspection process. Inspections during and 

after proof testing would be of this nature. 

If each defect were labeled with some value, S, of the limiting 

strength it would impose at the end of x1 hours of service use, the fre

quency of S would incree,se regularly with S. Inspection, repair, and 

trial loadings must give assurance that the value of SMiw(X1 ) for the 

very worst defect is above the strength S
0 

required in service. This 

means that SMIN(X), for X at the beginning of operational use, must be 

well above s 0 , because the defects tend to move to smaller S values with 

increasing hours of service. 

The level of SMiw(X1 ) that can be regarded as assured by initial 

testing and inspection tends to reduce with increases of structural size. 

In part this is simply inherent in the probability aspects. In addition 

the size and variety of initial defects, prior to inspection, tend to 

increase with the size and complexity of the structure. Periodic struc

tural inspections, as in the case of commercial aircraft, are very help

ful to fracture control. In this practice, it is possible to use the 

amplifying effects of stable crack growth to assist identification of the 

most serious cracks. The periodic-inspection type of' contro.L is most 

reliable when stress-corrosion is not of serious importance. After a 

crack begins to extend with a corrosive type of assistance, the time to 

the failure point is likely to be less than the period between inspec

tions. Because of uncertainties involved in ·crack growth-rate prediction, 
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extension of a fracture control pl?Jl to a larger structure is somewhat . ' . 
easier than extension of the plan to a larger value of XL. 

Service fractures due to s.tress-corrosion crack extension are some

times observed in which a segment of fatigue cracking from the initial 

flaw preceded extension with corrosion assistance. Under steady loads 

with fresh- or salt-water environment, natural cracks produced by fatigue 

seem to possess a threshold K value below which the corrosive effect does 

not induce measurable crack extension. Crack-extension rates above this 

level are rarely studied. Most testing is in terms of total time for 

the crack to reach propagation size. However, the long times pertain to 

initial K values that do not exceed the critical KISCC by an amount that 

would be significant in reference to large nuclear reactor pressure ves

sels. 

The situation need not be all one of disadvantage in regard to water

corrosion effects. The tough steel selected for use in very large nu

clear reactor pressure vessels should be chosen to have a KISCC (for 

water environment) not far below the value of Kic· In this event, with 

initially much lower K values established by caref'ul quality control, 

the leading edges of prior cracks might be static long enough for a cor

rosion-assisted blunting influence to assist continued resistance to 

crack growth • 

7.6.2 Fracture Safety In Relation to Crack Arrest 

Problems of crack propagation have received increased attention 

throughout the recent past in many diverse structures. Although these 

structures do not have characteristics necessarily similar to boiling

water and pressurized-water reactor v~ssels, it is of interest to review 

the measures employed to establish crack arrest in order to assess the 

applicability of such measures for the vessels of interest here. 

The difficulty of arresting relatively large cracks in thin-walled 

pressure vessels was recognized and extensively studied in connection 

with the unfortunate fuselage explosions experienced by de Haviland com

mercial jet aircraft in 1954 (Ref. 69). The critical crack size for sheet 

material similar to the high-strength aluminum-alloy fuselage covering 

·] 
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was less than the size of a window opening at the stress level expected 

for 35,000 ft of altitude, even in a flat-sheet situation. Because of 

inadequate window reinforcements, a small fatigue crack could develop 

near a corner of a window and, with its effective size enhanced by the 

poorly stiffened window opening, could attain critical size for propaga

tion before an inspection was likely to reveal its presence. In the 

investigations following the plane losses, a number of such small fatigue 

cracks were developed at windows during flight-simulating tests of ad

ditional Comet f'uselages, and the bursting of these test fuselages oc

curred from such cracks in consistency with the above failure sequence. 

The emphasis of the Comet-inspired investigations was turned from 

fatigue toward crack-arrest devices by information from United States 

studies of fracture mechanics, 70 coupled with the following facts. During 

the history of passenger aircraft aviation the discovery of small fatigue 

cracks during overhaul has never been uncommon. The de Haviland Comet 

f'uselage sheet material was similar in toughness to the United States 

7075-T4 aluminum alloy. Previous airplane material experience both in 

England and the United States was primarily with the much tougher 2024-

type aluminum alloy. When 7075-type material is used in place of 2024-

type material at the same percentage of the yield strength, the combined 

influence of higher working stress and less toughness is nearly a factor 

of 10 in terms of critical crack size for crack propagation. The fatigue

crack growth rate is increased roughly by a factor of 6 for equal size 

cracks. Clearly the safety of passenger planes prior to 1954 depended 

more on overhaul inspections and the long service life necessary to grow 

very large fatigue cracks to critical size than on elimination of fatigue 

cracking. 

In the 1953-1957 period at the Naval Research Laboratory and the 

National Advisory Committee for Aeronautics the stresses for propagation 

of given size cracks in flat sheets of plastics and high-strength alumi

num were compared with the critical hoop membrane stresses in cylindrical 

sections of these materials containing similar size axial cracks and sub

jected to internal pressure. The stress-elevating influence of outward 

bulging of the crack section (due to the internal pressure) was quickly 

recognized. The effect increased with crack length. By using a lubricated 
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(and strong) cylindrical cover over the cracked portion of the test cylin

der, the nominal hoop stress for crack propagation in the cylinder could 

be made the same as the nominal stress on the flat-plate specimen in ten

sion for the same size crack. No effort was made at detailed stress

analysis explanations of this special aspect of cracking behavior. How

ever,. the magnitude was so large (as much as a factor of 10 in effective 

critical size) that the outward bulging effect on propagation of long 

cracks in pressure vessels has been consistently emphasized in Naval Re

search Laboratory technic.al papers. 47 ' 7 o, 71 For the arrest of a long 

crack in a pressurized container by a riveted stiffener, an arrangement 

that would provide a local "flat-sheet" situation, as well as a stiffener

induced reduction of the stress field, was reconunended. 70 

A number of United States investigations of bursting strength of 

containers damaged with various-length through-cracks have shown the long

crack bulging influence discussed above. Thus the results of UKAEA tests, 

as reported by Nichols, 72 were not unexpected. Of course, 6- to 12-in.

long cracks in a 1-in. wall thickness cannot be accepted as modeling 6-

'to 12-in.-long cracks in a substantially larger (3- to 12-in.) wall thick

ness. The increase of effective crack size due to local bulging would 

be much larger for the 1-in. wall thickness and would be expected to 

dominate-the test results. In addition the modeling would be poor be

cause of differences in elastic constraint of the crack. 

A fail-safe crack-arresting fuselage is heavier than one that is 

not so designed. However, there is some saving in added weight because 

the customary design provides strong hoop-direction frames. Thus when 

skin attachments to hoop~direction stiffeners are used for the purpose 

of arresting longitudinal cracks, the frames customary to the design may 

be satisfactory for this purpose, except for spacing and the positioning 

of flanges adjacent to the skin. 

In modern jet passenger aircraft, through use of tough (2024-type 

aluminum) skin material and suitable attachments. to frames (or hoop 

straps), it is possible to arrest cracks with lengths that are several 

hundred times the thickness of the fuselage wall under service conditions 

of internal pressure. In the case of an accident starting such a crack, 

the crack would certainly bulge open, and maintenance of a low-altitude 

l 
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pressure in the cabin might be impossible. However, the structure would 

be safe enough for operation of the airplane to a safe landing. This 

type of fail-safe crack-arrest design is peculiar to the nature of the 

aircraft f'useiage structure. 

A thick-walled steel pressure vessel built for internal liquid pres

sure containment has no natural reason for hoop-direction stiffeners. 

Furthermore, for the vessels of interest to this report, through-cracks 

could not be allowed to reach a length large enough for appreciable out

ward bulging, because this would permit very rapid escape of liquid and 

hot vapor. The addition of massive external rings at spacings of about 

two plate thicknesses would certainly improve the wall strength, particu

larly if these rings were installed so as to exert external pressure on 

the cylinder wall. Primarily the goal of a fail-safe scheme of this kind 

would be to suppress outward bulging of the cylinder wall along the re

gion of any long through-crack (in a longitudinal seam weld, for example) 

and to provide enough strength to support the hoop tension load in event 

of such a crack. After some years in service the amount of remaining 

compression under the rings would be uncertain, and crack arrest under 

the ring would rest on too small a margin of stress difference to deserve 

.;l,ny ('Qnf'i nPnr.P. 

The large-scale fracturing of welded ships was blamed in part on 

the continuity introduced by welding, which permitted a crack to run 

directly, without reinitiation at rivet holes, from one large plate into 

the adjacent plates. Separation of longitudinal rows of deck plates with 

an overlapping riveted connector has been employed with some success as 

a crack-arresting device. A "tough-strip" crack-arresting device for 

the same purpose has been proposed. In this plan the riveted connector 

is not used. Instead the deck plates are joined by welding to a connec

tor of very-high-toughness material, such as HY-80 steel. In either case 

successful crack arrest depends on the stress-field force driving the 

crack, which increases with crack length. For a large enough stress

field force, no crack arrestor will be successful. The unsuccessful 

crack-arrest trial with an HY-80 steel crack-arrest strip, discussed 

above in Section 7.5.7, merely indicated that the Kic for HY-80 steel 

at 0°F was less than 200 ksi·in. 1 12 • 
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If we regarded the pressure vessels of this report as welded regions 

connected by crack-arresting wall material, the most dangerous regions 

would be along segments of longitudinal welding and along welds joining 

the nozzles to the pressure vessel wall. A conservative crack-arrest 

plan would be to provide sufficient toughness so that cracks completely 

through the metal affected by welding would be stable at the expected 

service stress level. In addition, this crack length would need to be 

small enough so that the effect of outward bulging near the crack due to 

internal pressure would be small or negligible. Further study of this 

second requirement is needed. However, it can be assumed that a crack 

length as small as twice the plate thickness would be small enough for 

that purpose. To satisfy the first requirement the maximum lengths of 

such cracks would have to be· in correspondence with the equation 

K2 
c (76) 

The crack length is 2a. For a conservative design (stresses well below 

yield) and Kic = 170 ksi·in. 1 12, a 2-ft-long crack in a 12-in.-thick 

vessel wall would be stable at stresses below 20 ksi. 

Use of ring-rolled cylindrical sections to eliminate longitudinal 

seam welds was helpful to the fracture strength of steel chambers for 

solid propellant rockets. Continued consideration of this construction 

method in application to large boiling-water and pressurized-water nu

clear reactor pressure vessels has merit where the approach is practical. 

However, when courses of a reactor vessel are made up from rolled and 

welded plates and the fabrication is of high quality, coupled with a 

thorough inspection, there is no reason to suspect that longitudinally 

welded regions could not be regarded as possessing the required crack

arrest toughness. 
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7.6.3 Relationship of Fracture Toughness to 
Pressure Vessel Design Load in Terms 

of a Leak-Before-Break Criterion 

A criterion sometimes termed "leak-before-break" was proposed in con

nection with fracture problems of steel solid-propellant rocket chambers 

for Polaris. 72 Methods for K -type crack-toughness measurement had been 
·C 

accepted, and a statement of how much toughness was "enough" had been 

demanded by users of the Kc test. The proposal was then made that a crack 

of twice the wall thickness in length should be stable at a stress equal 

to the yield strength, or 

(77) 

On the average, this proposal seemed to correspond to attainment of full 

shear fractures. The value 2Tr in Eq. (77) is obtained by putting a B 

and~= ~YS in Eq. (76). By using Eqs. (70) and (71), this criterion can 

also be expressed as ~Ic = 1.5. 
Observation of leakage prior to bursting was not actually of impor

tance in the rocket-chamber application. The criterion was simply a 

reasonable guess that received a large amount of study and trial. 47 It 

was found that for steels meeting the ~c = 2Tr criterion, the design, 

fabrication, and inspection could generally be done with sufficient care 

so that the completed chambers would withstand an average hoop stress 

in the cylindrical section nearly as large as the yield strength of the 

material without fracturing. 47 Such toughness as could be obtained in 

the weldments and in the thick-section reinforcements was helpful, but 

these parts rarely possessed a~ = 2Tr degree of toughness. c 
For pressure vessels tested and used at ·a hoop stress much less than 

the yield strength of the material, a smaller degree of toughness would 

be expected to meet with an equivalent degree of success. For such ves

sels the "leak-before-break" criterion was redefined in relation to Kic 

values by Irwin and Sullivan73 in terms of Eqs. (70), (71), and (76). 
The requirement a = B was retained, but ~ was left undetermined. Thus 

the criterion could be met, for any toughness or wall thickness, by a 

sufficient reduction of. ~. From the preceding three equations) it is 
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and, repeating Eq. (71), ~Ic is given by 

1 (~c)
2 

~Ic B "" VYS 

(78) 

(79) 

A graph of y as a function of ~Ic from Eq. (78) permits determina

tion of a leak-before-break hoop tension stress, crLB, from given values 

of Kic' crYS' and B. Kic and crYS pertain to the applicable temperature 

and loading speed throughout the computions. The estimates of Krc from 

the NDT and FATT kinds of testing are Krd values. These app~oximate 

estimates of minimum fracture toughness are appropriate for applications 

where dynamic conditions can occur either from service loads or weld

zone residual stress effects. Values of crLB corresponding to these Krd 

values for three steels are given in Tables 7.1, 7.2, and 7.J. The in

fluence of wall thickness is shown at two temperatures, NDT temperature 

plus 60°F and NDT temperature plus 120°F. The general trend of results 

at each temperature is a decrease of crLB from the approximate value, crys 

(static), by a factor of about J as the wall thickness increases from 

l to 5 in. 

When a fracture-safe operating range is defined ·in terms of the NDT 

temperature plus 60°F or FATT, such a criterion should be regarded as a 

.general experience-based rule. It tends tq be conservative for wall 

thicknesses less than 1.5 in., but this conservatism would often be 

needed. With an increase of wall thickness, the designer should be more 

cautious. Stress relief·of 5-in. wall vessels is. a mandatory procedure. 

Estimates of allowable stress for dynamic crack instability conditions, 

as shown in the tables, can be formally developed from the fracture-

) 

' ! 

I 
I 
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Table 7.1. Comparison of Leak-Before-Break Criterion for 
HY-80 Steel as a Function of Temperature and 

B 
(in.) 

1 
2.5 
5 

1 
2.5 
5 

Wall Thickness with Static Yield Strength 

rrys (70°F) = 82 ksi 
NDT temperature = -150°F 

Static 
rrys/3 

t3rc rrLB/ crYd crLB rrys (ksi) (ksi) (ksi) 

At -90°F, crYd = 122 ksi, and Krd 116 ksi·in. 1 12 

0.902 0.686 83.7{ 
0.361 0.357 43.5) 94 31 
0.181 0.241 29.4 

At -30°F, crYd = 113 ksi, and Krd 126 ksi·in. 1 12 

1.243 o.877 99.2l 
o.497 o.439 49.6) 88 29 
0.249 0.287 32.4 

Table 7.2. Comparison of Leak-Before-Break Criterion for 
A 302 Grade B Steel as a Function of Temperature and 

Wall Thickness with S~atic Yield Strength 

rrys = 62 ksi 
= 0°F NDT temperature 

B Static 
rrys/3 

t3rc crLB/crYd 
ITLB 

(in.) (ksi) rrys (ksi) (ksi) 

At 60°F, crYd 82. 7 ksi, and Krd 74.4 ksi•in. 1 12 

1 0.808 0.629 52.0l 
2.5 0.323 0.334 27.6) 63 21 
5 0.162 0.229 18.9 

At 120°F, crYd 77.8 ksi, and IS:a - 79.1 koi•in. 1 12 

1 1.017 0.753 58.61 2.5 0.407 0.384 29.9 60 20 5 0.203 0.258 20.0 
8 0.127 0.201 15.6 
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Table 7.3. Comparison of .Leak-Before-Break Criterion for 
A 212 Grade B Steel as a Function of Temperature and 

Wall Thickness with Static Yield Strength 

B 
(in.) t3rc 

At 80°F, CYYd 

1 0.836 
2.5 0.334 
5 0.167 

At 140~F, crYd 

1 1.294 
2.5 0.518 
5 o. 259 

crys 36 ksi 
NDT temperature 20°F 

55.9 ksi, 

o.645 
0.341 
0.232 

50.1 ksi, 

0.904 
o.452 
0.294 

CYLB 
(ksi) 

and Kid 

36.0l 
19.1( 
12.9) 

and ~d 

45.Jl 
22. 6( 
14.8) 

Static 
crys 

(ksi) 

CYys/3 
(ksi) 

51.1 ksi · in. 1 I 2 

36 12 

57.0 ksi•in. 1 12 

33 11 

mechanics-based equations without regard for experience. However, con

sideration of,. factors specific to the individual application is neces

sary in their use. 

The leak-before-break criterion, in t3c = 2Tr form, did not appear to 

-be conservative in its appl~cation to ultra-high-strength steel rocket 

chambers, despite the fact that t3c = 2Tr corresponds to a large degree of 

plane~stress toughening. Very careful design, fabrication, and inspec

tion ·were ~equired, even when .the toughness criterion was satisfied. In 

-"that application, the prob~em of co~trolling slow crack extension due to 

stres$-Corrosio~ during hydrotesting was seriously underestimated. Very 

few fractures occurred below design stress in firing trials. Elimination 

of crack growth due to stress-corrosion during hydrotesting would have 

been most helpful. 

The t3rc values in Tables 7.1, 7.2, and 7.3 are well below the value 

necessary for tough plane-stress fracturing. Certainly, for vessels of 

more than 2.5 in. ''Tall thickness, fracture safety in the past has depended 

much more on conservative design stress than on the toughening influence 

of a brittle-ductile fracture transition. 

( 
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With reference to thick-walled nuclear reactor pressure vessels, the 

influence of temperature elevat1on in terms of the degree of plane-stress 

toughening is gradual and not very large. No support can be found on 

that basis for a step-function type of diagram of a limiting allowable 

load based on a critical temperature. The allowable load diagram sug

gested by this study would be one of gradual increase with temperature 

to the point where a decrease of yield strength with temperature was a 

limiting consideration. The computation might be made with Eq. (78). 

However, a simpler plan can be suggested, as follows. Available Krc data 

for steels over a wide temperature range can be fitted, to a fair approxi

mation, for a simple direct proportionality between Krc and the absolute 

temperature. Thus, if a decision has been reached on the temperature T1 

at which operational pressure is allowable, a straight line on a load-tem

perature graph from that point to zero load at absolute zero temperature 

would provide a safe allowable load diagram for temperatures below T
1

• 

Practices currently used would be applicable at temperatures above T
1

• 

A fracture of a glass rod or plate normally occurs from a small sur

face flaw, and a half-circle mirror region can be seen at the fracture 

origin. This outlines the shape of the crack front when the crack speed 

rP.acheR thP. limiting velocity and efforti:: at crack division begin to 

roughen the fracture surface. Similar half-circle crack front shapes 

have been observed in other brittle solids, even when the crack depth was 

large and the stress on the section reflected some bending. 

With regard to the leak.age aspect of the leak-before-break analysis, 

a half-circle would be the expected shape for a crack deepening from one 

surface into the wall of a nuclear reactor pressure vessel in all regions 

where the stress is well below the static yield strength. As the sur

face length approaches 2B, the stress elevation in the net section be

neath the crack would tend to cause relatively fast severing of that 

part. Thus the average length of the crack parallel to the wall after 

break-through and start of leakage should not exceed 2B. 

In the nozzle throat section, the stress favors development of a 

longitudinal crack in a plane containing the axis of the nozzle and start

ing at an inside corner. The crack front would have an approximate 
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quarter-circle shape. It seems likely that a leak-before-break design 

stress would permit arrest, with completion of a through-crack on·one 

side, but not if cracks formed simultaneously on both sides of a nozzle. 

This possibility could be explored with trials of small-scale models that 

· had actual nozzle throat section configurations. 

The toughness required by Eq. (78) for a 12-in. wall-thickness pres

sure vessel can be estimated along the following lines. It is assumed 

that the steel is such that rry8 .(static) is 100 ksi at 70°F and that an 

allowable load equal to the operating pressure is wanted at 200°F. By 

using estimation rules previously discussed, rryd at 200°F is 110.5 ksi. 

If 31 ksi is selected as representing a design stress (interpreted here 

as equivalent to average hoop tension stress, rr), the value of y 1 at 200°F 

is 0.281. From Eq. (78), this corresponds to ~Ic = 0.240. The required 

Krd at 200°F is then given by 

~d 110.5 ksiv'0.240 x 12 in. 

= 187 ksi·in. 1 / 2 • (80) 

A value of Kr at 200°F of no less than 197 ksi·in. 1 12 would be ex

pected for a steel with a toughness similar to that of HY-80 steel. Since 

problems related to heat treatment and welding would be restrictive, a 

suitable steel with sufficient toughness for the leak-before-break crite

Tion is a reasonable hope, particularly if the yield stress and design 

stress can be lowered somewhat from the estimates assumed above. 

7.6.4 NRL Fracture Analysis Diagram 

A number of tests of the transition-temperature kind have received 

use_as providing fracture-toughness information. The moderate differ

ences of the order in which these tests rate the toughness of various 

steels are not of vital importance in use because the overall fracture 

control plan depends on design, fabrication procedures, and inspection, 

as well as on the toughness rating of the steel. For any selected method 

of fr~cture testing, experience with a given class of structures over a 

\. 
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period of time indicates the adjustments that are appropriate and nec

essary relative to the customarily used toughness evaluations. 

In view of the complexities in the use of a transition-temperature 

toughness rating and with the aid of a collection of fracture-failure 

data, Fellini and his associates assembled guide lines for usage in terms 

of their NDT type of fracture testing. 71 , 74 The resulting fracture analy

sis diagram (see Fig. 6.9, Chap. 6) was intended to provide guidance for 

fracture-safe design as nearly as possible without refe~ence to loading 

speed, elastic constraint, and crack location, and with only gross esti

mates of stress level. Uses of the fracture analysis diagram were illus

trated, and cautions were provided for increase of plate thickness, low 

shear-tear strength, quality level of inspection, and opportunities for 

growth of large flaws under service operating conditions. 75 

Approximate methods applicable to low- and medium~strength steels 

can be followed to translate conditions such as the NDT temperature plus 

60°F and the NDT temperature plus 120°F into the design stress level 

that would satisfy the leak-before-break criterion under dynamic loading, 

as previously discussed. The results vary with NDT and yield-stress 

level. On the average, for 3/4- and 1-in. thicknesses, the stress thus 

estimated reaches the static tensile yield strength between the NDT tem

perature plus 60°F and an NDT temperature plus 120°F, a result that is in 

fair correspondence with the fracture analysis diagram. 

The large flaw sizes suggested for various fractions of the yield 

strength cannot be taken literally, and few would do so. Otherwise, the 

practice appears conservative in reference to low-strength steels of 

about 1-in. section thickness. The practice tends to become marginal 

for steels of that thickness with ~YS above 100 ksi and for low-strength 

steels with section thicknesses greater than 2 in. However, most large 

welded structures are designed for stresses well below the yield stress 

and, often, the service loads are essentially static. Hence a large de

gree of success from use of the fracture·analysis diagram would be ex

pected and has been experienced. · 

Relative to the thick-walled pressure vessels of interest, there is 

·a major handicap to use of the method because the NDT measurement points 

for the tough steels of principal interest lie too far below the range 



. -

, . ' . 

524 

... -. 

of temperatures for service operations. A similar handicap would pertain 

· to all the presently customary methods of toughness evaluation in terms 

of a transition temperature. 

There is also a scarcity of Krc data for high-toughness steels, ex

cept at low temperatures. Although higher temperature large-specimen 

data of .the Krc type should be available soon, fracture-toughness infor

mation from direct measurement for high-toughness steels, at temperatures 

above 200°F, will probably require completion of suitable testing plans 

based on one of the plasticity analysis viewpoints previously discussed. 

7.6.5 Proof Test Estimates of Critical Crack Size 
in Relation to Fracture-Safe Life 

The first question of interest concerns what can be deduced from 

the fact that a proof test with internal pressure is successfully com

pleted. Estimates are made here on the basis 'of a semielliptical sur

face crack with a depth one-quarter of the surface length of the crack. 

The equation for K in relation to depth a, tension CJ, and tensile yield 

strength CJys is 

i.49 - o.~12 f.(J )
2 

\CJYS 

(81) 

For A 302 grade B steel, o-Ys (static, 70°F) = 60 ksi and NDT tern-

perature = 10°F, the estimates of CJYd and lCrd at 70~.F. are 79.8 ksi and 
71 5 k . . l/ 2 • Sl • ln. • If the design stress is 24 ksi and the proof test pro-

duces an average hoop tension in the wall of the cylindrical portion of 

1.25 x 24 ksi 30 ksi, use of these data in Eq. (81) shows that a crack 

size given by a = 2.2 in. would become unstable at a stress level of 

30 ksi. This calculation is on a dynamic basis. On a static basis, 

~c (static) ~ 7~08 x 71.5 ksi•in. 1 12 

= 95 ksi·in. 1 / 2 • 

J 
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The new estimate .of the crack size proved to be absent by proof testing 

inspection is given by a = 3.8 in. Cracks of about 40% greater depth 

and smaller surface length would be estimated for a semicircular crack 

shape. Larger cracks could be present if there had been a crack-blunting 

treatment by warm prestressing. The amount of the size increase would 

be uncertain and would depend on the degree of confidence in the crack

blunting effect of the warm prestressing. 

With regard to regions of the nozzle where the stress is locally 

elevated, it will be assumed that an additional plastic strain equal to 

the yield strain occurs across the region containing the crack. When 

the stress level in this region first achieves 60-ksi tension across the 

crack, the dynamic basis'estimate of the critical size is obtained from 

3.77 (60) 2a 
(71.5) 2 

(60) 2 
1.49 - 0.212 80 

(82) 

or 

a = o.45 in. 

It would; of course; be inconsistent to assume that continued straining 

occurs if such a crack is present and is resisted only by the dynamic 

fracture toughness. On the other hand to assume a smaller crack and add 

the influence of plastic strain to the opening dislocation, o, amounts 

to crack blunting, and an onset of fast fracture instability cannot be 

certainly predicted. An increment of stable extension comparable to 5 

is more likely. 

The critical crack-size estimates for base-metal cylindrical por

tions of the vessel were unreasonably large and can be viewed as incred

ible. However, if the locale of these calculations is shifted to a lon

gitudinal 1'leld, and if the fracture toughness in K-value terms is assumed 

to be less by 30%, the critic al crack sizes are re.duced by a factor 01· 

2. The dynamic calculation estimate then becomes 1.1 in., which is small 

enough for a significant probability of existence. Furthermore a weld 

that joins a nozzle to a shell is subject to some superimposed bending 
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str.ess to a degree dependent upon the efficiency of the design. Increas

ing the tensile stress 30% would also halve the sizes of the cracks judged 

to be critical. 

The preceding calculations are, of course, no more than illustrative. 

For good fracture control, each vessel should be studied in terms of the 

stress analysis, fabrication, and property data applicable to that ves

sel. 

The critical crack sizes that would be required for failure under 

operating conditions are also considered. For simplicity it is assumed 

that the operating pressure is applied at 70°F. It is also assumed that 

the hoop tension developed is 0.8 x 24 ksi = .19.2 ksi. In order to keep 

the crack sizes within reason, the reduction by a factor of 2 suggested 

above is used. It is then found that the critical dynamic crack size 

has increased from l.l to 2.7 in., and the critical static crack size 

has increased from 2.6 to 4.7 in. 

For these sizes, calculations based on the maximum fatigue crack 

growth rates, as discussed in Section 7.4 of this chapter, indicate that 

10 5 or more cycles are needed for crack growth to unstable size by fa

tigue. If an allowance of an additional factor of 2 for 30% increase of 

stress is made, the critical crack sizes are reduced and the growth rate 

is greatly increased. However, the required number of cycles is still 

above 104 . 

In the nozzle regions where plastic straining occurred during the 

proof test, and where the stress may be about 60 ksi under operating con: 

_ditions, an estimate of the above kind is 1not possible. A reasonable 

guess at the crack growth rate could be made; however, there is no clear· 

way to fix the initial maximum crack size so that the number of growth 

increments can be estimated. It is quite possible ~hat-residual com-· 

pressive stress from the prqof test may provide adequate protection of' 

such regions of highest strain. 

The possibility for crack growth to critical-size by means of stress

corrosion in any region of the vessel must be considered on a different 

basis. It is, in fact, not possible to guarantee safety relative to 

moisture-assisted slow growth of the maximum-size surface cracks unless 

.J 
I 
I 
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the material and the cracks are such that a "below Kiscc" situation is 

always maintained. 

Present information gives no positive indication that water plus 

steady tension causes slow crack growth in A 302 grade B vessels, except 

for conditions of fatigue. The water influence was already represented 

for fatigue by using the highest growth rate constant, C
3

, from Section 

7.4 of this chapter. Additional investigations of A 302 grade B steel 

and of candidate steels for future vessels are necessary relative to 

water-environment stress-corrosion crack growth. Evidence exists that 

KISCC can be increased by crack blunting. In the present application a 

substantial degree of crack blunting exists that is possibly enough so 

that this type of stable crack growth need not be a matter of concern. 

In the case of the A 302 grade B steel vessel discussed in the pre

ceding illustration the wall thickness was not specified. If the vessel 

·is required to satisfy leak-before-break con4itions in the terms of this 

chapter, the value of y
1 

uLB/uYd is given by 

24 
79.8 0.308 • 

The corresponding value of ~ from Eq. (78) is 0.281. Thus 
Ic 

and 

A = 0.281 1-'Ic 

B = 2.86 in. 

(83) 

(84) 

The small value of B is in part due to stress level and, in part, 

to use of Kid rather than a static Kic' If the stress level is reduced 

from 24 ksi (design) to 19.2 ksi (operating), B becomes 4.46 in. The 

thicknesses corresponding to these two stress levels if the static Kic 

is assumed are 8.14 and 13.9 in. For the dynamic-toughness estimate., 

Kid' the 19.2-ksi wall stress would be below the calculated ITLB for an 

8-in. wall thickness of the assumed material at temperatures above some 

temperature in the neighborhood of 260°F. 
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This discussion cannot propose to settle such questions as wh~ther 

the leak-before-break criterion should be used or, if so, whether on a. 

dynamic or on a static basis. The primary purpose is to illustrate ways 

in which such questions can be discussed by utilizing macroscopic frac-
.. 

ture analysis methods. 

7.6.6 Radiation Effects Relative to Fracture 
Properties and rrLB 

Curves of true stress against true strain for HY-80 steel after vari

ous neutron exposures have been shown by Chow and McRickard. 76 These 

curves shift upward with increase in irradiation in much the same fashion 

as they would with a decrease of temperature or an increase of strain 

rate. In the case of similar curves for A 302 grade B steel, 77 the radia

tion hardening is accompanied by ·a decreasing trend in the slopes of the 

curves. Bearing in mind an approximate proportionality of Kic to the 

strain-hardening exponent n, these results suggest that a greater influ

ence of irradiation embrittlement would occur for A 302 grade B steel 

than for HY-80 steel under the conditions of irradiation employed. The 

above authors estimated the irradiation temperature at 30°C. Measure

ments of the increase of the NDT temperature by Steele and Hawthorne 78 

for irradiation temperatures below 450°F provide results in the direction 

indicated by the strain-hardening behavior. 

In Section 7.l of this chapter attention was directed to the fact 

that very small defects of the type that interfere with easy glide of 

dislocations, and thus have major importance to plast~c flow properties, 

tend to influence fracture primarily in an indirect manner through their 

effect on the plastic-fl,ow properties. The defects introduced by radia-

' tion are quite small, and it is probable that most of their influences 

on fracture toughness can be understood in terms of modification of plas

tic flow properties. 

For irradiation below 5 x 1019 neutrons/cm 2 (E > 1 Mev), which is 

assumed here to be the region of major interest for the walls of large 

boiling-water and pressurized-water nuclear reactor pressure vessels, 

the stress-strain curves of irradiated steels seem to possess a normal 

l 
1-;i:rJ 
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appearance; this indicates that Krd estimates along the lines used pre

viously in this chapter can be_ employed after irradiation to the same 

degree as before. 

An interesting aspect of the effects of irradiation damage on ves

sel behavior at the NDT temperature can be hypothesized by using esti

mates of the changes in the significant materials properties. 

The aspect of major interest is the tendency of an increase of ITys 

to accompany an increase of the NDT temperature and is best understood 

in terms of an illustration. As before, the steel is A 302. The data 

were collected by Steele and his associates 78 , 79 for material Trom a 

6-in.-thick plate with neutron exposure at temperatures below :250°F. A 

graph was made of the NDT temperature as a function of ITys (static, 0.2% 

offset, 70°F) from measurements obtained after irradiation. The increase 

of ITys per 100°F elevation of the NDT temperature was 12 ksi up to 1 x l019 -

neutrons/cm2 (E > 1 Mev) irradiation, where the NDT temperature. had be-

come 230°F. The overall slope corresponded to 15 ksi per 100°F change 

of the NDT temperature across the range to 8 x 1019 -neutrons/cm2 irradia

tion. 

The undamaged properties were an NDT temperature of 10°F and ITys 

(static, 70°F) = 67 ksi. Estimates of the dynamic yield elevation to 

obtain ITYd and estimates of Krd as 0.78""1il: ITyd gave the results shown 

in Table 7.4. The values in parentheses were formally obtainable from 

the estimation procedure, but the irradiation dosage might be high enough 

to require a different analytical treatment. 

Table 7.4. Estimates of Dynamic Yield as a 
Function of NDT Temperature 

NDT Tern-
Krd perature ITyS ITyd 

(oF) (ksi) (ksi) (ksi·in. 1 12) 

10 67 92.5 72.1 
230 100 108.7 84.8 
425 134 (134.7) (105) 
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Two estimates of the fracture-toughri.ess radiation damage for an NDT 

temperature of 230°F were made in the following ways. First, the esti

mate of Krd at 10°F for the undamaged material was used to estimate Kid 

at 230°F (undamaged) with the idea of a direct proportionality of Krd to 

absolute temperature. Second, estimates of Krd (undamaged) at 230°F were 

made on the basis of inverse proportionality to dynamic yield strength. 

Method 2 would underestimate the damage effect because the temperature 

range is too large for this method. Method 1 gave 

Kid (undamaged, 230°F) = 136 ksi•in. 1 12 

Thus the damage influence was a K value loss of 47%. Method 2 indicated 

a smaller amount, 30%. Thus a substantial damage to fracture toughness 

occurred. It is notable, however, that the elevation of the NDT tempera

ture by irradiation is accompanied by an increase of Krd at the NDT tem

perature • 

. This aspect was explored additionally by estimating rrLB at the NDT 

temperature plus 60°F. Values of rryd and Krd were calculated for each 

of the three NDT temperature plus 60°F points. The results are shown in 

Table 7.5. Apparently the increase of rryd that accompanies the increase 

of the NDT temperature is high enough so that a nuclear reactor pressure 

vessel that did not initially meet a leak-before-break operating-pres

sure criterion at the NDT temperature (or the NDT~temperature plus 60°F) 

might reach such a condition after substantial radiation damage. 

Table 7.5. Estimates of Dynamic Yield as a 
Function of the NDT Temperature Plus 60°F 

NDT Tem
perature 
Plus 60°F 

(oF) 

70 
290 
485 

rrYS (static, 70°F) = 67 ksi 

rrys 
(ksi) 

86.8 
105.9 

(133.7) 

76.0 
87.1 

(106) 

rrLB 
(ksi) 

19.6 
20.0 

(24.4) 

( 

' 
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The estimates of rrLB based on dynamic fracture toughness are normally 

more conservative than those based on static fracture toughness. How

ever, the tensile stress-strain curves for A 302 grade B steel after 

various amounts of irradiation, given in Ref. 79, have an increasing ab

normality toward "negative strain hardening" in the dosage range above 

0.8 x 1019 neutrons/cm2 • This suggests that the static Kic would be 

seriously lowered by the increased tendency toward plastic instability. 

The "unhardening" behavior is expected to be time dependent and might be 

too slow to have a comparable influence on NDT and Charpy V-notch tests. 

Static Kic measurements were made at Bettis Atomic Power Laboratory 

on A 302 grade B steel after various amounts of irradiation at levels 

above 1019 neutrons/cm2 ; these were informally transmitted. Estimating 

back from Kid values based on the NDT temperature after elevation to 

230°F and to 425°F, the room temperature Kid should be about 60 ksi·in. 1 12 • 

However, the static measurements are much less than this at room tempera

ture. In the approach of the test temperature to the NDT temperature, 

the static measurements tended to increase rapidly. The size of the test 

specimen did not permit great confidence in these higher values. A por

tion of this increase might be from plarie-stress yielding. However, the 

fracture-toughness value approached at the NDT temperature would not have 

exceeded the Kid estimate at NDT in any case. 

