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Foreword 

The Heavy-Section Steel Technology (HSST) Program 
is a USAEC-sponsored effort for investigating the 
effects of flaws, variations of properties, stress raisers, 
2;id residual stress on the structural reliability of 
present and contemplated water-cooled-reactor piessure 
vessels. The cognizant engineer for USAEC is i. R. 
Hunter. At ORNL the program is under the Pressure 

Vessel Technology Program, of which G. D. Whitman is 
Director. The HSST prograoi is being carried out in very 
dose cooperation with the nuclear power industry. 
Prior reports in this series are ORNL-4176, ORNL-
43IS, ORNL-4377, ORNL-4463, ORNL-4512, ORNL-
4590, ORNL-4653, and ORNL-4681. 
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Summary 

The Heavy-Section Steel Technology (HSST) Program 
is concerned with the prunary vessels for water reactors, 
with the main emphasis being placed on the effects of 
flaws, material inhornogeneities, and discontinuities on 
the behavior of the vessels under normal operating and 
accident conditions. The program is coordinated with 
efforts by the manufacturing and utility sectors of the 
nuclear power industry to assess the in-service structural 
safety of the massive pressure vessels typical of those 
used in boiling- and pressurized-water reactor systems. 
In the HSST program particular emphasis is placed on 
developing a technology that can be used to establish 
the m&rgin of safety against failure of the vessels, 
particularly catastrophic failure beyond the control of 
plant safety features. 

Fracture phenomena under the environmental con
ditions of interest and the effects of section thickness 
on the fracture behavior of the large reactor vessels are 
being examined through a systematic progression of 
specimen sizes up to the equivalent of a full section 
thickness of 12 in. The program will culminate in a 
series of simulated service tests in which deliberately 
flawed vessels of substantial thickness will be tested to 
fracture. Through the culmination of the HSST effort, 
as well as that of the nuclear industry, a technology 
should be developed that will assist the USAEC 
regulatory bodies, the professional code-writing bodies, 
and the nuclear power industry in providing the safety 
standards necessary to maintain a vigorous economical 
industry with proper regard to public health and 
welfare. 

There are 12 tasks of the HSST program. In this 
report the activities of these tasks are grouped under 
administration and procurement, unirradiated materials, 
irradiated materials, and pressure vessel investigations. 

There are eight active research and development 
subcontracts sponsored by the HSST program. Results 
from these efforts as well as those performed at ORNL 

are extensively reported in technical reports and publi
cations. 

Evaluation of the data obtained under the variability 
study continues. Extensive load and energy parameter 
studies are being made on data obtained from an 
instrumented Charpy impact machine. The study in
cludes the testing of sharp-Tack Charpy specimei^ 
Complementary slow-bend tests are also being made. 

Crack-arrest fracture toughness measurements were 
made at Materials Research Laboratory on specimens 
which have an increasing stress intensity field. The 
preliminary results showed that the crack-arrest tough
ness was independent of the stress intensity gradient. 
This strongly implies that crack-arrest fracture tough
ness KJm is a material property just as KIc is. Additional 
work is in progress. 

TRW Systems, Inc., has initiated a study of the 
effects of strain gradients on gross strain crack toler
ance. Experimental techniques have been developed for 
testing surface-cracked specimens in bending at low 
temperatures, the principal problems being the strain 
measurements. Testing is in progress. 

Brown University has performed a three-dimensional 
elastic-plastic analysis on a rectangular tensile specimen 
containing a semielliptical flaw. Strain hardening was 
taken into account. The analysis enhanced the feasi
bility of using the finite-element method for elastic-
plastic behavior in the region of a flaw. 

Compact-tension specimens 1, 6, and 9 in. thick were 
fabricated from HSST plate 03 by Westinghouse Elec
tric Corporation. The specimens were tested in the 
temperature range from approximately 0 to approxi
mately 550°F. Both longitudinal and transverse speci
mens were tested. The data are being used to ' Jtablish 
lower-bound KIc values as well as pertinent KIcd 

parameters that may be used in fracture analyses. 
Two studies of the fatigue crack propagation charac

teristics of AS33 steel were completed, one bv 
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Westir.ghouse Electric Corporation, and the other by 
the Japan Atomic Energy Research Institute as a 
cooperative effort. For the same conditions of testing 
the results were quite similar in that a nuclear reactor 
environment excluding irradiation did not enhance the 
room-temperature crack growth rate in an air environ
ment. A considerable increase in growth rrte was noted 
for a high strain range of about 0.7%. Low cycling 
speeds manifested periods of stagnation. 

At Hanford Engineering Development Laboratory, 
the ETR 4T dummy gamma-heat experiment was 
completed. Thermal gradients through the specimen 
thickness were less than calculated using low-power 
gamma-heat flux data. The maximum AT at the 
specimen crack line was 200° F. Also, the shift in 
transition temperature in plane strain fracture tough
ness KIc due to irradiation has been correlated with the 
effect of irradiations on the yield strength of A533 B 
pressure vessel steel. The correlation, believed to be 
valid to fluences of 8 X 10 1 9 neutrons/cm2 (E > 1 
MeV), is preliminary in nature because of the incom
plete determination of the irradiated material fracture 
toughness transition. 

Transverse tensile properties for irradiated and un
irradiated ASTM A533 B steel were compared with 
longitudinal plate properties. Yield and ultimate 
strength properties and their response to irradiation 
were found to be orientation independent. Unirradiated 
KIc fracture toughness for transverse (WR) orientation 
was also similar to longitudinal (RW) orientation 
fracture toughness. Fracture toughness KJc of the A533 
submerged-arc weldment was shifted by +390°F for the 
50-ksi \/HT- level after irradiation to approximately 3 X 
10 1 9 neutrons/cm2 (E > 1 MeV). Weld tensile yield 
and ultimate strength properties were similar to plate 
properties for equivalent irradiation levels. 

The irradiation investigation of Charpy-V and dynam
ic-tear specimen results were completed by the U.S. 
Naval Research Laboratory as part of a cooperative 
effort. Charpy-V (Cv) and dynamic-tear (DT) test 
comparisons were developed for the irradiated con
dition of two 12-in.-thick AS33 B steel plates and a 
submerged-arc weld deposit. Low-temperature 
(<30C°F, 149°C) and elevated temperature (550°F, 
288°C) irradiations were conducted. Fluences for the 
eight irradiation experiments ranged from 2.5 to 3.3 X 
10' 9 neutrons/cm2 (E> 1 MeV). 
Postirradiation C v and DT midenergy transition tem

perature increases were found comparable for both 
plate and weld deposit (quarter-thickness position 
evaluations). For the plate, percentage reductions in Cv 

and DT shelf energy with irradiation also compared 

well. As a result, preirradiation DT-to-Cv shelf energy 
ratios appeared to be retained with irradiation. Shelf 
observations are in agreement with recent findings for 
AS43, A302 B, and other AS33 steel plates, which 
illustra;*. a DT-to-Cv shelf energy ratio of 8.0:1 for pre-
and postirradiation conditions. It is concluded that 
postirradiation DT properties of AS33 B plate, in
cluding midenergy transition and shelf level, can be 
calculated with reasonable accuracy from postirradia
tion C v results for use in fracture safety analyses. 
Assessments of shelf level toughness before and after 
irradiation are developed by ratio analysis diagram 
(RAD) procedures. 

Unlike observations for plate, a significant reduction 
in the DT-to-Cv shelf energy ratio by irradiation was 
found for the weld deposit. Weld metal fracture 
appearances suggest preferred paths for fracture within 
the duplex (layered) microstructure. 

Studies of load and energy parameters obtained from 
testing irradiated Charpy specimens on an instrumented 
Charpy machine were made. All the energy parameters 
decreased with irradiation. A much greater effect was 
noted for the weld investigation. 

Southwest Research Institute continues to test large 
6-in.-thick tensile specimens containing sharp flaws. A 
total of 13 such specimens have now been tested. The 
last three specimens tested contained flaws in a sub
merged-arc weld. These specimens exhibited tougher 
behavior at lower temperatures than the plate specimen. 
Strains based on a 24-in. gage length spanning the flaw 
exceed 1%, even for the specimens tested at 0°F. A 
series of 1-in.-thick models of the larger specimens are 
also being tested. A total of 7 specimens were tested, 
with 19 additional specimens scheduled for testing. 

Acoustic emission measurements were also made on 
the specimens tested at Southwest Research Institute. 
Plots of emission vs stress intensity were made, and 
three modes of behavior were noted. The acoustic 
emissions increase rapidly before yield, exhibit a small 
plateau near the yield point, and increase again under 
gross plastic deformation. Both sizes of specimens 
behaved in quite the same fashion, with the larger 
specimen exhibiting a higher rate of emission than the 
smaller ones. 

Shape factors (C) for nozzle corners as a function of 
flaw sizes were obtained experimentally from two sizes 
of epoxy pressure vessels. Such factors may be used in 
brittle fracture calculations. The values ranged between 
2 and 2.8 for small flaw sizes but decreased as a 
function of flaw size to about 1.5 for very large flaws. 
When applied to a reactor vessel assumed to be 
undergoing pressure tests where KIc has been measured 
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(140,000 psi >/in~. at 50°F), flaws as small as 2 in. deep 
would be expected to produce fracture at design 
pressure. 

The six 6-in.-thick pressure vessels are still being 
fabricated. Difficulty in obtaining welds that pass the 

inspection requirements are being experienced, and 
vessel delivery has been delayed by another four to six 
months. 



1. Program Administration and Procurement 

The Heavy-Section Steel Technology (HSST) Program 
is one of the larger USAEC safety engineering research 
programs. The major concern of the program is the 
primary vessels for water reactors, with the main 
emphasis being placed on the effects of flaws, material 
inhomogeneities, and discontinuities on the behavior of 
the vessels under normal operating and accident condi
tions. Particular emphasis is placed on developing a 
technology that can be used to establish the margin of 
safety against failure of the vessels, particularly cata
strophic vessel failure beyond the control of plant 
safety features. 

Fracture phenomena under the environmental condi
tions of interest and the effects of section thickness on 
the fracture behavior of the large reactor vessels are 
being examined through a systematic progression of 
specimen sizes up to the equivalent of a full section 
thickness of 12 in. The program will culminate in a 
series of simulated service tests in which deliberately 
flawed vessels of substantial thickness will be tested to 
fracture. 

The program is coordinated with efforts by other 
government agencies and the manufacturing and utility 
sectors of the nuclear power industry both in the 
United States and abroad. These total efforts weie 
recently summarized in issues of Nuclear Engineering 
and Design* *2 and should result in the quantification of 
safer/ assessments which are needed by the USAEC 
regulatory bodies, the professional code-writing bodies, 
and the nuclear power industry. 

The activities of the HSST program are carried out 
under 12 separate tasks. About three-fourths of the task 
activities are performed under subcontract by research 
facilities throughout the United States. Currently there 
are 8 research and development subcontracts in force. 
In addition, a panel of 28 scientists and engineers with 
expertise in material technology has been organized to 
serve in an advisory capac,»- *o the program. 

Dissemination of results from research in progress and 
completed is carried out through several channels. 
Detailed discussions of HSST program investigations 
may be found in HSST semiannual progress reports,3 

technical and documentary r e p o r t s , 4 - 2 1 and technical 
manuscr ipts . 2 2 - 3 4 The most current technical publi
cations (a collection of 13 papers) may be found in a 
recent issue of Nuclear Engineering and Design.3S ~ * 7 

Information meetings are held on an annual basis; the 
abstracts of the papers presented at the 1971 meeting 
are given in Ref. 2. The information meeting for 1972 is 
scheduled for April 25 and 26, 1972, at Oak Ridge 
National Laboratory. 

Administratively the HSST program is carried out 
under 12 tasks. However, for reporting purposes here, 
the research areas are discussed under investigations of 
unirradiated materials, investigations of irradiated ma
terials, and pressure vessel investigations. The major 
procurement items are the intermediate test vessels. The 
status of the procurement of the vessels is summarized 
in Chapter 4. 

1. "Information," Abstracts of papers presented at the 
Fourth Semiannual Information Meeting of the Heavy-Section 
Steel Technology Program, NucL Eng Dei. 14(2), 352-61 
(December 1970). 

2. "Information," Abstracts of papers presented at the Fifth 
Annual Information Meeting of the Heavy-Section Steel Tech
nology Program, NucL Eng. Des. 17(1), 170-78 (August 1971). 

3. F. J. Witt, HSST Program Semiannu. Progr. Reps. Aug 31, 
1967. ORNL-4176;fe*. 29.1968, ORNL-4315;>lu£ 31. 1968, 
ORNL-4377; Feb. 28. 1969. ORNL4463; Aug 31. 1969. 
ORNL-4512; Feb. 28. 1970, ORNL-4590; Aug 31, 1970. 
ORNL-4653; Feb. 28.1971, ORNL-4681. 

4. S. Yukawa, Evaluation of Periodic Proof Testing and Warm 
Prestressing Procedures for Nuclear Reactor Vessels. HSSTP-
TR-1, General Electric Company (July 1,1969). 

5. L. W. Loecbel, The Effect of Section Size on the 
Transition Temperature in Steel, MCA-69-189, Martin Marietta 
Company (1969). 
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6. P. N. Randall, Gross Strain Measure of Fracture Toughness 
of Steels. HSSTP-TR-3, TRW Systems Groups (Nov. 1, 1969). 

7. C. Visser, S. E. Gabrielse, and W. Van Buien, A Two-
Dimensional Elastic-Plastic Analysis of Fracture Test Speci
mens. WCAP-7368, Westmfbouse Electric Corporation (1969). 

8. T. R. Mager, F. O. Thomas, and W. S. Hazelton, Evaluation 
by Linear Elastic Fracture Mechanics of Radiation Damage to 
Pressure Vessd Steels, WCAP-7328 (Rev.), Westinghotise Elec
tric Corporation (October 1969). 

9. W. O. Shabbits, W. H. Pryk, and E. T. WesseL Heavy 
Section Fracture Toughness Properties of A 533 Grade B, Class 
I Steel Plate and submerged Arc WeUment. WCAP-7414, 
Westinghouse Electric Corporation (December 1969). 

10. F. J. Loss, Dynamic Tear Test Investigations of the 
Fmcture Toughness of Thick-Section Steel. NRL-7C56 (also 
HSST-TR-7), UJS. Naval Research Laboratory. 

11. P. B. Crosfcy and E. J. Riphng, Crac* Arrest Fracture 
Toughness of A 533 Grade B Class I Pressure Vessel Steel, 
HSSTP-TR-8, Materials Research Laboratory (Much 1970). 

12. T. R. Mafer, Post Irradiation Testing of 2 T Compact 
Tension Specimens, WCAP-7561, Westinchouse Electric Corpo
ration (August 1970). 

13. T. R. Mafer, Fracture Toughness Characterization Study 
of A 533 Class I Steel, WCAP-7558, Westinfhouse Electric 
Corporation (September 1970). 

14. T. R. Mager, Notch Preparation in Compact Tension 
Specimens, WCAP-7579, Westinghouse Electric Corporation 
(November 1970). 

15. N. Levy and P. V. MarcaL Three-Dimensional Elastic-
Plastic Stress and Strain Analysis for Fracture Mechanics, Phase 
I: Simple Flawed Specimens, HSSTP-TR-12, Brown University 
(December 1970). 

16. W. O. Shabbies, Dynamic Fracture Toughness Properties 
of Heavy Section A 533 Grade B Class I Steel Plate. 
WCAP-6723, Westinfhouse Electric Corporation (December 
1970). 

17. P. N. RandaB, Grojs Strain Crack Tolerance of A 533-B 
SteeL HSSTP-TR-14, TRW Systems Group (May i , 1971). 

18. H. T. Cortcn and R. H. Sators, Relationship between 
Material Fmcture Toughness Using Fracture Mechanics and 
Transition Temperature Tests, T.AA.M. Report No. 346, 
University of IlmoMAug. 1,1971). 

19. C. E. OnUress, Fabrication History of the First Two 
12-in.-Thick ASTM A 533, Grade B, Oast I Steel Plates of the 
Heavy Section Steel Technology Program, Documentary Report 
I. ORNL-4313 (February 1969). 

20. C. E. Chfldress, Fabrication History of the Third and 
Fourth 12-in.Thkk ASTM A 533, Grade B. Class I Steel Plates 
of the Heavy Section Steel Technology Program, Documentary 
Report 2, ORNL-4313 (Ft. 2) (February 1970). 

21. C E. CbJdress, Fabrication Procedures and Acceptance 
Data for ASTM A 533 Welds and a 10-m.Thkk ASTM A 543 
Plate of the Heavy Section Steel Technology Program, Docu
mentary Report 3, ORNL-4313 (PL 3) (January 1971). 

22. HSST Intermediate Vessel Closure Analysis, Technical 
Report E-1253(b), Tdedyne Materials Research Company (Mar. 
25,1970). 

23. C. L. Sefaser, Conceptual System Design Description of 
the Intermediate Vessel Tests for the Heavy Section Steel 
Technology Program, ORNL-TM-2849 (June 1970). 

24. F. J. Witt and R. G. Berggren, Size Effects and Energy 
Disposition in Impact Specimen Testing of ASTM A 533, Grade 
B Steel, ORNL-TM-3030 (August 1970). 

25. D. A. Canoftico, Transition Temperature Considi nttont 
for Thick-Well Nuclear Pressure Vessels, ORNL-TM-3114 
(October 1970). 