Although more experience may be necessary with Kic measurements of 

radiation-damaged steels, it seems probable that beyond some dosage limit, 

a conservative calculation of fracture strength may depend more on the 

static Kic value than on the dynamic value. This aspect has only re

cently appeared and requires careful investigation. 

7.7 RECOMMENDATIONS 

Investigation of material crack paths and K values for cracks in 

high-stress regions at or near a nozzle should be performed._ Such studies 

might employ a model constructed of a brittle transparent material with 

stable crack extension assisted by moisture or a model constructed of a 

low-toughness metal with stable crack extension produced by fatigue. 
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'The residual compressive~stress type of protection that might be provided 

to such regions from the proof-testing method should be investigated.· 

Nondestructive inspection techniques should be develope~ for char

acterizing defects complementing the development of analytical techniques 

for predicting the strength and service life of the vessels. 

The stable water-assisted crack-growth rate for steels of interest, 

based on pressures, temperatures, and radiation typical of service con

ditions, should be investigated, and the following steps should be taken: 

1. determine da/dN versus K curves for fatigue of reactor vessel steels 

under plane strain, 

2. explore effects of plane stress, 

J. explore thermal and environmental effects under plane strain and plane 

stress, 

4. determine KISCC (and Ki versus t curves) for reactor vessel steels 

a. under plane straih (thick plates), 

b. · under the tendency toward plane stress (thinner plates), 
-

5. do general studies of mixed-'conditions of flaw growth and fatigue; 

that is, 

a. fatigue versus corrosion; 

b. plane stress versus plane strain, 

c. KISCC versus Kic versus Kc. 

If this- stable growth rate is not negligible, a study of the possibility 

of suppression of crack growth by means of warm preloading crack blunt

ing should be initiated. 

In relation to the study.of radiation hardening and embrittlement 

n~ar and above a dosage of Ib19 neutrons/cm2 (E > 1 Mev), the influence 

of loading speed on Kic and on isothermal strain hardening should be in

vestigated. A strong effect on both measurements is probably due to the 

unstable relaxation of hardening (from large amounts of radiation) in 

the presence of increasing plastic strain. Time-rate sensitivity in this 

hardening relaxation would be expected. The dynamic Kic (or Kid). may be 

larger than the static Kic' and some revision of methods for assessing 

the degree of radiation damage may be necessary. 

Sharp-notch tests should be performed on the materials developed 

· f9r service, over the desired temperature range, at full section thiclmess. 

""; 

I 

' 
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The bend test is favored, in view of its reasonable static load require

ment, suitability for impact loading, and convenient comparison with the 

drop-weight NDT test. However, fatigue notches would be preferred; to 

obtain clear conditions for fracture mechanics analysis, combinations of 

slow bend and impact tests would also be desirable. It is vital that 

these tests be both static and dynamic, and they should be fully instru

mented for load, displacement, and either crack-opening displacement or 

transverse contraction at the notch root. 

A materials evaluation program based on a large number of full

thicknes s specimens would be exorbitantly expensive. However, Charpy 

V-notch specimens may prove to be too small for adequate routine produc

tion control of toughness at the selected level. Consideration, therefore, 

should be given to an evaluation program based on half- or quarter-thick

ness tests with which a reasonable full-thickness correlation might be 

obtained by using crack-opening displacement mechanics methods. These 

tests should also be fully instrumented. 

There is a possibility that certain microstructural combinations 

associated with welded joints that will give rise to low-toughness zones 

cannot be eliminated. Large in-situ tests of such joints, although de

sirable, may be prohibitive in terms of economics. However, in any case, 

there should be small-scale tests of the basic microstructures at the 

weld zone for low-toughness regions. This alternative is suggested, 

since it is considered that a small-scale test, such as the precracked 

Charpy test, should be further developed for the purpose. Instrumenta

tion for recording of load and displacement would be advisable to permit 

extraction of relevant fracture mechanics data. The same procedure could 

be used to monitor the effects of irradiation. 

If full-scale vessels representative of thick material are to be 

tested, it is recommended that the nozzle and shell configuration be em

ployed in some tests, since the intersection region is considered to be 

the most critical in terms of presence of crack defects. The test should 

be performed under pllJ,sating pressure in order to nucleate a natural crack 

defect at the most critical region, and it should be associated both with 

periodic applications of overpressure and measurements of slow growth of 

flaws in order to provide a basis for proof-test qualification in service. 
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It is recommended that the leak-before-break criterion of fracture 

be further examined in spite of increases in thickness and yield strength 

of reactor steels because of the extra conservatism that would occur from 

such an approach. 
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8. FABRICATION* 

A few years ago the technology of fabricating light-water nuclear 

power reactor vessels was applied to 75- to 300-Mw(e) development proto

types. Today emphasis is directed toward reactor vessels for second

generation or large demonstration nuclear power plants of 350- to 1050-

Mw( e) ·capacity for central-stat;i.on installation, and studies are being 

made to extend the technology to vessels for 1500-Mw(e) and larger reac

tors.1 This chapter describes some of the facilities now used or planned 

for making the second-generation and larger vessels, typical sequences 

of fabrication operations, with allied inspection and examination steps, 

and some of the metallurgical factors related to the fabrication steps. 

Principal attention is given to c~rent practice, but probable and pos

sible modifications and advances to be expected in the next few years 

are also mentioned. 

The early prototype reactor vessels have typical dimensions of about 

9 ft ID and 30 ft overall height, with 5-in. walls for BWR's and 8-in. 

walls for PWR's. The larger second-generation vessels now being built 

range from 15 to 20 ft ID and from 50 to 70 ft high; they have walls up 

to 8 in. f'or RWR'::; and to 11 in. fo:r PWR's and will weigh up to 800 tons 

or more. Projected studies of still larger reactors that take into ac

count the capabilities of existing plants or plants under construction 

suggest that vessels can be shop fabricated with internal diameters from 

20 to 30 ft, heights of 125 ft or more, 8- to 12-in. walls, and weights 

up to 1000 tons or more. However, continuing developments in core de

sign, use of higher strength materials, and modified manufacturing prac

tices mR;y rP.duce some of these anticipated dimensions for the larger re

actor vessels. 

With increases in reactor vessel sizes. and the complexity of the 

materials and fabrication problems, the number of potential fabricators 

has decreased. In the United States today, only two companies - Babcock 

& Wilcox Company (B&W) at its new plant in Mount Vernon, Indiana, and 

*This Chapter was prepared by E. c. Miller of the Oak Ridge National 
Laboratory. 
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Combustion Engineering, ·Inc. (CE) in its. new bays in Chattanooga, Tennes

see - appear to have the combinations of design capability, facilities, 

experience, interest, and location of plants on navigable waterways re

quired to design, manufacture, and transport shop-fabricated vessels for 

350-Mw(e) and larger reactors. A few of the larger shipyards approach 

these capabilities but, to date, are not involved in large reactor ves-

sel fabrication. Some overseas fabricators, mostly shipyards, in the 

Netherlands, 2 Japan, Germany, France, and possibly some Soviet bloc na

tions,3 also can and do expect to fabricate vessels for light-water reac

tors for installation outside the United States. The shop-fabricated ves

sels now being built are too large for rail transportation, so water trans

portation combined with limited overland haulage from waterside to the .. site 

are used almost exclusively:today. Most of the planned second-generation 

vessels will be sited near navigable water, although some vessels now un

der contract or planned will be sufficiently far from·waterside that over

land haulage of a completed vessel from the water to the final destination 

will not be feasible. Whe.re shop-fabricated vessels cannot be transported 

as a unit to the site, it is planned to shop fabricate subassembly-sectiqns 

in as large sizes as can be handled by rail, boat, and overland transporta

tion and then to assemble and erect the vessels at the site. There is a 

possibility that field fabrication may become competitive with shop fabri

cation in some cases where both are feasible. 

The Chicago Bridge and Iron Company (CB&I), with a long history of 

field-erection capability and exper~-~n..?~! .. P.ro12oses to field assemble 

partially assembled reactor vessel components. CE and B&W are also pre

pared to field fabricate, if circumstances require and warrant. Still 

other companies in the United States have field-fabrication experience 

and may well develop an active interest if the initial efforts at field 

fabrication appear successful. 

The descriptions of current fabrication practices that follow rep

resent methods now used or contemplated by the active U.S. participants 

in the light-water reactor vessel fabrication program. Some knowledge 

of re~ated fabrication and welding practices in other shops in the U.S. 

and elsewhere, as well as other information from the extensive technical 

literature, is also included. Some details of fabrication are proprietary 

.. 
-, 
! 
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and represent a considerable part of the experience and know-how that are 

a part of a manufacturer's competitive stock in trade. In fairness to 

these fabricators, such information is not described in extensive detail 

here if it does not appear essential to the objectives of the report. 

8.1 FACILITIES4 

Equipment used to manufacture large reactor vessels is generally 

similar to that found in most well-equipped boiler or pressure vessel 

fabricating shops, a principal difference being that some of the machines 

are simply bigger. These include such items as welding positioners and 

manipulators, forming presses or rolls, heat-treating and stress-relieving 

furnaces, horizontal and vertical boring mills and other machine tools, 

quench pits, hydrostatic test pads, cranes and other handling equipment, 

and suitable barge-loading dock facilities with ready access to a navigable 

waterway. 

Several years ago, CE built bay 29 at its Chattanooga plant, mostly 

for nuclear work. Since that time many propulsion reactor and prototype 

power reactor vessels and other nuclear components have been built in 

this bay. As requirements for still larger vessels developed, CE added 

two new bays, 30 and 31. The older bay 29 has a 250-ton crane and con

tinues to be used for smaller vessels and components. Bay 30 has a 100-

ton crane and is used as an assembly shop to feed subassemblies into bay 

31. It also has a clean room that can handle 100-ton components. Bay 

31, with an 800-ton bridge crane capable of over 1000-ton lif'ts, is the 

principal production shop for the large second-generation reactor vessels. 

It contains machine tools, a hydrostatic test pad, and a 13/25-Mev 2400-

r/min linear accelerator that give the shop a capability for making ves

sels for 1500-Mw(e) and even larger light-water reactors. A new loading 

dock adjacent to b~y 31 on the TVA navigation system can load reactor 

vessels as large as 1000 tons into ocean-going barges. 

There are several distinctive features of the new B&W (Mount Vernon) 

plant. These include a normalizing and stress-relieving f'urnace and an 

associated vertical cylindrical quench tank, and each is capable of 
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handling assemblies and subassemblies 30 ft in diameter. The shop con

tains specially designed and built rolls that can hot form plates as thick 

as 15 in. into cylindrical shell sections and can further cold size the 

shell courses to correct distortion from the forming and welding opera

tions. Another feature of the new plant will be a tape-controlled ma

chining center, now being installed, which will perform practically all 

the complicated machining operations on assembled vessel heads, bodies, 

and flanges concurrently or in closely coordinated sequence. There are 

additional more conventionally sized machine tools for use on nozzles, 

weld preparations, and smaller components before assembly. The machine 

tooling is modularized to minimize crowding of equipment and to provide 

a smooth flow of vessel components through the spop. Radiography will 

be done with a 12-Mev 600-r/min linear accelerator. The shop, is served 

by two 500-ton cranes. One craneway runs the length of the assembly area 

from heat treatment through forming, weld assembly, and machining to the 

barge loading dock. The second crane serves the areas where the larger 

components are assembled and handled. The combined lifting capacity of 

both cranes is available to handle a completed vessel or large.subas- · . _,. 

sembly. 

The Chicago Bridge and Iron Company ha~ been active for many years 

in the field fabrication of large storage tanks, process vessels for the 

chemical and petroleum industries, and nuclear containment vessels and 

now plans to extend this experience to the· combined shop and field fab

rication of large reactor vessels concurrently with the outer contain

ment shells. CB&I has shops in Chicago, Salt Lake City, Greenville, 

Pennsylvania (where some of the machining of reactor vessel parts will 

be done), and Birmingham, Alabama, where the shops will form, fit, and 

clad shell-course plates and form, preassemble, and clad the heads up to 

limiting dimensions convenient for rail and overland unloading and ship

ment, that is, about 13 ft across. For the first few reactor vessels, 

CB&I will purchase all plates ~rom the mill in the quenched-and-tempered 

condition and cold form them in a series of repeated cold-bending and 

stress-relief operations planned so that the amount of cold deformation 

be.tween successive stress-reliefs will not exceed 3% elongation in the 

outer fibers. By adopting this practice, no austenitizing heat treatment 
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will be required in the fabricator's shop or on-site - only a series of 

subcritical-temperature stress reliefs. Preliminary experimental test 

plates have been subjected to this sequence of repeated cold-forming and 

stress-relief operations to establish that the type of plate material 

to be used in CB&I's initial reactor vessel construction does not undergo 

any deleterious reduction in the mechanical and impact properties estab

lished in the original quench-and-temper treatment at the mill. 

The shell courses will be fitted up and temporarily assembled in 

the shop to the extent necessary to establish the required dimensional 

tolerances, to insert nozzles in shell-course penetratiorrn, and to clad 

the shell courses. These shell courses will then be separated into the 

individual plates (two per course) and shipped to an assembly shop at 

the site, where additional preassembly, particularly the welding and 

stress relieving of the lone;itud.inal weld seams in the shell courses, 

will be done. This welding will be done under essentially shop-type con

ditions in an enclosure that will also serve as the stress-relief furnace 

as the shell courses are completed. The head.sections will be partly 

preassembled in the shops and shipped to the site for erection. Final 

erection of subassemblies from the shops and the site-assembly yard will 

be done in a succession of seven major lifts, and the welding of the 

main circumferential joints and their stress relief will be performed 

inside the partially completed containment vessel, which will be erected 

concurrently with the reactor vessel, as mentioned further below. 

CB&I uses most of the conventional welding methods but will place 

·principal emphasis on the manual metal-arc covered-electrode process, 

which will be used almost exclusively in site assembly and erection and, 

to a considerable extent, in preference to the submerged-arc process in 

shop fabrication. In the shops,. either gamma-radiography or a betatron 

unit will be used, as appropriate, for weld inspection. Gamma radiogra

phy will be used on the site. Where gamma radiography is used, it will 

always be done in conjunction with a "double" ultrasonic examination -

the first on the completed. weld before stress relief and the second after 

the stress-relief treatment is completed. 

Weld-overlay cladding will be applied to completed or partly com

pleted subassemblies in the shops. Field wP.lds and adjacent areas will 
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have the overlay applied manually during the· site assembly or as a part 

of the erection sequence. 

A feature of the CB&I-proposed erection scheme involves coordinated 

erection of containment and reactor vessels by the same crews, equipment, 

and techniques. This should lessen delays, interference, and confusion 

from having different contracting organizations on site at the same time 

doing interdependent operations. Such a scheduling system permits the 

use of the partially completed containment vessel at convenient stages 

to control the environmental conditions and make them comparable to shop 

surroundings for critical welding, machining, stress relief, inspection, 

and testing of the reactor vessel. Special tools and techniques have been 

devised in the course of experience with large field-erected process ves

sels that will be used for finish machining of flange faces, double tongue

and-groove flange-seal closures, flange stud holes, head penetrations, 

.control-rod housing and drive inserts, and miscellaneous attachments. 

8.2 OPERATIONS AND MATERIAIS 4 

The basic operations in fabricating reactor pressure vessels are 

similar for all. fabricators, but there are differences in types of equip

me~t and procedural details. There are also significant but more subtle 

features that characterize the work done by major fabricators of "quality" 

pressure vessels, both process and nuclear, when compared with the fab

rication of presumably less critical nonnuclear, nonprocess, and "non

lethal" vessels. (This is a generalization and there are many exceptions. 

It does not imply that all nuclear equipment fabrication meets "quality" 

criteria nor that all "noncritical" component fabrication is substandard.) 

"Quality performance" features include developing detailed, ·workable 

written procedures for all phases of the operations; continuous monitoring 

of these operations by supervisory and technical groups to insure com-

pl~ance with the established procedures; competence of craft, supervisory, 

and technical personnel; superio.rfcapability in design, metallurgy, clean

ing technology, fabrication techniques, and nondestructive testing; avail

ability and adequacy of equipment in efficiently designed shop layouts; 

. .' .. , .... .. ..... ~ .. 
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and the success of management in coordinating all these efforts respon

sibly and effectively. Of particular importance is the maintenance of 

complete records of all steps in the fabrication operation, including 

test reports, on both purchased material and in-plant testing, weld and 

examination procedure qualifications, authorized deviations and repairs, 

heat-treatment records, nondestructive testing inspection records, and 

the like. "While some purchasers require that this material be combined 

into a "Vessel Fabrication Report," the practice and completeness are 

variable as actually applied. Such a requirement is not contained in the 

Code but might well be considered as a requirement to parallel the design 

and stress reports. 

The steps described below include fabrication operations and quality 

control procedures, some of which are described further in Chapter 9. 

These descriptions are largely limited to components made of SA 302 grade 

B manganese-molybdenum steel modified with added nickel or A 533 steel 

or equivalent materials in thicknesses of 4 in. or more used for primary 

pressure containment for the large boiling- and pressurized-water reactor 

systems. Some consideration will be given to the prospective future use 

of higher strength quenched-and-tempered low-alloy steels in these ves

sels. These descriptions are a composite of operations typically per

formed by the principal fabricators; they do not describe in detail all 

the operations of any one individual shop. 

The material product forms used are plates and forgings, bolting 

materials, bar stock, and welding materials. Castings, pipe, tubing, 

structural shapes, sheets, and strip are also used for appurtenances, 

attachments, supports, and core internals. These are discussed in more 

detail in Chapter 4. The principal vessel parts are a cylindrical shell, 

heads, flanges, nozzles, studs, nuts, supports, control rod sleeves, and 

other penetrations and attachments, as shown schematically in Fig. 8.1 

for a typical reactor vessel. 

8.3 SHELL FORMING4 

The shell cylinder is made of several shell courses joined by cir

cumferential butt welds. It is frequent practice to make a ·shell course 
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from three hot-formed plate sections joined with longitudinal welds, but 

the actual number of secti'ons used is largely a matter of economy, design 

requirements, and convenience in handling and welding. Plate size is 

also set by such factors as ingot weight (about lOQ,000 lb maximum), wall 

thickness, and width of plate available. Large thick-walled vessels may 

re~uire more than three shell plates per course, while a course for a 

smaller diameter vessel may be made from one or two plates. A course can 

also be made from a single-ring.forging in sizes up to 140,000 lb, ?ut 

this appears to be more expensive, although the shell of at least one 

European reactor vessel is being made this way. It has also been sug

gested that shell courses be made of several concentric thinner shells by 

one of the methods used for multilayer ~onstruction. 4 , 5 Plates and heads 

can also be forged to shape from ingots or forging billets, but costs and 

,the equipment available in fabricators' plants generally result in hot 

forming (occasionally cold forming) of rolled plate. Flat plates for the 

shell courses are usually ordered from the materials manufactlirer in the 

as-rolled or stress-relieved condition to specification requirements de

scribed in Section 4.3.l. Some inspections, such as ultrasonic inspection, 

are frequently performed after the plates are received in the fabricators' 

3hop. Fabricators Benerally prefer to do any weld repair that is required 

on the plates, and by conducting the examination for plate defects in 

their owrt shops, they can control the repairs as a part of the manufac

tLiring sequence. 

Section III of the ASME Code requires ultrasonic examination of 

plates to N-321 or Code Case 1338 and Specification SA 435. These call 

for pulse-echo normal-beam examination by continuous scanning along grid 

lines at 9-in .. i nt.er.vals and rejection of laminations or other defects 

that produce indications that cannot be contained within a circle with 

·a diameter greater tban 3 j_n. or one-half the plate thickness. There 

ar.e some permissible alternates to these requirements. The Code and ASTM 

committees are working to improve the procedures and ac.ceptance standards. 

The principal fabricators and nuclear contractors work to somewhat closer 

requirements, such as added shear-wave examination, 100% coverage of the 

surface instead of the 9-in. grid, and smaller areas of acceptable indi

cations, which may vary with the location in the vessel where the plate 
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will be used·. If defects require repair by~welding, the repair may be 

made after inspection or, if the defect is not expected to affect the 

plate in the forming operation, the fabricator may delay repair until 

after forming and heat t~eatment. He ~ay.also elect. to make a temporary 

repair at this po.int with a more readily formable weld deposit and then 

replace this temporary repair with a weld deposit consistent with the 

chemical and mechanical requirements placed on the vessel materials after 

forming and heat treatment. The Code limits the depth of defects that 

may be repaired to not over one-fourth the nominal thickness; however, 

concurrence by the fabricator, purchaser, and authorized· inspector 1s 

needed before any such repairs are made. Areas prepared for repair are 

examined by magnetic-particle or liquid-penetrant methods both before and 

after the repai.rs are made, and the weld repaired areas, unless they are 

very shallow, are examined by radiography as well. 

Plates are trimmed before forming to sizes consistent with the de

sign dimensions of .the shell courses and vessel; this includes allowances 

for forming, trimming, weld-joint preparation, t·est plates, and specimens 

for surveillance and other mechanical property tests. The amount of ma

terial reserved for tests depends on the requirements of the fabricator, 

the customer, and the method of fabricati·on. A typical practice is to 

add 5 in. to the length of the plate from which the test specimens will 

be removed. In cases where plates are electroslag welded to form shell 

courses and the heat treatment is done ort the shell-course subassembly, 

a 4-in. band may ~e left on each course for test specimens. The initial 

plate thickness also makes allowance .. for thinning in bending or rolling 

and for scaling in subsequent heat treatment. Trimming may be done by 

machining or by flame or arc cutting and grinding. This is followed by 

magnetic-particle or penetrant examination of the cut edges and repair 

of laminar or other exposed defects. Care is taken to preheat to a pre

established temperature before cutting or weld repair to lessen suscep

tibility to cracking due to residual stresses at plate edges and surfaces 

during heating ~nd J::iot_ forming. Handling lugs may be welded. to the plate 

to assist in the. ).:at~}.:_. :9,ubsequ_ent forming and heat-treatment operations. 

Before forming, th~:.,p_l,a.tes (A 302 grade B, nickel-modified, A 533 type) 

are heated i:r:ito 8:n_,1:1-ustenitizing temperature range, 1600 to 1750°F, 
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usually about 1700°F, and held at temperature for about 3/4 hr per inch of 

thickness, but not in excess of -4 to 6 hr. Toward the end of the holding 

period the plate surface temperature may be increased somewhat for a short 

time just before forming. The heating rates, metal temperature, and hold

ing times established in the procedures are determined by the alloy compo

sition, the plate size and thickness, the manufacturer's practices, the ca

pabilities of the available equipment, and the estimated time required for 

forming. It is intended to complete almost all hot working when the plate 

has cooled to 1600°F, in the case of one fabricator, or 900°F for another. 

Heating for forming is generally done into the austenitic range. Heating 

rates, temperatures, and holding times are those required to obtain the 

desired metallurgical, structural, and mechanical properties in the formed 

plates. The plates are removed from the heating furnace and then hot 

formed in a brake pres<> ur rolls. A brake press forms the plate by a 

succession of applications of load to dies that bend a short length of the 

plate each time as the plate is moved forward in small increments; the 

operation consists of a series of closely spaced, parallel bends to the 

desired cylindrical contour and tolerances. While hot-press forming is 

the more common method for shaping thick-plate sections in most shops, 

the new B~W -fAr.ilit.y has rolls tbat can hot roll 15-in. plate (Fig. 8.2). 

A plate is usually formed to shape in one continuous operation without 

intermediate reheating, but if there are difficulties or delays, partly 

formed plates may be returned to the furnace and the heating and forming 

sequence continued. 

After forming, the plates are cooled to room temperature and checked 

dimensionally. If the formed plates are to be arc-welded into shell 

r.nursP.s, they are heat treated before welding; but if the longitudinal 

joints are electroslag welded, the heat treatment is done on the courses 

after welding to refine the coarse-~rained structure of the weld and heat

affected zones and thus improve impact properties and permit more effective 

ultrasonic examination of the electroslag-weld zone. This austenitize, 

quench (or normalize), and temper sequence on thick sections of reactor 

vessel materials is intended to deve.lop improved and uniform pru_perties 

throughout the plate thickness, particularly, impact properties. 
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If hardenable higher strength and more highly alloyed steels, such 

as nickel-chromium-molybdenum or 2 1/4% Cr-1% Mo steel, are to be used 

in future larger size reactor vessels, this heat treatment sequence, modi

fied to suit the specific materials, will have the important added func

tion of achieving increased strength combined with acceptable ductility1 

and toughness. Submerged-arc and manual metal-arc welding of previously 
' 

quenched and tempered shapes or courses can generally be controlled to 

avoid the extremely coarse-grained heat-affected zones and coarse columnar 

weld deposits that often characterize electroslag welds. Therefore a 

postweld stress-relief heat treatment will generally be sufficient to re

store adequate impact properties. In contrast, electroslag joints usually 

require a grain-refining heat treatment into the austenitic range. 

8 .4 HEAT TREA'l'MENT OF FORMED SHELL PLATES 4 

Where longitudinal shell course-joints are to be arc-welded, the 

fabrication sequence after hot forming, air cooling, and cold sizing is 

approximately as follows; the·sequence for electroslag-welded courses is 

described in a later paragraph. Formed plate thicker than 9 in. may be 

coated with a proprietary compound to help remove the scale that forms 

in heating and may lessen the effectiveness of the quench, but for thinner 

sections, the cooling rate in the quench will develop the desired prop

erties, even with scale present. The formed plates are placed on a charg

ing car, usually three at a time, charged into the furnace, brought to 

an austenitizing temperature of 1550 to 1650°F, and held for at least 

3/4 hr per inch of thickness with a 1 hr minimum but not necessarily more 

than 4 hr for any thickness and in no case more than 10 hr total above 

1550°F. The temperature is controlled by calibrated thermocouples located 

at the anticipated hottest and coldest areas of each plate. After the 

plate time-at-temperature requirements are satisfied, the charge car is 

withdrawn from the furnace. One plate from the multiple charge is removed 

and transferred to the quenching tank. The remaining plates are returned 

to the furnace, brought back to the austenitizing temperature, and removed 

later for qu~nching, without any extended holding time beyond that required 

to carry out the quenching of the previous plate and return the quench 
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medium to the proper temperature. The plates are quenched in water agi

tated by air, circulating pumps, impellers, or added cold water for times 

ranging from 9 min for 4-in.-thick plate to about 45 min for 10-in. plates 

to assure that plate surface temperatures after removal from the quench 

tank will not go higher than 400°F. This has been established experi

mentally as the procedure needed to assure the microstructure, mechanical 

properties, and specified impact values in each plate~ The water tem

perature at the start of each quench is sufficiently low that it will 

not exceed about 100°F at the finish, although a maximum of 140°F is con

sidered acceptable. 

The maximum water temperature is intended to minimize steam forma

tion and promote its removal; otherwise steam at the surface would un

acceptably decrease the cooling rates. Air cooling or spray quenching 

may be used on thinner wall sections of some materials, but most heavy

vessel fabrication involves immersion quenching.. After quenching, the 

plate is tempered at 1200 to 1250°F (for SA 302 grade B, modifi.ed) for 

from l to a maximum of 4 hr, depending on thickness. After tempering 

the plates are cooled to 600°F in the furnace and then air-cooled to room 

temperature. This is done to lengthen furnace-lining life rather than 

for any metallurgical reason. It is a procedure established at the op~ 

tion of the fabricator rather than as a specj.fication requirement. After 

the quenching-and-tempering sequence, formed plates are cold sized to 

correct any out of roundness existing after heat treating. Cold forming 

or sizing is permitted if the elongation of the outer fibers will not 

exceed about 3.5%, which has been established as an acceptable limit to 

minimize the possibilities of cracking or deterioration of properties; 

but the strains from this cold-sizing operation seldom exceed a fraction 

of 1%. (Note the exception above for the CB&I sequence.) The plate is 

then inspected for contour and radius and layed out for removal of ma

terial test stock, test plate material, excess forming stock, and weld 

preparation. The test material and excess forming stock are removed by 

burning; this may be done by any of several methods, such as flame cut

ting, arc-air gouging, plasma-arc cutting,. or other arc-cutting methods. 

The fused and immediately adjacent heat-affected metal is removed by 

machining or grinding to the extent necessary to remove oxides, irregular 
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surfaces, striations, or notches and make meaningful visual and magnetic 

particle examinations feasible. Part of the test material removed from 

plates for two shell courses at this point is used for making the sur

veillance specimens discussed in Section 10.2.1. 

The material removed from individual plates for tests by the fabri

cator will typically measure 5 by 16 in. by full plate thickness. This 

test section is given a 40-hr stress.relief at 1125 to 1175°F that is 

intended to simulate not less than 80% of the totai time the plate will 

be subjected to later stress-relief treatments as it is fabricated into 

the vessel. The piece ·is air-cooled to room temperature after stress 

relief. Tensile, Charpy, and drop-weight specimens are taken from the· 

1/4 T (thickness) location on both' sides of the plate. The specimens 

are tested to Code requirements and any additional contract specifica

tions, which may vary with the customer and the vessel dimensions. Full

range Charpy curves are developed to get both ~pper and lower shelf values. 

Drop-weight specimens are broken at +10°F and at +40°F, if needed. If 

tpe 40°F test indicates a 'still higher NDT temperature, additional tests 

are run at higher temperatures to establish an NDT value. If failure 

occurs in the initial test, a 3T x 3T x T block is prepared for retest. 

If failure occurs in tests of this block, the entire course of which the 

plate is a part, together with sample test material sections, is given 

a second austenitizing and quenching treatment.· ,This double-quench treat

ment has produced the required properties in every case to date (for one 

fabricator), son~ plate or course has required rejection at this stage. 

A 30-in. piece of steel j_s :required for procedure and welder quali

fication tests. In the past, the c·ode has required a vessel test plate; 

however, this requirement has been modified recently in favor of a more 

effective welding-material and base-metal-properties control program, 

although the use of concurrently welded vessel test plates may be con

tinued for a time. 

8.5 ASSEMBLY OF FORMED SHELL PLATES INTO COURSES 4 

Details of weld-joint preparation are a part of the qualified pro

cedures ·established by fabrlcators. A typical preparation :t'or a. 
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longitudinal submerged-arc weld joining the curved plate segments into 

·courses involves· a d'ouble .U.::.groove· joint \'.rith an off-center root. face, 

usually 1/3 T·or 3 in. maximum, and an included angle of O' to 2°. Another 

type. of weld-joint preparation has a single .6° V-groove with a backing 

strip that will be removed later ('similar to nozzle insert joint design 

shown in Fig. 8.3). The weld-joint preparation is magnetic-particle 

examined to meet the requirements of paragraph N-513 of the Code, and 

defects are removed and repaired as necessary. 

The required plate segments, usually three, are preassembledto form 

a course. Weld-positioning straps and strongbacks are manually welded, 

and end troughs and runnoff tabs are fitted to the shell course. The 

entire shell course is preheated to 200°F. The preheat equipment is then 

ORNL-DWG 67-1330R 

Fig. 8.3. Schematic Diagram of Typical Nozzle with Full-Penetration 
Welds. 
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removed, and the weld areas are locally preheated to a 250 or 300°F mini

mum, depending on customer requirements. The maximum interpass tempera

ture is limited to 500°F. The submerged-arc welding procedure used in 

this instance has a larger number of smaller passes than generally used 

in welding other. types of equipment. This serves to lessen any reduc

tion in impact properties of weld metal and heat-affected zone material. 

It also tends to minimize the possibility of generating large interden

dri tic cracks and to facilitate their early detection and repair. The 

preheat temperature is maintained on each joint until the entire course 

is completed. The course i~ then given an intermediate stress relief by 

placing it in a furnace at below 600°F, heating to 1125 to 1175°F, hold

ing for 15 min, furnac~ cooling to 600°F, and air cooling to room tem

perature .. The subassembly is again locally preheated and the weld tabs 

and other attachments are removed by arc-air gouging. 

8.6 ASSEMBLY AND HEAT TREATMENT OF ELECTROSLAG-WELDED SHELL 
COURSES BY ELECTROSLAG WELDING4 

The use of the electroslag process for welding the longitudinal 

joints in shell courses involves some differences in fabrication proce

dures and sequence, in addition to the differences to be expected between 

different fabricating shops. The most obvious change is that the aus

tenitize-quench-temper sequence is done after the three (more or less) 

longitudinal welds have been made to form the completed shell course. 

After hot forming, cooling, cold sizing, and trimming of plate~ anu 

examination and repair of edges, the formed plates are fitted together 

for electroslag welding (Figs. 8.4, 8.5, and 8.6). A square butt joint 

with a 1 1/2-in. gap· is used, and about a 3 1/2-in.-wide weld-fusion zone 

is produced. Two electrodes are generally used for welds in 6- to 8-in. 

plate and four· for 8- to 10-i.n. plate. The electrode filler metal is a 

six- to seven-strand braided wire selected and qualified to produce the 

desired weld-metal chemistry and properties. A 6-in. weld-starter pocket 

is used at the bottom of welds, and there is a runoff tab at the top. A 

300°F minimum localized preheat is used to start the weld, but the heat of 
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welding is sufficient to maintain the preheat temperature during the con

tinuing operation. After all longitudinal welds (usually·three) in a 

course are completed, the entire course is austenitized at 1675 to 1725°F 

for 1 hr per inch of thickness and then quenched in a circulating 10% brine 

solution at 150°F maximum at the start of the quench (Fig. 8.7). After the 

cour.se bas cooled to below 400°F it is removed, reheated to 1600 to 1650°F 

for 1 hr per inch of thickness, and again brine quenched. This double aus

teni tizing treatment is used to obtain refinement of the coarse-grained 
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Fig. 8 . 5 . ~lectroslag Welding Machine with Plate in Position for 
Welding . (Arcos Corporation photograph) 
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Shell Course . 
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structure of the electroslag weld and heat- affected zone . The course is 

then tempered at 1175 to 1225°F for 1 hr per inch of thickness and again 

brine quenched to get the required impact propert i es . Fol lowing this heat 

treatment) a 4- in. band of material is removed for tests . This width is 

acceptable because an insulator of the same type of steel is used during 

heat treatment to simulate the lT thickness requirement . The 4- in . band 

is stress re l ieved for the total anticipated time that the material in the 

vessel will ultimately be in the course of fabrication . This ranges from 

about 20 to 45 hr) depending on the type and size of vesse l . The required 

test specimens are removed from t hese bands ) and base metal properties are 

determined for each plate that goes into the vessel . In addition) 12 drop ~ 

weight specimens are taken from each of the plates that make up the shell 

courses i n the core region to establ ish the NDT temperatures. Additional 

material from these test rings is supplied to the buyer for surveill ance 

and test programs . 

Following the double quench- and- temper operation the electroslag 

welds are completely examined ultrasonically) as required by the Code . 

Some problems have developed in maintaining dimensions in electroslag

welded courses after heat treatment) and it has been necessary at times 

to cut open a shell) reroll ) and add one more longitudinal weld by sub

merged-arc welding to avoid repeating the austenitizing heat- treatment 

cycle . It is expected that this problem will be overcome in future fab 

ricat ion . 

8 .7 JOINING SHELL COURSES INTO SHELL SUBASSEMBLIES 4 

The circumferential weld joints of the various subcomponents - shell 

courses) heads, and flanges - are made with essentially the same proce

dures) weld- joint preparation) and inspection as longitudinal submerged

arc welded seams) with the pri ncipal differences being the mechanical ar

rangement used to accomplish relative movement of the welding head and 

work-positioning equipment . The welds and inner surfaces of the sub

assemblies are examined by the magnetic-particle method) dimensionall y 

checked) and repaired if required . The we l ds and any repairs in excess 
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of 3/8 in. are radiographed. Defects requiring repair are locally pre

heated and removed by arc-air gouging, and then approximately 1/16 in. of 

metal is_ ground out. The welds are repaired by manual metallic-arc weld

ing. Repairs on inner surfaces are ground smooth and inspected by the 

magnetic-particle method. 

8.8 FABRICATION OF VESSEL SUPPORTS 4 

Vessels may be supported, depending on the type of r.eactor vessel 

and on customer preference, by the addition of metal on the underside of 

the coolant nozzles (some PWR's) just below the vessel flange or by weld

ing a skirt to the lower head (BWR's and some PWR's). The metal added 

to the coolant nozzle can be integrally forged with the nozzle, but it 

is generally added as a large weld-metal buildup that is thoroughly exam

ined nondestructively. Where a cylindrical skirt is used, a weld-metal 

buidup is applied to the lower head that is frequently started as a weld 

inlay into the head. Th~ built up weld metal is thoroughly inspected 

nondestructively and then machined to form one side of the weld prepara

tion; the edge of the cylindrical skirt is machined to form the other 

weld preparation face. These weld buildups and' joints are stress relieved 

aud nondestructively examined. 

8.9 NOZZLES AND DI$SIMILAR METAL WELDS 4 

The methods of attaching nozzles and attachments of the types de

fined as Category D in N-461 of Section III of the ASME Code and further 

described in more detail in the text and illustrations of N-462.4, par

ticularly those involving a transition from one type of material to 

another (e.g., a ferritic manganese-molybdenum steel,nickel modified, to 

an austenitic. stainless steel or nickel-base alloy), represent perhaps 

the largest variety of practices to be found in nuclear reactor vessel· 

fabrfration. Practically all the types of weld detail illustrated in 

figures N-462.4(a), (b), (c), and (e) of the Code are used, with the 
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further complication of accomplishing the dissimilar-metal transition. 

The type of joint design and the welding procedure used are determined 

largely by the type of vessel;. the service conditions to which the con

figuration will be exposed, and the fabrication practices used by the 

manufacturer:, all within the requirements and restrictions imposed by 

the Code rules. Main coolant nozzles are generally made as integral 

forgings inserted through the vessel wall thickness and designed for 

full-penetration double-groove welds requiring 100% radiography~ witl). 

requirements comparable to those for the main seams of the vessel. These 

welds are usually clad internally, as described in Section 8.10. 

Where a dissimilar-metal transition is .required, a "safe-end" or 

nozzle extension of corrosion.-resistant material is generally added as 

an extension of the nozzle. This is added so that the dissimilar-metal 

joint may be stress relieved along with the vessel but will require no 

further stress relief when stainless or nickel-base attachments are made 

to the vessel safe ends in the field. Two general methods are used·to 

make these transition joints. In one type the joint is a relatively con

ventional groove joint between the dissimilar metals made with a weld 

metal, generally ·an Inconel modification, that is compatible with both 

base metals (Fig. 8.3). In·the other general type, the nozzle, usually 

a ferritic material, has an overlay or "buttered" extension of overlay 

deposit with a composition approximating or compatible with that of the 

safe end (e.g., type jo8, 309, or higher ferrite-content weld metal for 

attachment to type 304). After the buttered weld deposit extension is 

inspected and nondestructively examined, it is machined for weld prepara

tion for a conventional grooved-joint design and procedure. 

When smaller diameter tubular attachments must be made; the thick- · 

ness of the tubular insert is insufficient to justify full penetration 

through the vessel wall; in such cases, a weld buildup, partially inlaid, 

and compatible with the vessel material, may be made to permit a full-· 

penetration dissimilar-metal joint through the attachment thickness. 

Under certain limited conditions, partial penetration welds, as described 

and illustrated in N-462.4(d), may be made with a weld metal (e.g., 

Inconel type) compatible with the two ba~e metals joined. 
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Partial-penetration nozzle welds in reactor vessels are limited 

largely to stub tubes for attachments involving substantially no piping 

reactions or thermal stresses greater than those expected in the vessel 

itself. These are used to attach control rod housings, flux monitor 

tubes, vents, and instrument attachments. 

The practice follows the requirements of paragraphs N-457(c) and 

N-462.4(d) and generally uses the socket-weld type of joint design illus

trated in Fig. N-462.4(d) (lower left corner) of Section III of the ASME. 

Code, although the other designs illustrated in the figure may also be 

used. The Code requires that all compensation be integral with the part 

of the vessel penetrated, that the welds be of sufficient size to develop 

the full strength of the attachment, and that the nozzles have an inter.,. 

ference fit or a minimum clearance fit, as stated in Fig. N-462.4(d). 

The welds are J-groove-plus-fillet jqints with a minimum depth of 1 1/4 

times the nominal thickness of the nozzle neck. 

The nozzle tubes are generally stainless steel or Inconel. After 

cladding has been applied to the head or shell section, the weld joint 

preparation is machined with a sufficiently·generous weld groove to per~ 

mit the application of a thick buttered ·layer of weld metal - Inconel or 

stainless steel - over the base material exposed in the weld groove. The 

buttered layer is thick enough to permit subsequent welding to it without 

requiring that the full weld and housing (or other attachment) be sub

jected to any subsequent stress relief. The shell material with the over

lay cladding is stress relieved, the weld groove in the overlay is further 

prepared, if necessary, and the weld is then made with Inconel or stain

less steel filler metal, depending on the c·omposi tion of the nozzle insert 

and the buttered overlay in the weld groove. 

Welding is generally done by the manual metal-arc or automatic metal

arc processes. The root pass is checked by a liquid-:penetrant method, and 

the remainder of the weld is checked progressively by a liquid-penetrant 

(or magnetic-particle) method. In some cases, the completed weld is also 

exo.mincd ultrasonically. 

Flanges or safe ends are welded to the nozzle ends prior to shipment. 

The housings or other attachments are added in the field - typically, the 
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end of a control rod housing tube is inserted through the length of a 

stub-tube nozzle' and welded to the free end of the nozzle, usually with 

a fillet or fillet-and-groove weld. 

8. lO WELD-OVERLAY CLADDING4 

Weld-overlay cladding is applied to courses individually or to mul

t~ple. courses of a size that can be conveniently handled by the cladding 

equipment. For commercial power reactors, an austenitic stainless steel 

cladding is generally used for shells, heads, nozzles, and other openings. 

A nic.kel-base alloy overlay is sometimes used for flange faces or areas 

where bearing loads are expected or in places where crevices and high 

stresses prompt concern for possible stress-corrosion mechanisms. Such 

areas are largely determined by the designer and stated in the vessel 

specifications. 

Preparation of shell sections preliminary to cladding will vary 

with the location of the course in the vessel with respect to.the core, 

the type of reactor vessel, and the dimensional tolerances for those 

locations .. Where dimensions are critical, the inside and outside of the 

shell courses are machined to a tolerance of, for example, ±0.005 in. 

for a l73-in.-diam vess~l. The inner s.urfaces of courses that do not 

require these close tolerances are generally shot blasted rather than 

~~chined before cladding. In overlay cladding, the shell courses or 

subassemblies are ~sually rotated hori~ontally about.the longitudinal 

axis on the mechanically driven rolls, with the welding head suspended 

from a beam extending the length of the vessel section and moved forward 

along the beam· as welding proceeds .. The entire shell section to be clad 

is preheated to 250 .to 300°F for cladding. The overlay cladding is de

posited as continuous spiral or concentric partly overlapping beads. The 

methods generally used in the stainless steel cladding of large reactor 

vessels are either a single oscillating arc or the series-submerged arc 

process, which uses a three-wire feed with the two outer wires being the 

electrodes connected to the power source and a cold center wire fed di

rectly into the weld puddle. The wire compositions may be varied, for 

'. 
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example, between types 308 or 309, to get a balanced chemistry in the 

weld overlay, which is usually intended to approximate a nominal type 

304 composition. The wires are fed into the bed of flux in such a way 

that arcs are struck in series.between the electrode wires and the weld 

puddle. 

A recently adopted practice is to apply cladding in a single layer 

of 1/8-in. minimwn and 5/32-in. nominal thickness. Nickel-base alloy 

cladding is generally deposited by an automatic gas-shielded arc process. 

The various mechanical, electrical, and other welding parameters, such 

as speed of travel of the rotating cylindrical section, advance of the 

welding head, electrode-to-work distance, flux feed (or gas flow), weld 

feed, voltage, amperage, etc., are accurately controlled by automatic 

means and are continuously monitored and adjusted where needed by one 

or more operators. The details of weld overlay practice just described 

are typical of present-day practice, but the actual procedures vary from 

one fabricator to another and are determined in part by the requirements 

of the customer, the vessel type, and technical developments in weld 

overlay cladding equipment and processes. After cladding, observable 

defects are repaired by manual welding, usually with a type 308 covered 

electrode, with the work kept at the established preheat temperature. 

After this is done, the course is stress relieved at from 1125 to 1175°F 

for about 15 min. The internal surface is cleaned and prepared for pene

trant examination. The repaired weld and base-plate areas that will 

require radiography are ·ground smooth, and the subassembly or assembly 

is examined as described below. 

In early small reactor vessels, stainless steel or nickel-base alloy 

clR.dding or lining was applied by a variety of methods as an intermittent 

resistance .spot-welded li~ing, a seam- and plug-welded lining, a vacuwn

brazen r.l adn.i ng, R. roll-bonded cladding_, or an arc-welded overlay clad

ding. 6 Methods of arc welding that have been used for the cladding pro

cess, but not necessarily reactor vessels, include manual shielded me

tallic-arc, gas-shielded tungsten-arc, plasma-arc, and several variations 

of the submerged-arc process. Arc-welding processes have been f'urther 

modified by the addition of cold filler wire or strip to the weld puddle, 
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the use of braided filler wire, the use of various types Of automatic ·con

trols and programmed oscillation of the welding torch head, and the use of 

multiple arcs in series, tandem, or combination. 

In the past, weld-overlay cladding has ~sually been deposited in 

two layers, with the first being moderately high-chromium stainless steel 

weld wire.to balance.the base-metal dilution and the second more nearly 

approaching the composition of the desired overlay surface. A recent 

development program has suggested the desirability of using type 309 

stainless steel with added molybdenum for the first layer to permit a 

wider range of base-metal dilution without forming fissure~sensitive 

weld deposits. 7 

The first step in quality control of overlay cladding is the quali

fication of the procedure to the.requirements of the Code and the satis

faction of the fabricator, the customer, and the inspector. While the 

Code provides for qualification of weld cladding procedures and operators, 

it does not contain detailed rules for the examination of the cladding, 

since it is not considered to contribute directly to the pressure-contain

ing capability of the ·vessel. The acceptance standards for cladding in

spection ·are jointly set by the fabricator and the custome!. 4 Typical 

rejectable defects are a 1/16-in. maximum defect in the bond, arty evi

dence of arc break, or more than ten small penetrant indications per square 

inch of cladding surface. No more than one of these can be in the range 

of 3/32 to 1/8 in., 1/16 to 3/32 in. for not. over two, 1/32 to 1/16 in. 

for three, and 1/64 to 1/32 in. for four. However, the cladding seldom 

contains this number of indications. 

8.11 HEAD SUBASSEMBLY4 

Heads are made in much the same way as the cylindrical shell assem

blies. For the larger vessels, the heads a~e made of hot-formed segments 

welded together. In smaller diameter vesse_ls, one plate may sometimes 

be pressed to form an entire head. Some heads of relatively large diame-, 

ter and less than 3 in. in thickness may be formed by hot spinning, but 
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this method is generally not applicable to heads for large reactor ves 

sels. Plates for the large vessel heads are generally hot formed between 

closed dies to make each segment in a single application of load. The 

formed plates are then austenitized, quenched, and tempered; samples are 

removed and tested; the formed plates are inspected, cold sized, and 

machined to the desired dimensions; the edges are prepared for welding; 

the segments are preassembled with strongbacks and other supports; and 

the preassembled head is placed in a positioner that usually moves the 

weld ,i oint under the torch (Fig. 8. 8). The welds are generally full

penetration double-butt joints made by the submerged- arc process . Single

groove welds made with backing strips that are later removed are also 

used. 

Other arc-welding methods can be used, however, subject to qualifi 

cation and approval to the satisfaction of the fabricator, customer, and 

inspector. In U.S . reactor vessel manufacturing practice the electroslag 

process has been limited to straight longitudinal seam welds, although 

circumferential and other curved weld joints have been electroslag welded 

in Western Europe and the Soviet bloc countries 3 and to some extent in 

other types of equipment in the United States. Head- section dimensions 

arP. checked frequently. The adequacy of -the metallurgical and mechanical 

properties is determined after simulated or concurrent heat treatments, 

and weld- overlay cladding is applied to the welded head assemblies (Fig. 

8.9) in much the same way as for cylindrical shell sections. Because of 

the need to maintain accurate dimensions with reference to fixed reference 

planes and axes, machining for insertion of head penetrations, welding 

of these penetrations, and overlay cladding of the welds at the openings 

is generally delayed until most of the other operations on the heads, in

cluding attachment to the flange or cylindrical shell course, have been 

r.nmpl P.tP.d . 

8 . 12 . FLANGE AND NOZZLE FORGINGS 4 

Shell closure flanges and nozzles are generally made from forgings 

t.h::i.t. h11.ve been heat trF:>A.tP<'l _, rnngh finish -machined to approximate surface 
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Fig. 8 . 8 . HeaO. Segments Assembled for Welding . (B&W photograph) 
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(#)Babcock & Wiicox 

Fig. 8.9 . Weld-Overlay Cladding of Segment ed Head Secti on . (B&W 
phot ograph) 
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contours , tested, and inspected at the forge shop prior to shipment to 

the fabricator . The fabricator's operations then include preparation 

for weld- overlay cladding, together with the actual cladding, and weld 

preparation and welding of the forging to the vessel shell or head, 

followed by overlay cladding of these weld joints. 

Weld- overlay cladding of flange faces may be done in much the same 

way as for the shell and head sections, although Inconel- type overlay, 

when used, is generally applied by the gas - shielded consumable- electrode 

process . The cladding of the inner surfaces of the flanges is generally 

done with stainless steel weld overlay in much the same way as t he shell 

courses and often concurrently with them . 

Nozzl es and other pressure- boundary and pressure- containing attach

ments made of low- alloy steel forgings are clad by methods similar to 

those used for the shell, heads, and flange forgings , but some mechanical 

i ngenuity is often n eeded to clad the inner bore of smaller diameter com

ponents. Other arc - welding methods, such as manual covered electrode or 

gas- shielded processes , may be used in cases where access is a problem . 

Nozzle and other penetration openings in head and shell sections are 

usually made after partial subassembly and cladding (Fig . 8 .10). In 

preparing for placing full - penetration welded inserts into shell or heads, 

t he cladding is generally removed for a few inches from the weld joint 

preparation to avoid overheating the previously deposited cladding and 

interface . Strength welds for nozzle penetrations may be made in several 

ways but are frequently made with covered el ectrodes by a manual process . 

Surfaces of strength welds in locations of complex geometry are fre 

quently clad manually with covered or gas - shielded electrodes of either 

stainless steel or Inconel- type material . These joints may be locally 

stress relieved, but it is also desirable to stress relieve the entire 

assembled or subassembled components to remove residual stresses, mini 

mize distortion, and permit early correction of dimensional discrepancies . 

8.13 MA.CHINING4 ' 8 

When assembly, stress relief , and dimensional inspection are com

pleted, the two major vessel section s (body and clos ure head) are finish 

I 



Fig. 8 .10. Cl~d F~ange and Sh~li Section Prepared for Nozzle Insert. 
(CE phot ogra r;h) 
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machined . Machining requ irement s for reactor vessel s are established 

by the sizes of the components and the dimensional tolerances required 

in certain critical areas . Large machine tools, particularly horizontal 

and vertical boring mill s, capable of machining large- dimension vessel s to 

very close tolerances and surface finishes may be needed . Accurate gaging, 

optical and calibration equipment for metrol ogy for both setup and inspec

tion, and good control of temperature, cleanliness , and atmospheric condi

tions are required where layout, inspection, and machining are done. 

Out- of- roundness design tolerances permitted for the pressure con

tainer proper are 1% or less in the ASME Code, but the practices of the 

principal fabricators readily achieve 1/2% or less . Certain surface 

finishes are needed for some nondestructive test methods, but these are 

generally not too restrictive; they are discussed further in Chapter 9. 

The principal requirements for close tolerances are those that involve 

flange closures and core alignment . Machined surfaces of flange faces, 

grooves for gasket seals , bolt holes, and bolting materials, in addition 

to finish and flatness, etc . , require verticalness and concentricity 

within a few thousandths of an inch that ar e generally established with 

optical equipment . 

Additional information on these design requirements is contained 

in Chapter 6 . Among the most exacting tolerances are those involving 

core alignment . They req11ire precise alignment of weld penetrations, 

inserts , control rod sleeves, and core supports and are dictated by core 

physics, shielding, and the mechanical functioning of control rods . 

Typical tolerances and flatness requirements on flange faces are loca

tion to within 0 . 005 in . of the true position and flatness to within 

0 . 005 in . ; the surface finish requirement for gasket grooves is 32 rms . 

Alignment of the holes for closure studs is also a major problem and 

generally requires location to within 0 . 005 in. of the true position 

and parallelism between holes at 0 . 020 in. of f ull indicat ed runout . 

8 .14 TESTilJG4 

When the vessel is substantially completed, i t is subjected t o appro

priat e leak and hydrostat ic t est s (Fig. 8 .11) , as discussed in Chapter 10 . 
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Fig. S.11. Completed Reactor Vessel Prepared for the Hydrostatic 
Test. (CE photograph) 
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Since parts of the vessel may yield locally in the pressure test and pro

duce some dimensional change , further dimensional inspection is conducted 

after the pressure test . Also all surfaces are examined visually after 

the hydrostatic test , and the external vessel surface is examined by the 

magnetic- particle method . These inspections are described in Chapter 9 . 

8 . 15 CLEANING 

Details of cleaning practices for reactor vesse l s vary with the manu

facturer ' s pract i ces and customer requirements and are infl uenced in turn 

by the type of reactor system, the cleaning requirements to be imposed 

subsequently on the entire system prior to startup, and the environment 

to which the vessel wil l be exposed during transportation from shop to 

s i te . In addit i on to cl eaning the vessel just prior to shipment ( or after 

completion of field erection), some cleaning is generally required on as 

received product forms and on subcomponents i n various stages of manufac

ture . This latter involves principally the removal of any foreign mate 

rial that might contaminate the base material or subcomponents if l eft on 

during welding or heat treatment . The cl eaning which is a part of wel d

joint preparation is essentially that required for most high- quality weld 

joints and is usually stated in detai l as a part of the written- and

qualified welding procedure . 

Cleaning requirements are intended to insure freedom from dirt and 

extraneous material visible to the naked eye, to remove grease and other 

potentially harmful chemical substances, and to prevent entrapment of 

foreign material in joints or crevices . Cl eaning to remove foreign sub

stances may include grinding, polishing, grit or shot blasting, water 

flushing , steam cl eaning, degreasing, brushing or scrubbing, and a gen

eral wiping down . These steps may be taken at any stage of fabrication , 

particularly prior to welding or heat treatment, after machining opera

tions and certain inspection steps, and as a final step after vessel com

pletion . If crevices exist, protection from contamination is best pro

vided at the time of crevice formation, with the protection then main

tained throughout fabrication and shipment . 
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Upon its completion, a general cleaning of the entire vessel is 

usually performed. After freeing the vessel of chips and other solid 

material, it may be washed with acetone or other solvent. It is common 

practice to fill the vessel with city water for the hydrotest and as a 

part of the cleaning sequence. After draining and before any residue of 

city water can dry in place, the vessel is flushed by rinsing with dis

tilled or demineralized water. 

A final degreasing with ethyl alcohol or acetone may be carried out 

at this point, and steam cleaning may also be performed. When the desired 

condition of cleanliness has been achieved, temporary closures are applied 

to provide protection during shipment. Where the conditions to be enco·u.n

tered during transportation warrant, an inert gas, together with desic

cants, may be sealed in the vessel in preparation for shipment. 

There is no R:i.ngle generally accepted national standard for cleaning 

nuclear components, although a proposed "Standard Guide for Specifying 

Cleanliness of Nuclear Reactor System Components" has been prepared by the 

American Nuclear Society and is being considered by the Nuclear Standards 

Board of the USA Standards Institute. Existing standards _to which commer

cial reactor vessel cleaning practices are most nearly related include 

MIL-C-19874 (SHIPS), Cleaning Requirements for Nuclear Primary Coolant 

Equipment Including Piping Systems, now superseded by MIL-STD-767A, 

Cleaning Requirements for Special Purpose Equipment Including Piping 

Systems (OUO); Federal Standard 209A, Clean Room and Work Station Re

quirements, Controlled Environment; and ASTM A-380, Descaling and Clean

:i..ng Stainless Steel Surfaces. 
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9. ~UALITY ASSURANCE* 

The term "quality assurance" implies verification of the composition, 

properties, soundness, and Code or specification compliance of materials; 

review and approval of vessel design and stress analysis; preparation of 

detailed procedures .for fabrication operations; surveillance monitoring 

of the fabrication steps; resolution of deviations from specifications; 

and inspection and testing. Some quality assurance steps in nuclear ves

sel fabrication are requirements of the ASME Code, Section III, Nuclear 

Vessels, particularly those intended to establish safety of a fabricated 

vessel. Others are process· control steps intended to minimize or pre

vent the generation of rejectable defects in the course of fabrication. 

Much of the examination and testing performed in intermediate steps of 

fabrication is intended to detect defects and accomplish their elimina

tion early in the manufacturing sequence, rather than incur delays, ad

ditional costs, rejects, and extensive repairs by waiting until a later, 

or even final, Code-required inspection. 

The principal concern of the Code is safety, and it requires exami

nations and tests intended to find and reject (or require repair of) de

fects at some stage of the construction and to verify the adequacy of 

the completed construction. It tries to avoid redundancy by minimizing 

Code-required intermediate examinations if their objective is primarily 

a matter of economy and convenience to the fabricator, who' is then re

sponsible for determining when and to what extent such intermediate ex-

8.minat.ions · $hc:ml n hP 1rnP.c'l. ThP.re is, of cou.rse .• some contribution to 

safety from the earlier detection and elimination or repair of defects, 

and this consideration prompts some Code-required in-process examination. 

Still other specifications call for material samples and tests to de

~elop a body of materials-properties data for guidance in design and 

specification of subsequent vessels; they serve incidentally in deter

mining accept.8,bil ity of thP. vessel actually l:;leing fabricated. 

Most of the process control. and inspection requirements cited here 

relate to actual Code requirements, which will not be repeated except 

*This chapter was prepared by D. Canonico, R. w. McClung, E. c. 
Miller, S. E. Moore, and P. Patriarca, Oru~ Ridge National Laboratory. 
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where further clarification may be required. In the Code the term "in

spection" is used to cover those tasks to be performed by the "qualified 

inspector" who holds certificates from a state jurisdiction and from the 

National Board of Boiler and Pressure Vessel Inspectors and is employed 

by a state, municipality, or insurance company; "examination" includes 

those operations, such as visual observation and nondestructive testing, 

that.are done by someone other than an inspector,. such as a nondestruc

tive ·test operator employed in the quality control department of the sup-
.--· __ .., ·- -··- .~. ... -

plier or fabricator. However, no particular effort is made to maintain 

this distinction in the discussion that follows. 

Verification of materials properties includes the control; inspec

tion, and tests necessary to establish that the.material product form, 

as supplied by the materials manufacturer, meets the requirements of the 

Code, purchase specifications, and vessel design. Most of this work is 

performed by the materials manufacturer and certified to by him; however, 
J I 

in some cases, forming, heat-treatment operations, and subsequent tests 

may be done in the fabricator's shop, in which case the fabricator pro

vides the certifications for these operations. The basic ma~erials speci

fication requirements are contained in the ASME Code, Section II, Mate

rials Specifications, and correspond closely with similar ASTM specifi

cations; however, Article 3 of Section III of the Code stateo a number 

of special requirements to be used in add.it.ton to, or in some cases, in 

lieu of, the materials specifications •. Special requirements include 

N-313, which states details of preparation and testing of material test 

coupons to be given heat treatments simulating the approximate heat treat

ment to be given the materials in t~e course of vessel manufacture. Para

graph N-320 of Section III requires additional nondestructive testing of 

material product forms to verify specification requirements, and N-330 

states special mechanical-property test requirements~_ mostly impact test

ing. The purchasers· and fabricators 6f vessels generally add still more 

requirements.for reasons of economy, improved fabricability, radiation 
. . 

effects surveillance, information, and to some extent, safety. 

I 

. . 

. I 

' ' 
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9 .1 CHEMICAI, AND MECHANICAL PROPERTIES 

The materials channeled into a fabricator's shop during the con

struction of a nuclear pressure vessel comprise four primary categories: 

plate, forgings, bolting, and filler metal. Rod and bar are also used; 

however, their requirements are essentially those for plate. Castings 

have virtually not been used and will therefore not be discussed exten

sively. The first three general types of material are obtainable to 

ASTM specifications, which aid considerably in assuring that the prod

ucts are acceptable. The fourth type, filler metal, except for shielded 

metal-a:r-c electrodes, usually complies with proprj,etary company specifi

cations based on experience with similar filler metals. 

Assurance of quality in plates, forgings, and bolting material is 

achieved by requiring that the material be melted and processed by modern 

techniques proven to produce a high-quality product. The processing 

variables are detailed in the ASTM specification or in a purchaser's 

procurement specification. Article 3 of Section III of the ASME Code 

makes no reference to melting or pouring practices but, rather, sets de

finitive limits on the mechanical properties, particularly impact prop

erties, of the materials and the location where they will be measured. 

9.1.1 Chemical Analyses 

The primary quality-assurance technique used is chemical analysis. 

The response of a material to a heat treatment is dependent on its chemi

cal composition. The required mechanical properties cannot be obtained 

if the composition is not optimum for the properties desired. Hence, 

analyses are made during initial meltdown, periodically during melting 

and pouring, and finally as a check for certification. 

The analysis made during melting and pouring allows the melter to 

make whatever compositional adjustments are necessary. The check analy

sis is run to ascertain that the expected chemical analysis has indeed 

been attained. Satisfying the requirements of the chemical analysis as

sures that the material will produce the correct mechanical properties, 

provided the heat-treatment parameters are correct. These parameters 
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include temperatures, hoiding times, and heating and cooling rates. Ad

herence to the correct heat-treating proc~dures is usually assurance that 

the required ter:sile and impact properties can be attained. 

The methods used for making chemical analyses are usually left to 

the discretion of the supplier; however, ASTM E 30, Methods for Chemical 

Analysis of Steel, Cast Iron, Open Hearth Iron and Wrought Iron, is often 
' used for referee purposes. Speciftcation E 30 recommends that the analyst 

check his method and technique·by means of a National Bureau of Standards 

sample that has a composition comparable to that of the material being 

analyzed. These standards assure that the resulting analysis is correct 

within tolerable limits. The procedure for sampling referred to in E 30 

is detailed in ASTM E 59, Method of Sampling Steel, Cast Iron, Open Hearth 

Iron and Wrought Iron. For large sections, the l/4 T (one.-fourth thick

ness) location is recommended. This same iocation is normally used for 

obtaining specimens for the determination of mechanical properties. The 

minimum ASME code requirements for the frequency of check analyses is 

given in paragraph N-334.l of Section III. It states that the number of 

check analyses shall not be less than the number of tensile tests. Often 

the analysis is run on the broken tensile specimens. 

9.l.2 Mechanical Properties 

Certain mechanical-property requirements, particularly the tensile 

and impact properties, must be satisfied for all materials used for fab

ricating pressure vessels. Additionally in the case of weldments, em

phasis is placed on bend tests, both in the procedure and performance 

qualification tests. These weldment bend test requirements are listed 

in Tables Q-13 and Q-14 of Section IX of the ASME Code. 

The tensile and impact testing is done in accordance with ASTM Speci

fication A 370, Standard Methods and Definitions for Mechanical Testing 

of Steel Products. Specification A 370 recommends that the impact test

ing be done under the direction of ASTM E 23, Notched Bar Impact Testing 

of Metallic Materials. This document, E 23, requires that the accuracy 

of the tester's Charpy machine be calibrated against standards available 

... , .,-
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from the U.S. Army Materials Resea.rch Agency. The impact-property re

quirements are discussed under N-330, Special Mechanical Property Re

quirements and Tests, of Section III of the ASME Code. Paragraphs N-331 

and N-332 are specifically concerned with the ductile-to-brittle transi

tion. The locations from which the test specimens are to be taken are 

given in N-313. 

In addition to the Charpy tests required by the Code, pressure ves

sel customers require that the actual nil-ductility transition (NDT) tem

perature be determined according to ASTM E 208. It is, however, General 

Electric Company practice to require such determinations for core-region 

plates only; the NDT temperature of other plates must be cle1nonstra:ted to 

be below the required temperature. 

9 .1. 2 .1 Plate 

Plate is purchased to a fabricator's procurement standard, which 

usually cites an ASTM specification but. may redefine the limits imposed 

on the chemical composition. This procurement specification sets the 

chemical compositional limits and may also require or imply the desired 

mechanical properties. The plate material currently being used in the 

fabrication of nuclear pressure vessels, regardless of how it is pro

cured, meets the requirements of ASTM A 533, Manganese-Molybdenum and 

Manganese-Molybdenum-Nickel Alloy Steel Plates QU.enched and Tempered for 

P.ressure Vessels. 

The primary properties of interest are the tensile strength and the 

notch toughness of the heat-treated plate. The locations from which the 

specimens are taken are given in N-313 of Section III of the ASME Code. 

The required impact test values are given in Table N-332 of Section III. 

The temperature at which these minimum impact values are required is 

controlled by the temperature of the hydrostatic test. Paragraph N-332 

of Section III requires that the minimum energy value (average 30 ft-lb) 

be achieved a.t a temperature of not more than 60°F below the hydrostatic 

test temperature. This is based on the assumption th~t for·this ASTM 

A 533 (P3-type material) steel the Charpy V-notch fix for the drop-weight 

NDT test is 30 ft-lb. Hydrostatic testing is most easily done at room 

t.i=-rnyiP.rature (70°1,") .• therefore +10°F has been. set as the impact test 
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temperature. Specification ASTM A 533 does not require impact testing 

in the main text of the specification; however, it can be included as a 

suppleme~tary requirement. Usually the customer knows the temperature 

at which he will conduct the hydrostatic test and sets the temperature 

at which the energy levels must be obtained. The energy values (average 

of JD ft-lb for three specimens at a given temperature, with no energy 

value below 25 ft~lb) are set by Section III of the Code (paragraph N-332). 

· Plate materials are unique in that they are purchased in the hot

rolled condition and are subsequently formed and heat treated by the fab

ricator. Because of the manner in which it is handled, a supplier may 

or may not be required to guarantee the mechanical properties of his 

product. If mechanical-property guarantees are required the supplier 

will remove test blanks from the as-rolled plate. These are given simu

lated heat treatments, including at least 80% of the total time at the 

postweld heat-treatment temperature to which the material in the vessel 

will be subjected. This total treatment may be performed in one cycle, 

as described in N-313.1 of Section III of the ASME Code. These simulated 

heat treatments are a protective measure taken by the 'fabricator to as

sure himself that .the heat-treated product will pass the final certifi

cation tests. The final certification tests are conducted by the fab

ricator as part of his fabrication procedure. If necessary, retest pro

visions are permitted by the:ASTM specification. 

The tensile properties required by ASTM A 533 are not difficult to 

achieve. Data are available 1 to show that the minimum tensile require

ments can be achieved at the mid-thickness·.of .. heavy-section A 533 plate. 

Achieving the impact-property. requirements is more difficult, but to 

date this has not been a problem .. Tests conducted at the 1/4 T location 

have had energy values in excess of the minimum requirements. 

Recently, in an effort to gather more data·relative to the prop

erties of the· plate materials, the pressure vessel customers (General 

Electric Company and Westinghouse Electric Corporation) have been re-

0 questing mechanical-property tests in excess· of those required as a mini

mum by Section III of t~e ASME Code. Some of these requirements should 

lead to more confidence in some of the assumptions currently made. A 

good example is the·Jo ft-lb Charpy V-notch fix for the drop-weight NDT 
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test. It is currently felt that (1) the 30 ft-lb fix is conservative 

and (2) that it is too low and it should be 45 ft-lb. Present procurement 

specifications require that drop-weight testing be conducted on all base 

materials the Code requires to be Charpy V-notch tested. This is true 

for the welds and heat-affected zones, as well as the wrought material. 

The choice of test location can also be open to criticism. The tests 

on the whole are taken from the 1/4 T at only two finite locations (top 

and bottom of the plates), and these may or may not be representative of 

the entire plate. Tensile tests, as well as impact tests, are being con

ducted at the outer surface and 1/2 T plate locations, as well as at the 

1/4 T (only Code requirement) locations. The current ctudies will pro

vide additional information regarding the uniformity of tensile prop

erties throughout the thickness. (As has already been pointed out, data 

are available to show that significant differences are the exception, 

not the rule.) 

In addition to the 0.505-in.-diam tensile specimens used in certify

ing a plate (in accordance with AS'IM A 370), large (80% of plate thick

ness) tensile specimens are being tested. These specimens represent the 

material throughout the plate thickness and not at a finite and limited 

location. Preliminary information indicates that the results obtained 

from these large specimens are similar to those for the small 0.505-in.

diam tensile specimens. Furthermore, it is the practice of at least one 

fabricator to test specimens machined from nozzle cutouts. These tests 

f'urther contribute to the information available regarding the uniformity 

of properties throughout the plate. 

The investigations noted above are all in excess of the minimum re

quirements of the ASME Code, but they f'urther assure the quality of the 

material that goes into the fabrication of a large reactor pressure ves

sel. 

Forgines are purchased by the fabricator in the quenched-and-tempered 

condition and, the:r:efore, are certified by the supplier. Currently the 

forgings being used in nuclear pressure vessels satisfy the requirements 

of.AS'IM A 508, Quenched and Tempered Vacuum Treated Carbon and Alloy 
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Steel Forgings for Pressure Vessels. The steel that goes into a flange, 

shell course, or nozzle forging is of the highest grade; it is melted 

in an electric furnace and vacuum treated to reduce the hydrogen to levels 

in· the range of l ppm. Moreover, aluminum is not used as a deoxidizing 

agent, and therefore the cleanliness of the product is further enhanced. 

In the design of a forging, stock is prQvided that will receive the 

same working and heat treatment as the highly stressed region of the 
I 

forging. After the final heat treatment, part of .the test stock is re-

moved from two locations 180° apart (in accordance with.ASTM A 508). This 

material is given a simulated postweld heat treat~ent in accordance with 

N-3l3.2 of Section III of the ASME Code, and one tensile and three Charpy 

specimens are prepared for each location. These are tested to assure 

that the minimum requirements of the Code and/or customer have been 

achieved. 

The tensile and impact requirements are given in the ASTM specifi

cation; however, the +40°F test temperature is usually lowered to +l0°F. 

This is true· for the main closure flanges; however, one customer requires 

that all ASTM A 533 and ASTM A 508 grade steels meet the +l0°F criterion. 

In the event the mechanical properties of the material fell below 

the minimum allowable values, retests conducted in accordance with the 

rules set forth in the ASTM specification would be permitted.. Reheat 

treatment would also be permitted, but the supplier would be obligated 

to inform the. fabricator of this procedure. 

Currently, the forging suppliers are being asked to obtain complete 

Charpy V-notch transition curves and establish the upper and lower shelf 

energies. This is being done for information only and is not a criterion 

for rejection or qualification of a forging. 

A requirement that has been imposed on some forging manufacturers 

has been that the forging meet the mechanical-property requirements at 

a depth of 2 in. below the nearest heat-treated surface. This require

ment exceeds that imposed by N-313.2, which defines the location of the 

_test specimens as a minimum of 3/4 in. below the surface. Moreover, 

shell courses manufactured by forging standards are being subjected to 

property requirements akin to those of plate materials. Specimens are 

being removed from essentially the 1/4.-T location at least 1 T in from 
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a quenched end. These requirements also exceed the minimum of Section 

III of the Code and also those of ASTM A 508. 

One customer requires that the Charpy specimens be taken from at 

least three locations (120° apart) around a forging. This requirement 

is in excess of the Code requirements.. In addition to the mandatory 

Charpy data, the actual NDT temperature is being obtained.by the drop

weight test (AST!~ E 208). Currently, an effort is being made to include 

this requirement in the customer's procurement specification. 

9.1.2.3 Bolting Materials 

Bolting materials (bolts, studs, washers, and nuts) currently being 

used in nuclear pressure vessels satisfy the requirements of ASTM: A 540, 

Alloy Steel Bolting Materials for Special Applications. The grades most 

commonly used are B 23 and. B 24 of this specification. Because of the 

higher strength of these materials, the drop-weight NDT-Charpy V-notch 

fix has been set at 35 ft-lb. Consequently, the requirements are that 

the average value for three tests be 35 ft-lb, with the value for no one 

test below 30 ft-lb •. As set by the specification, the test is conducted 

at +l0°F. 

The bolting materials are supplied to .the fabricators in the heat

treated condition. The test specimens, in accordance with N-313.2 of 

Section III of the Code, are removed from a location at least 1 T from 

an end. The ASTM specification sets the depth of the test at 1/2 radius 

or 1 in. below the surface, whichever is the lesser. Specimen and notch 

orientation are also dictated. Meeting the mechanical-property require

ments is not difficult for the bolting material; however, the nondestruc

tive testing requirements are quite stringent, and hence a high-quality 

product is usually assured. 