26. G. D. Whitman and F. J. Witt, Heavy Section Steel 
Technology Program, ORNL-TM-3055 (October 1970). 

27. D. A. Canonico and R. G. Berggren, Tensile and Impact 
Properties of Thick Section Plate and Weldments, ORNL-
TM-i2II (January 1911). 

28. C. E. Childress, Manuel for ASTM A 533 Grade B Class I 
Steel (HSST Plate 03) Provided to the International Atomic 
Energy Agency, ORNL-TM-3193 (March 1971). 

29. C. L. Sefaser, Feasibility Study - Irradiation of Heavy 
Section Steel Specimens in the South Test Facility of the Oak 
Ridge Research Reactor, ORNL-TM-3234 (May 1971). 

30. R. W. Derby and C. L. Sefaser, Quality Assurance 
Program Plan, Intermediate Vessel Test Facility, ORNL-
TM-3373 (May 1971). 

31. G. C. Robinson, Discussion ofSwRI Model Parametric 
Tests, ORNL-TM-3313 (June 1971). 

32. C. W. Hunter and J. A. Williams, Fracture and Tensile 
Behavior of Neutron-Irradiated A 533-B Pressure Vessel Steel. 
HEDL-TME 71-76, Hanford Engineering Development Labora
tory (Feb. 5,1971). 

33. J. G. Merkle, L. F. Kooistra, and R. W. Derby, Inter
pretation of the Drop-Weight Test in Terms of Strain Tolerance 
(Gross Strain) and Fmcture Mechanics, ORNL-TM-3247 (June 
1971). 

34. N. Krishnamurthy, Three-Danensional Finite Element 
Analysis of Thick-Watted Vessel-Nozzle Junctions with Curved 
Transition, ORNL-TM-3315 (Jury 1971). 

35. F. J. Witt, Introduction: HSST Program Investigations," 
Nud. Eng. Des. 17(1), 1-3 (August 1971). 

36. D. A. Canonko and R. G. Berggren, "Tensile and Impact 
Properties of Thick-Section Plate and Weldments," NucL Eng. 
Des. 17(1), '-15 (August 1971). 

37. F. J. Loss, "Effect of Mechanical Constraint on the 
Fracture Characteristics of Thick-Section SteeL" NucL Eng. 
Des. 17(1), 16-31 (August 1971). 

38. P. B. Crosfcy and E. J. Ripling, "Crack Arrest Toughness 
of Pressure Vessel Steels," NucL Eng. Des, 17(1), 32-45 
(August 1971). 

39. P. N. Randall and J. G. Merkle, "Gross Strain Crack 
Tolerance of Steels," NucL Eng. Des. 17(1), 46-63 (August 
1971). 

40. N. Levy, P. V. MarcaL and J. R. Rice, "Progress in 
Three-Dimensional Elastic-Plastic Analysis for Fracture Me
chanics," NucL Eng. Des. 17(1), 64-75 (August 1971). 

41. T. R. Mafer, "Fracture Toughness Properties of Heavy 
Section A 533, Grade B, Class 1 Steel Plate and Submerged-Arc 
Weldment," NucL Eng. Des. 17(1), 76-90 (August 1971). 
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2. Investigations of Unirradiated Materials 

The materials investigations under the Heavy-Section 
Steel Technology Program are divided, in general, into 
studies of unirradiated materials and studies of irradia
tion effects. The studies of uninadiated materials 
include inspection, characterization, variability determi
nations, transition temperature investigations, fracture 
mechanics studies, and fatigue-crack propagation tests. 
The current work in these areas is discussed in this 
section. No work specifically under the transition 
temperature task is in progress. Additional results for 
unirradiated materials are presented in Chapter 3; 
inspection activities are reported in Chapter 4. 

and the fracture energy parameters are shown in Figs. 
22 and 2 3 . The Charpy energy curve for the 
thickness location is shown in Fig. 2.4. These 
parameters for submerged-arc wettment material irradi
ated at 565°F are described in Chapter 3. The proper
ties of the submerged-arc weldment have been described 
in a previous report.2 

Load-time (deflection) records are abr being utilized 
in a study to determine the ability of the Chaipy 
V-notch specimen to produce data from which quanti
tative fracture toughness parameters may be obtained. 
Testing of compact-tension, Charpy Y-notch impact 

MATERIAL CHARACTERIZATION 
AND VARIABILITY 

W. J. Steteman 

Material is being studied from HSST pb trs 02 and 03 
at kcations shown in Fig. 2.1 together with previously 
studied regions.1 Plate sections 02AH, U2F, 03CA, 
03CB, and 03GA are being investigated at the top 
surface and %-T locations only. Materials from plate 
section 02HC at the top surface, %-T, %-T, %-T, and 
back surface locations are being tested. Testing of 
standard Charpy V-notch and 0.178-in.-gage-diam ten
sile specimens is in progress. 

Additional fracture load and fracture energy param
eter data are being generated from the load-time records 
obtained during previous unpact testing. Attempts are 
being made to determine methods of correlation and 
applicability to data from other types of test specimens. 
Load-time records from the submerged-arc weldment 
impact tests on WL-oriented specimens1 from the V, 2-T 
location were also studied. The fracture load parameters 

1. R. G. Berggren, "Material Characterization and Varia
bility," HSST Froptm Sewkaam. Prop. Rep. Feb. 2*, 1969. 
ORNL4463, pp. 20-29. 

2. D.A. 
WddoKats/* 3IHL, pp. 29—35 

of Heary-Sectna Steel 

BOTTOM OF KMOT ENOS 

Bg.2.1. Ifcjt taHHTptt*»02aj*e3. 
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and slow-bend, and tensile specimens with standard 
machined, fatigue-cracked, and eHectron-beam-weld 
crack starter notch configurations will be performed at 
fixed test temperatures (-50, 0, 50, and 200°F). The 
machined Charpy V-notch impact and siow-bend tests 
have been completed. 

FRACTURE MECHANICS INVESTIGATIONS 

J. G. Merkle 

The objectives of the fracture mechanics investiga
tions are ( l ) to establish the applicability of fracture 
mechanics methods as currently understood to the 
low-alloy steels being used in reactor pressure vessels, 
(2) to extend the applicability of this body of knowl
edge to cover the tougher behavior at higher tempera
tures, and (3) to develop new methods specifically 
applicable for predicting the fracture behavior of steels 
that undergo gross plastic strains before fracture. These 
objectives are being pursued through a series of subcon
tracts, with related tasks (described elsewhere) contrib
uting significantly to the developments. The activities 
under the subcontracts are discussed here. 

Strain Rate and Crack-Arcest Studies3 

P. B. Crosley E. J. Ripling 
Materials Research Laboratory 

This report summarizes our most recent test series, 
the purpose of which was to measure the arrest fracture 

3. Work being performed under UCCND Subcontract No. 
3152 between Union Carbide Corporation and Materials Re-
tearch Laboratory. 



5 

toughness KJa in an increasing K field. We previously 
presented a curve of arrest fracture toughness vs testing 
temperature.4 All of these arrest data were collected on 
TDCB (tapered double-cantilever beam) specimens. This 
type of specimen has a zero K gradient (with crack 
length a), and, consequently, there was still a question as 
to whether or not a crack would a: rest at these same 
values in an increasing K field. This question is of 
interest for two reasons: (1) to demonstrate that Kfa is 
an invariant, it must be shown to be independent of the 
way in which it is measured; and (2) in most structures 
K increases with a, so that if Ku is to be a useful 
property, it must be applicable to such structures. 

To determine whether or not KIt was invariant, and 
independent of K gradient, a series of six tests were run 
using single-edge notched (SEN) specimens. A sche
matic drawing of the specimens is shown in Fig. 2*5. 
The specimens were side grooved, as were the TDCB 
specimens, in order to prevent the formation of shear 
lips that would have interfered with the measurement 

4. F. J. Witt, HSST Program Semuntm. Prop. Rep. Feb. 28, 
1971 ORNL-4681. 
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ot Kjm. As shown previously at room temperature and 
above, it was necessary to use a thermal gradient (in the 
2-in.4hick specimens) in order to obtain the data. 
However, in these tests, a metaQurgkai gradient was 
used. The metallurgical gradient was produced by 
putting an electron beam weld at the base of the 
machined notch. (The welding was done by ORNL.*) 
No metal was added to the specimen in the course of 
welding; instead the base metal was essentially melted 
and redeposited. Because of the rapid quench, the 
hardness of the weld metal was a great deal higher than 
that of the base plate. 