The reactor pressure vessels are fabricated by welding, and the fab

ricator has the responsibility of guaranteeing the quality of the weld

mcnts that he deposits. He satisfies these- requirements by qualifying 

processes, welders, and materials in accordance with N-520, Welding Fab

rication, and N-540, Addition Welding Q.ualifications, of .Al:ticle 5, Fab

rication, of Section III of the AS.ME Code. Other restrictions are also 

imposed by RP.~tion IX of the Code. These are concerned with the procedure 
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qualifications of the processes and materials (paragraphs Q-10 through 

Q-13) and the performance qualification of the welders and welding op

erators (paragraphs Q-20 through Q-26). 

9.1.2.4, Filler Metal 

The choice of filler metal is dependent on the welding process to 

be used. The metal-arc covered electrodes are purchased to AS'IM A 316, 

Low Alloy Steel Covered Arc-Welding Electrodes. This material has ten

sile-strength as well as impact-property requirements imposed on it. 

Filler metals for usage in the submerged-arc and electroslag pro

cesses are not nearly so well defined. These filler metals are usuaily 

tailored to produce a weld-metal chemical composition that will provide 

the required mechanical properties. The electroslag weld-metal prop

erties are achieved after a complete austenitizing quenching and temper

ing heat treatment; therefore it is mandatory that this filler metal re

spond t.o the heat treatment\. The filler metal must have a higher alloy 

content than that which would be used for a weld metal that did not have 

to respond to a heat treatment. 

The quality of the filler metal is assured through chemical· analysis 

of each·lot prior to its use. Usually each coil is analyzed at its be~ 

ginning and, end, and a· heat. of the filler ·metal is randomly ~arnpled and 

analyz~d. Where the combination of filler metal and flux influences the 

chem~s:try of the _weld deposit; the combinations are qualified as one, 
~-

and stringent q~ality control assures that the combinations are used to-

gether. • 

9.1.2.5 Welding Procedures and Weld Tests 

The rules for qualifying welding procedures are given in Q-11 of 

Section IX of the ASME Code. New procedure specifications must be quali

fied when changes such as those listed in·V~l through V-13 are made. 

These changes inciude welding process variables, as well as material 

changes. However, changes in heats of filler metals or fluxes, provided 

their compositions are within tolerable ranges, do not require requali

fication of the welding procedure. The tests that must be passed are 

listed in Tables Q-13.1 and Q-13.2 of Section IX. 

' .. l 
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In addition to the performance qualification tests, Article 7, Test

ing, of Section III of the ASME Code requires (paragraph N-713) that ves

sel test plates also be made and tested. These tests are conducted on 

a test plate of thickness equal to that of the thickest joint to be welded 

by the particular procedure. The test plate material may come from one 

or more heats of .material used in the vessel or it may come from material 

of the same specification and heat treatment. These test.plates, in ad

dition to meeting the destructive test requirements of Tables Q-13.1 and 

Q.-13.2 of Section IX, must also meet the impact requirements imposed by 

paragraph N-330 of Section III at the weldment zones (base metal, heat

affected zone, and weld metal) listed in N-712 of Section III. 0rhese re

quirements are to be met after the weldment has been subjected to its 

required postweld heat treatment. 

The requirement of using one heat of material representing the steel 

that may or may not go into the construction of the vessel is satisfactory 

for a minimum base-metal dilution weld, such as a weld made by the sub

merged-arc process; however, it may not be completely satisfactory when 

the base metal constitutes over 50% of the weld metal, such as is the 

case in an electroslag weld. If, as is true of the plates and forging, 

each heat of metal used in the construction of the pressure vessel is 

qualified, it seems logical to impose a similar requirement on the indi

vidual electroslag welds (at least until sufficient data are gathered 

to assure that the dilution factor is insignificant). The submerged-arc 

weldments are not subjected to a reaustenitize and temper treatment; 

therefore their required properties must be achieved with only a sub

critical postweld heat treatment. As has already been pointed out, Sec

tion IX of the Code does not impose any impact requirements on the weld

ments. However, Section III of the Code (paragraph N-712) requires that 

the base metal, heat-affected zone, and weld metal all meet the require

ments of N-330. Paragraph N-713.4 states that the weld metal must be 

tested within 1/16 in. of the finishP.d weld suri'ace~ This is a. 1·ather 

important requirement for a weld met.al that will not be completely re

austeni tized, quenched, and tempered after welding. The choice of weld

ing parameters is important, and the mechanical properties of multipass 
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weld.ments are depend~nt on the fact that the subsequent passes reausten

i tize and temper the previous passes. The passes exposed to the least 

amount of subsequent heating are those at the surface of the weld and, 

therefore, this location rather than the 1/4-T location is tested. 

The location of the notch in the heat-affected zone of a weld.ment 

is usually left to the discretion and integrity of the tester. This zone, 

which encompasses the base metal from the unaffected base metal to· the 

fusion line, contains a multitude of microstructures, each of which may 

possess completely different mechanical properties from those of its 

neighbor. Ideally, the notch should be situated in the region that pos

sesses the poorest impact properties; however, geometric considerations 

do not always permit this. Hence the tester should pick a location that 

most nearly approximates this condition. As can be noted, the heat

affected zone is a nebulous area, and the notch of an impact specimen 

can be placed anywhere within this zone arid still satisfy the Code re

quirements. 

Recently, the pressure vessel customers have been requesting that 

drop-weight testing (ASTM E 208) be conducted on the weld.ments that are 

now subjected to Charpy testing'. This program will establish the actual 

NDT temperature. 

9.2 FLAW DETECTION 

The minimum requirements for nondestructive examination of pressure 

vessel materials for the detection of flaws are incorporated in N-320, 

Nondestructive Examination and Repair of Materials, in Section III of 

the ASME Code. The materials discussed are plates, forgings, bars, cast

ings, pipes, tubes, fittings, bolts, and bolting material. The inspec-

·tion methods prescribed for various portions of the examination include 

ultrasonic, radiographic, liquid penetrant, magnetic particle, and 

eddy current or other electrical system. In many instances the current 

practice of the reactor prime contractor or the pressure vessel fabrica

tor is to exceed the minimum requirements of the Code. This should in

crease assurance of the integrity of the materials over that provided 

by the Code. Of course, exceeding the requirements, although current 

el· 
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practice, is not necessary to gain the approval and acceptance of the 

vessel by the Code inspector and, under existing regulations, could be 

relaxed to the minimum requirements at the discretion of the pertinent 

management. As the individual materials and their respective examina

tions are discussed in the following, occasional mention is made of prac

tices that exceed requirements. This is not intended to be an exhaustive 

survey of such conditions, but it serves to indicate general conditions. 

9.2.1 Examination Procedures 

Detailed examination procedures are provided in the Code for radio

graphic examination of welded joints, ultrasonic examination of welded 

joints, magnetic-particle examination, and liquid-penetrant examination. 

In addition, occasional reference is made to various ASTM documents for 

materials or performance of nondestructive exA.minations. In subsequent 

discussions, requirements for the nondestTuctive examinations are in

tended to be in accordance with the Code-included procedure unless other

wise stated. 

The radiographic examination procedure (paragraph N-624) is speci

fied for examination of repair welding and for tubular products to which 

it may be applicable. A primary.requirement of this procedure is the 

designation of the appropriate penetrameter t'or thickness of material. 

The thickness of the penetrameter is 2% of the material thicknesses from 

1/4 in. to 1 1/2 in. Between 1 1/2 and 6 in., the percentage thickness 

of the penetrameter decreases to 1%, and this value is maintained to the 

maximum designated thickness of 20 in. The penetrameter contains three 

holes and a slit. +he holes, according to the Code, normally have diame

ters of 2, 3, and 4 times the penetrameter t1'J.ickness. ·rhe minimum hole 

size is 1/16 in. For specimen thicknesses less than 1/2 in., the 1/4-in. 

x 0.010-in. slit is used to-indicate the image quality. This is less 

demanding than the AS'I'M penetrametcr prescribed in E l.4?., which sets a 

minimum hole size of 0.010 in. For thicknesses above 3 in. the ASME and 

AS'I'M 2T holes are comparable. 

The approved magnetic-particle examination procedure is described in 

N-626 of the Code. The procedure allows the use of wet or dry particles, 
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direct or rectified magnetizing current, and prods, coils, or magnetic 

yokes to produce the magnetic field. The yoke method may be used if the 

sensitivity for surface cracks is equivalent to that of the prod method 

using a magnetizing current of 25 to 30 amp per inch of prod spacing. 

This is in contrast to the required 100 to 125 amp per inch of prod spac

ing for the prod method. All cracks and linear indications are considered 

unacceptable. Linear indications are those indications with a length more 

than three times the width. Nonlinear (rounded) indications with dimen

sions greater than 3/16 in. are unacceptable. Multiple rounded indications 

are unacceptable if they exceed a specified frequency of occurrence within 

a specified area. 

The penetrant examination procedure is described in N-627. The pro

cedure allows the use of both visible dye and fluorescent penetrants. 

In each case there are three acceptable types: . (1) water washable pene

trants, (2) postemulsifying penetrants, and (3) solvent-re~ovabl~ pene

trants. Reference is mad~ to ASTM E 165-65T, Methods for Liquid Pene

trant Inspection, an educational document. These acceptable penetrant 

procedures differ considerably in their sensitivity. The described 

techniques allow considerable leeway, and some companies have found it . . 
necessary to be more restrictive in their written procedures. For in

stance, in surface preparation and cleaning, sand blasting is· considered 
, 

undesirable because it can close flaws with a peening action, although 

the Code allows abrasive blasting. More restriction is also being placed 

on allowable penetration and developing times. Limits of a.cceptance of 

discontinuities are similar to those for the magnetic-particle examina

tion. 

9.2.2 Plates 

The only nondestructive examination required for unclad plates is 

the longitudinal-wave ultrasonic inspection for the detection of lamina

tions. This is performed in accordance with a procedure that is essen

tially in accordance with ASTM A 435, Ultrasonic Testing and Inspection 

of Steel Plates of Firebox and Higher Quality. The plates are examined 

along 3-in. -wide paths on 12-in. c.enters. The reflection from the rear 

'. 
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surface of the plate is monitored. A loss of back reflection equal to 

that produced by a 1/2-in.-diam flat-bottom hole is considered unaccept

able if it persists during a 2-in. movement of the transducer. With 

grid scanning there are unexamined areas approximately 9 in. square, which 

theoretically could contain laminar discontinuities up to that size. 

The opinion of many is that laminations are innocuous if they do not ex

tend to cut edges or penetrate where welds are to be made. For the lat

ter case, supplementary examination during fabrication is necessary, and 

repair is required if a detected lamination exceeds a length of 1 in. 

along the exposed edge. 

If the plate is to be clad by the material manufacturer, the bond 

between the cladding aRd the ba.8e plate is to be included in this ultra

sonic examination. Many of the vessels currently being fabricated have 

the cladding applied as a weld overlay in the formed vessel; require

ments for examination are discussed in the section devoted to fabrication 

examination. 

An interpretation of the AS:ME Boiler and Pressure Vessel Code, Case 

1338-4, March 29, 1967, on Ultrasonic Examination of Plates, allows an 

examination in lieu of that noted in the Code. The principal differences 

include ma..v;;imtun 9~in. <:>f;'ntP.r::; on the scanning grid lines (but no mention 

of the pa.th width) and the use of reference specimens containing cali

bration holes. When indications of discontinuities reduce the amplitude 

of the back.reflection equal to that of the calibration hole or the in

dication has an amplitude exceeding 50% of that from the calibration 

hole, the boundary of the discontinuity is established by complete scan

ning. The diameter of the calibration hole varies from 1/2 in. up to 

1 l/~. in. as the plate thickness varies from less than 4 to more than 

16 in. Unacceptable conditions include loss of back reflection greater 

than that produced by the calibration hole that cannot be contained in 

a circle with a diameter of 3 in. or one-half plate thickness, which

ever is greater. In addition, rejection is based on a continuous flaw 

indication with an amplitude greater than that from the calibration hole 

and which cannot be contained in a circle with a diameter of 4 in. or 

the plate thickness, whichever is greater. 



·.I 

'· 

-".- ._ 

592 

An alternate in Case ·1338-4 is essentially that contained in the 

Code, except for changes in the acceptance limits. An unacceptable loss 

of back reflection is one that cannot be contained in a circle with a 

diameter of 3 in. or one-half the plate thickness, whichever is greater. 

Case 1338-4 also provides an alternate· examination for bonding of 

clad plate. A reference specimen containing a flat-bottom hole formed 

from the base-metal side to the plate-cladding interface is specified. 

The diameter of the hole is no greater than the diameter of the search 

unit. An indication of a flaw that persists through a 3-in. transducer 

movement in any direction is unacceptable. 

The ultrasonic examination is performed by the plate fabricator al

though it has become the practice on the part of pressure vessel fabri

cators to reexamine the matericil upon receipt and prior to forming and 

welding into the vessel. The current trend in the reexamination of the 

plates is to use a 100% scan, rather than the 12-in. grid, to take cog

nizance of the amplitude of reflections from discontinuities and, on oc

casion, to use angle-beam examination in addition to detect transverse 

discontinuities. The procedures, reference standards, and acceptance 

limits for the supplementary ultrasonic examinations are established by 

the pressure vessel manufacturer or by the reactor contractor. 

Detected defects may be repaired by the plate manufacturer if the 

repairs are approved by the vessel manufacturer.and if other Code re

quirements are met. Some of ~he requirements include examination of the 

area after the defect is removed by the magnetic-particle or penetrant 

methods, examination of the.weld repa~r by magnetic-particle or pene

trant methods, and ~xamination by radiography if the repair depth is 

greater than 3/8 in. or 10% of the nominal thickness. Although not speci

fied in the Code, the good, current practice is to use the magnetic

particle method rather than penetrants on,carbon steels because of the 

ability to find discontinuities that may be slightly.subsurface. This 

pertains to both the area after defect removal and the weld repair. 

Defects or unbonded areas in plate cladding may also be repaired 

by the material manufacturer with the vessel manufacturer's approval. 

The Code requirements are similar to those for repairs in plates. After 

the defective portion is removed, the area is examined by the magnetic-

'' ... 
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particle or liquid-pcnetrant methods·; after. repair, the area is examined 

by liquid penetrants and the ultrasonic method used for the original ex

amination. 

9.2.3 Forgings and Bars 

Forgings and bars for reactor vessels are examined by ultrasonic 

methods with the longitudinal-beam technique in accordance with ASTM A 

388-59, Recommended Practice for Ultrasonic Testing and Inspection of 

Heavy Steel Forgings. This document references two other ASTM Practices 

that discuss longitudinal-wave testing with direct contact.and ultra

sonic testing by the resonance method. Details of the examination pro

cedure are not specified and, although not stated, are dependent upon 

procedures established by the material or vessel manufacturer or the re

actor contractor. The criteria for the reference specimen and acceptance 

standard established by the Code are the same as for the inspection of 

plate. Rings, flanges, and other hollow forgings are also examined with 

the shear-wave technique. The reference and acceptance standard for this 

technique is a groove 1 in. long with a depth 3% of the nominal forging 

thickness. Details of the shear-wave technique are not specified in the 

Code and are dependent upon the procedure established by the material 

or vessel manufacturer or the reactor contractor. 

An interpretation of the ASME Code, Case 1359-1, March 14, 1966, on 

Ultrasonic Examination of Forgings, allows an examination in lieu of that 

noted in the Code. This Case provides additional procedural details. 

The entire volume is to be ultrasonically inspected. The longitudinal

wave test is to be applied from two directions approximately at right 

angles. Hollow forgings are tested from one circum±'erential surface a.:n.d 

from one face, normal to the axis. Disk forgings are tested from one 

flat side and the circumferential surface. Rejection is based on any 

discontinuity that causes loss of back reflection. In addition, condi

tions are to be reported to the purchaser for approval if indications are 

detected that (1) exceed the amplitude of the back reflection, (2) are 

smaller but clustered, or (3) travel in time when the search unit is 

moved. The shear-wave test for hollow forgings is to be performed in 
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the circumferential direction,. when practicable. 

that from the calibration notch are .unacceptable. 

I~dications exceeding 

In addition, condi-

tions are to be reported to the purchaser for approval if indications 

are detected with Cl:ffiplitudes exceeding 50% of the calibration-notch am

plitude or if clusters with smaller amplitudes are detected. 

Discussions wfth personnel 2 at .a forging company disclosed some of 

the current procedures that supple.ment or implement the Code and Case 

requirements. All the receiv~~-~~9ck that .is to be eventually manufac

tured into components for nuclear service is examined by the ultrasonic 

method. The specific technique is dependent upon the size of the ingot. 

On the basis of past ~xperience, a decision is made as to whether the 

item should proceed to the forging operation. For ring forgings the lon

gitudinal-wave examination is performed with the ultrasound being intro

duced successively from the outer surface and both flat ends. One prob

lem when performing the test.from a flat end on ring forgings with a 

long axial dimension (e.g., 30 in.) is assuring calibration for discon

tinuities near the entry surface when comparing with flaws near the rear 

surface. The shear-wave examination is performe~ in the circumferential 

direction in accordance with Case 1359-1. Depending upon the individual 

specification, it may be made in only one or both of the circumferential 

directions. 

Forgings of magnetic material are examined by a magnetic-particle 

method, and those of nonmagnetic material are examined by a liquid-pene

trant method. Defects in forgings may be repaired in accordance with 

the requirements specified for the repair of plate. 

9.2.4 Castings 

The Code requires all portions of castings to be fully radiographed 

in accordance with requirements of the applicable documents - ASTM E?l-64, 

Reference Radiographs for Steel Castings Up to 2 in. in Thickness; El86-

65T, Tentative Reference Radiographs for Heavy-Walled (2- to 4 1/2-in.) 

Steel Castings; or E280-65T, Tentative Reference Radiographs for Heavy

Walled (4 1/2- to 12-in.) Steel Castings. These documents illustrate 

various types and degrees.of discontinuities in steel castings of the 
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appropriate thicknenses. The castings P.Xamined must meet the require

ments of severity level 2 of the documents. Only E71 contains any radio

graphic procedural details and these are limited to recommendations that 

the radiographs have a film density in the range 1.5 to 3.3 and a speci

fied minimum sensitivity or quality level that is statedas "usually 

2-2T." For all details necessary to the performance· of adequate radiog

raphy, procedures or requirements are supplied by the material or vessel 

manufacturer or the reactor contractor. 

Castings over 12 in. thick are to be examined by ultrasonic methods 

in accordance with ASTM E 114-55T, Recommended Practice for Ultrasonic 

Testing by the Reflection Method Using Pu'.Lsed Longi tudirial Wave::; Induced 

by Direct Contact. This is now designated ASTM E 114-63. This document 

requires that agreement be reached between purchaser and manufacturer on 

many details pertinent to the performance of the test. Discontinuities 

are evaluated on the basis of the amplitude of their reflection as com

pared with that of the normal back reflection (a 20% value is unaccept

able) and on the basis of a 30% loss in amplitude of the back reflection 

during a 2-in. movement of the transducer. The rejection criteria are 

qualified by allowing defect removal and casting repair and the use of 

other metbods of nondestructive testing to demonstrate that the indica

tions are acceptable. Caution must be exercised in the interpretation 

and implementation of this latter allowance, since the response of ::;ome 

discontinuities.to other test methods will not. be the same as to ultra

sonic methods, and a misleading demonstration of acceptability could re

sult. 

Castingn of magnetic material are to be examined by a magnetic-par

ticle method in accordance with ASTM E 109-57T, Method for Dry Powder 

Magnetic Particle Inspection. This is now designated E 109-63 to show 

the date of adoption as a standard (from tentative status) without re

vision. The base document prescribes procedures, magnetizing current, 

etc., for the magnetic-pa,rtir.le method that uses dry pow,der and the prod 

technique. However, the document allows, by agreement between manufac

turer and purchaser, other magnetic-particle methods, such as the wet 

method, overall magnetization, alternating current, etc., in which pro~ 

cedures and si:-n::;i tivi ties can va:ry. Rejectj.on levels are established 
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with the aid of AS'IM E l25-56T, Reference Photographs for Magnetic Par

ticle Indications on Ferrous Castings. This is now designated E 125-63 

to show its adoption as standard without revision. In accordance with 

the Code, grounds for rejection include all linear discontinuities (hot 

tears and cracks), flaws (such as shrinkage, inclusions, internal chills, 

and unfused chaplets), and porosity that exceed the Degree I level (lowest 

order of discontinuity severity) of the E 125 photographs. Castings of 

nonmagnetic materials are examined by a liquid-penetrant method. Defects 

detected by ultrasonic, magnetic-particle, or liquid-penetrant examination 

may be repaired if appropriate requirements a:ce met (similar to those 

established for plate). 

9.2.5 Tubular Products 

Tubular products that normally confine reactor coolant during opera

tion are examined over their full length by either radiographic, ultra

sonic, magnetic-particle, liquid-penetrant, or eddy-current methods of 

examination. "The method selected shall be applicable to the product to 

be examined." Vessel nozzles and nozzle attachments are examined ultra

sonically over their entire surface and by at least one other method of 

examination. It is difficult to be specific about the optimum test for 

the many sizes and materials that could be encountered in tubular prod

ucts. However, there are times in which a test may be applicable but 

inadequate or inappropriate to detect the discontinuities and provide 

assurance of product integrity. Therefore, additional clarification or 

supplementary requirements would be beneficial. 

The ultrasonic examination is conducted to detect discontinuities 

that provide indications equal to or greater than the indications from 

reference grooves placed on the outside and inside surfaces of the prod

uct. The grooves are at least l in. long and have a depth that is the 

greater of 0.004 in. or 5% of the wall thickness. Although not stated, 

the grooves are probably oriented p~rallel to the product length and the 

sound is propagated circumferentially. Insufficient detail_ is provided . ")' 

to control the examination, so supplementary procedures are required from 

the material or pressure vessel manufacturer of the reactor contractor • 

•. . . 
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An ASTM procedure that could be used is E 213-63T, Ultrasonic Inspection 

of Metal Pipe and Tubing for Longitudinal Discontinuities. 

The eddy-current examination specified has reference discontinuities 

similar to those for the ultrasonic examination. An additional require

ment is the use of a 1/16-in.-diam radial hole. Supplementary procedural 

details would need to be supplied by the material or pressure vessel 

manufacturer or the reactor contractor. The magnetic-particle and liquid

penetrant examinations are performed in accordance with N-626 and N-627, 

respectively, of the Code. Discontinuities are unacceptable if they have 

a depth exceeding the greater of 0.004 in. or 5% of' the wall thickness. 

Radiographic examinations on products with wall thicknesses greater 

than 1/2 in. are conducted in accordance with N-624 of the Code with 

enough exposures to insure 100% coverage. The cited paragraph refers to 

radiographic examination of welded joints. There are no comments on 

limits of acceptability unless it is assumed that the acceptability stan

dards for the welds are applicable. These specify, in N-624.8, that any 

type of crack and elongated inclusion with lengths greater than a value 

ranging from 1/4 to 3/4 in., depending upon the section thickness, are 

unacceptable. Other objectionable conditions are porosity and linearly 

arrayed inclusions. For tubular products with nominal wall thicknesses 

less than 1/2 in., a radiographic ~rocedure must be qualified to show the 

capability of detecting discontinuities having depths exceeding 5% of 

the single wall thickness. Products having defects with an indicated 

depth exceeding the greater of 0.004 in. or 5% of the wall thickness are 

unacceptable. 

In each case of examination of tubular products, defects may be re

moved by grinding if the remaining wall thickness is adequate, the ground 

area is blended smoothly into the surrounding surface, and the defect 

is eliminated or reduced to acceptable size. The product may be repaired 

by welding under certain restrictions, including the size of defect, as

surance that the defect is removed by performance of a magnetic-particle 

or liquid-penetrant examination, .and examination of the repaired area 

by radiography and a second "applicable" method of examination. 
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9.2.6 Bolts and Bolting Material 
'-

Bolts, bolting material, and nuts are to be examined after threading. 

The approved methods for magnetic material are either a wet magnetic par

ticle or liquid penetrant. Axial linear defects with a depth greater 

than the thread depth and all nonaxial defects are cause for rejection. 

A supplementary requirement of some companies that exceeds the Code 

is the use of ultrasonic testing of stud bolts with the same procedure 

as that used for bar and forgings. Any crack or sharply defined linear 

indication is rejectable. 

9.2.7 Examination After Accelerated Cooling 

If accelerated cooling is used to enhance the properties of carbon 

and low-alloy steel products, they are examined after the accelerated 

cooling. The Code allows a choice of a magnetic-particle method, a liq

uid-penetrant method, or the ultrasonic method described for the speci

men configuration in earlier portions of the Code. This free choice 

seems questionable. The magnetic-particle and liquid-penetrant methods 

could give similar results on discontinuities opened to the surface by 

the accelerated cooling. However, the ultrasonic methods prescribed for 

the longitudinal-wave examination of plate, forgings, and castings would 

be sensitive to different types and orientation of discontinuities than 

the surface-examination methods. The shear-wave technique prescribed 

for hollow forgings and probably used for the examination of tubular prod

ucts might be sensitive to the discontinuities detectable by magnetic~ 

particle or liquid-penetrant examination. This would depend upon the 

direction in which the sound beam was transmitted,' and the Code does not 

specify any direction for the performance of the shear-wave technique. 

Case 13.59-1 specifies the circum:ferenti.al dir~ction. The choice 'of ex

amination method must depend on the anticipated character~ location, and 

orientation of the flaw that may be detected after accelerated cooling. 

If there is concern over objectionable flaws within the body of the ma-

terial, an appropriate ultrasonic technique should be specified. If the 

~uspected defects are on the surface, longitudinal-wave ultrasonics would 
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have questionable value; shear-wave techniques would depend upon sending 

the sound in the proper direction; and magnetic-particle or liquid-pene

trant methods would probably be applicable. 

9.2.8 Procedures and Personnel 

As noted in comments on the various material items, the Code pre

scribes the method of examination that will be applied and specifies the 

acceptance criteria. A few procedural details are supplied, but fre

quently these are inadequate to control the process and must be supple

mented. This is done in i=;everal ways, The reactor contractor or pres

sure vessel manufacturer may supply specifications containing the ex

amination details he feels to be needed. In other instances the detailed 

procedures are supplied by the manufacturer of the material and reviewed 

for approval by the purchaser. 

Whichever route is chosen for establishment of detailed examination 

procedures, it is important that the procedure be adequately controlled 

and specified to assure that the intended purpose is being served. Of 

course, the existence of ideal procedures would be of no avail if the 

equipment and personnel were inadequate to perform the prescribed proce

dures. For some examinations, such as radiography and ultrasonics, the 

calibration standardG offer some demonstration that the equipment is · 

functioning and may perform the examination adequately. For the magnetic

particle and liquid-penetrant examinations, no such calibration standard 

is required by the Code (nor is it as readily available). Some qualita

tive assurance of equipment or material performance may be gained by 

observation of background indications. In general, the company perform

ing the inspection provides his own method for assuring proper performance 

of his equipment, although some evaluation of equipment may also be made 

by his customers. This is supplemented by various military specifica

tions and requirements, sin~e most of the suppliers of civilian power 

reactor vessels and components also have active military contracts, and 

the same examination equipment may be used. 

Of equal or greater importance is the assurance that the operator 

i9 qualified to perform the test and/or make the proper interpretation. 
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The Code requires the manufacturer to certify that each operator has the 

proper vision and is competent in the techniques of the nondestructive 

examination method for which he is certified. There is no uniform method 
'i. • .. 

of testing or demonstrating competence prescribed by the Code. Here 

again, there are military requirements because of military contracts for 

personnel qualification and certification for many of the same manufac

turers and operators who.work on civilian reactor materials. Thus, as 

'a fringe benefit at this time, there is some additional degree 'of assup

ance that several of the examination procedures are being performed and 

interpreted by operators who are certified in accordance ~ith a uniform 

method. In addition to the military requirements, some companies who 

buy materials or components from subcontractors have their own methods 

of obtaining assurance that competent personnel are examining their ma-

terial. 

As a further supplement to Code Case and company requirements for 

examination procedures, equipment, and personnel, the reactor contractor 

and vessel manufacturer usually monitor their suppliers during contractual 

performance. This monitoring covers reviewing material and test reports 

and visits to the suppliers' facilities to witness and audit the cali

bration arid performance of the various nondestructive examination pro

cedures. 

9.3 FABRICATION 

The detailed ASME Code requirements for process control are c~n

tained in Articles 5 and 6 of Section III. Paragraphs N-511.1 and N-614.1 

require that the vessel manufacturer certify compliance with all speci

fied heat treatments, tests, and examinations and submit the certificates, 

together with other certificates of compliance with materials specifica

tions and test results, to the inspector. Paragraph N-511.2 requires 

preparation of additional test coupons and tests representing material 

subjected to heat treatments beyond those anticipated when the test cou-

' pons were prepared by the materials manufacturer. Paragraphs N-512 and 

N-615 provide for the identification and. marking of materials and veri

fication of this by the inspector. Paragrap.h N-513.1 requires the 
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examination of exposed cut edges of material product forms during the 

course of fabrication by magnetic-particle or penetrant methods, supple

mented at times with ultrasonic examination. It requires that all cracks 

and nonlaminar defects be removed, together with discontinuities, such as 

inclusions, that are parallel to the surface and exceed 1 in. in length. 

Paragraph N-514.1 provides for the welding or other repair of defects 

detected during the course of fabrication. 

Paragraph N-513.3 requires dimensional checks of formed parts and 

makes provision for a limited amount of local undertolerance, but it re

quires that calculations establishing the acceptability of such devia

tions be included as addenda to the stress report of N-142· (see oect. 

9.4.2). Tolerance requirements for shells are given in N-516, and for 

formed heads, in N-517. 

Paragraph N-530 contains heat-treatment requirements. The guides 

for preheating for welding in N-531 are quite general and place the prin

cipal obligation for establishing detailed preheating requirements on 

the fabricator in developing the welding procedure specification. Para

graphs N-532.1 and N-532.2 and Table N-532 cover postweld heat treatment 

(stress relief) in greater detail; N-532.3, N-532.4, and N-533 provide 

details of procedures for this postweld heat treatment; N-617 defines 

the responsibility of the inspector to satisfy himself that heat-treating 

operations have been correctly performed and that the temperatures and 

gradients conform to the requirements. Paragraphs N-532 and N-533 con

tain rather detailed requirements for postweld heat treatment. Paragraph 

N-333 permits but does not detail requirements for normalizing and tem

pering or austenitizing, accelerated cooling, and tempering of materials 

to improve their impact properties. The Code does not require the prepa

ration of detailed heat-treatment procedures specifically tailored to 

the materials, product forms, and sizes and the fabricator's heat treat

ment a...~d handling equipment, although the principal fabricators of reac

tor vessels, as a matter of good practice, establish such interna.L pro

cedures and specifications in considerable detail for their own use. The 

requirement that detailed, written heat-treatment procedures (as well as 

other fabrication procedures) be prepared, demonstrated, and adhered to 

shou.J.,d be considered for inclusion in the Code. 



.. 

602 

Requirements for weld fabrication are given in N-520; N-522 requires 

that the vessel manufacturer establish welding procedures· and conduct 

the me_chanical, visual, and nondestructive tests required in Section IX 

and, in some cases, the special tests of N-540 to qualify welding proce

dures, welders, and welding operators. Separate welding procedures are 

qualified for each class of material, thickness range, and other listed 

"essential variables." The requirements for qualification are extensive 

and reference is made to the appropriate part of Section IX of the Code 

for the details. Paragraphs N-621 and N-622 require the inspector to 

assure himself that the procedures and welders have been properly quali

fied and to request requalification when there are reasons to question 

adequacy of the procedure or welder ability. 

The Code contains a number of requirements that materials, welds, 

and components are expected to meet and which can be established by visual 

observation, but the fact that visual examination should be used is usu

ally implicit, since the Code seldom states specifically that visual ex

amination shall be performed. Some visual examination requirements are 

contained in N-526, N-527', and N-624, but the Code requirements in this 

area are generally considered insufficient. In the case of nuclear ves

sels,' they are frequently augmented in the purchaser's specifications, 

but the more significant and effective supplementary visual requirements 

are those imposed by high-quality fabricators in their own process con

trol procedures. Among-the requirements frequently specified are (1) the 

visual examination of weld joint preparations to insure proper alignment, 

positioning, joint dimensions, soundness, and cleanliness of surfaces to 

be joined, ( 2) the use of qualified procedures and welders or we·lding 

operators, (3) adequate protection of the work from unfavorable weather 

conditions, (4) storage and moisture control of welding materials, (5) sur

veillance monitoring of the actual production application of the welding 

procedure, including control of voltage, current, arc length, travel 

speed, deposition rate, and observation of the arc and weld puddle, and 

(6) examination of finished welds .for complete joint penetration, for 

freedom from undercut, overlap, abrupt ridges, or valleys, and for rea

sonably smooth weld surfaces that are either flush with the adjoining 

.. 
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base-metal surfaces or have a limited amount of weld reinforcement merging 

smoothly into the base-metal surface. 

Nondestructive examination methods are given in N-624 (Radiography), 

N-625 (Ultrasonic Examination of Welded Joints), N-626 (Magnetic-Particle 

Examination), and N-627 (Liquid-Penetrant Examination). These procedures 

and acceptance standards apply both to materials, particularly those con~ 

taining welds, in Article 3 of Section III of the Code, and to weld fab

rication in Articles 5 and 6, as previously described in Section 9.2 of 

this chapter. 

Paragraph N-623.2 requires that each nondestructive test operator be 

certified by the manufacturer to have adequate vision and competence in 

the technique of the method he is to use, including making the examina

tion and interpreting and evaluating the results. The inspector desig

nated in N-623 is required to assure himself that the nondestructive ex

amination methods of N-624 through N-627 are followed and that the op

erators are properly certified by the manufacturer; he has the further 

right to require recertification of any operator. The actual technical 

competence of the nondestructive test operator is one of the most diffi

cult things to put into Code or contract language or to enforce adminis

tratively; this is a matter that, together with other administrative 

problems, is being actively studied by technical and administrative groups 

in the Codes and enforcement agencies. 

Paragraph N-612 of the Code states the requirements for qualifica

tion of the "authorized inspectors," who must be employed by a state, 

municipality, or an insurance company (not the manufacturer). Inspector 

qualifications are established by an examination prepared by the National 

Board of Boiler and Pressure Vessel Inspectors and administered under 

the rules of a state or municipality. The inspector meeting these quali

fications may be certified by the examining jurisdiction or, reciprocally, 

by other jurisdictions, as qualified to inspect for adherence to any sec

tion of the Code. Since the Code had its inception as a Boiler Code, 

the examination is heavily weighted toward the requirements of Section I, 

Power Boilers, and secondarily to Section VIII, Unfired Pressure Vessels, 

with very little emphasis on Section III, Nuclear Vessels, other than 

that many of the requirements for materials, fabrication, welding, and 
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inspection in Section III are similar to - frequently identical with -

those of Sections I and VIII. Unfortunately the present administrative 

procedures do not require that the inspector have sufficient understanding 

of the design requirements and some of the nondestructive test methods 

used more extensively. in Section III than in other sections of the Code. 

The upgrading of the competence of authorized inspectors in those fea

tures particularly characteristic of Section III is a matter of consid

erable concern to the technical and administrative personnel involved 

in the development and enforcement of the Code. However, regardless of 

the background and abilities of the authorized inspector, his function 

is primarily that of an auditor of fabricator performance; he can accept 

or reject but he cannot usurp supervisory or management functions in the 

fabricator's shop, and he is not expected to perform the actual nonde

structive tests or continuously witness and monitor all operations and 

tests performed in the course of fabrication. The primary responsibility 

for establishing and maintaining detailed and adequate procedures and 

continuous control over all details of fabrication and examination or 

inspection belongs to the fabricator, who has the further obligation of 

providing professionally or technically qualified supervisory quality 

control, welder, and operator personnel and coordination and control of 

their activities. The authorized inspection personnel then have the 

obligation to audit all these fabricator activities; this requires·a level 

of competence, comprehension, and authority that will probably require 

professionally educated and experienced personnel in addition to the 

authorized inspectors qualified to N-612, even with additional "upgrading" 

training in Code requirements for nuclear vessels. 

9.4 DESIGN 

9.4.l Stress Analysis and the Stress Report 

Present ASME rules for the design and construction of class A nuclear 

pressure vessels, as given in Section III of the Code, are the result of 

a major change in philosophy with regard to stress analysis. Since it 

• 'J 



.. 605 

is now possible to determine stresses in detail by either analytical or 

experimental means, the Code has placed the responsibility for determin

ing and evaluating the stresses on the designer rather than on the Code 

writers, as was essentially the case under Section VIII and the applica

ble Code cases. The allowable stress limits were raised and three cate

gories for stress evaluation were developed. In order to assure that an 

adequate stress analysis of the vessel has been made, Section III re

quires that a stress report be prepared, certified by a Professional En

gineer, and filed with the proper authority at the point of installation. 

The present Code is a considerable improvement over the previous 

rules, and industry has.not yet fully adjusted, especially to the require

ments for a complete stress analysis. The Code is, however, surprisingly 
/ 

weak with regard to the stress report. A clear and concise description 

of exactly what should be reported and how the report should be written 

is needed. The questions of whether or not computer output is acceptable, 

in what form results should be reported, and to what extent the formulas 

and methods of evaluation should be documented need detailed clarifica

tion. It should also be made clear whether and how much experimental 

justification for analytical formulas should be included in the stress 

report.. 

Third-party review of the stress report, once it is clear that the 

stress report fully documents the stress analysis, will probably be nec

essary in order to protect both the public interest and proprietary in

terests of private industry. The present Code provisions for inspecting 

and certifying the stress report can be rather easily complied with and 

yet not guarantee that an adequate stress analysis of the vessel has been 

m.ade. It i::; recommended that the person who inspects the report be a 

fully qualified stress analyst, as well as a registered Professional En

gineer. 

9.4.2 Effects·of .Acceptable Deviations from Specifications 

The design rules of Section III are intended to cover every con

ceivable situation, and since the new rules relate to the stresses in 

the vessel, this ideal is much easier to realize. Nevertheless an actual 
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pressure vessel wi·11 differ from both an analytical model and/or an ex

perimental model in various respects. A discussion of these differences 

is the subject of error analysis, which includes (1) the differences 

between the mathematical model and the design and (2) the differences be

tween the design and the completed hardware. The first item is the sub

ject of the stress analysis section of Chapter 6 (Sect. 6.1). Review of 

the stress report and design specifications is the single most important 

step that can be taken to insure adequate and good-quality design. The 

second item should include fabrication, metallurgy, and inspection; how

ever, these subjects are discussed at length in other sections of this 

report. Therefore, the following discussion is limited to geometric de

viations that result from fabrication procedures. 

Section III specifically discusses geometric deviations produced 

during fabrication, such as undertolerance on thickness (N-513.3), ovality 

detected by measuring the diameter on cylindrical, spherical, and conical

shell segments at different angular positions (N-516a), local out of 

roundness (N-516b), and fabrication misalignment (N-525). The first type 

of deviation, underthickness, produces a stress increase in the main ves

sel body that is classed as a local membrane stress provided the area of 

the underthickness is confined. The Code allows a value of 1.5 S , where . m 
S is the allowable design stress intensity, that is less than or equal 

m 
to the yield stress and specifically requires that calculations be made 

and appended to the stress report that justify the resulting stresses. 

The remaining allowable geometric deviations are limited by physical 

measurements. 'Ovality, local out of roundness, and fabrication misalign

ments influence the stresses by creating additional bending moments'in 

the vessel. The Code does not attempt to identify or classify these 

stresses. However, it can be argued on the same bases that were used to 

establish the design limits that they should be classified as secondary 

bending stresses in order to insure shakedown. The primary criterion 

should be whethe~ or not the deviation woUld be self-correcting by plas

tic action. 

The consequences of geometric deviations have been of concern in 

this country and abroad since the mid-50 1 s. This concern is reflected 

I .. 
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in the rules of Se.ction III, which require much tighter controls on fab

rication tolerances than the rules of Section I and VIII. The allowable 

tolerances are apparently the results of careful deliberation and a com

promise between what is ideally possible and what is reasonably attainable. 

However, the effects of even a permissible deviation are generally not 

appreciated in design. The experimental stress analyst, on the other 

hand, has eliminated the problem by using machined models. This, of 

course, is absolutely necessary in order to verify or develop theoretical 

treatment. 

Since bending stresses are considered secondary, the primary con

cern of the designer is how much unaccounted-for bending occurs in re

gions that already contain large secondary or peak stresses. In order 

to evaluate the effects of geometric deviations on the stresses in these 

regions, more. information is needed than is currently available. First, 

an adequate theoretical solution for geometrically perfect bodies is 

needed, and second, experimental data from models with known geometric 

deviations must be obtained. The absence of the first requirement.has 

discouraged many investigators from seriously considering the second prob

lem. There are, however, some recent experimental data on the stresses 

in boiler-drum penetrations 3 that indicate the degree to which geometric 

deviations in the main body of the vessel can affect.the stresses in the 

penetration regions. Wellinger and Kragelah3 report the results of 

strain-gage measurements on 16 commercial boiler drums that were experi

mentally stress analyzed as a result of finding fatigue cracks in sev

eral drums during normal service inspections. In all fairness to the 

nuclear pressure vessel industry and the present Code rules, it should 

be noted that boiler drums built in Germany are not constructed to ASME 

requirements for nuclear pressure vessels. For our purpose, these re

sults can be used only to point out that potential problems may exist 

in nuclear vessels. The most serious problem would arise from a com

bination 01· high stresses due to dimensional variations and a partly 

through fatigue crack. 

There is some expe:rimental evidence of the effects of geometric de

viations on the stresses in the main body of a vessel. Durelli, Dally, 

and Morse4 reported in 1961 on experimental analyses of three large-
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diameter thin-walled pressure vessels tested in support of the missile 

and space effort. In addition to ovality and local out of roundness, the 

test vessel wall thickness varied by as much as ±10%. Bending stresses 

of as much as 35% of the membrane stress were reported. Careful geometric 

measurements on the vessels were made, but unfortunately were not re

ported. 

Maxwell, Holland, and Cofe~ 5 (see Sect. 6.4.l) tested a machined 

hemispherical shell 30 in. ID and 0.38 in. thick, with a 7-in.-diam cen

trally attached radial nozzle, under internal pressure. This model had 

an accidentally produced l l/2-in.-wide conically shaped flat region on 

the sphere that was centered at an angle of 26° from the axis of the 

nozzle. The maximum difference in diameter due to this defect was 6.24% 

of the vessel thickness. According to N-516 of Section III, this is an 

allowable deviation. Under internal pressure the surface meridional 

stresses were about 60 and 30% different from their calculated values. 

The meridional membrane stress agreed with the theoretical values for 

a geometrically perfect shell, as was expected. 

PVRC vessel No. 5, a cylindrical vessel 36 in. ID, 7 ft long, and 

2 in. thick tested at Southwest Research Institute, was reported to be 

l/4 in. out of round, 6 with initial surface strains 50% higher than theo

retical. This deviation is near the Section III, N-516, allowable limit. 

Pickett and Gregory7 have discussed determinations of out-of-round

ness stresses in three PVRC cylindrical vessels, Nos. 5 and 6 and a 2 1/4% 

Cr-1% Mo vessel. A series of experiments for measuring out of roundness 

and its effects was performed as a part of the full-size pressure vessel 

test program. The out-of-roundness deviations were somewhat less than 

1% of the internal diameter and produced bending stresses that effec

tively doubled the outer surface stresses in the center of the deviation 

(i.e., bending stresses equal to 100% of the membrane stress). In addi

tion, the paper of Pickett and Gregory7 gives several approximate for-

' mulas, gathered from foreign papers, for computing stresses for specific 

types of geometric deviations. The significance of out-of-roundness 

stresses is swnmarized as follows: 

'· 
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"a. The stress intensification for permitted deviations from 
circularity can be as great as for well-designed rein
forced openings. 

b. The resulting high stresses are not restricted to specific 
and limited locations as are designed geometric disconti
nuities. 

c. Even when the problem is self-correcting due to inelastic 
behavior, excessive strain hardening may result. The be
havior of hardware made of materials with high ratios of 
yield to ultimate strength is little affected by load
ing history within permitted ranges. 

d. The problem is most likely· to be associated with longitu
dinal seam and reinforced opening weldments where residual 
stress, fabrication flaw8, and materials properties are 
most likely to compound the problem so that fatigue and 
fast fracture can occur at such locations rather than, and 
prior to, damage at the nominally highest stress locations 
in a vessel. This poses problems not only in analysis but 
in quality control and in service inspection procedures." 

In summary, general concern over stresses that arise as a result of 

geometrical deviations produced during fabrication has been recognized 

by the Code conunittee respons.ible for writing Section III. The action 

taken was to restrict allowable deviations in a somewhat more meaningful 

manner than in previous codes to values that can reasonably be obtained 

by careful fabrication methods. Experimental measurements to date in

dicate that further work needs to be done. However, none of the data 

have shown that the present nuclear code rules are inadequate. 

9.5 INSPECTION METHODS - CAPABILITIES AND LIMITATIONS 

The methods and acceptance standards for the nondestructive tests 

required by codes, specifications, and shop practice are covered in some 

detail in Sections 9.1 through 9.3. Consideration of the validity and 

utility of these methods is restricted here to their use in current heavy

wall reactor pressure vessel technology; these factors might be quite 

different in other applications. This section attempts to evaluate the 

abilities, probabilities, and limitations of the tests in locating sig

nificant flaws and in determining their type, size, shape, distribution, 

loc~tion, and orientation. It also discusses relevant but less readily 
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recognized contributions these methods make to early rejection of de

fective materials, to the nroduction of relatively flaw-free weldments, 

and to minimizing the amount of weld repair required. 

Objective evaluation of the tests is handicapped by the conflicting 

viewpoints from which the problems can be considered. Some observers 

ascribe something approaching infallibility to the tests without recog

nizing their limitations in flaw detection and the lack of precision with 

which size, type, and orientation of defect can be established. Those 

who expect exact numbers and positive assurance of detectability will be 

disappointed, for the effectiveness of nondestructive testing in reactor 

vessel technology is a matter of probability and approximation - not of 

certainty. 

Certain features and limitations apply to practically all nonde

structive test methods. Flaws are presented as signals or indications 

that seldom give exact, direct representation of the nature, geometry, 

and dimensions of the actual flaws. While reference acceptance standards 

of varying suitability may be established for these indications, most 

tests require considerable skill, experience, and judgment on the part 

of the operator to manipulate the equipment and interpret the significance 

of the signals in terms of size, shape·, orientation, and type of defect.· 

No one test can find all defects, and two or more complementary tests 

are frequently· used to detect a broader range of material imperfections. 

On occasion, indications observed by one method are further explored and 

evaluated by a second technique. These are the two surest and quickest 

ways to improve the effectiveness and probability of defect determina

tion - use of complementary nondestructive testing techniques, and use 

of a second method to further explore the indications from the method 

used initially. 

9.5.1 Macroscopic or Visual Examination 

Macroscopic, or visual, examination is the most widely used test for 

evaluating material soundness, surface condition, workmanship, and weld 

quality in general fabrication practice, where it is often the only ex~ 

amination method used; it is also important in reactor vessel fabrication, 
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but there it is generally used in conjunction with one or more of the 

other examination methods. It is rapid and relatively inexpensive. It 

may be used to evaluate smoothness and cleanliness; freedom from blisters, 

loose mill scale, sand, and dirt; edge preparation, bevel angle, align

ment, and fitup for welding; and cracks, undercuts, surface irregularities, 

penetration, and dimensions of welds. A knowledgeable, experienced in

spector or welder can infer much about the internal-conditions and even 

defects inside welds from visual observation of such things as irregu

larity of weld-bead surface, excessive or insufficient weld buildup or 

penetration, cleanliness, surface oxidation, and overlap and undercut, 

but this is essentially an aid in process control and is not relied on 

as an actual basis for weld joint acceptance in nuclear vessel fabrica

tion. Where the welding process is monitored during the course of weld

ing ( ntrictly speaking, _process control, not just inspection), visual 

observation by a competent weld inspector, aided by indicating and re

cording equipment, is a particularly effective means of achieving quality 

welds," since the inspector can detect incorrect welding conditions and 

the production of defects in time to make corrections and. prevent the 

formation of still more defects. 

Visual examination is usually performed with the unaided eye, but 

various aids such as special lighting, mirrors, borescopes, magnifiers, 

telescopes, comparators, weld gages, and remote television may be used. 

An aid to visual inspection that is not used nearly enough in pressure 

equipment fabrication is the comparison sample, or "workmanship standard," 

described and illustrated in Figure 10.37 of the Welding Handbook. 8 This 

is useful in some phases of reactor vessel fabrication, particularly those 

involving manual welding processes. It is perhaps of more value in non

nuclear fabrication, but it is particularly effective in obtaining uni

formity of interpretation in visual examination where there is not a 

previously established understanding between the fabricator's welders 

and quality control personnel or the inspectors and the customer's rep

resentatives, although such circumstances should not exist in nuclear 

work. 

Penetrant and magnetic-particle techniques frequently serve as ex

tensions of visual inspection, but since they involve specifically 
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detailed procedural control, acceptance standards, and special interpreta~ 

tion of indications, they are discussed separately later. Visual exami

nation may also include mensuration, but since this involves compliance 

with dimensional tolerances, rather than examination for defects in ma

terials and welds, it will not be further considered in this section. 

As for limitations, visual inspection as a consistently useful ac

ceptance method is generally limited to observation of relatively gross 

surface defects; imperfections such as fine hairline cracks may well be 

overlooked. Effectiveness of visual examination is largely dependent on 

the visual acuity, individual judgment, and experience of the inspector. 

Weld-surface finish is often specified in very general descriptive terms, 

such as that the surface "shall merge smoothly into the plate surface," 

or that the reinforcement may have a·"reasonably uniform crown," or that 

joints shall be "free" from undercuts, overlaps, and "abrupt ridges or 

valleys." Such general descriptions can reslilt in disagreement and dif

ferences in interpretation of what is or is not acceptable, particularly 

since different welding processes, procedures., and even welders can pro

duce substantially different surface finishes that cannot be readily dif

ferentiated or evaluated on the basis of general descriptive statements. 

9.5.2 Radiography 

Radiography is a means of recording the internal homogeneity of ma

terials and is used to detect cracks, voids, porosity, metallic and non

metallic inclusions, incomplete fusion, undercut, incomplete or excessive 

penetr~tion, and irregular surface contours. It depends on the ability 

of gamma radiation to penetrate the material being examined and on dif

ferential adsorption of the radiation, which depends on the relative 

thickn,ess and density of the material. The emergent beam is recorded on 

a photographic f~lm as a shadow~raph of the material shape and internal 
i 

struct~re. Other means of presenting the differentially absorbed radia

tion include Xer?-radiography, fiuoroscopy, and teievision. 

Penetrating radiation may be obtained from x-rays or radioactive iso

topes. Radiation from an x-ray tube is produced when electrons from the 

cathod~, acce],,erated to a high velocity in an evacuated tube, strike a 
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suitable target at the anode. Industrial x-ray units of various designs 

permit the use of accelerating voltages from 5 kv to 50 Mv. The most 

commonly used units in general radiography have a single-stage accelera

tion in the range of 50 to 400 kv, but for large reactor pressure vessels, 

multistage acceleration units, such as the linear accelerator or betatron, 

usually range from 1000 kv upward for the electron accelerating voltage. 

The most commonly used radioisotopes for reactor vessel tests are 60co 

and 192rr. The principal adv~tage of gamma-ray equipment is the small 

size of the source holder or tube, which permits it to be positioned in 

a space too small for an x-ray tube. A disadvantage is that gamma radio

graphs usually have a lower sensitivity than x-radiographs, and, since 

gamma sources emit penetrating radiation at all times, they must be kept 

in shielded carriers to permit safe handling and storage. 

The ability of radiation to penetrate a material with sufficient in

tensity to make radiography practical is principally dependent on the 

thickness and density of the material and the energy (voltage) and inten

sity of the radiation source. Ability to detect discontinuities and in

terpret the film depends principally on the radiographic sensitivity. 

Factors affecting radiographic sensitivity are 

1. Radiographic contrast 

(a) Object contrast, as affected by 

(1) thickness and density differences in object, 

(2) radiation energy (kilovolts), 

(3) scattered radiation (controlled by the use of filters, masks, 
and screens). 

(b) Film contrast, as affected by 

(1) type of film (fine or coarse grained), 

(2) film processing, 

(3) film density. 

2. Image definition (sharpness) 

(a) Geometric factors 

(1) focal spot or source size, 

( 2) source-'film distance, 

( 3) object-fi11!1 distance, 

(1-1) screen-film contact, 
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(5) sharpness and orientation of flaws, 

(6) motion. 

(b) Graininess factors, as affected by 

(1) type of film, 

(2) type of screens, 

( 3) radiation energy, 

(4) film processing. 

The operator must u.se judgment in utilizing and balancing the vari

able·s to produce high-quality radiographs containing maximum information, 

and he must have suitable viewing equipment. Radiographs will have great

est sensitivity when contrast' is high, density is adequate, and detail 

is sharp. The adjustment of variables in the direction that produces 

greater film sensitivity generally increases the exposure time. 

The Code requires that the adequacy of radiographic sensitivity be 

verified by demonstrating the ability of the technique to show a plaque

type penetrameter. This penetrameter should have about the same radio

graphic density as the object, a stated thickness relative to the weld 

thickness (1 to about 1.5% for thicknesses greater than 3 in), and three 

holes, the smallest of which will have a diameter twice the penetrameter 

thickness. Penetrameter sizes vary with weld thickness, particularly as 

the weld thickness decreases below 1 1/2 in. The Code states the condi

tions requiring radiography of welds, the type and sizes of penetrameters 

to be used, and the types, dimensions., and quantities of discontinuities 

th~t constitute rejectable defects. A penetrameter with a thickness of 

2% of the object thickness and a minimum hole diameter is described as a 

2-2T penetrameter; and the radiograph that just shows it is said to have 

an "equivalent sensitivity" of 2%. If the penetrameter thickness is 1% 

of that of the object and the hole size is twice the penetrameter thick

ness, it is described as a l-2T penetrameter, and the equivalent sensi

tivity, as 1%. One percent sensitivity can be readily achieved in good 

radiographic practice on through-thickness welds in reactor vessels; in 
I . 

fact, it is probable that most radiography (with accelerators) on the 

heavier thickness reactor vessels has a sensitivity nearer 0.5% or even 

better. Nondestructive test specialists emphasize that penetrameters are 

image quality indicators (IQ,I) intended to establish the adequacy and 

,·· 
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sensitivity of radiographs and not to simulate defects. Even so, it is 

reasonable to assume that the smallest visible penetrameter hole is a 

rough approximation of the detectable size of three-dimensional spher

oidal or elongated porosity or voids, and, to some extent, inclusions, 

depending on their radiographic densities. Then, assuming 0.5% equivalent 

sensitivity, reasonably good radiography of a 6-in. weld can be expected 

to. show voids about 3/64 in. in diameter. The inclusion of the.se numbers 

is not intended to state exact limits on radiographic capability or to 

imply that radiography can consistently reveal all discontinuities of 

these and larger sizes. The numbers are simply intended to show approxi

mate levels of detectability that characterize good, current commercial 

practice in reactor vessel fabrication. Several variables can modify 

these numbers, particularly in the direction of lesser capability; these 

are the shape.and relative density of discontinuities, location in the 

weld, weld surface uniformity, general quality of the weld, and the com

petence of the radiographic procedures, operators, and viewers. However, 

even these approximations lose significance when discontinuities such as 

cracks, laminar inclusions, incomplete penetration, lack of fusion, and 

underbead, hydrogen, or hard-zone cracking approach being two dimensional. 

Several investigations have attempted to establish the detectability 

of cracklike discontinuities, including those in welds of various thick

nesses, and several have used artificial cracks in the form of machined 

slits to study the parameters involved. Criscuolo9 used tapered slits 

aligned with the beam, a 2000-kvp x-ray beam, and fine-grained film to 

detect 0.02-in.-deep slits with a width of 0.01 in. that were nearly 

elongated voids in 3 in. of steel. For 0.001-in.-wide slits, which more 

nearly resembled cracks, the detectable slit depth (extrapolated) was 

O.l in. Slit or crack detection is sensitive to such factors as image 

contrast, slit dimension, unsharpness, and inclination of the slit plane 

to the direction of the beam of radiation. 

Halmshaw10 reviewed several studies made with good radiographic 

techniques and fine-grained film for determining the detectability of 

artificial cracks, that is, machined slits of uniform width and depth, 

deliberately set at different angles to the radiation beam. For a 4-in. 

thickness of steel and cracks 0.001 in. wide in line with the beam, a 
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crack 1/4 in. deep was detected by using 18-Mv x-rays, and a crack 1/2 

in. deep was detected by using 60co. When inclined to a 5-Mv x-ray beam, 

a crack 0.001 in. wide and 0.44 in. deep was just detected at a 2 112° 

angle; a 0.01-in.-wide, 0.5-in.-deep crack was detected at a 27° angle. 

Halm.shaw also reviewed investigations of actual weld cracks, but he stated 

that the variations in results reported by different observers were so 

great that no meaningful quantitative results could be assigned or as

sumed. 

Ishi 11 made a study of 1/4-in.-deep, o .. 002-in.-wide artificial 

(stress-corrosion) cracks in 1-in.-thick welds. These were radiographed 

at beam angles in 2° increments from 0 to 10°. Cracks inclined at beam 

angles of less than 5° showed on the radiographs; ~hose at angles greater 

than 5° did not. 

The British Engine Boiler and Electrical Insurance Company, Ltd., 12 

has reported an investigation intended to study the principal factors 

governing the radiographic detectability of defects and the dimensions 

of those that might not be detected. Tests ·were run by several research 

laboratories and contractors on specimens consisting of assemblies of 

artificial cracks (spaced optical flats) with material thicknesses ranging 

up to 4 1/2 in. of steel and a variety of radiographic techniques in

cluding gamma radiography, 250- to 400-kvp x-rays, a bet~tron, and a lin

ear accelerator. The tests produced some significant results that are 

only directly and quantitatively applicable within the range of thickness 

covered by the work, that is, up to 4 1/2 in. Some of the findings of 

these studies are cited below: 

1. For a specimen thickness of only 1 in., a crack with depth equal 

to one-tenth this thickness will not be detected radiographically if its 

width. is about 0.00025 in. or less, and detection is doubtf'ul if the width 

approaches 0.0005 in. or slightly more. This minimum width of crack that 

can be detected becomes larger as the thickness increases. 

2. For a crack depth of 0.1 in., the effect of beam obliquity is 

insignificant up to about 5 1/2°. This will vary with a number of fac

tors, ,but it is intended to be representative of simulated defects re

sembling those likely to be found in the welds under consideration in 

the British study • 
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3. There is a lower limit to the cross-sectional area of a crack

like defect that can be detected in a given material thickness; for ex

ample, the minimum detectable crack volume per unit length (or width 

times depth) is 

W•d for 1-in. thickness 5 x 10- 5 in. 3/in. (0.00005) 

W•d for 2-in. thickness 15 x 10- 5 . 3 /" in. in. (0.00015) 

W•d for 3-in. thickness 30 x lo- 5 . 3/• in. in. (0.0003) 

w~d for 4-in. thickness 50 x 10- 5 . 3 /" in. in. (0.0005) 

Thus, for a 4-in. thickness, a detectable 2-in.-deep crack would be 

0.00025 in. wide; a 1-in. crack, 0.0005 in. wide; a 0.5-in. crack, 0.001 

in. wide (extrapolated); and a 0.1-in. crack, 0.005 in. wide (also ex

trapolated). The report emphasizes that these values are based on good 

commercial techniques, that they apply only to artificial cracks, and 

t.ha.t. comd.dP.ration in any other context should assume a lesser borderline 

detectability. 

Pollitt and Durant13 have proposed a theory to determine penetrameter 

sensitivities and to extend this to predict crack dimensions calculated 

from penetrameter data for known conditions. For high~voltage, fine

grained-film techniques they present the minimum detectable crack cross

section area in the equation: 

where 

w crack width, 

d crack depth, 

Ut total unsharpness (a factor in the assessment of penetrameter 
sensitivities), 

Sx minimum detectable penetrai.neter step height. 

Based on this relation and selecting conditions consistent with the 

British data, 11 the calculated detectable crack cross-sectional areas 

were within a factor of .2 to 3 less than the British observed results 

for a 4-in. thickness. 

An investigation of a recent bydrotest failure of a 260-in.-diam 

motor case prompted a study of the relative effectiveness of radiography 



........ 

,. 

. , 
- '. .. 

ii:\ J 

.. ~. 

618 

and ultrasonics in identifying and describing crack-like defects in welds 

in· 250,000-psi nominal yield strength, 0.7-in.-thick, 18% Ni-Co-Mo-Ti 

"maraging" steel.·14 While the materials and thicknesses involved in the 

investigation were not directly comparable to those used in reactors, the 

investigation of the limits to the relative capabilities of nondestruc

tive test methods to detect defects is of considerable significance. 

Five relatively small flaws exposed by the actual fracture or by detailed 

postmortem examination, but not by the original nondestructive tests, 

were cracks in heat-affected zones or in welds (submerged-arc) underneath 

manual tungsten inert-gas (TIG) weld repairs. (This suggests the need 

for an incidental concern for the effects of high heat input rate weld

ing. processes irr generating or extending weld cracks in materials that 

are sensitive to such cracking.) The defect that caused the failure was 

about 1.4 in. long by 0.1 in. deep. 

Subsequent to the failure, additional test welds were made in test 

plates, and fatigue cracks of the order of 1/2 in. long by l/lO in. deep 

were deliberately introduced into the welds; they were then examined by 

radiography and ultrasound with both commerical and laboratory techniques. 

Radiography was generally unsuccessful in locating these tight fatigue 

cracks; ultrasound was somewhat better but did not give very accurate 

estimates of actual defect sizes. 

A second set of eight test plates 15 was prepared; some had semi

elliptical surface fatigue cracks, and some had cracks generated at the 

bottom of machined depressions that were subsequently filled by manual 

TIG welding. Radiography located the submerged cracks and thus indicated 

that the simulated weld repairs probably widened the gaps, but it had 

difficulty in finding the very tight cracks. Ultrasound found the cracks 

but had difficulty estimating their size and configuration, probably be

cause of interfering reflections from the weld structure. Similar and 

even larger defects would be more difficult to detect in still thicker 

sections. It should be recognized that these small defects in high

strength materials are far more critical from the fracture-potential 

standpoint than they would be in relatively low-strength ductile steels 

used in reactor vessels. This test and the dimensions of cracks involved 

are discussed further in Section 9.5.3, Ultrasonic Testing . 

- ;;, 



619. 

A general review of the referenced experimental studies conducted 

with good radiographic techniques indicates limiting crack-detectability 

depths ranging from 0.1 to 0.5 in. in a 3- to 4-in. thickness for arti

ficial cracks in line with the radiation beam. However, very tight cracks 

and cracks inclined more than about 5° to the beam are difficult, if not 

impossible, to detect. Since some cracks will follow twisting or curved 

paths, only a portion of them will be suitably oriented with respect to 

the radiation beam, so some cracks substantially deeper than the sug

gested detectability limits may not be observed on the radiographs. These 

limitations to the probability of detecting crack-like defects of various 

dimensions, configurations, and orientations obviously raise doubts re

garding the basis for the confidence traditionally placed in radiography 

as assurance of the integrity of welds. It would be difficult, in fact 

impossible, to contend that even the best radiographic practice can pro

vide complete assurance that a weld contains no rejectable defects, but 

there are factors, discussed below, that permit at least some confidence 

in weld integrity beyond the strict limitations of the ability of radiog

raphy to detect cracks. 

The fact that the detectability of planar defects is restricted to 

thoce within perhaps 5° of the radiation heam is disturbing, particularly 

if completely random dist:r.ibution of the defects is assumed. However, 

the more common crack-like discontinuities in relatively conventional 

single- or double-groove multipass full-penetration arc butt welds in

clude incomplete penetration, lack of fusion, center-line cracks, inter

dendritic cracks or segregation, and underbead, hydrogen, or hard-zone 

cracks in the heat-affected zone. Since these welds are usually radio

graphed from a directio.n normal to the snrfa~P. of the finished weld., 

most of these types of defect are favorably situated for detection by 

radiography. Incomplete penetration and center-line cracking are nor

mally in line with the radiation beam, and cracks near the interface be

tween the weld metal and the base metal, such as lack of fusion and heat

affected zone cracking, approach this orientation, since the joint-prepa

ration angle is generally quite small for 6- to 12-in.-thick welds, and 

the cracks that roughly parallel the fusion line tend to follow a sinuous 
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path, at least a portion of which is likely to be suitably oriented. A 

type of cracking (or segregation) less likely to coincide with the direc

tion of the radiation beam is that which parallels. the elongated dendrites 

in the weld itself. These may be very small microfissures, which are 

present· in a far larger percentage of welds than is generally suspected 

and are seldom detected by customary nondestructive test methods; their 

detection usually requires sectionj_ng and microscopic or penetrant exami

nation of cut sections. Longer interdendritic cracks, sometimes called 

"angle cracks," are large enough to be of real concern but are also dif

ficult to detect, although ultrasonic examination of the completed weld 

appears to have more potential than radiography for locating them. This 

cracking is best controlled by making the weld in a multiplicity of small 

·passes with limited heat input and metal deposition per pass and with 

. frequent magnetic-particle examination as each layer (or several layers) 

is completed. Where the cracking is still more extensive, there .is a 

limited possibility that the ends of the cracks paralleling the dendrites 

will eventually assume a direction more nearly normal to the finished 

weld surface as they extend toward the center of the weld and thus will 

be amenable, for a part of their length and to a limited extent, to radi

ography. The principal solution to this type of weld cracking is preven

tive, through procedure qualification and process control. 

Among the important factors contributing to confidence in the ade

quacy of welds are the combination of integrity and competence of the 

fabricator and his personnel and the use of a welding procedure qualified 

to establish the limiting parameters within which sound, reasonably de

fect-free welds can be anticipated. 

Another important factor is that the expectation that a weld is to 

be radiographed is one of the surest ways of improving weld quality, 

since it will need to be capable of meeting the radiographic requirements. 

Knowledgeable people who are quite conscious of the technical limitations 

of radiography are equally aware of this very real and effective psycho

logical contribution 'that radiography makes to weld integrity. This 

influence is not limited to welders; it extends to essentially all per

sonnel involved in achieving weld quality. This is most obvious in shops 

that do a variety of work, some radiographed and some not; nevertheless, 
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the fact of radiography makes a subtle but substantial contribution to 

weld quality beyond just detecting weld defects, even in shops where all 

welds are radiographed. 

Another major factor that contributes to weld soundness is a quality 

assurance program, as discussed above. While effective methods of after

the-fact inspection are essential to the location and repair of defects 

and to more positive assurance of confidence in the welds, techniques 

that minimize the probability that defects will get into the welds in 

the first place are even more important an initially defect-free weld 

is far better than a weld that contains a substantial number of repairs. 

The necessity for repairs introduces distortion and residual stresses, 

and it reduces confidence that the repaired weld does not still contain 

undetected defects. 

9.5.3 Ultrasonic Testing 

Ultrasonic testing can be used to examine welds, castings, most 

wrought product forms, and partial and completed assemblies and to locate 

and delineate cracks, laminations, lack of bonding, incomplete fusion, 

incomplete penetration, porosity, and slag inclusions, depending on what 

is being examined. It may also be used to determine thickness and some

times to identify certain metallurgical conditions, such as incorrect 

heat treatments or excessive grain size. 

Ultrasonic examination is based on the directional properties of 

beams of high-frequency (well above the audible range) sonic waves. The 

pulse-echo method is generally used for detecting defects. It involves 

the generation of an electrical pulse in a pulse generator, transmission 

of this pulse to a piezo-electric crystal or transducer that changes 

the electrical energy to mechanical energy in the form of a sonic wave, 

introduction of the sonic wave or vibrations into the material being 

tested, reflection of the sonic beam from the free surfaces and discon

tinuities in the materials, reception of the reflected sonic beam and 

reconversion to electrical energy in a transducer or search unit, and, ul

timately, the presentation of a signal representing this reflected beam 
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·in a device such as an oscilloscope. Ultrasonic methods other than pulse 

echo may be used for measuring thickness. 

Straight-beam waves, which enter the material normal to its surface, 
, 

are widely used for materials inspection. Shear waves introduced by 

angle transducers are particularly effective in weld inspection but are 

also used to inspect material product forms. Surface waves, Lamb or 

Rayleigh, are sometimes used in locating surface cracks and imperfections. 

A resonance method involving variation of the frequency of the sonic 

wave is used to gage thickness of materials; it may also be used to de

tect other defects, including the location of unbonded areas in cladding. 

Like most other methods of nondestructive testing, ultrasonic ex

amination requires experience and skill. on the part of the operator to 

interpret the nature, shape, location, orientation, and size of defects. 

Under properly controlled and automated operating conditions, with well

designed circuitry, ultrasonic testing gives results that are consistent, 

accurate, and reasonably independent of human variability and error. It 

produces signals that can, in some cases, be used to estimate the approxi

mate relative magnitude of the defects. The technique can be adapted to 

continuous inspection lines and automatic marking of defects; it is used 

in this manner in at least one pressure vessel fabricating plant in Great 

Britain. Three-dimensional representation of some defects can be achieved 

at times, and, subject to varying degrees of difficulty, a permanent rec

ord of test indications can be made and retained if desired. 

Limitations of ultrasonic testing include a considerable variability 

in sensitivity and discriminatory capability between different types of 

ultrasonic instruments. · Surface irregularities and internal metallurgical 

variables may cause spurious indications. Welding procedures and joint 

designs may be selected to insure compatibility with ultrasonic inspec

tion, and others may be avoided because they are not amenable to meaning

ful ultrasonic examination. Defects such as porosity and more-or-less 

spherical slag and other inclusions are generally difficult to locate 

and measure as effectively as with radiography. Coarse-grairied struc

tures, such as austenitic stainless steel castings or weldments, in par

ticular those that cannot be grain-refined by normalizing or heating 
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through a grain-refining transformation, may be difficult, if not impos

sible, to examine ultrasonically; some limited improvement can sometimes 

be made by lowering the frequency and otherwise modifying the techniques. 

This is generally not a problem in large power reactor vessels but does 

limit applicability to associated stainless steel components, such as 

pump casings. The usual ultrasonic methods are less effective when search

ing for defects very near the edge, end, or surface of a part. Special 

surface preparation may be necessary to i~sure proper introduction of 

the ultrasonic beam. When the longitudinal-wave technique is being used, 

defects near the surface may not be resolved due to inability to differ

entiate from a large front-surface indication. 

Under ideal conditions the ultrasonic technique is sensitive to dis

continuities approaching microscopic dimensions; but in practical appli

cations, particularly in weld inspection, the sensitivity is limited by 

such things as weld and base-plate surface irregularities, coarse or non

uniform grains, inhomogeneities, and elongated dendritic weld structures, 

which can cause excessive scattering and mask the flaw reflections. The 

reflection from a flaw is portrayed as a trace on an oscilloscope screen; 

this trace can seldom be directly identified with the nature of the de

fect, although the reflection may give some indication of the size of 

the defect. To evaluate weld defects, the detection system is generally 

calibrated with a reference weld and a reference defect; the persistence 

of the trace with longitudinal and transverse movement of the probe then 

permits estimation of the nature, orientation, and size of the defect. 

The separation of the indications from interfering factors to permit weld

flaw evaluation is largely a matter of operator skill and his knowledge 

of ultrasonics and the nature of weld defects. As in the case of radiog

raphy, the probability of identifying defects and the estimation of 

their dimensions and location can vary several fold with these factors. 

In the NASA investigations 14 discussed under radiography above, the 

use of good commercial ultra.sonic techniques located cracks 0.3 in. long 

and 0.1 in. deep in 0.7-in.-thick welds; more sensitive laboratory tech

niques found cracks 0.1 in. long and 0.03 to 0.04 in. deep. In the NASJ\. 

Second Cooperative Investigation, 15 cracks of the order of 1/2 in. long 
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and O.l to 0.2 in. deep were located, but the estimates of dimensions 

varied substantially between inspection organizations. It is important 

to realize that the size of a borderline ultrasonically detectable crack 

does not increase with section thickness to the extent it does with radi

ography; this is one of the major features of ultrasonic examination in 

thick sections • 

. 9.5.4 Magnetic-Particle Examination 

Magnetic-particle examination is used to detect discontinuities, 

particularly linear types, such as cracks, lack of fusion, and slag at 

or near the surfaces and edges of ferromagnetic materials. When a mag

netic field is established in such a material, discontinuities in the 

path of the magnetic flux set up poles at the discontinuities that have 

a strong attraction for loo~e magnetic-powder particles applied to the 

surface of the material in the magnetic field. The parts to be inspected 

may be magnetized by the direct introduction of a high-amperage current 

through "prod" contacts or by an external magnetizing coil or "yoke." 