The Klm of the bass piate for the SEN specimens is 
measured by bracketing values of appH&d K (i-e., Kg) 
for which the crack will either arrest or propagate in the 
base plate. The approximate crack depth for these 
specimens wis known prior to testing, since a h equal 
to the sum of the machined notch and brittle weld (aad 
possbty the heat-affected zone as well) once the crack 
is initiated. Hence, if a load P were applied to the 
specimen so that the combination off* and a exceeded 
K!a, the crack should propagate through the base plate; 
if it were less than Kgu, the crack should arrest at the 
end of the weld. The problem in running such a test is 
one of having the crack propagate through the brittle 
weld at the desired value of P. For example, if the 
brittle weld were fatigue precracked, the depth of the 
fatigue crack would have to be closely controlled so 
that the KIc of the weld would occur at the proper 
value of P. Tins difficulty was avoided by precradeng at 
a chosen load by use of a hydrogen charge as suggested 
by ORNL personnel. By this method, the unprecracked 
specimen is loaded to the desired vane of P, after which 
the weld at the exposed tip of the machined crack is 
hydrogen charged. This charge then initiates the mu
lling crack, which can extend under the desired value of 
load through the brittle weld. The test setup for 
conducting such tests is shown in Fig. 2.6. 

Six tests of this type were conducted. One speennen 
was loaded to the capacity of the testing machine 
without charging and did not crack. The other five were 
hydrogen charged under *>*&, and the crack propagated 
through the brittle weld. In three of these specsneas 
the crack was arrested by the base plate, whfle in tine 
other two the crack propagated through the complete 
specimen. Those specimens that did not completely 
fracture were cooled and broken in bending to examine 
the fracture surface so that a, the actual crack kngor. 
could be measured. There was found to be soov 
uncertainty in selecting a value of a by fracture 
appearance since the weld does not terminate in a sharp 
line, but in a series of spikes, as shown in Fig. 2.7a. This 
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Flg>2£. Photograph of lest setaat showing hydrogen 

"spiked" appearance is more apparent in Fig. 2.76, 
which shows the other half of this same specimen after 
grinding and etching. (The electron beam weld is so 
narrow that the deepest part of the weld is removed on 
grinding off the surface roughness. Hence the crack 
length will be somewhat less if measured on Fig. 2.7b 
than on 2.7a.) The last of the tested specimens that 
arrested was heat tinted prior to final fracture. As 
shown in Fig. 2.7c, this procedure marks the crack 
quite well, eliminating the uncertainty in selecting a; 
this procedure will be used in all subsequent tests. Th£ 
appearance of the heat-tinted specimen suggests that 
the effective crack length for the brittle weld is nest*- the 
end of the deepest spike. Using this definition of crack 
length, a could be estimated to about 0.1 in., which 
represents an error of about 10% in K. 

The values of K for each of the five tests in which the 
weld ctic'-ied are plotted in Fig. 2.8 along with the 
scatter band previously obtained. Note that the overlap
ping band in which the crack may or may not arrest 
identifies the same value of K!a as given by the bottom 
of the scatter band at room temperature. Hence, for 
these tests at least, Kfa as measured by a TDCB 
specimen (with zero K gradient) and by an SEN 
specimen (with a positive K gradient) is the same. 

In additiou to demonstrating that Kta is an invariant, 
the use of SEN specimens with a brittle weld appears to 
make it possible to measure K!a at temperatures above 
those over which data are now available. In fact, the 

upper temperature limit for measuring KIa appears to 
be the highest temperature at which a brittle crack can 
be propagated in the weld. If the brittle weld and 
charging procedure were used with TDCB specimens, or 
any specimen in which the K gradient were not positive, 
it would not be necessary to bracket the K[a values; 
instead, each test should yield a distinct \ahie ofKIa so 
long as the crack arrests at some distance beyond the 
weld. 

Effects of Strain Gradients on the Gross Strain 
Crack Tolerance of A533 B Steel* 

P. N. Randall 
TRW Systems Group of TRW, Inc. 

The reasons for studying the effects of strain gra
dients on gross strain crack tolerance are twofold. First, 
previous test data have been obtained in axial tension, 
but in the typical service appUcation most regions of 
high strain are local, with gross strain gradients in the 
direction of crack advance and also along the normal to 
the crack plane. The thick-walled pressure vessel also 
has a strain gradient through the membrane wall. Thus 
an understanding of strain-gradient effects is needed to 
guide the application of test data to design. 

5. Work performed under UCCND Subcontract No. 
between Union Carbide Corporation and TRW, Inc. 
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(a) 

(b) 

(c) 

FRACTURE SURFACE 
OF SPECIMEN W 
(NO ARREST) 

OTHER HALF OF SPLCIMEN W 
AFTER GRINDING AND POLISHING 
FRACTURE SURFACE. 

FRACTURE SURFACE OF SPECIMEN S 
(ARRESTED). HEAT TINTED BETWEEN 
TESTING AND FINAL FRACTURE. 

right. 
SEN Grades at a l ex (torn right to left, that h, brittle weld oa 

The second reason for this study is to broaden our 
investigation of the gross strain concept. For example, 
we still have questions about where, on the specimen, 
gross strain should be measured. The reasons were 
previously discussed4 in the light of the concept of a 
local, crack-tip strain criterion for fracture, the critical 
magnitude of which depended on constraint and hence 

6. P. N. Randal, Gnm Strom Crack To&wmce of A53S-B 
Sted, HSSTP-TR-14, TRW Systems Group (May 1,1971). 

on the extent of the plastic zone. Being unable to 
measure the local crack-tip strain, we measure gross 
strains at a distance from the crack. Experience has 
taught that both the net-section gross strains and those 
in the gross sections above and below the crac1: are 
important. 

Thus we expect to And in this study that the worst 
specimen configuration » one that focuses a high gross 
strain level in the cracked region to produce a high 
value of local crack-tip strain, et, and that also produces 
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a relatively low gross strain level just beyond the 
^-rrity of the crack. This wiD limit the extent of the 
plastic zone, thereby producing maximum constraint at 
the crack tip and a low value of €/ c, the critical local 
strain. A tensile or bend specimen with a crack in a 
groove or fillet represents the configuration described. 
Some tests of this kind are planned. We also plan to test 
the effects of transversa strain gradients alone, using 
beams of various depths. Finally, a tensile specimen 
with shallow grooves on both the cracked face and the 
back face will be tested to measure the effect of an 
axial gradient alone, or nearly so. 

Test plan 

Transverse strain gradients are to be studied with 
beam specimens loaded in four-point bending. The 
specimen proper is 0.60 in. thick, 2.64 in. wide, and 22 
in. long, with a semielliptical crack 0.68 in. long at 
midspan on one face of the specimen. These were 
grown in bending fatigue, with a stress cycle of +4 to 

+39 ksi, once the crack appeared at the end of the 
ground slot used for a crack starter. Based on last year's 
experience, these cracks should be 0.22 in. deep, 
because the specimen geometry is identical to the 
intermediate size tested then. 

Three degrees of severity of transverse strain gradient 
are to be tested, as shown in Fig. 2.9. The measure of 
severity indicated beside each ske'ch is the ratio of 
strain at the crack-tip depth to that at the surface. 
Beam depth is to be varied by welding on a backup bar 
or slave beam, as indicated schematically in Fig. 2.10. 
The welds do not extend into the gage length because 
there is no shear to transmit between the specimen and 
backup bar in the midspan region between the loading 
points. 

In the first three test series, shown in Fig. 2.9, strain 
decreases in the direction of crack advance. In series 4 
(Fig. 2.10) strain is made to increase in the direction cf 
crack advance by welding the backup bar to the cracked 
face. This configuration simulates a crack on the inside 
diameter of a heavy-walled vessel. 
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Series 5, Fig. 2.11, represents an attempt to produce 
an axial strain gradient without introducing much 
transverse gradient also. It is an attempt to enhance the 
net-section effects found earlier to see how important 
axial gradients are in a crack-in-a-notch configuration. 
In those tests, when the specimen width was reduced, 
the transition temperature rose, which was the opposite 
effect from that predicated on constraint effects. The 
cause was believed to be an increase in constraint 
produced by yielding in the net section, with no 
yielding above or below the crack because of the low 
gross stress there. The mild notches in the series 5 
specimen cause the gross stress to be only 80% of the 
average stress on the notched section. 

Series 6 and 7, Fig. 2.12, represent the crack-in-a-
notch configuration, which has all the effects of axial 
and transverse strain gradients combined. Series 6 will 
be tested in axial tension and series 7 in bending. Later 
results may indicate that a backup bar should be used in 
series 7 to produce a smaller transverse gradient. 

Experimental 

Material. All the test specimens and backup bars were 
cut from plate 02. The locations are shown in Fig. 2.13. 
The material for backup ban had been set aside 
previously because there were quite a few slag inclu
sions indicated. As before, the specimens were sawed 
from the block and Blanchard ground to finished 
dimensions. Those used in tension had a reduced 
section formed by a milling operation. 

Test fixtures. A new bend fixture, shown in Fig. 2.14, 
had to be designed and built to accommodate the huge 
loads expected in some tests. Four-point loading is 
used. The span between the loading pins was made 6.00 
in. to clear the gage region, which totzk 5.20 in. For 
thin specimens, a span of 14 in. is jsed to get targe 
strains without excessive deflections: for the remainder, 
a span of 19 in. is provided. The pins are free to turn in 
lubricated seats. They do not roll, because they must 
carry the transverse forces that develop when the beam 
deflects a considerable distance. 

The load cell used in tension, a 2-in.-diam threaded 
rod with strain gages mounted on it, is also used here, 
but in compression. It serves to connect the center 
loading pins to the crosshead of the testing machine. 

Cooling of the bend specimens is accomplished in the 
box shown in Fig. 2.14. Liquid nitrogen is admitted to 
the ends and the center section separately, where it 
immediately vaporizes to cool the specimen. 

The choice of displacements to be measured was 
based on the requirement that the test results provide 
evidence on the effects of strain gradients without 
introducing other differences between the tensfle and 
the bend tests. Thus, gross strain in the net section e^ 
was again defined as the average strain in a gage length 
of 32 in. spanning the plane of the crack. Gross strain 
in the gross section t a was measured on 1-in. gage 
lengths in uncracked sections of the beam as described 



12 

Fig. 2.13. Layout of i f f i iawi is pkte 02. All blocks were cut with the 5-in. thickness centered on the plate imdpiane. Those 
sot detailed were reported in HSSTP-TR-14, Ref. 2. 

below. Crack opening displacement, COD, was meas
ured in the same way as before.6 

The angle changes produced by the bending caused 
some changes in the extensometer design and in the 
method of attachment to the specimen. 

rhe gage points are the fillet welds that connect the 
^ '* blocks to the specimen as illustrated in Fig. 2.15. 
The extensometer system, shown in Fig. 2.16, makes use 
of the same strain-g?£ed flexures as before, but the arms 
have been rebuilt to provide a V-groove that bears on 
the pin of each adapter while allowing free rotation of 
the pin. The pins for the e u measurements are 

positioned above and below the specimen to magnify 
their motion and to improve sensitivity. 

To avoid multiple extensometer geometries, some of 
which would be quite large, adapters were provided for 
the egn measurement as shown. Their span is larger for 
the compression face (top) than for the tension 
(bottom) face, because the two will travel toward null 
from opposite directions. As shown in Fig. 2.16, the 
extensometer arms are reversed so they will fall free 
when the specimen breaks. 

Five records are obtained from the seven extensom-
eters. Load is recorded as the abscissa on three X-Y 
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plotters. Displacements egH, top, and e^, bottom, are 
recorded on one plotter. On another plotter are 
recorded e_-, top (average of left and right) and <-w, 
bottom (average). 

A third, single-pen plotter is used for recording COD 
vs load. No averaging of measurements on opposite 
edges of the specimen was attempted. We believe the 
differences would be small, because the rigid bend 
fixture constrains both edges to deflect the same 
amount. 

Reduction of the displacement data requires some 
analysis, because a ductile specimen produces a large 

amount of relative rotation of the gage blocks, a* shown 
in Fig. 2.17. Derivations of the expressions uied to 
obtain surface strains e ^ from the recorded displace
ments are given in Fig. 2.18. A derivation of similar 
form was made for ea, but it was found to be 
unnecessary for the tests in this series. A simple linear 
interpolation will be used to compute the displacements 
at the specimen surfaces. Most of the complications 
arise from the fact that the pins that bear in the 
V-grooves of the extensometer arms do not lie in the 
plane of the cross section that contains the gage points 
(the fillet welds). Assumptions bask to this derivation 
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are: (1) plane sections remain plane; (2) the specimen 
axis deforms in a circular arc within the span between 
the upper rollers — the region of uniform bending 
moment; .w& (3) the specimen cross section remains 
rectangular; that is, no significant anticlastic cirvature. 

initial test results 

The first trial of the extensometer system was 
obtained at room temperature with O-6-in.-thkk speci
men 235, shown in Fig. 2.17. The load had passed 
through a maximum shortly before as a result of 
changes in direction of the reaction foic?s instead of 
from crack growth, and the test was stopped. Theoreti
cally, the compressive strain on the top surface of the 
specimeii should have been equal to the tensile strain on 
the bottom, and in the elastic range this was true. The 
tensile strain at <? bottom was 1.5%; egn top was 
slightly over 1%. The values of egg top and bottom were 
somewhat closer at that time. As loading continued, the 

disparity grew steadily greater until at the end of the 
test the strain distribution was as given below. 

fie uc 
Top -3.8% -2.6% 
Bottom •6.9% +6-2% 
Upward shift 88 mils 127 mils 

in neutral 
axis 

One probable reason for the shift in neutral axis was 
the development of axial tension from friction in the 
loading fixtures at large deflections. Another was the 
development of anticlastic curvature, which was quite 
noticeable. The edges of the specimen dropped down 
about OJ05 in. below the center. The gage blocks tilted 
also, but they were removed before we thought to 
measure the amount. This will be done in future tests 
above the transition temperature, and a correction will 
be made in the reduction of data (Fig. 2.18). 
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The second test result was obtained from a specimen 
of series 3, with the neutral axis positioned 0.60 in. 
above the top of the specanec proper to produce an 
elastic strain gradient having a ratio of 1:2 between e 
(top) and e (bottom). The specimen was tested at 
-30°F, with results that were comparable with those 
for tension tests of specimens with 0.22-in.-deep cracks 
reported earlier. No yielding occurred in the gross 
section. In the net section, €gnc bottom was 031% and 
€gnc t o P w a s 020%. Their ratio had been about 0.44 
until yielding began. Yielding on the bottom surface 
only shifts the neutral axis upward. 

After these initial results, testing will start with series 
1 and go through the test plan in sequence. A prime 
purpose in doing each series is to locate and define the 
shape of the transition in critical gross strain values with 
temperature and to compare the results with those 
obtained earlier in tension. 

Thiee-Oimensional Bsstfc-flastic Stress 
and Strain Analyses for Fracture Mechanics7 

P.V.Marcal N.Levy J.R.Rice 
Brown University 

The long-term objective of this program is to develop 
an elastic-plastic analysis of a complex three-dimen-

skmal cracked structure. This analysis can be appned to 
a variety of safety problems, for example, a crack at the 
junction of two cylindrical intersections. However, it is 
important to proceed toward this goal by a series of 
well-ordered steps. The advance at each stage can then 
be consolidated by comparisons with experimental 
results. We have previously reported* the elastic, 
perfectly plastic analysis of a part-through surface 
cracked tensile specimen being tested for the HSST 
program by Southwest Research Institute. We have 
recently repeated this same analysis, as planned, using 
the finite-element layout shown in Fig. 2.19, and 
assuming the material to be an elastic, BOtropkaDy 
strain-hardening Mises material. Figure 2.20 shows a 
portion of the effective stress vs equivalent plastic strain 
curve of the material (A533, grade B, class I steel) as 
determined by a uniaxial tensile test. Although the 
average true stress vs plastic strain curve beyond the 
maximum load in the tensile test was given, we confine 
ourselves to that portion of the curve below the 

7. Work being performed under UCCND Subcontract No. 
3153 between Union Carbide Corporation and Brown Unher-
•tsr. 

8. N. Levy and P. V. Marcs;, Three-Dimensional Elastic-
Plestk Stress and Strain Analysis for Fracture Mechanics. Phase 
I: Simple Flawed Specimens, HSST Technical Report No. 12. 
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maximum load. At the maximum load, necking occurs, 
the stress ceases to be homogeneous, and the average 
true stress vs plastic strain clearly depends on the 
geometry of the neck. It is therefore doubtful that this 
portion of the curve will be applicable to the yielding 
elements in a flawed specimen where the geometrical 
constraints are different. Thus, to study the behavior in 
the plastic range with strain hardening, load increments 
were added to the elastic load, and the solution was 
terminated as soon as the effective stress in one or more 
efcmerts reached the value corresponding to the maxi
mum load in the tensile test. This occurred in the 
elements at the crack line in the plane of the crack 
when the loading stress am attained the value of 1.2 of 
the yield stress. The tangent modulus approach as 
formulated by Marcal and King9 was followed. As for 
the perfectly plastic case, loading of the specimen was 

9. ?. V. Marcal and I. P. Kinf, "Elastic-Plastic Analysis of 
Two-Dimemioml Stress Systems by the Finite Element 
Method," Int. J. Meek. Set 9(3), 143-55 (1967). 
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by imposing uniform displacement m a 
perpendicular to the plane of the crack. 

As the load increments were added to the < 
it was found that hatiaBjr the plastic strains hi the 
yielding dements were of the same order as the elastic 
strains due to the constraints on deformation hnposrd 
by the elements stil below the initial yielding stress o«. 
Thus the strain-hardening effects were ne^Jigjble up to 
the load that corresponded tc the hmit load in the 
perfectly plastic material. In fact, the shape and the 
extent of the plastic zones at various load increments 
for the sUam-hardening material were essentially the 
same as for the perfectly plastic material (see Figs. 2.21 
and 2-22) as long as the average imposed stress was 
below the initial yield stress. As the imposed stress was 
increased further, the pbsut zone spread rapidly, and at 
om = 1JOSO # , a l the dements had yielded with the 
exception of the elements 1 to 30 ?djacent to the crack 
free surface (see Fig. 2.19). 