The areas to be inspected are covered with finely divided magnetic par

ticles, sometimes colored or fluorescence coated, that concentrate in 

the vicinity of a discontinuity to form a pattern or indication on the 

surface that somewhat resembles the shape of the discontinuity. 

Magnetic particles may be applied as either a dry powder or a wet 

slurry. The wet method is generally used on stationary equipment or 

smooth surfaces of production-type items. The dry powder is used quite 

successfully on moderately rough surfaces such as castings, on parts or 

structures in field operations where the wet method is not readily adapt

able, and on .welds, particularly in examining partially completed welds. 

Slag must be cleaned from the surface of the weld bead, but the dry

powder metho~ can be used for moderately rough surfaces, although sur

face roughness does decrease sensitivity. The magnetic-particle method 

is primarily a surface inspection technique and to that extent is an aid 

to visual inspection. However, with the proper choice of technique, de

fects. located as much as 1/4 in. below the surface can also be detected·. 

Care must be used to avoid arcing and damage to the base metal or weld 
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surface at prod contacts. There is some variation in revealing power that 

results from a nonuniform magnetic field, prod location, and effective

ness of prod contact. The size of a defect is only approximated. Under

cut, surface roughness, and some false indications are difficult to dif

ferentiate from more serious defects. 

Acceptance and rejection are dependent largely on interpretation 

and judgment of the inspector, but some efforts have been made to develop 

standardized procedures and acceptance criteria, as described in Section 

9.2. 

9.5.5 Liquid-Penetrant Examination 

Liquid-penetrant examination, like magnetic particle, is sometimes 

considered an adjunct to macroscopic or visual inspection. It may be 

used on either magnetic or nonmagnetic material.s. Two types of pene

trants, visible dye and fluorescent material, are used. The process in

volves the application of the penetrant to the dry surface of the part 

to be inspected; the penetrant enters relatively narrow exposed surface 

openings by capillary attraction. The excess penetrant is removed and, 

in the case of the visible dye penetrant, a developer is applied. In

dications of discontinuities appear as a co1-ored dye pattern on Lhe 

chalky white developer in the case of the dye penetrant or as a brilliant 

fluorescent indication when the part is viewed in black (ultraviolet) 

light in a darkened area if the fluorescent penetrant technique has been 

used. Details of application are described in ASTM E 165, Methods for 

Liquid Penetrant Inspection, and in N-627 of Section III of the ASME 

Code. 

The method is limited to examination for discontinuities that open 

to the surface, such as cracks and porosity; however, it can be effective 

in locating tight or sh.allow surface cracks where radiography may fail. 

Sensitivity and reproducibility are strongly affected by production :prac

tices, surface preparation, and control of time, temperature, materials, 

and techniques. Parts to be inspected must be thoroughly cleaned and 

dried. Welds cannot be examined at usual preheat or interpass tempera

tv.res. The penetrant method should be used with caution if there is a 
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possibility that the penetrant materials cannot be satisfactorily removed 

by subsequent cleaning, as in the crevices of a tube-to-tube sheet joint 

or in a lamination exposed at the surface at a weld-joint preparation 

not requiring complete removal of the lamination to permit subsequent 

welding. Difficulties are encountered in determining the dimensions, par

ticularly depth, of a penetrant-detected discontinuity. Because of the 

sensitivity of the method; it may be difficult to differentiate between 

spurious indications· due" to surface roughness or variations in techniques 

of application and actual defects; defects may sometimes be masked by 

grinding or the peening effect of shotblasting. Interpretation in the 

presence of unusual conditions is often dependent on the judgment and 

skill of the operator. Defects that have substantial depth may have to 

be further evaluated by other nondestructive means or by actually re

moving sufficient metal to eliminate the discontinuity. Various types 

of "comparators" have been proposed for qualification of penetrant pro

cedures, principally under nonstandard conditions; one is described in 

N-627.6. 

9.5.6 Electromagnetic Methods 

Electromagnetic methods use electromagnetic energy to detect discon

tinuities and metallurgical variations, and are of two types: (l) those 

that rely primarily on an eddy current flow due to variations in conduc

tivity and (2) those that depend upon variations in magnetic properties. 

The use of the method in reactor vessel fabrication is relatively limited; 

its principal application is in the examination of tubular products and 

the surfaces of bar stock. 

One or more coils energized by an alternating current with a fre-

quency varying from 50 cycles to l megacycle are used. The alternating 

current produces an alternating magnetic field through the coil that ex

tends to some shallow depth within the material being tested and induces 

eddy currents. Changes in material conductivity or permeability affect 

the magni~ude of the eddy currents, and these, in turn, affect the coil 

impedance. Changes in coil impedance are sensed and exhibited on meters, 

recorders, or oscilloscopes. Discontinuities in the material are detected 

: . 
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primarily as local changes in conductivity. In most methods, encircling 

coils are used for the inspection of right-circular objects, but probe

type coils are also used for special applications, such as measuring 

cladding thickness. 

Electromagnetic methods are used on both magnetic and nonmagnetic 

materials to detect surface and subsurface discontinuities and metallur

gical variables. Sensitivity to defects decreases with depth. The pro

cess is fast and relatively inexpensive; it is well adapted to produc

tion-line inspection with automatic marking of defects and permanent re

cording of test indications. As in the .case of ultrasonic examination, 

properly controlled conditions and properly designed and operated cir

cuitry can produce consistent and accurate results) with signals more

or-less proportional to. the size of defects. The method is frequently 

used in tube mills for quality control in intermediate production stages 

without necessarily being specified as an acceptance test. 

The test is generally limited to surface and relatively shallow sub

surface defects. It is extremely sensitive to metallurgical variations, 

but this sensitivity varies significantly with the circuit selected. 

Some types of mater1al_may contain localized changes in permeability that 

.affect the coil im;peda.nce to a greater extent than unac.ceptable discon

tinuities. 

Most systems are also extremely sensitive to the "lift-off" of the 

coil from the material and require a properly designed material drive 

mechanism. 
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10. TESTING AND SERVICE PERFORMANCE SURVEILLANCE* 

Periodic reinspection of nuclear components is usually a complex 

operation because of the intense background irradiation, which may limit 

or entirely prohibit direct human access to the components. If maximum 

advantage of nondestructive testing methods that are currently available 

.is to be obtained, accessibility must be considered in the design of the 

structures to facilitate remote or semiremote techniques for inspection 

and testing. 

Surveillance programs designed to monitor the effects of irradiation 

on materials are currently specified to provide information on any in

crease in the brittle-fracture transition temperature. Plant operating 

limitations based on the transition temperature approach are specified 

for the primary purpose of limiting the stresses in the vessel to low 

values in the subtransition and transition temperature regions, and any 

upward shift in the transition temperature would be factored into these 

procedures. 1 

Overpressure testing after the initial hydrotesting is not specified 

nor have any such tests been performed as a regular inspection procedure 

for nuclear vessels. Periodic reinspection by overpressuring is fre

quently performed on nonnuclear vessels, and the requirement for inclu

sion of such testing on nuclear vessels is being given increased atten

tion. Also a hydrostatic test of some sort, not necessarily at over

pressure, is generally performed following maintenance ·operations on the 

pressure barrier of the vessel. 

10.1 HYDROSTATIC TEST 

The hydrostatic test has been a part of AS:ME Boiler and Pressure 

Vessel Code requirements since the Code was first issued some 50 years 

ago. 2 For many years the Code also required a hammer test as an integral 

*This chapter was prepared by R. G. Berggren, R. W. McClung, and 
E. c. Miller of the Oak Ridge National Laboratory. 
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part of the hydrostatic test; however, the hammer test was eliminated 

some years ago, and it has never been a part of Section III, Nuclear 

Vessels. It is still used optionally in some shop and field nonnuclear 

fabrication and maintenance inspections. 

Section III of the Code requires that completed vessels be subjected 

to a hydrostatic test at a pressure not less than 

S (for test temperature) 
m 1.25 x design pressure x ~~~~~~~~~~~~~~ 

S (for design temperature) m, 
' 

where Sm is the allowable design stress-intensity value. It places cer

tain limitations, described in paragraph N-714.2, on the upper limit of 

test pressure, based on analyses of loadings that will exist during the 

test, to establish that the calculated primary membrane stress intensity 

will not exceed 90% of the yield stress at the test temperature. Follow-

. ing the application of the test pressure, paragraph N,-714.3 requires ex

amination for leakage at all joints, connections, and regions of high 

stress at a pressure reduced to the greater of the design pressure or 

three-fourths of the test pressure. The vessel and pressurizing medium 

are to be at about the same temperature during test, which is suggested 

as not less than the NDT temperature plus 60°F to minimize the possi

bi.li ty of brittle fracture. The estimate of the NDT temperature is de

termined from either drop-weight tests or from Charpy V-notch impact 

test requirements established by correlation with drop-weight tests· 

(N-332). Some vessel purchase specifications require that the NDT tem

perature selected meet both Charpy and drop-weight test criteria. The 

Code (N-715) also permits the use of a pneumatic test in place of the 

hydrostatic test under conditions that are not applicable to the light

~ater reactor vessels covered by this survey. 

· The hydrostatic test is generally considered a leak test and, in some 

cases, a strength verification test. Also it has been credited at times 

as being a way to dete·ct improper design, gross flaws, and faulty mate

rials and also as a test for evaluating susceptibility of a structure to 

brittle fracture. It has also been contended that the test may actually 

modify a vessel to lessen or eliminate the possibility of rupture in 

I ,. 
I 
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service by mechanisms variously described as plastic reshaping, mechanical 

stress relief, stress redistribution, notch nullification or crack blunt

ing, and localized strain hardening, among others. 

The satisfactory longtime performance of thousands of pressure ves

sels, many containing sizeable flaws and operating frequentl! at tempera

tures below the brittle-fracture transition range, is sometimes credited 

to the effects - separate or in combination - of thermal stress relief 

(postweld heat treatment), mechanical stress relief, or other influence 

of the hydrostatic or overpressure test. 3 , 4 However, some concern has 

also been expressed for possible detrimental effects of hydrostatic test

ing, such as excessive deformation of a vessel beyond permissible dimen

sional limitations, mechanical or metallurgical damage to the materials 

or structure resulting from overstressing, for example, embrittlement 

due to strain hardenine or str.ain aging, and possibly failure during a 

high overpressure test of a vessel that might have operated satisfacto

rily if it had only been stressed within design limits. 

The hydrostatic test requirements in present Codes have resulted 

from gradual modification of practices that antedate the ASME Code. It 

has proved a practical and useful test, although its development has 

been based largely o~ experience rather than on knowledge of present

day. concepts of brittle fracture, fracture analysis, or fracture mechan

ics. 

Some details of the history of the application of the hydrostatic 

test to welded vessels in the ASME Boiler and Pressure Vessel Code may 

help in evaluating its significance. 2 From 1919 to about 1930, Code 

coverage was limited to riveted vessels. When welded pressure vessels 

were first included in the Code, about 1930, common practice was to use 

a test pressure sufficiently high to produce observable plastic deforma

tion in the vessel shell. The Code reduced this requirement to two times 

the working pressure adjusted to the test temperature, although this did 

not necessarj_ly eliminate some localized plastic deformation. Al, l,lH:il, 

time, most Code design st:r.P.sses were based on 20% of the tensile strength 

of the material, so the test pressure represented about 40% of the speci

fied tensile strength or about 80% of the yield strength if it is as

sumed (o.dmitt~dly an approximation) that the yteld strength of carbon 
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steel, the principal structural material used at that time, is about 

one-half its tensile strength. In 1950 the design stress basis for most 

materials in the AS.ME Code, Section VIII, Unfired Pressure Vessels, was 

changed to 25% of the specified tensile strength and the hydrostatic test 

to l.5 times the design or working pressure; as a result the hydrostatic 

pressure test then represented, in most cases, about 37.5% of the speci

fied tensile strength or 75% of the yield strength. These numbers, based 

on minimum specification values, are somewhat conservative when consid

ering actual properties. However, geometric discontinuities and mate

rials imperfections produce localized stress concentrations in areas that 

may be subject~d to stresses well above yield, so some localized defor

mation can be expected. The test pressure specified in Section III has 

been reduced to 1.25 times the design pressure to reduce (in some cases) 

dimensional distortion in relatively thin-walled vessels, to maintain 

essentially the same stress level in relation to yield strength as given 

in·Section VIII for a hydrostatic test of 1.5 times design pressure, or 

to lessen the hazards resulting from the release of the greater amount 

of stored energy contained in a compressed gas, such as air, as compared 

with that in water, which is of limited compressibility, in a hydrostatic 

test. The pneumatic tests can still be expected to stress the vessel to 

about 62.5% of the minimum specified yield strength, which can still cause 

plastic yielding in some regions of high stress concentration. 

Section III, Nuclear Vessels, follows the same general reasoning as 

that on which the overpressure tests for other Code sections are based 

but has a few added refinements and further restrictions. Since Section 

III design is based for the most part on one-third the minimum tensile 

strength of the material, the test pressure at 1.25 times the design pres

sure represents about 40% of the minimum tensile strength and slightly 

more than 80% of the. yield strength, again based on the assumption that 

the yield strength is about one-half the tensile strength. Section III 

contains an additional requirement. that limits primary membrane stress 

intensities during;hydrostatic testing to not more than 90% of the yield 

strength of the material. 

Another test of some significance, although it is not used in Sec

tion III, is-the "proof test" in UG lOl of Section VIII, which is 

·' 
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intended to establish the maximum allowable working pressure for vessels 

whose design does not permit satisfactory computation of the allowable 

working pressure with the usual Code formulas. This proof test consists 

of first incrementally pressurizing the vessel and determining the pres

sure at which local yielding first occurs by using a brittle coating, 

strain gage measurement, or displacement measurement. Then a maximum 

allowable working pressure of not more than two-thirds the maximum pres

sure to which the vessel was subjected in the proof test is established 

after making appropriate adjustments for temperature and other factors. 

Hydrostatic tests have also been studied and standardized for com

ponents other than those covered by the ASME Code. The Compressed Gas 

Association 5 has set up several standard procedures for testing and re

testing compressed gas cylinders that have been accepted under Inter

state Commerce Commission regulations. They include four methods: 

(1) water-jacket vo1umetric expansion, (2) direct expansion, (3) pressure 

recession, and (4) proof pressure. The Dow Chemical Company 6 offers a 

commercial service, MELOGRAF, which it calls "dynamic pressure testing." 

This provides automatic instrumented plotting of pressure against volume 

to test a vessel or pipe section to an indication of plastic (permanent) 

deformation. This method is widely used in the testing of cross-country 

fluid transmission pipelines, as well as other pressure-containing com

ponents. 

From time to time the significance and validity of the hydrostatic 

test (and of the hammer test, which is not of concern here) have been 

questioned. Such concern prompted an extensive survey and examination 

of these tests some years ago, as reported7 , by the Pressure Vessel Re

search Committee (PVRC) in 1952; a summary8 of the report was published 

in 1953. This PVRC document7 reviews the history of the test require

ments and reasons for their adoption and contains critical analyses of 

factors involved in the tests. The tabulation of test experience is 

particularly interesting. Of some 160,000 pressure vessel tests reported, 

noticeable defects were found by hydrostatic testing in slightly more 

than 4000, and about 30 failures were found by hammer testing. Of the 

4000 or so defective vessels, only 21 were classed as "serious," the 

others principally involved only pinhole leaks. The 21 serious cases 
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were reported to be caused by faulty materials, a laminated head plate,_ 

and dissimilar metal welds joining materials of d1fferent thickn.esses; 

eight involved cracks in welds or adjoining base metal. Shank9 and others 

h~ve reported a few brittle failures that occurred upon hydrostatic or 

pheumatic testing, some of which were probably included in the PVRC· 

survey. 7 The summary of the PVRC rep6rt 8 indicates that enough leaks 

and fabrication difficulties were uncovered during hydrostatic testing 

to warrant its continuation as an inspection method. 

The PVRC report, while considering the hydrostatic test primarily 

as an inspection method, recognized its possible beneficial effect as a 

means of peak-stress relief. Some of the contributors to the report de

scribed the improvements in probable vessel performance with remarkable 

clarity when it is considered that they did not have access to much of 

the fracture literature available today. 

Several other publications have described actual studies of mechani

cal stress relief and the use of overpressure tests to improve and verify 

vessel properties, performance, and.safety. A paper by Cecil10 concerns 

the "reshaping" of the vessels at nozzles, openings, attachments, and 

other discontinuities and the resultant stress relief and improvement in 

fatigue behavior. A 1957 patent granted to McCutcheon 11 relates to one 

type of mechanical stress relief. A 1947 patent granted to Kennedy12 

covers a type of low-temperature selectively applied thermal stress re

lief, and Greene and Holzbauer13 extended the work on the Kennedy con

cept in a 1946 paper on controlled low-temperature stress relief. Sig

nificant information is also contained in articles originating in 

Japan, 14 ' 15 Sweden, 16 Great Britain, 17 and the United States. 18 , 19 Un

published reports and correspondence within competent committees indicate 

a recognition of the importance of the hydrostatic test conducted above 

the ductile-to-brittle transition temperature and at a significant stress 

level in accomplishing me.chanical relief of residual stresses by causing 

plastic yielding at the tips of small cracks or flaws. 

Wallin of the Swedish Power Board reviewed the available literature 

in 1951 and offered the following summary: 16 
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Thermal and mechanical stress relieving appear to be equally 
effective in reducing residual stresses, to judge from experi
mental results, and that conclusion is also supported by theo
retical considerations. Code rules, however, prescribe both 
thermal stress relieving and hydrostatic proof testing for 
first class pressure vessels, and both operations have other 
benefits besides residual stress relieving. Thermal stress 
relieving restores ductility after fabrication and aging, and 
proof testing causes local yielding thereby reducing stress 
peaks at notches, cracks or other initiating defects. Some 
test results further suggest brittle fracture initiation to 
become more difficult after yielding ih the crack root dur
ing preloading. After mechanical stress relieving by hydro
static proof testing the applied load appears to have to ex
ceed the proof stress in order to initiate a brittle fracture. 
Consequently there would be no risk for brittle fracture ini
tiation in proof tested pressure vessels as long as the de
sign pressure is not exceeded and new stress systems are not 
introduced. As a matter of' f'act, the hydrostatic proof test
ing is the most hazardous event for the pressure vessel from 
the brittle fracture point of view., which is also supported 
by service records. ~ydrostatic proof testing should then 
preferably be done at a temperature above the brittle-to
ductile transition temperature. 

Contributions in these areas are also made by Fellini and Puzak in 

the following quotation: 18 

It has been proposed that safe performance to temperature be
low the NDT may be assured in the absence of thermal stress re
lief by t.he A.ppli r:-Ht.i on nf "hnt" prete::;t::;, t.ha.t is, by load
ing at temperature near or above the CAT curve. Depending on 
the transition temperature of the sl;eel this "hot" pretest 
could be cold by atmospheric temperature standards. The in
tent of "hot" pretests is to cause the small flaws to yield 
at the flaw tip, thereby resulting in a local relief of re
sidual stresses and blunting of the crack tips. This proce
dure effectively places the residual stress level acting on 
the flaws to some low level which requires the presence of 
relatively large flaws for fracture initiation. The method 
has been shown to be effective experimentally. It is par
ticularly applicable to pressure vessels because of l;he in
variant direction of loading. It is not applicable to struc
tures which might involve a spectrum of service load direc
tions which cannot be reproduced in "hot" pretests. 

As rireviously discussed in Section 6.J.2.2 .• inve$tigators in the 

UKAEA have issued several publications in the past few years in which 

they suggest a hot (at or above anticipated operating temperature) over

pressure test as a means of precluding rupture of a vessel at lower tem

peratures and pressures. These suggestions have evolved partly from an 
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extensive series of tests to rupture of deliberately flawed vessels, 

most of which were 5 ft in diameter by 15 ft long, with 1-in.-thick walls. 

The tests were conducted hydrostatically and by hydrostatic plus partially 

pneumatic pressurization. Details of the tests are contained in a number 

of UKAEA reports and articles in journals in Great Britain 20 and the 

United States. Based on analyses of the results of these and other tests, 

Nichols 21 , 22 and Irvin~ 23 have suggested several potential applications 

of the basic concept that hot overstressing gives additiona~ protection 

against subsequent failure, even under conditions where failure would 

otherwise be expected.· These investigators and their associates state 24 

"that once a structure containing a notchlike defect has withstood a 

cer_tain_stress level at a given temperature, then fracture will not occur 

on stressing at a lower temperature unless the initial stress level is 

exceeded." According to their proposals if f and ft· represent the opera-
op .. 

tional and test .stresses, lop and lt are the critical crack lengths at 

the two stress levels, and the material properties are constant, 

f3 l 2 . 
op op 

It follows that if a vessel withstands an overpressure test to stress 

level ft' where ft is .greater than fop' the vessel contains no defect 

longer than lt, which is something less than lop· This hot prestressing 

technique was tried in the initial testing of the Dragon vessel at 400 

psia and 340~C (294 psia and 350°C design) and the Windscale AGR vessel 

at 286 psig and 265°C ( 300 psig. ~~d 340°6 ··d~sign). It is not clear that 

these test conditions met all the requirements for "hot prestressing," 

perhaps because of difficulties in attaining the desired pressures and 

temperatures under nonoperating conditions. The UKAEA authors recommend 

that the test be made at op~rating temperature to eliminate influence o~ 

variations in material properties, but they state that it can be done 

at lower temperatures if suitable compensation is made for the cbanges 

in material properties. 25 , 26 The suggested overpressure is of the order 

of safety-valve settings. The possible application of the hot overpres

sure testing to the periodic retesting of reactor vessels and certain 

' . 
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possibly limiting considerations are discussed further in Section l0.2.2 

below. 

A comprehensive review and survey of overstressing techniques was 

recently prepared by Nichols of the United Kingdom Atomic Energy Authority 

for the 1967 meeting of the International Institute of Welding. 27 

10.2 POSTOPERATION TESTING 

10.2.1 Mct.terial Surveillance 

Sections II, Material Specifications, and III, Nuclear Vessels, of 

the AS.ME Code specify basic material requirements for nuclear pressure 

vessels. The purchasers and fabricators of vessels generally specify 

additional requirements for reasons of economy, radiation effects sur

veillance, information and, to some extent, safety. While the Code does 

not cover "deterioration which may occur in service as a result of radia

tion effects ••• " (Section III, paragraph N-110), it does state that 

"these effects shall be taken into account with a view to obtaining the 

design or the specified life of the vessel." To supplement current avail

able data on irradiated properties the Code further states, in N-110, 

It is recommended that the increase in the brittle fracture 
transition temperature due to neutron irradiation be checked 
periodically by means of s.urveillance specimens of the same 
material which receive approximately the same neutron flux as 
the vessel wall at about the same temperature and neutron 
energy spectrum. The combined effects of fabrication, stress, 
and integrated neutron flux should be considered. 

Recommendations for such surveillance tests are contained in the 

AS'IM E 185, Recommended Practice for Surveillance Tests on Structural 

Materials in Nuclear Reactors. This recommended practice is "for the 

purpose of monitoring and evaluating, at periodic intervals, the radia

tion-indu.ced changes occurring in the mechanical properties of the pres

sure vessel and internal structural components of nuclear power reac

tors." A secondary purpose is the gathering of data that may assist 

in the accurate prediction of radiation effects and, hopefully, may make 

possible the eJj.mination of surveillance programs for most nuclear 
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reactors. This secondary purpose is expressed in paragraph 2b of ASTM 

E 185, which states: 

Surveillance tests can aid in the interpretation of radiation 
effects research programs. Suggestions, therefore, are pre
sented for reference specimens and temperature and radiation 
monitoring which should be included in such programs'where 
practical. Surveillance programs could provide an excellent 
opportunity to compare the effect of flux spectrum on engi
neering materials. 

The primary purpose of the ASTM recommended practiqe and the intent 

of the Code, Section III, paragraph N-110, are served wh~~ test speci

mens typical of the fabricated component (pressure vessel) are irradiated 

in the reactor under conditions that closely duplicate the irradiation 

conditions experienced by the component being monitored. Test specimens 

are considered "typical" if they are taken from a portion of the mate-
1 

rial used in the fabrication of the vessel and receive the same thermal 

history (heat treatments and stress-relieving treatments) as the mate-
. :.~x:.J:~ . 
ria'.i::;:~in the component. Duplication of irradiation conditions (neutron 

.. ~:/~~~ ·;· _i' ~· 

flux, neutron spectrum, and temperature history) for pressure vessel sur-

veillance is usually achieved by placing the test specimens, in a pro

tective container, between the thermal-neutron shield and the inner wall 

of the pressure vessel in the region of highest neutron flux incident 

on· the pressure vessel. I 
I 

The test specimens recorrnnended in AS'Il4 E 185 are tension and Charpy-

V-notch impact specimens. Almost ail surveillance programs utilize both 

types of specimen. One very early program used subsize Izod impact speci

mens; however, the reactor was not a corrnnercial power reactor, and Charpy

V-notch sp·ec:i,mens were installed at a later date. Specimens for several 

recently established programs include, in addition to tensile and Charpy 

V-notch impact specimens, fracture mechanics specimens of the wedge

opening loading (WOL) type, and fatigue specimens are being irradiated 

in two reactors. 

The secondary purpose of surveillance programs is served in many re

actors by the inclusion of transmutation-type flux monitors and "corre

lation monitors" (mechanical test specimens from a standard reference 

steel), as specified in ASTM E 184-62, Recommended Practice for Effects 

.. 
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of High-Energy Radiation on the Mechanical Properties of Metallic Mate

rials. The neutron spectrum is calculated or experimentally determined, 

and irradiation temperatures are recorded . 

. A summary of pressure vessel surveillance programs for commercial 

power reactors is given in Table 10.1. A number of the reactors listed 

were either in operation or under construction before ASTM E 185 and 

Section III of the Code were adopted, and surveillance programs for some 

of these reactors are not as complete as for later reactors. Most of 

the programs meet the majority of the suggestions of E 185. In fact, 

individuals associated with these reactor surveillance programs were ac

tive in the writing of the ASTM recommended practice. The experience 

gained in implementing the first surveillance programs helped in the 

planning and execution of such programs in the later reactors. No sur

veillance specirnens were included in Indian Point I, specimens werP. in

stalled in Yankee-Rowe after Core I, and a surveillance program was in

cluded in Elk River after construction was under way. Several of the 

surveillance capsules in Yankee-Rowe broke away from their attachments 

due to the turbulent coolant flow but were later recovered. .In the pro

gram for Elk River none of the original pressure vessel material was 

available, 8.ria RpP.r.imP.ns ·were :prepared from steel of the same chemical 

composition. Several heat treatments were used to bracket the heat treat

ment of the pressure vessel. In the Elk River design the pressure ves

sel wall was not accessible for the mounting of surveillance specimens, 

and all capsules were of necessity located nearer the reactor core. 

Present pressure vessel surveillance practice is typified by the 

Westinghouse Atomic Power Division and General Electric Atomic Power 

Equipment Division programs. Contract specifications for fabrication 

of the pressure vessels provide for the removal of material from plates 

or forgings used for the portion of the vessel at the core midplane or 

from plate from the same heat. The heat treatment of the surveillance 

material duplicates the heat treatment of the pressure VP.ssel material, 

including the postweld heat-treatment cycles of that region. The sur

veillance material may be heat treated as a portion of the pressure ves

sel plate or may be heat treated separately. In either case, surveil

lance opccimene are taken at. le8.st. 11nP. plate thiclmei::G away from a 

1 · 
I, 
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Table 10.1. Summary of Pressure Vessel Materials· Surveillance Programs· in Light-Water-Moderated•Reactors 

Reactor Name 

Shippingport 

Dresden I 

Yankee-Rowe 

Saxton 

Pressure 
Vessel 

Material 

A 302 grade B 

-A 302 grade B 

A 302 grade B 

' Integrated Flux 
(E > 1 Mev) Over 

Re13.ctor Life 
at Belt Line 

(neutrons/ cm2
) 

6' x 1019 

9~2 x 1018 

9,5 x 1018 

7~6 x 1018 

(b) 

Origin of Surveillance 
Material a 

V, W, HAZ (1 heat),c and GE Ref, 

V (1 heat) and Ref, 

V (1 heat) and Ref. 

No surveillance program 

Near-Core Region 
Specimens· 

Tensile 

(b) 

26· 

Charpy 

(b) 

246 

Specimens at Pressure 
Vessel Wall 

Tensile 

. '(b) 

42 

Charpy 

(b). 

234 

16 56 and 24d 4 36 and 8d 

40 192f 

Thermal Control 
Specimens 

Tensile 

(b) . 

18 

Charpy 

(b) 

116 

Remarks 

Additional structural materials are being 
irradiated 

Surveillance specimens installed a~er 
operation of Core I 

Indian Point I 

Big Rock Point 

Elk River 

Humboldt Bey 

BONUS 

A 212 grade Be 

A 212 grade B 

A 302 grade B 

A 302 grade B 

A 302 grade B 

A 212 grade B 

A 212 grade B 

A 302 grade B 

A 302 grade B 

A 302 grade B 

A 302 grade B 

A 302 grade B 

A 302 grade B 

A 302 grade B 

A 302 grade B 

V, W, HAZ (3 plates) and GE Ref, 

(g) and Ref. 

22 and 2d 

132 

96,and 12d 30 and 4d 135 and 2ld 47 and 4d 195 and 2ld 

2;3 x 1019 280 ' 156 fatigue specimens included 

<l x 1019 

l'.65 x 1018 

2.0 x 1018 

9,6 x 1018 

v, W, HAZ (3 plates) and Ref, 

V, w,. HAZ 

22 and 2d 96 and'l2d 3o and 4d 135 and 2id 47 and 4d 195 and 2ld 

Pathfinder 

La.Crosse 

San Onofre 

Connecticut Yankee 

Oyster Creek I 

Nine-Mile Point 

Dresden 2 

Millstone Point 

Brookwood 

Indian Point 2 

Palisades I 

, Turkey Point 3 

Brown's Ferry I and II 

Dresden 3_ 

Boston Edison 

Quad-Cities I and II 

Monticello NGP 

Turkey Point 4 

Hartsville 

A 533 grade B. 

A 302 grade B, modifiedj 

A 508IIk 

A 302 grade B, modified 

A 533 grade B 

Point· Beach· A 533: grade B 

Duke P?wer Company I and II A 302 grade B, modified 

<l x ·1019 

. 3 x 1018 

l' x 1017 

4 x 1017 

<1.5 x 1019 

<5: x 1017 

1 x 1017 

2,5 x 1017 

3 x.1019 

V and Ref. 

V and-Ref, 

V (3 plates), w, HAZ (1 plate) and Ref, 

V (3 plates), w, HAZ (1 plate) and Ref, 

(h) 

(h) 

(h) 

(h) 

V (2 forgings), w, HAZ (i forging) 
and Ref. 

V (3 plates), W, HAZ (1 plA.t.e) and Ref, 

V, W, HAZ 

V (2 forgings, w, HAZ (1 forging) and 
Ref. 

(h) 

(h) 

(h) 

(h) 

·. (h) 

V ( 2 forgings) , W, .HAZ ( 1 forging) 
a.nd Ref, 

( i). 

V (2 plates), W, HAZ (1 plate) and Ref, 

(b) . -

28 

120 

(i) 

(b) 

60 

80 14 40 

440 and 120d 

(i) 

(b.). 

40 192 

40 192 

(h) (h) 

(h) (hJ. 

. (h) (h) 

(h) (h) 

27 

(i) 
27 

(h) 

(h) 

(h) 

(h) 

(h) 

27 

(i) 
54 

. (b) 

288 

256 

(i) 
256 

(h) 

(h) 

(h) 

(h) 

(h). 

~256 

' ( i) 

288 

. (b) 

·av = pressure vessel base plate; w ;; weld pressure .. vessel plate; HAZ = h~at
affected zone in weldment; Ref,= ASTM reference.plate ~pecimen; GE Ref.= GE-APED· 
standard material from Humbol!lt Bey material. 

~umber·of reference steel specimens_in parentheses. 

eMultilayer pressure vessel, 

fSubsize ~pecimens from multileyer.vessel material. 

gSteel of composition similar to that of pressure vessel. 
· b-Information ·not available. 

~eld and HAZ specimens were added in late 1962, i 
. I 

l 

-1 

l 

(i) 

(b) 

(i) 

(b) 

Fatigue specimens included 

48 WOL fracture mechanics specimens included 

48 WOL fracture mechanics specimens included 

54 WOL fracture mechanics specimens included 

42 WOL fracture mechanics specimens included 

42 .WOL fracture mechanics specimens included 

42 WOL fracture mechanics specimens included 

54 WOL fracture mechanics specimens included 

hAnticipated program ma;y be as described in text,. 

iProgram not firm or no present decision, 

jNickel content of o.4 to 0.7% (same as A 533 grade B). 

~orgings. 
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quenched and tempered edge. Weld metal and heat-affected-zone samples 

are obtained from a test weld representing a vessel welded joint fab

ricated from vessel base material. This test weldment is heat treated 

to duplicate the heat treatment of the vessel weldment. Tensile and 

Charpy V-notch impact test specimens are prepared from these materials 

and encapsulated to prevent corrosion of the specimens in the reactor. 

The location and orientation of the specimens in the plate, forging, or 

weldment are completely specified. Base-metal specimens are ta.ken from 

the quarter thickness location. 

In Westinghouse reactors either two or three core-regiort plates are 

represented in each reactor surveillance program, depending on the size 

of the reactor vessel. For vessels larger than 142 in. ID, eight capsules 

are placed at the pressure vessel wall at the core midplane. Five of 

these capsules contain eight Charpy, one tensile, and two WOL specimens 

of base metal from the three plates and eight Charpy specimens of ASTM 

reference steel. Three capsules contain eight Charpy, two tensile, and 

two WOL specimens from base metal of one of the core-region plates and 

weld metal and eight Charpy specimens from weld-heat-affected zone metal 

and ASTM reference steel. When two forgings are used, a larger number 

of e<i,t:'h i:;pet:'i m17n t.ypP. f'nr P.ach forging is contained within the capsules. 

Each capsule for the vessel represented by three core-region plates also 

contains temperature monitors (melting-point alloys) and thermal- and 

fast-neutron monitors (iron, copper, and cobalt with and without cadmium 

shields). In addition, three of the capsules contain neutron monitors 

of nickel, 238u, and 237Np. One capsule is removed after each of several 

periods of reactor operation. The schedule calls for removal of capsules 

af't.er 1 1/2, 3, 5, 10, and 20 years of operation, and three capsules are 

reserved for removal as determined by the need for the data. 

For vessels less than 142 in. ID, six capsules are placed at the 

pressure vessel wall at the core midplane. Three of these capsules con

tain ten Charpy, three tensile, and three WOL specimens of base metal 

. from the two plates or forgings and weld metal and ten and eight Charpy 

specimens from weld-heat-affected zone metal and ASTM reference steel, 

respectively. The other three capsules contain twelve Charpy, three 

tensile, and three WOL specimens of l1ase metal from the two plates 
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or forgings and weld metal and twelve Charpy specimens from weld-heat

affected zone metal. Each capsule for the two core-region plates or 

forging vessel also contains temperature monitors and.thermal- and fast

neutron monitors. One capsule is remo~ed after each of several periods 

of reactor operation. ·The schedule calls for removal of capsules after 

2, 5, 10, and 20 years of operation, and two capsules are reserved for 

removal as determined by the nee·d for the data. 

In the case of Yan.kee-Rowe, in addition to surveillance specimens 

outside the thermal shield, capsules were located near the core_region. 

The results from these accelerated dose positions gave preliminary data 

about the effects of lifetime exposure. 

In General Electric programs two or three core-region plates are 

represented in each reactor surveillance program. Twenty-three capsules 

'are placed at the pressure vessel wall at the core midplane. Each of 

nine of these capsules contains 12 Charpy specimens of base, weld, or 

heat-affected-zone metal from a pressure vessel heat and one capsule con

tains 12 Charpy speGimens of GE-APED standard steel (for comparison of 

data from several reactors.)· Thirteen of the capsules contain two ten

sile specimens of the same materials. Temperature and neutron monitors 

are included in each capsule. In reactors with predicted pressure ves

·sel integrated neutron fluxes approaching 1. x 1019 neutrons/cm2 in 40 

years, groups· of' capsules are scheduled for removal after 2, 8, and 32 

years of reactor operation. If the predicted integrated neutron flux 

is about 4 x 1017 neutrons/ cm 2 in 40 years.• capsules are removed when 

the need arises. The Dresden 1, Humboldt Bay, and Big Rock Point plants 

also had capsules located near the core for obtaining early information 

on the irradiation behavior of the vessel material. These capsules were 

removed after about one year of full-power operation. 

Testing of all surveillance specimens is carefully supervised, and 

' all possible information is obtained, since the number of specimens 'is 

limited. Each specimen represents an investment of many hours and dollars, 

and the results may greatly influence the future operation of the reactor. 

The data developed in pressure vessel surveillance programs are used 

to judge changes in operating techniques for the reactor or to provide as

surance the vessel material condition is satisfactory. Such judgments 

·' 



643 

are presently based on the "transition temperature concept" as presented 

in the fracture analysis diagram discussed in Section 6.2.2.? of this re

port. 

10.2.2 Hydrostatic Retest 

Periodic reinspection is performed on nonnuclear components such_ as 

boilers, pressure vessels, compressed gas cylinders, and pressure piping 

as may be required by operating procedures, insurance companies, or regu

lations of states, municipalities, or other government regulatory agen

cie::;. 28 In some (not all) cases, these may include a requirement for 

a hydrostatic (or pneumatic) overpressure test, particularly if the ves

sel contains a suspected flaw or has ·been subjected to extensive repairs. 

The retest, when performed, is often the same as that originally required 

by the Code to which the component wac initially built. 

To date nuclear reactor vessels have not required such repeated pres

sure tests on shutdown after a period of service. UKAEA workers 21 , 23 , 26 

have, however, suggested the possibility of using a periodic hot overpres

sure test, similar to that described in Section 10.1 above, as a routine 

requirement to establish (1) the maximum size defect the vessel can con

tain and (2) the prescribed conditions for continued safe operation. While 

the referenced UKAEA authors suggest the periodic repeated use of the 

hot overpressure test, there is no indication that this has yet been ac

tually incorporated into the operating schedule for any reactor vessel. 

Before establishing the repeated postoperational overpressure test as an 

actual requirement, it appears that the British workers plan an expanded 

experimental program to resolve a considerable number of uncertainties. 

Some of the problems include (1) determining the preferred testing tempera

tures, with the NDT temperature and possible reduction in strength of the 

vessel material at higher temperatures taken into account, (2) changes 

in brittle-fracture characteristics with prolonged irradiation, (3) fa

tigue-induced crack growth, (4) other metallurgical changes that may de

velop from long-time exposure to an operating environment, and (5) the 

ability to establish desired test conditions in a system not actually 

operating. 
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The current British progra.m26 is designed to develop ways to esti

mate quantitatively the length to which cracks can propagate between proof 

tests, since, if the operating conditions will not cause defects shorter 

than Zt (see Sect. 10.1.2) to grow to lop' the proponents contend they 

will have a completely safe situation· between-tests and that any risk of 

failure will. then be transferred from the operational period to the proof 

test. They appear prepared to accept this risk on the basis that more 

effective precautions can be taken against the consequences of failure 

during the test than during operation, but this unpleasant possibility 

can hardly be considered a comforting alternative. They also propose 26 

that the emphasis in neutron radiation effects studies be directed to

ward tensile properties and Charpy V-notch energy absorption at tempera

tures appropriate to reactor operation, in preference to the presently 

~mphasized efforts to determine shifts in transition temperatures. 

Periodic hot overpressure testing of U.S. water-cooled reactors has 

interesting possibilities as a means of lessening the existing uncertain

ties in determining or estimating the maximum size of the actual defects 

in highly stressed areas of vessels that have operated for a period of 

time. However, the pressures and stored energy of the pressurizing media 

in light-water reactors will be several-fold greater than in gas-cooled 

reactors of the type considered by the British. If serious consideration 

is to be given to this type of testing, it will be well to investigate 

the possibilities of using a higher boiling-point liquid or filling most 

of the vessel volume with a solid during testing to reduce the volume of 

compressible fluid required, even though such could increase the com

plexity, cost, and practicality of ma.king the test. 

Pellini 29 has sounded a note of caution in the matter of accepting 

hot proof stressing as assurance of structural adequacy and safety against 

failure in continuing service. He calls attention to some British. tests 

in which a J~in. notched steel bar was loaded to develop a plastic zone 

at the notch root and then aged at 400 to 500°F. The result was that the 

nil deformation temperature was raised by some 50 to 60°F. 

He also mentions the failure of a large thick-walled (about 6 in.) 

pressure vessel on a third (preservice) hydrotest at a pressure well 
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below that of the first two hydrotests. He emphasizes that aging the 

plastically deformed region at the notch border zone may embrittle it and 

that service at elevated temperatures may still further accentuate aging 

embrittlement of the material just ahead of the notch root. This may 

not occur with all materials under all conditions, but he points out that 

it is a function of the strain developed, the type of steel, and the aging 

temperature and time and that there is no practical way of assessing the 

degree of local damage or defining the specific properties of the crack 

border material after such changes in a proof-stressed vessel. He sug

gests that tests conducted on a specific material in advance of use might 

indicate whether such sensitivity is involved and the relative degree; 

that is, it might determine whether the steel is a problem steel or not. 

If it thus developed that it was a problem steel, it would be difficult 

to assess the degree of local damage in practice. 

He suggests that these factors indicate that the proof tests should 

be conducted at a minimum of overload compared with the service loads. 

He notes that the danger exists for subsequent service at temperatures 

below that of the dynamic-fracture-toughness transition. Since the NDT 

temperature is the temperature of rapid increase in dynamic-fracture 

toughness for the conditions expressed in the Pellini-Puzak fracture 

analysis diagram, 19 the situation remains safe if the service temperature 

is restricted to the NDT temperature plus 60°F or higher, which builds 

in the reserve protection required to offset the.crack-lip damage condi

tion. 

Operators of large U.S. water-cooled reactors are understandably 

reluctant to adopt the hot overpressure test as a method for periodic 

retesting of vessels. Nevertheless, the method offers enough potential 

promise (as well as potential shortcomings, as noted above) to warrant a 

thorough study of the possibilities of the method and of its as yet in

completely resolved problems. 

10.2.3 Nondestructive Examination 

It is common practice to nondestructively examine nonnuclear thick

walled pressure vessels at intervals during shutdown for maintenance. 



These examinations have been primarily visual, with possible enhancement 

with such aids as penetrants or optical systems. With an ~ncreasing num

ber of nuclear pressure vessels being constructed and used, much of the 

nonnuclear pressure vessel examination philosophy has been carried over, 

and there is heavy dependence at the present on visual examination.· How

ever, because of inherent difference between the two types of vessel, a 

reevaluation of the philosophy has begun by many who are associated with 

the nuclear reactor industry. The differences include the reduced oppor

tunity for examination. This is due to several factors: (1) infrequent 

intervals at which examination can be made, usually only at time of core 

change for region around the core, although such areas as the flange and 

certain nozzles may be inspected during any shutdown period (this may be 

compared with nonnuclear shutdowns for maintenance and repairs), (2) pres

~nce of insulation, thermal shields, and other components that cover 

large portions of the vessel wall and prevent visual examination of criti

cal areas, and (3) presence of intense background radiation, which limits 

human access and restricts the visual techniques that can be applied. 

Other points of concern that are different for nonnuclear vessels (as 

discussed in more detail in other sections of this report) are the deg

radation· of the mechanical properties of the pr~ssure vessel steels due 

to prolonged exposure to the neutron flux and the consequences of a rapid 

failure of the pre~sure ve~sel with the associated release of radioactive 

materials. As discussed in Chapter 8, the.pressure vessels are examined 

by no?destructive means during fabrication to assure that harmful dis

continuities are not present in the vessel. However, because of limita

tions in method capabilities or because of imposed limits in· sensitivity 

on the defihed rejection level, discontinuities will be present in the 

vessel as operated. Consideration is being given to the pqssibility that 

the discontinuity may grow or propagate to a hazardous size when coupled 

with the re~uced ductility of the irradiated material. 

Discussions are presented in the following sections on current prac

tice in,the evaluation of operating nuclear reactor pressure vessels, 

nondestructive testing operations that have been performed on nonoperat

ing pressure vessels or similar configurations and are amenable to remote 

-operation, and methods being considered by some for potential application. 

1 

I 
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Remotely performed examinations offer the best possibility for applica

tion during operation and for use as monitoring systems. 

10.2.3.1 Present Practice 

Several reactor operators were contacted to determine current prac

tice for the nondestructive examination of nuclear pressure vessels. Al

thoue;h the survey was not exhaustive, the similarity of response indicated 

that essentially the same available methods are considered by all to be 

applicable and necessary. In all cases ~he emphasis is on visual inspec

tion. In limited cases dye-penetrant inspection of a portion of the clad

ding within the vessel has been peri'ormed. In most cases soliie optic<:l.l 

aid, such as replication, borescopes, periscopes, or television cameras, 

is employed where direct viewing is not possible. 

As a specific case, at each refueling of the Yankee reactor vessel, 30 

there has been visual inspection of the vessel head and dye-penetrant 

inspection of areas of cladding.under the vessel head. No defects have 

been found. Because of radioactivity, it has been necessary to flood 

the vessel with water up to the flange area. This has restricted exami

nation of the flooded region to visual methods. Examination by borescope 

has detected the presence of small worn areas in the cladding on the bot

tom head, and replication with silicone rubber has shown the depth of 

wear to be 0.115. in. 31 Photography with a stereoscopic camera and use 

of a periscope have found application for gross examination of limited 

areas of the vessel wall. Indirectly related examinations have also been 

made on the pressurizer. The cladding on the inner surface was applied 

in similar fa.shion to that in the pressure vessel. Dye-penetrant examina

tion has detected cracks in the stitch cladding, and repeated examinations 

are planned to determine possible changes. The cracks could not be seen 

with the naked eye or with a borescope. 

A similar evaluation was made of the Indian Point reactor of Consoli

dated Edison. 32 With the reactor vessel empty except for the lower grid. 

plate and core shroud, the water level was lowered to 15 in. below the 

closure flange. All the exposed cladding was visually examined. In ad

dition, two areas of exposed cladding were selected at random, and a dye

:r;.ienetrant examination was performed.. Also, with the aid of a borescope, 



a portion of the cladding below the lower grid plate was examined. No 

defects were revealed by any of these examinations. In addition to these 

examinations on the pressure vessel, two inspections of the core shroud 

were performed with binoculars and closed-circuit television cameras. 

Both spot welded and weld-overlay cladding were inspected by both visual 

and dye-penetrant methods with no defects being detected. Boat samples 

were removed and grinding was performed. No crack in the cladding was 

found to have propagated into the base metal. 

The Dresden reactor likewise was examined during refueling outages. 33 

A number of items, including the pressure vessel, were examined visually. 

The reactor vessel head was visually inspected on top and under sides 

and at bolt holes, penetrations, and flange surfaces, with no harmful de

fects being discovered. The reactor vessel flange, gr~oves, and bolt 

holes-appeared to be free of defects, but the studs on the nine instru

ment flanges were suspected of being defective. Nineteen studs, from the· 

reactor vessel were ultrasonically tested and accepted. Many. of the 

welds in piping and accessory equipment ~ere visually ~xamined after re

moving insulation. Concrete shield blocks.were removed' to provide ac

cess to the reactor inlet nozzle. -

Although not currently an operating reactor; the results. of post

operation examination of the Experimental Boiling Water Reactor (EBWR) 

are pertinent to this discussion. 34 The upper half of the interior of 

the vessel was accessible for vjsual and dye-penetrant examinations. 

Cracks were detected in the cladding, and some of these completely pene

trated the cladding, as confirmed by a gas-leak test. Investigations 

indicated that the cracks originated with the cladding process and had 

existed throughout the operation of the reactor. To further explore the 

cladding cracks, portions of the cladding were ground away and boat sam

ples were removed from the reactor vessel. No evidence was found of 

crack propagation from the cladding into the A 212 grade B carbon steel, 

although some microcracks up to 0.008 in. deep were found in the carbon 

steel. These were shown.to have existed prior to cladding application. 

The most severe cracking of the cladding was found in the steam zone, 

with progressively less cracking below the water line. Although portions 

of. the cladding were removed during the investigation, operation of the 

' "1 



649 

vessel is to continue without cladding repair. After the vessel is re

activated, it will be reexamined at six-month intervals to monitor changes 

in cracking and corrosion. In addition to the visual and penetrant in

spection of the cladding, other examinations included ultrasonic examina

tion of the conical ring forging and ultrasonic and magnetic-particle 

examination of the closure bolt studs and the vessel cover plate. 

From these case histories, it is obvious that visual inspection, en

hanced by optical aids and dye penetrants within the accessible areas of 

the vessel interior, constitute the major portion of current practice in 

pressure vessel examination after operation. Since these tests are sen

sitive only to discontinuities open to the accessible surface, if it is 

considered plausible for the generation and/or propagation of harmful de

fects to occur in other areas of the pressure vessel, consideration should 

be given to the possibility and practicality of supplementary examination 

methods to detect such undesirable conditions. Several utilities are 

currently considering use of some additional methods of recurring exami

nation. To this end feasibility studies are being conducted to determine 

the optimum approach. 

10.2.3.2 Possible Postoperation Examination Methods 

There are a number of possible approaches for pressure vessel exami

nation that have been suggested or proposed by various proponents and 

advocates of testing technology. Many of these have, in some form, been 

applied to large vessels or similar configurations. Others are still in 

various stages of development. These candidate examinations may be re

stricted to application during shutdown periods or, in some instances, 

may be applicable during actual operation of the reactor and would thus 

allow continuous or intermittent monitoring of deleterious conditions. 

Undoubtedly visual examination will continue to play a major role in as

suring the integrity of vessels. During design and fabrication stages, 

provision should be made f'or access for visual inspection of areas, such 

as nozzle penetrations, where higher stress concentrations could lead to 

defect growth. Most of the suggested supplementary methods involve some 

form of acoustic phenomenon (either sonic or.ultrasonic), although radiog

rap~y and other methods have been considered. 
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It may be that certain limited portions of the vessel,_ such as the 

flange region or nozzle weldments, are sufficiently remote from the re

actor core that low-backgro'lind radiation would allow conventional manual 

ultrasonic examination. As. noted for visual inspection, this would re

quire design to permit the necessary access from the exterior of the ves

sel. However, if supplementary examinations are deemed necessary, the 

manual ultrasonic inspection, even if possible, would not cover all areas 

of concern. Therefore, additional systems must be considered. For con

venience in discussion the acoustic systems have been divided into two 

major categories: (1) those in which mechanical scanning of the acoustic 

probes is performed and (2) those in which the probes are fixed on the 

pressure vessel. 

Ultrasonic Scanning Systems. There are several examples of past 

experience with ultrasonic scanning systems applied to reactor systems 

or other similar configurations that should serve to demonstrate the 

plausibility of such an approach. However, these cited examples are not 

intended to convey the thought that all problems are essentially solved. 

In the foll9wing, discussions of several cases that demonstrate past his

tory are followed by brief discussions of some of the problems that must 

be resolved before an ultrasonic scanning system can be considered truly 

successful. 

The pressure vessel from the PM-2A nuclear power plant operated in 

Greenland was removed and shipped to the Nuclear Reactor Testing Station 

(NRTS) in Idaho, where it was nondestructively tested to provide data 

for a detailed stress analysis associated with brittle-fracture studies. 35 

At NRTS the closure head was stripped of insulation and extensively de

contaminated. This allowed direct access of personnel to the head. A 

fluorescent-penetrant examination was performed, and no indications 

greater than established standards were detected. On the flange, one 

linear defect and several indications similar to weld porosity were lo

cated. An ultrasonic examination was also performed with contact shear

wave techniques. The reactor vessel was also examined by both liquid

penetrant inspection and ultrasonics. The penetrant inspection was per

formed remotely with the examiner located near the vessel opening behind 
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a personnel shield containing a viewing window. No surface discontinu

ities greater than the established standards were detected. 

An ultrasonic scanning unit was designed and fabricated to allow 

immersed examination from the interior of the vessel. The unit rotated 

about a central shaft that swept the ultrasonic transducers 360° in a 

plane perpendicular to the vessel a.xis. Longitudinal positioning of the 

transducers parallel to the vessel a.xis was in 1/4-in. increments, and 

an adjustable transducer holder allowed radial movement to change the 

distance between the transducer and the vessel wall. Scanning could be 

accomplished on the cylindrical portions of the vessel, the flange, and 

the bottom head. An additional fixture was built to examine the primary 

nozzles. Both longitudinal- and angle-beam techniques were used, depend

ing on the configuration of the section being examined. No discontinuity 

with an equivalent reflecting area greater than that from a 1/8-in.-diarn 

flat-bottomed hole (FBH) was detected in the wrought metal or deposited 

cladding. For the heavy weld-metal deposit, the reference standard was 

relaxed to a 1/4-in.-diam FBH because of higher noise levels. No equiva

lent indications were detected. Test results and interpretations were 

based primarily on direct observation of the cathode-ray tube of the 

ultrasonic instrument. 

These devices were somewhat similar in principle, although with dif

ferent application, to the many dev~ces developed for the remote mainte

nance and inspection of the Homogeneous Reactor Test core vessel and 

accessory items. 36- 39 One of the devices was designed and fabricated to 

allow ultrasonic measurement of the wall thickness of the core vessel, 40 

and such measurements were made several times at shutdowns for m.ainte-

nance or other reasons. 

One phase of the work performed by Southwest Research Institute 

(SWRI) to evaluate the serviceability of the Elk River Reactor pressure 

vessel41 was directed toward the development of remote nondestructive 

testing equipment and techniques for detecting and monitoring gross· de

fects in critical areas. Emphasis was placed on the 8-, 10-, and 16-in. 

nozzles. Ultrasonic techniques were selected as the most promising, 42 

although other techniques were considered. During an "on-site" test with 

the reactor shut down, a demonstration43 was made that the ultrasonic 
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energy could be propagated through the overlay cladding surfaces on both 

the pressure vessel and its closure head. Prototype mechanisms 44 were 

fabricated that contained several transducers for introducin~ the ultra

sound into the zones of the nozzle weldments at different angles. The 

mechanism was designed to fit snugly and concentrically in the nozzle to 

maintain proper alignment of the sound beam, but when the system was 

tested it was found that the nozzle examined was not perfectly circular, 

so complete inspection could not be performed. 45 

Each of these case histories shows some of the capabilities and the 

potential of the ultrasonic method as a scanning system for the evalu

ation of pressure vessels. Considerable development effort would be re

quired before an operating system could be applied in a standard tes·t 

for postoperation examination. Some of the problems that must be over

come are listed below. 

1. Quantitative determination is needed of the effect on ultrasonic 

penetration and propagation of the austenitic stainless steel weld over

lay cladding. This includes the effects of the attenuation of the clad

ding, the acoustic mismatch at the carbon steel-cladding interface, and 

the irregular surface of the weld-deposited cladding. The extent of sur

face prep~ration required must be fixed and may vary from one cladding 

.technique to another. 

2. A method of assuring consistent angles of incidence of the in

troduced sound beams is required. 

3. Complex scanning requirements around nozzles due to joint con

figurations must be accommodated. This is especially important because 

of higher·stress levels in these areas. 

4. Will it be necessary to remove some of the internal components 

to allow scanning of the areas of most concern? This question is based 

on the supposition that the optimum scanning will be from the interior 

of the vessel. The possibility should not be overlooked that the optimum 

scanning could be from the outside of the vessel. This would require the 

capability of temporarily removing external insulation and shielding. 

, 5. A method for establishing bench marks for orientation and re

producing scans at successive inspections is needed . 

., 
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6. A method of producing continuous records that can be maintained 

and compared with previous inspection records is required. This method 

would be coordinated closely with the method referred to in item 5 and 

both methods would be most useful with an automated system and with less 

dependence on operator interpretation and recording. 

7. Assurance is needed that ultrasonic techniques are adequate and 

sufficiently sensitive to detect a.nd properly interpret flaws of concern 

at all suspected orientations in the thick pressure vessel sections being 

used or planned. 

Fixed-Probe Sonic Systems. An alternative to the use of ultrasonic 

scanning systems is the use of probes that are fixed at key positions at 

which they can monitor areas of concern. The probes can be of the active 

or passive variety. By active it is meant that the probe or probes ini

tiate the sonic energy, as well as detect it, after it has undergone a 

change from being transmitted into and through the specimen. On the 

other hand, a passive system does not generate the sonic energy but de

tects that which may be caused by other conditions. Neither type has 

been used on a nuclear reactor vessel, but each has been applied to other 

test problems and in this way has shown a possibility for nuclear pres

sure vessel examination. 

Active systems have been used in several instances in which ultra

sonic transducers have been applied directly to fatigue specimens, in

termittently or continuously, to detect and measure crack growth by the 

increased intensity of the reflected ultrasonic energy. One such exami

no.tion4 6 was conducted on longi tud.i.nal weld seam sections taken from 

18-in. pipe that contained various known defects. Ultrasonic examina

tion of the specimens during tests to failure showed an increase in flaw 

indication upon cycling at high stresses. Large changes generally oc

curred within the last 10 to 20% of specimen life. At lower stresses 

the signal growth was discontinuous. The ultrasound was introduced by 

45° shear-wave transducers by using the contact methdd at interval::; 

during the fatigue testing. In instances "where the point of impending 

failure could be identified," ultrasonic monitoring was continuous. 46 

Similar work has been reported by personnel at SWRI on pressure ves

sels whir.h were being subjected at their laboratory to low-cycle plastic 
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fatigue conditions. 47 Experiences with ultrasonics and other test methods 

applied to a variety of pressure vessels being tested on various research 

contracts are discussed in the referenced report. 47 In general the ap

plication of the ultrasonic transducers was similar for all the tests. 

Prior to the cycling tests the welds and zones of high stress were ex

amined by conventional ultrasonic pulse-echo techniques and radiograpby 

to disclose the presence of possible discontinuities. These examinations 
~ 

were repeated at intervals after .a number of cycles. When there was 

crack initiation or defect propagation, as evidenced by increased test 

indication, ultrasonic transducers were affixed to the pressure vessel 

surfa~e to allow monitoring of the crack growth by pulse-echo techniques 

during subsequent cycling. This frequently allowed continuous monitoring 

of the crack growth.until it produced failure. However, in some in-

. stances failure did not occur at the area being monitored. 

Another test system that has been suggested as having potential ap

plication in the use of fixed ultrasonic probes is one that has had lim

ited application to the inspection of large pipe. 48 , 49 More. recently a 

system was assembled for the evaluation of welds in rocket-motor cases. 

Since some of the principles of operation differ from the more common 

ultrasonic techniques, a few of the details will be noted here. This 

system uses multiple transducers or "wave directors" attached directly 

to the test spesimen. The wa-ve directors are designed to allow continu

ous motorized adjustment of the angle with.which the sound beam is in

troduced into the specimen. Coupling can be accomplished through soft 

metallic shims, such as lead. The thickness of the specimen has an ef

fect on the frequency that can be best transmitted because of wave-guide 

action, and the use of frequency analysis techniques optimizes the trans

mitter-receiver efficiency. If the sound beam (or beams) being trans

mitted into the specimen encounters a reflecting discontinuity, a por

tion of the energy may be reflected to one or more of the receivers. 

By proper analysis of the time-of-flight, signal intensity, and other 

factors, informataon may be deduced about the size and nature of the dis

continuity. With the capability to adjust the angle of both transmitter 

and receiver wave directors, scanning of the specimen can be accomplished 

"• 

~• ., . 



with beam-intersection techniques, despite the fixed position of the 

probes. 

For both these fixed-probe systems, further development would be re

quired before an operating system could be applied as a standard test. 

Many of the problems that must be resolved are common to the scanning 

systems discussed previously. The problems that seem to be pertinent 

are listed below: 

1. The effects on ultrasonic propagation of the weld-overlay clad

ding and the interface between cladding and carbon steel must be deter

mined. The probes would probably be affixed to the outer surface of the 

vessel. 

2. Methods of establishing bench marks for orientation and repro

ducing scans at successive inspections are needed. This would be par

ticularly important in the Dickinson system in which sound-beam angles 

can be adjusted. 

J. A method of producing continuous records that can be maintained 

and compared with those from previous inspections is required. As men

tioned earlier, this would be coordinated closely with the previous 

method (item 2) and both methods would be most useful with an automated 

system and. with less dependence on operator interpretation and recording. 

4. Assurance is needed that the ultrasonic techniques are adequate 

and sufficiently sensitive to detect and properly interpret flaws of con

cern at all suspected orientations in the thick pressure vessel sections 

being used or planned. 

5. Assurance is needed that the number, spacing; or position of 

the fixed probes is adequate to detect flaws of concern. This is par

ti~ularly important around changes of section thickness and various pene

trations, such as nozzles. 

6. The effect of radiation and other environmental effects on the 

electrical or mechanical functioning of all components and constituents 

of the probes must be determined. If service life of the probes is sig

nificantly affected, means must be devised for removing the probes during 

reactor operation and reestablishing the probe position, orientation, 

coupling, calibration, etc., or the system will not be usable. 
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? .. Th~ effect of radiation damage on the ultrasonic properties of 

the vessel materials must be determined, since it may influence the propa

gation of ultrasonic energy. 

A considerable effort is being expended on passive systems in vari

ous areas, including the phenomenon of acoustic emission, and suggestions 

have been made that acoustic emission be considered as a potential method 

for pressure vessel examination. The principle of operation is that metal 

deformation or crack propagation is accompanied by release of an acoustic 

stress wave. Since the stress wave propagates through the specimen, de

tectors may be placed at some distance from the source of the stress wave 

to detect the energy. Work on this technology has ranged from studies 

of deformation in single crystals, to crack propagation studies in small 

specimens, and to monitoring of large components. Some of the early work 

·was accomplished by Schofield of Lessells and Associates, Inc., and some 

of his reports are referenced. 50- 52 The early work was devoted to the 

study of single crystals and similar materials during deformation with

out crack formation. The various generated signals detected were attrib

uted to phenomena such as dislocation pinning during slip deformation 

and the formation of stacking faults and mechanical twins. It is evident 

from the last reference 52 that Schofi~ld's attention is now being directed 

toward pressure vessels. 

The technique has been applied to the detection of crack propagation 

in small specimens by several experimentalists both for materials studies 

and for test method development. The detectors have varied from micro

phones, 53 to phonograph pickups, 54 and to accelerometers or other piezo

electric devices. 55 Experimental programs are currently in progress at 

Aerojet General Corporation, Sacramento, California, for various Navy, 

Air Force, and NASA departments to investigate the acoustic emission 

phenomenon from several aspects. 55 These include the various mechanisms 

of crack formation and growth.in such materials as HY-80 steel, maraging 

. steels, .and titanium. Some of the variables that will be considered in

·clude sample heat-treatment, l9ading conditions, effects of specimen sur

face finish, geometry, etc., and the sample environment. Work is in 

progress at Battelle Memorial Institute on detection of metal overstress 

by acoustic emission for pressure-pipe crack monitoring. Much of the 
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work to date has been directed toward evaluation of type 304-L stainless 

steel as cracks are formed and propagated along a groove in a double can

tilever beam specimen. 56 Emphasis is being placed on developm~nt of a 

sy·stem for monitoring and detecting crack initiation and/or growth. To

ward this end studies are being made to optimize the sensitivity, fre

quency response, and directivity of the detector probes. 

By having knowledge of the velocity of the acoustic wave and by 

using multiple detectors, it is possible to use resection or triangula

tion techniques and to relocate the source of the acoustic energy. This 

has been investigated with promising results. One of the better-docu

mented experiments was performed during a hydrostatic test of a 260-in.

diam SL-1 solid-rocket motor case. 57 Twenty-four accelerometers were 

dispersed over the case, which was over 50 ft long. During the bydro

test the accelerometer system indicated eight stress waves, including 

the wave that occurred at failure at a pressurization that was about 56% 

of the planned proof pressure. Several of the early waves were believed 

to be due to mechanical mdvement at bolt holes and not to deformation or 

failure processes. At that stage of development, immediate evaluation 

of the data was not possible. However, when the recordings were analyzed 

with the aid of a computer, the origin of the stress waves was deter

mined. The accuracy with which the stress origin could be pinpointed 

was limited by the frequency response of the instrumentation and the ac

curacy in determining the wave-propagation velocity. The "circle of 

confusion" was approximately 20 in. in diameter. Failure analysis of 

the fracture patterns from the ruptured metal determined that the origin 

of failure was 12 in. from the center of the 20-in.-diam circle that 

represented the origin of the stress wave received coincident with fail

ure. Two other stress waves (from the latter four of the eight waves), 

which occurred at lower pressurization levels, were.received from the 

general vicinity of the origin of failure. The tabulated data indicated 

that these waves originated approximately 10 and 22 in. from the failure 

origin. Although the amplitude of the signal received at failure is not 

given in the report, the values of the other signals from the vicinity 

of the failure were considerably less than those received earlier in the 

bydrotest. 
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Additional work on large rocket-motor cases of maraging steel has 

been conducted to determine the possibility of detecting potential fail

ure by the acoustic emission process and, by recognition of critical con

ditions, initiating remedial action to prevent destruction. 58 Hydrotests 

of several motor cases were run to determine the nature and timing of 

received signals. -In some instances intentional discontinuities were 

introduced to induce failure.. When using tensile specimens of the same 

materi~, it was demonstrated that unloading the stress just prior to 

failure (a.rid thus preventing failure) could be accomplished on the basis 

or interpretation of the acoustic .signals received. On a full-size pres

sure vessel the time to unload.the stress might be too long to prevent 

failure after receipt of a "critical indication." 

As with prev~ou~ly discussed.systems, further development effort 

would be required before an acoustic emission system could be considered 

as standard for postoperation e~amination of nuclear system pressure ves

, sels. Some of the problems, although common to the other approaches, 

are listed below: 

l. It is necessary to introduce stress ·to generate deformation or 

defect propagation which,. in turn, may be detected by the passive probe 

system. For postoperation examination this could be accomplished during 

hydrostatic testing, which is discussed in some detail in Section l0.2.2. 

2. The effect of nozzle and other penetrations on the propagation 

of the acoustic wave must be determined. 

3. Knowledge of the proper number, position, and spacing of probes 

to assure detection of any stress-wave origin within the vessel'is needed. 

4. A method of producing continuous records that can be maintained 

and compared with those of previous inspections is required. 

5. The effect of radiation and other environmental effects on the 

functioning of all components and constituents of the probes must be de

termined. 

6. If service life of the probes is significantly affected, means 

must be devised for removing the probes during reactor operation and re

establishing the probe position, orientation, coupling, calibration, 

etc. 

' .. 
• c 



659 

7. The effect of radiation damage on the sonic propagation prop

erties of the vessel material at the frequencies of interest must be de

termined. 

8. It is necessary to determine whether all anticipated failure 

mechanisms in the pressure vessel materials will produce a detectabl.e 

stress wave; for example, how will stress-corrosion cracking differ from 

the failure modes and what will be the effect of hydrogen or radiation 

embrittlement on the generated stress wave? 

9. Data processing systems that can provide prompt display and in

terpretation of data are needed. 

lO. Improved resolution for locating the origin of signals is needed. 

Both improved instrumentation and probes, as well as better knowledge of 

propagation velocities, will be required. 

ll. Assurance is needed that the system can be applied to large 

thicknesses without difficulty. 

l2. It must be demonstrated that adequate discrimination can be made 

between signals due to defects and those due to noises in or around the 

vessel. 

lJ. Means are needed for quantitatively relating the signal to the 

increment of crack growth so that record swmnation can be·used to deter

mine total crack size. If this latter requirement cannot be satisfied, 

a supplementary means of examination will be needed to investigate areas 

of significant acoustic emission to determine the total crack size. 

Other Flaw-Detection Methods. Although the most promising methods 

for supplementary examinations seem to be those involving a form of sonic 

energy, thought ehould be given to other approaches. For instance, radi

ograpb,,y is a standard technique for inspection of the pressure vessel 

during fabrication and has possibilities for postoperation examination. 

It has been used successfully to detect fatigue cracks at high strain 

locations, such as vessel-to-nozzle junctions. 59 The center line of the 

radiation beam must be aligned within a few degrees o±' the plane of the 

crack.. Therefore, such a technique would require several radiographs 

in each critical area to assure coverage. An obvious problem for radi

ograpb;Y would be the background radiation, which would expose the film 

and reduce the possild J:i.ty of achieving a useful radiograph. However, 
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some work59 has been done to determine radiation.tolerance levels and to 

develop techniques for salvaging film that has been severely overexposed 

by background radiation. A radiograph of a 5-curie 60co capsule was taken 

as a demonstration of the capability of radiography. Development of ade

quate techniques and equipment would include ways to minimize film ex

posure except to the primary image-forming beam, determination of optimum 

exposure conditions for such formidable conditions, and development of 

remote-handling techniques for markers, penetrameters, film holder, etc. 

Since field erection of pressure vessels is being planned and radiographic 

equipment would be a necessary part of the fabrication inspection, it is 

anticipated that similar radiation-generation equipment could be utilized 

if postoperation radiography.were found to be possible and necessary. Of 

course, this would require that the equipment be compatible with entry 

into the pressure vessel and that access be provided for film placement 

on the exterior of the vessel. 

Although more difficult to visualize or .be specific about at this 

stage, it is conceivable that advances in other nondestructive testing 

techniques may generate new and better examination methods. For this 

reason, continued awareness, coupied with feasibility studies, should be 

fostered to provide assurance that the best possible test methods will. 

be available for use where needed. 

l0.2.3.3 Nondestructive Detection of Radiation Damage 

The previous sections on postoperation examination have been con

cerned primarily with detection of flaws and measurement or monitoring 

of growth. However, as discussed in other sections of this report, a 

point of concern is the change of the mechanical properties caused by 

neutron irradiation of the materials of the pressure vessel. At pres

ent indirect information is obtained on reactor materials in extensive 

testing programs to establish tendencies or trends for degradation under 

irradiation. Also surveillance specimens are placed in the reactor and 

periodically tested. For the mild steels, which are common for current 

pressure vessels, these tests have served to determine the change in the 

value of the nil-ductility.transition or ductile-to-brittle transition 

temperature. At times, however, __ difficulty has arisen because of loss 

' i···". 
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of specimens from desired locations. 60 It would be desirable therefore 

to be able to make in situ measurements on the components to determine 

the onset and degree of radiation damage. However, at this time there 

are no methods available for the nondestructive detection of such damage. 

A limited amount of work has been conducted in this area, but the prob

lems are not yet resolved.. One of the earlier programs was directed to

ward measuring the shift in the NDT temperature in reactor-grade steels 

by using methods such as electrical resistivity, the magnetoabsorption 

Barkhausen effect, through-transmission ultrasonics, and thermal conduc

tivity. 62 Attention was directed toward simulating the shift in NDT tem

perature by cold rolling rather than radiation effects. More recently 

a study is being made of the effect of radiation damage on surface re

flection of ultrasonic boundary waves. 63 The use of ultrasonic attenua

tion and Barkhausen noise to detect a shift in .NDT or other effects of 

radiation is also being investigated. 64 Such efforts should be increased, 

not only because of the need to have a prompt indication of material deg

radation as it affects reactor operating parameters, but also because 

of the necessary feedback into calibration of the various proposed flaw

detection procedures that may be affected by radiation-induced changes 

in the vessel material. 

10.3 IN-SERVICE EXAMINATION 

Section 10.2.3 has dealt with current or potential examination 

methods that may be applicable to the examination of reactor pressure 

vessels at interim periods during refueling or some other time between 

operations. The approaches discussed could be quite valuable in deter

mining the extent of degradation that might have occurred since the last 

examination and in assisting to establish guidelines for continual opera

tion. If, however, there were conce~n about shorter term changes and 

the possibility of the onset and occurrence of vessel failure between 

examinations, it would be necessary to perform more frequent examinations 

or perhaps do continuous monitoring while the reactor was operating. The 

methods that seem to have the most potential have already been discussed 
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because of their possible application to postoperation examination. To 

avoid needless repetition, only the details pertinent to in-service ex

amination are discussed here. 

The fact that the reactor will be operating during these examina

tions will restrict access to only the outer surface of the pressure ves

sel. This, in turn, depending upon the test method, could require design 

changes to provide access within or through the insulation and shield

ing. 

10.3.l Ultrasonic Scanning Systems 

Some form of mechanically scanned ultrasonic system might be appli

cable. The system would not continuously monitor the entire vessel, but 

there would be intermittent inspection, with the interval between ex

aminations being at least as long as the time required to scan all areas 

of the vessel for which the mechanism is designed. With the examination 

system being in operation immediately adjacent to the exterior of the 

pressure vessel during reactor operation, the components of the system 

would have to be able to tolerate the environmental temperature, radia

tion, etc. The system would have to operate automatically because there 

would be little opportunity for direct operator control, and it would 

have to be arranged to not interfere with the normal f'unctioning of the 

reactor. Since it is unlikely that any mechanical or ultrasonic system 

would continue in operating condition throughout the life of the reac

tor, it would be necessary to be able to repair or replace malf'unction

ing parts. In addition, most of the requirements discussed for mechani

cal scanning systems for postoperation examination (see Sect. 10.2.3) 

would be pertinent. 