Fig. 223 shows the variations of ozz/o9 m the 
elements along the crack line with the angle measured 

72-«1«T 
«> 

3s 
2 o 

1 I ! I I I ! 
— 

— — 

-
6th NIC t U M T l /MO) — - — 

— 
r is'*'* m c 

— 

- -4Mi MC / -

"~" S/-/ | i 1 1 
~̂ 

O 1 2 3 4 5 
r, DISTANCE FROM CRACK TIP ( i *J 

Fn>£22. 

<M«l -0«C 72-114* 
14 

12 — 

^ 1 0 | — 

u < a: o 

8 — 

< 
_i a. 
2 
2 6 
UJ 
o 
z 
< 
<n 
a 4 

! i ! 1 J 

— BACK SURFACE OF PLATE --. / — 

— — 

— 
/ 6th INC. 

/ (LIMIT L0A0)v 

— 

— 
/ 5th I N C ^ ^ ^ - ^ \ 

— 

— 

1A^—v^"4f* I N C / S^ 
— 

— 
Iff s2n* 1 S^S*^ 
IF / 1NC7 ^r^r 

JL\ / //s'X 1 
— 

3.0 1 I I 1 

* . * 1 2 * 0 

•a » fl a a <* 

i.oh-

0.5 
2 — 

v.. ' STRESS PERPENDICULAR TO 
THE PLANE OF THE CRACK 

w 0 • THE YIELO STRESS 
vm « THE LOADING STRESS 

_L 
0 1 2 3 4 

r, DISTANCE FROM CRACK TIP (in.) 
20 40 60 00 

ANGLE FROM X AXIS (4 t f } 
100 

Fig, 2.21. Banfe-pintfc M d M Fb>X23. MMnufi 

*smm<*vm.>f(m<aBmv'% HI-< t\9maai^«6mmtm '%0'ZK.iW*^"''"~""" 



20 

from the x axis (Fig. 2.19) for two loading sties. " . 
kvds. It is omious drat ozzJa% varied little in die 
chnwnu along the crack except in those neatest to the 
free sBtface of the specimen. This fact permits us to 
consider dement 51 (Fig. 2.19) as representative of an 
the dements along die crack Mne. 

Figures 224 tad 2.25 show the variation of the 
equivalent plastic strain and the azz stress in dement 
51. As shown in F|g. 223, the equivalent plastic strain 
increased very rapidly when the loading stress o_ 
approached the value corresponding to the yield load m 
a perfectly plastic material with a yield stress equal to 
the initial yield stress of the stram-hardemng material. 
In Fig. 225 , a similar behavior may be observed for the 
variation of the stress ozz with the loading stress. The 
numerical results indicate the same behavior for the 
nydrostatic tension. It is noted that the ratio ozz/oe{f, 
whrre o e f f is tnc current yield stress, tends toward the 
value of approximately 2.1, which is comparable with 
the ratio of ozz to the yield stress in the perfectly 
plastic material. This suggests that the degree of 
constraint is esseatiagy marntamed even though higher 
stress values have been induced through the work 
hardening. 

In the work performed to d>.te. we have obtained the 
numerical somiioa for a semiemptic crack in a plate. 
Several useful conclusions can be drawn from this work 

parameters considered significant m fracture 
The stress intensity factor alone the minur 

axis of the crack has been calculated, and the signifi
cance of the moment induced by the uncracked region 
of the plate was assessed. In the plastic range, the 
magnitude of the iriawanty. obtained at the crack tip 
along the minor axis has been shown to be two-thirds of 
the value obtained in the plane strain. Furthermore, 
although the finite element used for analysis did not 
give the crack opening at the crack tip, a measure of 
this has bees obtsJsed from the value of the crack 
surface separation near the crack tip. This separation is 
proportional to the square of the nnposed load. 

In conclusion, we have demonstrated the feasmnity of 
using the finite-element method to extract useful and 
important information on the stress state near the tip of 
a seaneffiptic crack in a plate of 2 given configuration. 
Because of the improvements made in the efficiency of 
the computer program, it is now feasible to obtain 
numerical solutions for various crack configurations 
(i.e., various crack depth/plate thickness and crack 

25.6 
72-114* 

12.8 

6.4 

1.6 

O0 

0.4 -

0 . 2 -

I I I I I I I I I—T7T—| 
ELEMENT 51 CURVE FOR CONSTANT 

PLASTIC STRAIN RATIOS -

4 < p / f 0 FOR ELEMENT 51 IN FlG. 2.19 

• £ , / c 0 F O R ELEMENTS ADJACENT 
TO PLANE OF LOADING 

3.2 — <Tm - LOADING STRESS 
O- • INITIAL YIELD STRESS 
« » • EQUIVALENT PLASTIC STRAIN 

ELASTIC STRAIN AT 
INITIAL YIELD STRESS 

A • 

0.1 1 1 1 1 1 1 : 1 1 

A / 

/ 

0.2 0.4 0.6 0.0 
LOAO « y « r 0 

1.0 1.2 

0ONL-DW6 72-1190 

2 4 

2 JO 

b 

s 
01.2 

I I I I I I 

0.8 — 

0.4 — 

W4 

9- • 

"n 

LOADING STRESS 
INITIAL YIELD STRESS 
CURRENT EFFECTIVE STRESS 
THE STRESS PERPENDICULAR 
TO THE PLANE Of THE CRACK 

I I I I I I - J — J L J 
0.4 0.8 1.2 

LOAD ^ V o 
1.6 2J0 

Hjp> 2.24, Finnic unhi Inaney. Fin. 2.2S. Non—1 mm* hhtary far eh—151. 



21 

length/pbte thickness ratios). Future work should be 
concerned with parametric studies of the flawed teasae 
specimen and comparisons with avubble experimental 
resnts. 

of HSST Frognun Materials1 • 

T.R. Mager 
Westinghouse Electric Corporation 

As previously reported, Witt 1 1 proposed an equiva
lent-energy method for relating crack size, temperature, 
and stress levels at maximum load to fracture and 
outlined a procedure for obtaining the fracture tough
ness value Klcd. Using the equivalent-energy method as 
set forth by Witt,1 • data developed this report period 
were used for determining upper and lower bounds 1 2 

on the fracture toughness of A533, grade B, class 1 
steel. 

Experimental test procedure 

Ten 1-in-thick, seven 6-in.-thick, and two 9-in.-thick 
compact-tension specimens were evaluated this report 
period. All the specimens were machiaed from HSST 
pbte 03. Six of the ten IT compact-tension specimens 
were prefatigue cracked according to the ASTM recom
mended procedure.1 3 

The ten IT compact-tension specimens were ma
chined with the crack front oriented transverse to the 
rolling direction and the load applied with the rolling 
direction. Thus the specimens were oriented in the 
rolling direction (RW). Ten IT compact-tension speci
mens fabricated from HSST plate 03 and oriented in 

10. Work performed under UCCND Subcontract No. 3196 
between Oak Ridge National Laboratory and westinghouse 
Electric Corporation. 

11. F. J. Witt, "Equivalent-Energy Procedures for Predicting 
Groat Plastic Fracture," paper presented at Fourth National 
Symposium on Fracture Mechanics, Carnegie-Melon University, 
Aug. 24-26,1970 (in pubucation). 

12. F. J. Witt and T. R. Mager, "A Procedure for Determining 
Bounding Values on Fracture Toughness Kfc at Any Tempera
ture," paper presented at Fifth National Symposium on 
Fracture Mechanics, University of Illinois, Aug. 28-Sept. I, 
1971 (in publication). 

13. ASTM Standard E399-70T, Tentative Method ofTest for 
Plane-Strain Fracture of Metallic Materials* ASTM Standards, 
Part 31,1970. 

14. T. R. Mager, "Fracture Mechanics Characterization and 
Crack Preparation Studies of HSST Program Materials," HSST 
Program Semiannu. Progr. Rep. Feb. 28.1971, ORNL-4681,p. 
41. 

the transverse (WR; direction were evaluated the 
previous tepor* period. 1 4 Four of the seven 6T speci
mens were oriented ia the RW direction, white the 
remaining three spexauen& were oriented in the WR 
direction. The two 9T specimens were oriented in the 
RW direction. 

The IT compact-tension specimens were tested at 
temperatures from 0 to SS0°F. Using the method 
previously outlined, 1' Xled values were calculated at 
each test temperature. Tht Kted data are summarized in 
Table 2 i . Four of the ten specimens were not 
precracked prior to testing. The data in Table 2.1 
indicate that sharp notched specanens (fatigue pre-
cracked) exhibit a lower Kled value than unnotched 
specimens. 