10.3.2 Fixed-Probe Systems 

· .. I 

Both active and passive fixed-probe systems are discussed above 

(Sect. 10.2.3) in connection w~th postoperation e~aminations. As for me

chanical scanning systems, most of the requirements' mentioned also pertain 
I 

here. Since these mechanisms would normally be ~pplied to the vessel 

. ' 
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exterior, little additional design change would be required to achieve 

capability for interim examination. 

The active fixed-probe system in which no movement of the ultrasonic 

beam is required could be used for either continuous or intermittent moni

toring that would depend only on the operating schedule for the ultra

sonic instrumentation, which will be at the operator level. The probe 

is sensitive only to reflecting discontinuities that are close enough to 

the transducer, lie along a line in front of the transducer, and are 

nearly perpendicular to the sound beam. Therefore, there would be a prac

tical limitation of the examination to only those areas in which discon

tinuities were known to exist or zones of critical stress in which crack 

formation and propagation would be likely. 

The active fixed-probe system in which wave directors permit chang

ing the angle or direction of the sound beam also could be used for in

termittent monitoring during operation. Since there is a quasi-scanning 

action of the sound beams, the interval between scanning of given areas 

must be at least as long as the time required to perform a complete scan. 

For both active fixed-probe systems, as well as for the mechanical 

scanning system, there must be a tolerance for the environment, ability 

to operate automatically without interference with the reactor, and capa

bility of performing maintenance on the examination system. In addition, 

all the requirements discussed for postoperation examination with f'ixed 

probes pertain for this case. 

The passive systems that utilize the phenomenon of acoustic emission 

(discussed in Sect. 10.2.3) also should be considered for in-operation 

surveillance. Since this system depends on the generation of the stress 

wave by the material deformation or crack propagation, it would be nec

essary to operate continuously to assure detection of all detrimental 

events. As discussed for the other in-operation monitoring systems, the 

components affixed to the vessel must have a tolerance for the environ

ment, be readily repaired or exchanged, and, with an around-the-clock 

operation requirement, sh~uld operate automatically without interference 

with reactor operation. All the problems and requirements discussed for 

this type of system for postoperation examination are pertinent for this 

application. Emphasis should be placed on the requirement of ability to 



I 

\ -
.~ -· . 

J" .,. ~ , .• --, 

'' 

664 

discriminate between those signals due to defects and those due to noises 

in or around the vessel, since an operating reactor will undoubtedly be 

considerably noisier than a reactor that has been shut down. 

lO.J.J Other Monitoring Systems 

The only other monitoring systems currently envisioned that are ap

plicable are those which could detect the presence of a leak through the 

vessel. These would include systems that could detect the presence of 

excessive moisture, radioactive fission products, or any other constitu

ent that might be emitted during_a noncatastrophic rupture. Such sys

tems are common enough to make d,iscussion unnecessary; however, the leak.

before-break philosophy is a basic requirement for such an approach. 

With the rapidly advancing state of nondestructive testing tech

nology, new schemes may become available that will be applicable to con

tinuous in-operation monitoring. A continuous awareness of the require

ments, coupled with knowledge of new advances, should be maintained to 

assure that the optimum examination procedure is being applied. 
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INDEX* 

Acoustic emission; see Ultrasonic testing 
Activation analysis 

activant cross-section curve conversion to ide
alized threshold-energy step function, 71-72, 
Fig. 3.4 

cross sections for 32S(n,p)32p reaction, 71, 
Fig. 3.3 

problems with specific activants, 72-74 
technique for neutron-flux measurement, 68, 70 

Aging; see Strain aging 
Aircraft, fuselage_crack-arrest studies, 512-515 
AISI 4340 steel; see also Steels 

tensile properties, 141, Figs. 4.11-4.13 
Allotropic transformation; see Microstructure 
Aluminum (2219), fracture mechanics and fatigue 

analysis, 347 
American Society of Mechanical Engineers (ASME) 

Pressure Vessel Code, hydrostatic test require
ments, 629---637 

Pre1>sure Ve88el Coile, post.operation t.est. recom
mendations, 637---661 

Pressure Vessel Code, quality assurance require
ments, 577---628 

Pressure Vessel Code, stress report require
ments, 410-412 

American Society for Testing Materials (ASTM) 
neutron-flux measurement standard, 78-79 
steel designations cross index, 90, Table 4.3 

Annealing; see Heat treatment 
Arc welding; see Welding 
ASTM A 201 Grade B 

biaxial fatigue tests, 362-363, Figs. 6.15, 6.18 
fatigue strength evaluation in full-scale test, 

372-390 
strain effects on crack growth rates, 469, 

Fig. 7 .4 
ASTM A 212 Grade B 

fracture toughne~s, leak-uerore-b1-eak criterion, 
520, Table 7 .3 

mechanical property changes, effect of irradia
t:ioi1 tempero.tur'", 250, Fig. 5.113 

radiation effects on fatigue strength, 234, 236-
237, Figs. 5.13-5.15 

radiation ef'f'ects on 8M-l reactor specimens, 
255, ·Fig. 5.21 

reembrittlement during postirradiation annealing, 
263, Fig. 5.27 

stress-strain behavior, effect of postirradia
tion annealing, 261, Fig. 5.23 

stress-strain behavior of irradiated, 223, Fig. 
5.4 

tensile properties, effect of postirradiation 
a1mealing, 261-262, Figs. 5. 24-5. 25 

yield stress of irradiated, annealing time for 
50% recovery, 264, Fig. 5.29 

ASTM A 285 Grade A, radiation effects on notch
impact strength, 227, Fig. 5.7 

ASTM A 285 Grade C, stress-strain behavior, 331, 
Fig. 6.7 

ASTM A 301 Grade B, strain effects on crack growth 
rates, 469, Fig. 7.4 

ASTM A 302 Grade B 
a.nneali ng durj_ng irradiation, effect on nil duc

tility transition temperature, 265, Fi.g·. 5. 30 
biaxial fatigue tests, 362-363, Figs. 6.16, 6.18 
fatigue strength evaluation in full-scale tests, 

372-374 
fractl.i.re toughness, leak-before-break criterion, 

519, Table 7.2 
fracture toughness, stress-intensity factor, 

501, Fig. 7.10 

nil ductility transition temperatures of irradi
ated, 266, Fig. 5.31 

radiation effects on fatigue strength, 233-234, 
Figs. 5.11-5.12 

radiation effects on fracture toughness, 231, 
Fig. 5.10 

radiation effects on various heats, 252, Fig. 
5.19 

radiation effects on Yankee Reactor specimens, 
257, Fig. 5.22 

stress effects on crack growth rates, 467, Fig. 
7.3 

stress effects on cyclic lit'e, 4'13, ~·ig. ?.5 
ASTM A 350 Grade LF-3 

nil ductility transition temperatures of irradi
ated, 266, Fig. 5.31 

notch-impact behavior, effect of postirradiation 
annealing time, 262, Fig. 5.26 

ASTM A 508 Class II, fabrication processes, 132-
140 

ASTM A 533 Grade B, fabrication processes, 123-132 
ASTM A 540, fabrication processes, 140-142 
Austenite; see Microstructure 

Babcock & Wilcox Company 
fabrication facilities, 541-542 
steel procurement standards, 125, 133 

Bainite; see Microstructure 
Bars, ultrasonic testing methods, 593-594 
Basic steelmaking, electric furnace process, 126-

132 
Big Rock Point Reactor, materials surveillance 

tests, 256 
Boiling-water reactors; see also specific reactors 

coolant conditions, 64---65, Table 3.2 
typical vessel proportions, 5, Fig. 1.1 
water chemistry control, flow diagram, 64, Fig. 

3.2 
Bolting materials 

fabrication processes_, 140-142 
quo.llty uoouruncc rcquiromonto, 585-586 

Bolts, nondestructive testing methods, 598 
Brittle fracture; see also Fracture 

analytical methods, 339-350 

Carbon 
effect on notch toughness of steel, 99, Fig. 4.4 
effect on pearlite and martensite formation in 

steels, 95, Fig. 4.2 
effect on tensile strength of steel, 94, Fig. 

-4.l 
effect on weldability of steel, 115-116, Fig. 

4.7 
C-Fe, binary equilibrium phase diagram, 96, 

Fig. 4.3 
Carbon steel; see also Steels 

blistering, 213-214 
corrosion behavior, 152-178 
decarburization, 214 
delayed failure, 214-215 
ductility, reduction in postyield, 215-217 
examination a~er accelerated cooling, 598-599 
failure, British tests on full-size vessels, 

390-399 
fatigue-crack growth rates, effect of tempera

ture, 335, Fig. 6.10 
hydrogen embrittlement, 212-217 
radiation effects on notch-impact strength, 227, 

Fig. 5.7 
stress variation at failure of flawed plates, 

397, Fig. 6.29 

*This Index was prepared by H. D. Raleigh, AEC Division 01· Technical Int'ormation l!:xtenSion, Uak 
Ridge, Tennessee. 
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temperature effects on ductile-to-brittle transi
tion, 328-329, Fig. 6.6 

yield st~ess of irradiated, annealing time for 
50% recovery, 264, Fig. 5.29 

yield stress of irr~diated, isothermal annealing 
curves for, 263, Fig. 5.28 

C-Mn, underbead cracking, 116, Fig. 4.7 
Castings, nondestructive testing methods, 594-596 
Cementite; see Microstructure 
Charpy impact test; see also Notch toughness 

description, 504-506 
Chemical properties, materials analysis methods, 

579-580 . 
Chicago.Bridge and Iron Company, fabrication. fa

cilities, 542-544 
Chromium steel; see also Steels 

Cr-Mo, effect of temperature on fatigue-crack 
growth rates, 335, Fig. 6.10 

Cladding; see Fracture 
radiation effects on stainless steel, 266-267 
weld-overlay, flanges and nozzles, 567-570 
weld-overlay, head subassemblies, 569, Fig. 8.9 
weld-overlay, materials and methods, 564-566 · 

Coated-electrode welding; see Welding · 
Cold work; see Working processes 
Cooling rates; see Microstructure 
Copper-63, properties as activant for neutron-flux 

monitoring, 74 
Corrosion 

austenitic stainless steel, 178-195 
carbon and low-alloy ste·e1s, 152-178 
crevice-corrosion mechanisms, 171-174, 187-190 
effect of additives, 183-184 , 
effect of dissolved salts in water, 169 
effect of heat treatment, 182-183 
effect of hydrogen, '168, 181 
effect of irradiation, 186-187 
effect of oxygen, 162-168,"180 
effect of temperature, 158-159, 181 
effect of time, 159-161,'182, Figs . .5:1-5.3 
effect of water pH, 156-158, 181 
effect of water velocity, 161-162, 181-182 
effect of wet oxygenated steam, 184-185 
effects on crack growth rates, 474-476 
galvanic attack mechanisms, 174-175, 190-192 
pitting effects, 169-171 . 
stress-corrosion cracking, 175-178, 192-195 

Combustion Engineering, Inc. 
fabrication facilities, 541 
steel procurement standards, 124, 133 

Computers, use in vessel design analyses, 368-372 
Crack-arrest test, description, 347-350 
Cracks 

arrest, str~ss-intensity values, 494, Fig. 7.8 
arrest estimates for HY-80 steel, 503, Fig. 7.ll 
arrest studies, 512-516 
critical size estimates from proof tests, 524-

528 
critical stress-intensity factor for A 302 

grade B steel, 501, Fig. 7.10 
dynamic stress-field analysis, 487-489 
elimination and slow growth; 510-512 
extension behavior, effects of strain-energy re-

lease rate, 493, Fig. 7.7 
fracture process zone analysis, 489-494 
growth, basi.c aspects, 430...:534 
growth, effects of environment, 474-476 
growth, effects of fatigue, 465-474 
growth, testing recommendations, 531-534 
growth rate analysis, 339-350, 465-47~ 
linear elastic modeling, 443-455 
linear stress-field analysis, 446-452 
minimum :fracture toughness, 489-494 
Mode III elastic-plastic analysis, 459-462 
opening dislocation measurements, 506-508 

plastic analysis, fracture characterization 
problems, 462-465 

plasticity analysis concept, 455-465 
progressive extension behavior, 443-446 
propagation, detection by passive acoustic de-

tection systems, 656-660 
propagation analysis, 476...:510 
radiographic detection, 612-621 
schematic diagram of leading edge, 446, Fig. 

7.1 
schematic diagram of test specimen section, 

. 499, Fig. 7 . 9 
strain-rate effects on moving, 489-494 
strip-yield zone analysis concept, 457-459 
toughness measurements, 332, 476-480, Fig. 6.8 
ultrasonic detection, 621-624 

Creep, radiation effects on steels, 235-238 
Cross section; see Neutron cross sections 
Crud, effects on p~imary coolant system, 186 

Defects; see also Cracks and Flaws 
detection and control, 430-443 

Deformation; see Stress 
Deoxidization; see Basic steelmaking 
Design 

ASME Code requirements, 604-609 
current industrial practice, 406-419 
current research, 367-406 
geometric deviations from specifications, 605-

609 
strength and fracture aspects, 331-350 
stress anB.lysis and failure modes, 282-418 
summary for present commercial reactor vessels, 

61, .Table 3 .l 
Discontinuity stresses, definition, 315 

' Dosimetry,· methods of neutron, 66-69, 70-72 
Dresden-! Reactor, materials surveillance tests, 

257-258 
Presden-2 Reactor, pressure vessel dimensions, 3, 

Table 1.1 
Ductility; see Steels and Tensile properties 

E7016; see Weld metals 
Economics, reactor design life, 12, 79 
Elasticity, theory and application in stress 

analysis, 287-300 
Elastic limit; see Fracture 
Electric furnace; see Basic steelmaking 
Electromagnetic inspection, capabilities and limi-

tations, 626-627 
Electroslag welding; see Welding 
Elk River Reactor, presRure vei>i>el examination, 

206-207, 334, 336, 651-652 
Embrittlement; see Steels and Tensile properties 
Equilibrium diagrams; see Phase diagrams 
Experimental Boiling-Water Reactor (EBWR), pres-

sure vessel examination, 198-202, 648-649 

Fabrication 
ASME Code requirement, 600-604 
bolting material, 140-142 
current practice, 539-575 
design considerations, 365-366 
facilities, 541-544 
flange forgings, 567-570 
forgings, 132-140 
geometric deviations from design specifications, 

605-609 
head subassemblies, 566-567 
heat treatment of formed shell plates, 551-553 
heat treatment of shell.courses, 555-560 
machining of major vessel sections, 570~572 
materials, 544-555 
nozzle forgings, 567-570 
operations, 544-545 

'" I 
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plate steels, 124-132 
shell course assembly by electroslag welding, 

555-560 
shell course joining into subassemblies, 560-564 
shell forming, 545-551 
shell plate assembly into courses, 553-555 
vessel supports, 561 

Failure; see also Fracture 
!lritisn tests on full-size vessels, 390-399 
brittle fracture of a nonnuclear vessel, 401-406 
design methods to prevent structural, 324-331 
full-scale vessel tests, 372-399 
notch toughness testing of failed vessel metal, 

405, Fig. 6.32 
photographs of a nonnuclear vessel, 402-403, 

Figs. 6.30-6.31 
PM-2A vessel testing, 399-400 
stress diagram for carbon steel vessels, 394, 

Fig. 6.28 
stress relationship to critical crack size, 391, 

Fig. 6.27 
stress variation in !'lawed plates, "39'7, Fig. 6.29 

Fatigue 
analysis for high-strength steel and aluminum 

vessels, 347 
biaxial analysis, 350-364 
effect on crack growth rates, 465-474 
effect on pressure vessel integrity, 331-336 
evaluation in full-scale vessel tests, 372-390 
life cycle relationship to strain range, 376, 

Fig. 6.20 
radiation effects on steels, 232-235 
strength tests on full-scale vessels; 386-388, 

Figs. 6.23-6.25 
transient effects on, 80-82, Table 3.6 

Ferrite; see Microstructure 
Firebox quality steel plate; see Plates 
Flanges, fabrication methods, 567-570 
Flaws; see also Cracks and Defects 

detection requirements, 588-600 
Fluid-penetrant inspection, capabilities and limi-

tations, 625-626 
Fluxes; see Welding 
Forces, analysis in elasticity theory, 294-297 
Forgings 

fabrication processes, 106-107, 132-140 
mechanical properties requirements, 583-585 

Forming 
process description for thick steel, 107-108 
shell cylinders, 545-551 

Fracture; see also Failure 
analysis diagram, 347-350, 522-524 
·aspects in vessel design, 331-350 
basic aspects, 430-534 
brittle-ductile transition measurements, 1,80-1183 
characterization problems in plastic analysis, 

462-465 
control methods, 430-443, 510-531 
crack-opening dislocation measurements, 506-508 
critical crack size estimates from proof tests, 

524-528 
double-cantilever test specimens, 483-486, Fig. 

7.6 
face-grooved test specimens, 483-486 
mechanics, description and application, 339-346 
mechanics, experimental analysis methods, 452-455 
mechanics, nomenclature, 439-443 
mechanics, testing recommendations, 531-534 
photographs of failed vessels, 375-390, Figs. 

6.19, 6.21, 6.22, 6.26 
toughness, dynamic measurements, 498-506 
toughness, effects of preloading, 508-510 
toughness, effects of strain aging, 508-510 
toughness, leak-before-break criterion, 517-522 

toughness, radiation effects on, 230-232, 528-
531 

toughness, relation to plastic flow properties, 
494-498 

toughness analysis, 476-510 
transition temperature tests, 498-506 

Fusion joining; see Welding 

Gamma iron; see lron 
Geometry 

design considerations, 365-366 
experimental studies, 368-372 

Grain size; see Microstructure 
Griffith theory of·fracture, progressive crack

extension behavior, 445 

Hardenability, definition and measurement, 109-111 
Hardness; see Steels and Mechanical properties 
Heads, fabrication methods, 566-567 
Heat-affected zone; see Welding 
Heat treatment 

et'i'ect on postirradiation embrittlement relier, 
259-266 

effect on stainless steel corrosion, 182-183 
effect on tensile properties, 141-143, Figs. 

4.11-4.13 
electroslag-welded shell courses, 555-560 
formed shell plates, 551-553 

Heavy-Water Components Test Reactor (HWCTR), pres-
sure vessel examination, 203-206 

High-strength low-alloy steels; see Steels 
Hooke's law, application in stress analysis, 288 
Hot cracking, definition, 101 
Hot shortness, definition, 101 
Hot work; see Working processes 
HY~80 steel; see also Steels 

fracture toughness, 503, Fig. 7.11 
fracture toughness, leak-before-break criterion, 

519 1 Table 7.1 
Hydrogen 

effect on properties of steel, 101-102 
effect on steel corrosion, 168, 181 
embrittlement mechanisms in steels, ~09-~~0 

Hydrogen ion concentration; see pH 
Hydrostatic testing; see also Testing 

ASME Code requirements, 629-637 
design considerations, 366-367 
retest suggestions, 643-645 

Impact testing; see notch toughness 
Indian Point Reactor, nondestructive examination 

of vessel, 647-648 
Ingots, steel; see Dasie steelma.king 
Inspection; see aJ.so specific methods, such as 

Electromagnetic inspection 
design considerations, 367 

Iron 
yield stress of irradiated, annealing time for 

50% recovery, 264, Fig. 5.29 
C-Fe, binary equilibrium phase diagram, 96, 

Fig. 4.3 
Iron-54 

cross section for 54Fe(n,p)54Mn reaction, 761 
Table 3.5 

propert.ies as activant for neutron-flux monitor~ 
ing, 73-74 

Irradiation effects; see Neutrons and Radiation 
Isothermal transformation diagrams; see Transfor

mation diagrams 

Joining; see Welding 
Jominy end quench test, description, 110-111 

Killed steel; see Basic steelmaking 



Lame11ar pearlite; see Microstructure 
Linear elastic modeling; see Cracks 
Lukens Steel Company, steel plate manufacturing 

processes, 124-132 

Machining, requirements for major vessel sections, 
570-572 

Macroscopic inspection, capabilities and limita
tions, 610-612 

Magnetic-particle inspection, capabilities and 
limitations, 624-625 

Maintenance, design considerations, 367 
Manganese 

effect on notch toughness of steel, 101 
effect on tensile strength of steels, 94, 

Fig. 4.1 
Manganese steel; see also Steels 

weldability, underbead cracking, 116, Fig. 4,7 
Martensite; see Microstructure 
Mechanical loading, considerations in vessel de

sign, 82 
Mechanical properties 

materials requirements, 91-92, 111-113, 580-588, 
Table 4.4 

radiation. effects on steels, 221-267 
Metallurgy, processes for vessel steels, 90-123 
Microstructure 

effects of alloying elements on steel, .93-103 
effects of cooling rate on steel, 109-111 

MIG welding; see Welding 
Molybdenum steel; see also Steels 

Cr-Mo, effect of temperature on fatigue-crack 
growth rates, 335, Fig. 6.10 

Multipass welding; see Welding 

Nava1 Research Laboratory, steel fracture analysis 
diagram, 335, 522-524, Fig. 6.9 

Neutron cross sections 
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determination for neutron-flux-monitor activants, 
70-72 

differential, for 54Fe(n,p)54Mn reaction, 76, 
Table 3.5 

differential, for 58Ni(n,p.) 58co reaction, 75, 
Table 3.4 

Neutrons; see also. Radiation 
damage models, 69-70 
dose effects on mechanical properties of steels, 

238-240 
effects on mechanical properties of steels, 

221-267 
effects on vessel embrittlement, 66-67, Table 3.3 
effects on vessels, surveillance testing, 637-

643, Table 10.1 
flux effects on mechanical properties of steels, 

240-242 
flux measurement, ASTM standards, 78-79 
flux measurement methods, 67, 70-72_ 
flux spectral and spatial behavior calculations, 

76-77 
spectrum effects on mechanical properties of 

steels, 242-248, Fig. 5.16, Table 5.1 
Nickel, ef.fects on notch toughness of steel, 101 
Nickel-58 · 

cross section for 58Ni(n,p) 58co reaction, 75, 
Table. 3.4 

properties as activant for neutron-flux monitor-
ing, 73 

Nitrogen, effects on properties of steels, 102 
Nondestructive testing; see Testing 
Notch toughness 

definition, 99 
effect of carbon content on steel, 99, Fig. 4.4 
effect of alloying elements on steel, 100, Fig. 4.5 

radiation effe.cts on steels, 225-229 
requirements for forgings, 583-585 
requirements for plate, 581-583 
requirements for steels, 112 

Nozzles 
attachment methods, 561-564 
fabrication methods, 567-570 
nondestructive testing methods, 596-597 
stress analyses for, theoretical and experimen

tal, 368-372 
weld-joint d,esign, 554, Fig. 8.3 

Operating conditions 
design considerations, 366-367 
summary for present commercial reactor vessels, 

61, Table 3.1 
Organic Moderated Reactor Experiment (OMRE), radia

·tion effects on grid plate, 259 
Oxidation; see Corrosion 
Oxygen 

effect on properties of steel, 102 
effect on steel corrosion, 162-168, 180 

Palisades Reactor, pressure vessel dimensions, 3, 
Table 1.1 

Pearlite; see Microstructure 
pH, effect on steel corrosion, 156-158, 181 
Phase diagrams, binary iron-carbon, 96, Fig. 4.3 
Phosphorus, effect on notch toughness of steel, 101 
Photoelasticity; see Stress 
Pipes, nondestructive testing methods, 596-597 
Piqua Reactor, materials surveillance tests, 256 
Pitting-type corrosion; see Corrosion 
Plastic flow, relation to fracture ·toughness, 

494-498 
Plasticity 

adjustment factor in crack analysis model, 456-
457 

analysis concepts for cracks, 455-465 
crack analysis, fracture characterization prob-

lems, 462-465 
crack analysis, Mode III, 459-462 
strip-yield zone analysis, 457-459 
theory, application in stress analysis, 337-350 

Plates 
fabrication processes, 124-132 
forming procedures, 545-551 
heat treatment of formed shell, 551-553 
mechanical properties requirements, 581-583 
shell assembly into courses, 553-555 
ultrasonic examination procedures, 590-593 

PM-2A reactor 
fracture strength testing of pressure vessel, 

399-401 
radiation effects on pressure vessel, 259 
ultrasonic examination of vessel, 650-651 

Poisson ratio; see Stress 
Pressure, operating bases for vessels, 60 
Pressure testing; see Hydrostatic testing 
Pressure vessel research committee, large-model 

and full-scale strength tests; 372-390 
Pressurized water reactors; see also specific 

reactors 
coolant conditions, 64-65, Table 3.2 
typical vessel proportions, 6, Fig. 1.2 
water chemistry control, flow diagram, 63, 

Fig. 3.1 
Proof testing; see Testing 

. Quality assurance 
chemical properties, 579-580 
inspection methods, 577-627 
mechanical properties, 580-588 

, .. 
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Radiation; see also Neutrons 
effects on corrosion of stainless steel, 186-187 
effects on fracture properties, 528-531 
effects on leak-before-break tension stress, 

528-531 
effects on mechanical properties of steels, 

221-267 
effects on steel properties at nil ductility 

transition temperature, 529-531 
effects on vessel embrittlement, 67, Table 3.3 
effects on vessel materials, nondestructive de

tection efforts, 660-661 
effects on vessels, surveillance testing, 637-

643, Table 10.1 
Radiographic inspection 

capabilities and limitations, 612-621 
use in postoperation examination, 659-660 

Range of stress; see Stress 
Rate of strain; see Strain 
Reactors; see specific reactors by name, such as 

Elk River Reactor 
Rockets, solid-propellant chamber fracture tough

ness, 517-520 
Rolling, process description for thick st·eel 

plates, 106 
Rolls, plate-forming, 550, Fig. 8.2 

Scaling of steel; see Basic steelmaking 
Shear fracture; see Fracture 
Shells 

assembly by electroslag welding, 555-560 
design analysis techniques, 368-372 
fabrication procedures, 545-551 
general' theory summary, 300-307 
heat treatment of electroslag-welded, 556, 560 
heat treatment of formed plates, 551-553 
joining courses into subassemblies, 560~561 
plate assembly into courses, 553-555 

Shtps, crack-arrest studies on welded plates, 515 
SL-1 reactor, radiation effects on pressure vessel, 

259 
SM-l react0r, materials surveillance tests, 255 1 

Fig. 5.21 
SM-lA reactor, materials surveillance tests, 255, 

Fig. 5.21 
Stainless steel; see also Steels 

corrosion of austenitic, 178-195 
crevice corrosion mechanisms, 187-190 
galvanic corrosion mechanisms, 190-192 
hydrogen embrittlement, 217-219 
radiation effects on tensile properties, 266-267 
stress-corrosion cracking, 192-195 

oteam, corrosive effects on stainless steel, 184-185 
Steels; see also AISI 4340 steel, Carbon steel, 

chrorniwn :;t.,.,1, HY-80 steel, Manganese steel, 
molybdenum steel, stainless steel, T-1 steel, 
and steels by ASTM designation, such as ASTM 
A 201 Gr.ade B 

alloying element effects on properties, 93-103 
ASTM designations, cross index, 90, Table 4.3 
carbon effects on pearlite and martensite forma-

tion, 95, Fig. 4.2 
chemical composition of vessel, 88-89, Table 4.2 
corrosion beha.vjor, 152-209 
crack toughness of high-strength, 332, Fig. 6.8 
critical stress-intensity !'actor measurements, 

476-480 
exami11at.ion a..rter accelerated cooling, 598-59') 
fabrication procedures, 123-146 
fatigue resistances, 335, Figs. 6.9-6.10 
fracture energy variation with transition tem-

perature, 229, Fig. 5.9 
fracture mechanics and fatigue analysis, 347 
pydro~en embrittlement, 209-220 

heat treatment effects on postirradiation em
udttlement relief, 259-2GG 

irradiation behavior, effect of composition, 
structure, and heat treatment, 251-254 

joining processes, 117-121 
mechanical properties, effect of irradiation 

temperature, 249-251, Figs. 5.17-5.18 
mechanical properties, neutron-dose effects, 

238-240 
mechanical properties, neutron-flux effects, 

240-242 
mechanical properties, neutron-spectra effects, 

242-248, Fig. 5.16, Table 5.1 
mechanical properties requirements, 91-92, 111-

113, 580-588, Table 4.4 
melting process for large-ingot production, 103-

104 
microstructure, effect of cooling rate, 109-111 
notch toughness, effect of alloying elements, 

100, Fig. 4.5 
notch toughness, effect of carbon, 99, Fig. 4.4 
plate thickness en·ects on properties, 113-114 
radiation effects on creep properties, 235-238 
radiation effects on ductile-to-brittle transi-

tion temperature, 228, Fig. 5.8 
radiation effects on fatigue strength, 232-235 
radiation effects on mechanical properties, 221-

267 
radiation effects on nil ductility transition 

temperature, 253, Fig. 5.20 
radiation effects on stress-strain behavior, 

223-225 
radiation effects on yield stress, 225, Fig. 5.6 
radiation effects surveillance programs, 254-258, 

637-643, Table 10.1 
selection for vessels, 85-87, 365, Table 4.1 
strain-cycling behavior, 335, Fig. 6.9 

·stress-corrosion cracking, 175-178, 474-476 
stress effects on crack growth rates, 467, 

Fig. 7.3 
stress relationship to critical crack size for 

failure, 391, Fig. 6.27 
temperature effects on properties, 150-1~2 
tensile strength, effect of carbon and manganese, 

94, F.ig. 4.1 
vacuum treatment, effects on properties, 104-105, 

Fig. 4.6 
weldability, 114-117 
working processes; 105-108 

Strain 
effects on crack growth rates, 469, Fig. 7.4 
energy release rate effects on crack extension, 

493, F.ig. 7.7 
Mode III crack analysis, 459-462 
theory of omall deformations, 289-291.,. 

Strain aging, effects on fracture toughness, 508-
510 

Strain hardening, relation to fractl.ll'e toughness, 
494-498 

Strength 
aspects in vessel design, 331-350 
large-model and full-scale tests, 372-400 
theory applications, 307-309 

Stress; see also Yield stress 
ASME Code analysis requirements, 410-412, 604-

60'.5 
analysis in elasticity theory, 294-297 
anulyoio methods, 285-323 
comparison of elastically and plastically calcu

lated, for strains beyond the yield point, 
351, Table 6.1 

crack-arrest test description, 347-350 
critical-intensity factor measurements for very

high-strength metals, 476-480 



distribution at plastic collapse, 338-339, Fig. 
6.ll 

dynamic-crack stress-field analysis, 487-489 
dynamic yield, variation with nil.ductility 

transition temperature, 529, Table 7.4 
dynamic yield, variation with nil ductility 

transition temperature plus 60°F, 530 1 Table 
7.5 

effects of design specifications deviations on, 
605-609 

effects on crack growth rates, 467, Fig. 7.3 
effects on cyclic life of steel, 373, Fig. 7.5 
evaluation for nuclear pressure vessels, 323-367 
evaluation of primary and secondary, 350-364 
experimental measurement methods, 452-455 
experimenta,l analysis, 309-312 
failure diagram for carbon steel vessels, 394, 

Fig. 6.28 
fatigue analysis, 321-323 
intensity definition, 298 
intensity factors for A 302 B steel, 501, Fig. 

7.10 
intensity values for crack arrest, 494, Fig. 7.8 
leak-before-break, radiation effects on, 528-531 
linear analysis of crack propagation, 446-452 
maximum conditions for plastic sections, 340, 

Fig. 6.12 
relationship to critical crack size, 391, Fig. 

6.27 
relief, effect of hydrostatic testing, 634-637 
residual, effect on brittle fracture, 343-344 
steady state analysis, 313-321 
strip-yield plasticity analysis, 457-459 
theory of small displacements, 287-300 
thermal, theory formulation for, 299-300 
variation at failure of flawed plates, 397, Fig. 

6.29 
Stress-corrosion cracking, analysis, 474-476 
Stress-strain relations, mathematical formulation, 

297 
Submerged arc welding; see Welding 
Sulfur, effects on properties of steel, 101 
Sulfu±-32 

cross section for (n,p) reaction, 71, Fig. 3.3 
properties as activant for neutron-flux monitor

ing, 73 
Surveillance programs; see also Inspection and 

Testing 
materials tests results, 254-258 

T-1 steel; see also Steels 
biaxial fatigue tests, 363, Figs. 6.17-6.18 
fatigue strength evaluation in full-scale tests, 

367-390 
stress-strain behavior, 331, Fig. 6.7 

Temperature 
effect on ductile-to-brittle transition, 328-329, 

Fig. 6.6 
effect on fatigue-crack growth rates, 335, Fig. 

6.10 
effect on radiation damage in steels, 249-251, 

Figs. 5.17-5.18 
effect on steel corrosion, 158-159, 181 
effect on steel properties, 141, 150-152 
operating bases for vessels, 60 

Tempering, temperature effects on tensile proper
ties, °141-143, Figs. 4.11-4.13 

Tensile properties 
effects ·of postirradiation annealing, 259-266 
effects of tempering temperature, 141-143, Figs. 

4.ll-4.13 
requirements· for forgings,. 583-585 
requirements for plate, 581-583 
requirements for steels, 111-112 
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Testing; see also Crack-arrest test, Hydrostatic 
testing, Jominy end quench test, and Ultra
sonic testing 

B~itish series on full-size vessel failure, 
390-399 

hot over.stressing effects 1 635-637 
in-service examination possibilities, 661-664 
large-model and full-scale results, 372-401 
nondestructive, current practice for operating 

vessels, 647-649 
nondestructive, flaw detection procedures, 

589-590 
nondestructive, methods capabilities and. limita

tions 1 609-627 
nondestructive, postoperation methods, 649-660 
nondestructive, procedures and personnel re

quirements, 599-600 
PM-2A vessel results, 3·99-401 
postoperation, ASTM recommended practice, 637-

660 
preoperation procedures, 629-637 
proof, estimates of critical-crack size, 524-528 
quality assurance requirements, 577-627 

Thermal stress; see Stress 
TIG welding; see Welding 
Time, effect on steel corrosion, 159-161, 182, 

Figs. 5.1-5.3 
Titanium-46, properties as activant for neutron

flux monitoring, 73 
Toughness; see Notch toughness 
Transformation diagrams, effects of carbon on 

pearlite and martensite formation, 95, Fig. 4.2 
Transients, analysis for vessel design, 80-82, 

Table 3.6 · 
Tresca yield criterion, diagram for biaxial load

ing, 356, Fig. 6.14 
Tubes, nondestructive"testing methods, 596-597 

Ultrasonic testing; see also Testing 
capabilities and limitations, 621-624 
fixed-probe systems applications, 653-659, 662-

664 
in-service vessel examination, 662-664 
postoperational vessel examination,~650-659 
scanning systemR a.pplications, 650-653, 662 

Vacuum treatment, effect on properties of steels, 
104-105, Fig. 4.6 

Visual inspection, capabilities and limitations, 
610-612 

Water 
chemistry control methods, 62-65 
coolant chemistry conditions, 65, Table 3.2 
effect of dissolved salts on steel corrosion, 169 
velocity effects on steel corrosioQ, 161-162, 

181-182 
Weld metals, E 7016, stress-strain behavior of ir

radiated, 224, Fig. 5.5 
Welding 

dissimilar-metals joining, 561-562 
electroslag, process description, 118-121, 555-

560, Figs. 4.9-4.10, 8.4-8.6 
electroslag, shell course assembly by, 555-5b0 
filler metal compositions, 144-145, 589 · 
head subassemblies, 566-569, Figs. 8.8-8.9 
hot cracking in· steels, 115-117 
joining processes for steels, 117-121 
metallurgical problems in steels·, 114-117 
nozzle insert joint design, 554, Fig. 8.3 
overlay cladding of vessel components, 122-123, 

564-566 
procedure specifications, 586-588 
processes description, 142-146 
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submerged-arc process, 117-118, Fig. 4.9 
underbead cracking in steels, 115-116, Fig. 4.7 

Welds, test requirement~, ~86-500 
Working processes, description, 105-108 

X-ray inspection; see Radiographic inspection 

Yankee Reactor 
materials surveillance tests, 257, Fig. 5.22 
pressure vessel examination, ~96-197, 649 

Yield stress; see also Stress 
annealing time for 50% recovery in irradiated 

iron and steel, 264, Fig. 5.29 
increases in irradiated steels, 225, Fig. 5.6 
isothermal annealing curves for irradiated carbon 

steel, 263, Fig. 5.28 
relation to fracture toughness, 494-498 

Young's modulus; see Stress 