Data from the testing of the 6T and 9T specimens are 
summarized in Table 22. Results in Table 22 indicate 
that orientation has an effect on the upper shelf K/ed 

values and that specimens oriented m the transverse 
direction exrubit lower KJcd values. The KIcd data 
indicate a very high resistance to fracture at 5S0°F. 

Future work will include evaluating specimens fabri
cated from an Ni-Cr-Mo-V rotor forging steel for which 
valid plane strain upper shelf data exist . 1 5 These tests 
will be used to validate the equivalent-energy concept. 

Fatigue and Qack-fVopagatkm Iiivestit>tioas 

L. F. Kooistra 

Crack growth rate studies have been conducted in an 
environment of high-temperature reactor-grade water 
(without irradiation) at two separate laboratories. The 
investigation sponsored by the HSST program has been 
completed, and a paper on this work was presented at 
the Fifth Annual Information Meeting of the HSST 
program at the Oak Ridge National Laboratory.1 6 A 
final report is in the last stages of preparation. 

Concurrently a similar program is being sponsored by 
the Japan Atomic Research Institute, and a paper on 
this work was reported by L. F. Ksxmtra at the 

15. J. A. Begley and W. A. Logsdon, Correlation between Kjc 

and Charpy V Properties for Rotor Steek, Westmghouse 
Research Laboratories Scientific Paper 71-1E7-MSLRF-P1 
(June 1971). 

16. T. R. Mager, "Fatigue Crack Growth Characteristics of 
Nuclear Pressure Vessel Grade Materials," paper 1, presented at 
the Fifth Anooat Information Meeting of tfr- HSST Program, 
Mar. 25-26,1971. 



22 

Table 2.1. Fracture jongt-atJi re—It* 
tied in fee RW diredkNi at 

front testing IT coayct-tcajaMi spcctfRew 
up to 550° F (plate section 03) 

Specimen Test Crack Some fracture toughness parameters* (ksi >/m.) *7«L 
(ksi \vH.) designation temperature <°F) length (in.) KD KQ KU KF 

*7«L 
(ksi \vH.) 

3C11 +50 1.105 38.4 50.0 98.3 17.6 122.1 
3C12 +100 1.086 47.0 66.1 103.7 17.1 218.0 
3CI3 •."WO 1.086 37.3 49.0 103.5 17.1 248.0 
3C14 +200 1.070 36.3 58.0 104.5 17.0 261.0 
3CI5 +550 1.085 34.1 51.6 96.2 17.0 232.4 
X 1 6 •550 1.083 39.0 59.0 95.0 17.0 210 1 
3C20* 0 0.940 24.0 31.1 114.2 231.0 
3C17* +50 0.930 28.0 55.0 120.0 233.0 
3CI8* • 100 0.925 46.3 56.1 112.2 298.0 
3CI9* •200 0.930 41.0 47.0 U8.0 342.0 

aKD - fracture toughness at deviation - load displacement, KQ = fracture toughness at secant offset load, KU - fracture tough
ness at ultimate load, and KF - fracture toughness during piefatigue precracking. 

^Specimens 3C20, 3C17, 3C18, and 3C19 werr not pcecracked before testing. 

Table 2~2. Fracture tnughnf • n i fro* 1 eating 6T-CT and 9T-CT spec imens oriented in both the RWand WR direction 

Specimen 
designation Orientation Test 

temperature (°F) 
Crack 

length (in.) 

Some fracture toughness parameters* 
(k9>/nT.) Klcd 

(ksi Vm) 
Specimen 

designation Orientation Test 
temperature (°F) 

Crack 
length (in.) 

KD KQ KU KF 

Klcd 
(ksi Vm) 

6T-CT Specimens 

3C3 RW • 100 6.516 87.3 145.5 198.4 16.0 224.1 
3C4 RW •130 6.310 105.0 160.0 238.0 19.0 363.6 
3C2 RW •200 6.316 75 1 138.0 242.0 15.0 405.4 
3CI RW •550 6.146 US.0 153.4 2z3.0 24.0 345.2 
3C5 WR •25 6.273 88.0 88.0 88.0 15.0 84.0 
3C7 ?/R •200 6.316 58.0 128.0 225.5 20.0 299.0 
3C8 WR •550 6*366 

9T-CT Specimens 

89.0 142.2 202.1 20.3 264.7 

3C9 RW •200 9.360 452 0 
3C10 RW +550 9.423 69.0 224.0 292.0 24.0 375.0 

*Parameter identification given in Table 2.1. 

information meeting.17 A resume' of the cooperation 
and communication between the two research groups is 
given below. 

Cooperative research between the HSST program, 
ORNL, and Japan Atomic Energy Research Institute 

The Japan Atomic Energy Research Institute (JAERI) 
is conducting a research program on the effect of a 

high-temperature steam and water environment on the 
crack-growth rate in reactor pressure vessel materials. 
JAERI suggested a cooperative arrangement with the 
HSST program in which HSST would supply a nominal 

17. T. Xondo et a).. "Fatigue of ASTM A-302 Grade B Steel 
in High Temperature Simulated Nuclear Reactor Environment," 
paper 2, presented at the Fifth Annual Information Meeting of 
the HSST Program, Mar. 25-26, t97l. 
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quantity of "pedigrttd" A533-B steel to JAERl for 
conducting a fairly comprehensive environmental inves
tigation and then in return JAERI would supply the 
HSST program with a o p y of their results. 

Not only was this suggestion acted upon, but, in 
addition, there has been a complete exchange of 
information. JAERI had already generated considerable 
information on the pressure vessel steel presently in use 
in Japan, namely A302 3. Dr. T. Kondo of JAERI was 
prepari*-?, a paper on this work to be presented at the 
First International Conference on Corrosion Fatigue at 
the University of Connecticut, Storrs, Connecticut. A 
preliminary presentation of this work »:*» reported by 
L. F. Kooistra at the HSST Information Meeting, March 
25,197!, with Dr. Rondo's consent. 

At ihit time the first series of tests has been 
completed on the HSST material in Japan. Although in 
the HSST-sponsored investigation Westinghouse uses a 
batch system for its environmental condition, JAERI 
uses a through-flow water treating system continuously 
monitored. Westinghouse will largely test A533-B plate, 
various weldments, and HAZ*s; JAERI will test AS33 B 
and A302 B. Westinghouse is testing at cycling rates 
from 60 to 600 cpm; JAERI has explored also very low 
cycling rates down to 0.2 cpm. In doing so, JAERI 
discovered a stagnation effect in the growth rate 
ascribed to crack blunting by incipient corrosion at the 
crack tip. This effect was verified by observing that 
increasing the 0 2 content of the water increases the 
sngnation phenomenon. 

Westinghouse has carried on its investigation at 
reactor operating temperature of SS0°F; the Japanese 
investigators have explored lower temperatures also. 
Westinghouse used a 2T WOL (wedge opening loading) 
specimen, which is largely bending; JAERI uses a tensile 
specimen. Westinghcuse started to measure crack 
growth by means of ultrasonics and obtaining anoma
lous results and switched to the specimen compliance 
method. JAERI used the latter from the start, and there 
is now good assurance that it produces reliable data. 

The Westinghouse apparatus was designed for a 
pressure of 2000 psi; the JAERI apparatus is good for 
1500 psi (primarily BWR conditions). 

Both laboratories have conducted strain-controlled 
tests, but JAERI is starting to conduct load-controlled 
tests also. 

In some phases of the investigation there is a 
difference in the results obtained by the two investigat
ing laboratories. The Westinghouse group has found 
that the environment of nuclear-reactor-grade water has 
no effect on the crack growth rate or at least did not 
increase this rate. The Japanese investigators conclude 

that under certain combinations of strain range, cycling 
speed, and temperature, the crack growth rate in a 
water-steam environment can be increased by a factor 
of 4. This maximum is attained at a strain range of 
0.70%. a cycling speed of 10 cpm, and a temperature of 
approximately 400°F. At a lower strain range, a lower 
cycling speed, and a higher temperature, the factor of 
increase in the crack growth rate reduces from 4 to less 
&an 1. It was also determined that at a very low cycling 
speed of S min/cycle the crack growth manifested 
periods of stagnation. This phenomenon is ascribed to 
the effect of incipient corrosion at the bottom of the 
crack. It is postulated that at die very slow cycling rate 
this corrosion can blunt the crack tip suffkientiy to 
stall its advance. An incubation period for reinitiation s 
then necessary to start it growing again. This hypothesis 
is supported by the fact that a higher oxygen content in 
the water also suppresses the crack growth rate. By 
equating these findings to actual operation, they, at this 
point, add up to a favorable prediction. To wit, on 
operating reactor vessels the strain range is expected to 
be well below 0.70%, the occurrence of major load 
cycles is far below the cycling speed of the experiments, 
and operating temperatures will be about 150°F above 
the point of maximum crack growth rate. All these 
factors point in the direction of reduced crack growth 
rate. 

Fat«*e-Cradc Growth Clmacterislks 
of Nuclear Pressure Vesad Grade Materia** * 

T.R.Mager 
Westinghouse Electric Corporation 

The fracture mechanics approach is being used to 
study the effect of high-temperature reactor-grade 
primary water on the fatigue-crack growth character
istics of materials of nuclear pressure vessel grade. The 
2-in.-thick WOL (wedge opening loading) specimen is 
being utilized to measure the fatigue-crack growth at 
550°F in an environment (excluding irradiation) typical 
of PWRs and BWRs. The crack growth rate dajdN of 
pressure vessel materials is being measured as a function 
of AKj, the change in the stress intensity factor at the 
tip of the crack. 

It was concluded from the data that: 

1. Reactor-grade primary water environment does not 
accelerate crack growth rate. 

18. Work spomorsd by HSST profram under U0CND Sub
contract No. 3290 between Unkm Crrbfcfc Corporation and 
WestingnooK Electric Corporation. 
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2. For die range of frequency and the materials 
studied, tfce cyclic crack growth rate dafdN as a 
function of A£ was essentially the same in both 
PWR and BWR environments. 

3. The frequency (60 and 600 cpm) did not affect the 
cyclic crack growth rate of the materials studied. 

It was recommended that future studies include: 
(1) the effect of low frequency (the order of 1 to 10 
cpm) and (2) the effect of load spectrum on the cyclic 
crack growth of reactor pressure vessel material. 
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3. Investigations of Irradiated Materials 

of the environmental factors that roust be 
considered in safety evaluations of reactor pressure 
vessels is irradiatjoo, because the mechanical properties 
of metals may be modified thereby to a degree that is 
of considerable engineering significance. Irradiation 
effects are being ktvestigrted by Haaford Engineering 
Development Laboratory (HEDL), Wriliaghousf Elec
tric Corporation, Naval Research Laboratory (NRL), 
aad Oak Ridge National Laboratory. The areas of 
primary interest to the HSST program are the tempera
ture range 450 to 600*F aad the fast-neutron ( £ > I 
MeV) ftuence range 1 X I 0 , f to 8 X 1 0 " neutrons/ 
cm 2 . 

The projected work at NRL, Westinghouse, aad 
ORNL has esseatialy been completed, and fmal reports 
have been or are being prepared. Results not previously 
reported, ia addition to those from HEDL, are given 

IRRADIATION EFFECTS ON THE FRACTURE OF 
HEAVY-SECnON PRESSURE VESSEL STEELS' 

J. A. Wuaams C. W. Hunter 
Hanford Engineering Development Laboratory 

The primary objective of the Hanford Engineering 
Development Laboratory work ia support of the HSST 
program is to determine the embrittling effects of 
irradiation on pressure vessel sted. The material of 
interest is from HSST phle 02 ASTM A533, grade B, 
class I sted. Characterization of embrittiement by 
tradtetion is being evaluated by plane strain fracture 
toughness, Kjc, measurements using '•in.-thick com
pact-tension (CT) specimens; tensile behavior has also 

I . Research sponsored wder rvtrlwr Order No. 
IIY-509I7V between U * M Cerbide Corporation end Hsaford 

; Devetoewmt Laecatory. 

to fft^Mil^i a basic 
standing of the irradiation effect oa 
erties of A533-B steel. 

medasaical prop-

The ETR insolation teinperature profnes were meas
ured in a simulated 4-m.-tbJck compact trnsion (4T-CT) 
fracture specimen. Large specu 
•tocislcd problems1 aad the ETR 
aradtotioa experiment' have been duimeed previously. 

The ttermocouple locations hi the dumsay specimea 
are shown ia Rg. 3.1, ia which the relsrinanuri of aa 
actnal 4T-CT spedmen is ouihaid by the dashed 
The full reactor power diffcteatid serapea 
the thkkness of the specimen is given fori 
m Fig. 3 X Curve A of Fig. 3.2 conespoads to the 
temperature at the specimen crack hue, the pohit of 
fracture initiation during a fracture test. The point 
reference letters ia Fig. 3.2 are the same as those gtvea 
in Fig. 3.1. The nurimuro AT at the crack hue is 
200*F; reactor coolant water was 110*F, resulting in a 

crack toie tesaperature of 310'r7. From these 

gradient for aa actual 4T specimea a isolation experi
ment was cafcufesed. The temperature gradseat, with a 
•ew^unw* *jpuewsjen> aaaaw# afaj^wwjvaswawwa w^paawwow'waowwauwF ^^s> a^o^^s* u> vja^s*^ 

taiaable using a gas gap patch design, is shown hi Fig. 
3.3. The AT from the peak to the hot face is 

2. C.W.HawlwswiJ.A.1na1 ^nvJsrtna Effect on tao 
Fracture of Heavy Section Tnmm Vecsn Sauk,** BSST 
ftogmm Stmkmm. fro*. Rep. Am- SI. 1979. ORNL-4653, 
pp. 31 - 3 1 . 

3. C. W. HnMcr and J. A. WHnens, Mlna0Mwon Effects on 
tat Fracture of Heavy Section Fiianwi Vend Sts*V* HOT 
Jrowvm J n s s m ***. Rep. Feb. 28. 1971. 0RNL4MI , 
PP.4S-S3. 
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approximately 24°F, and that to the cold face is about 
54°F. The temperatures are based on reactor coolant 
water of I I0°F, a 5- by 5-in. gas gap patch, and a 50% 
He- 50% Ar gas mixture. The effect of the patch design 
for location A, Rg. 3.2, is described above. The profiles 
at locations B and C would be raised in some 
proportion to A but with a lower peak temperature and 
higher A7*. Profiles at locations E, F, I, J, G, and H 

of d»4-T 

AT s 24*F r- AT x 54*F 

45§ 

na> u . 

SSflTF 
llflTF 
150-50 HeAr 

• 1 2 3 4 
•ISTANCE THIU SPECIMEN 

• 4T-CT 
he w p n a n aathaj h u l i l l a e hi the 

proflk fc based oa that nUahnMn for 
fctaaaeiatare at the crack Baa, with 
a 5 X 5 hi. tat gap patch fund with 

would be affected very little since they lie outside the 
dunensions of the patch. 

Some measure of the degree of control necessary for 
maintaining specimen temperatures during irradiation 
was obtained by measuring the specimen temperature 
change during reactor startup and during the reactor 
cycle. These data are presented in Figs. 3.4 and 3.5, 
respectively, for the peak crack line position. During 
reactor startup the peak crack nut temperature is 
observed to be linearly proportional to reactor power: 
thus at full power a 10% fluctuation in reactor power 
would require a control variation approximately 10% of 
the difference between ambient water temperature and 
peak temperature, or 44°F. Short-term fluctiaitions in 
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reactor power of this magnitude are not 
however, these variations may be encountered localy, 
and it is not uncommon for the ETR to operate in the 
160- to 165-MW power region for long periods of time. 
A large amount of temperature control must be 
provided to compensate for temperature changes due to 
fuel bumup during the reactor cycle; this effect is 
shown in Fig. 3£. The peak flux in the reactor is below 
reactor midphme at startup. As the reactor cycle 
progresses, the control rods are lifted tc compensate for 
fuel bumup, and the peak flux is shifted toward the top 
of the reactor. The dummy specimen occupied the 
upper position and a» such increased in temperature 
during the reactor cycle; in actual 4T-CT irradiations 
the specimen below nridplane would receive less heat 
input as the reactor cycle progressed and would require 
a positive response from the control system. It is 
estimated that an additional ±50*F of control would be 
needed to compensate for the temperature variations 
dur to fuel bumup during the reactor cycle. 

Studs* of ASIMAS33I ; 

the neutron irodntiou etjbriltlcment in water reactor 
pressure vessel materials, m addition to indicating the 
shift of the ductEe-brittle transition temperature to 
higher temperatures, Kjc values permit calculation of 
critical fracture load-flan mm rrhrtnnmipi The 
tical dhndvantage is that K/c values of these 
may be easily obtained only at and below the transition 

inadiitedat540^tonevm)nfliieaceleveliof2and8 
X 1 0 " neutrons/cma (B> I MeV)» the ETC; lean* 
specimen! were irradiated at S10*F to 2 ,4 ,6 , and 8 X 
1 0 " neutrons/cm3. A l specimens were of loayjtuunul 
orientation from the qjuarter-thkkness position of a 
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12-in. ASTM A533, grade B, class 1 steel plate. Details 
of the specimen irradiation and testing have been 
reported.1-4 

The effects of irradiation on yield strength and Klc 

ate sho^n hi Fig. 3.6. The yield strength increase 
(Any,, fan) as a function of fluence (•) and tempera
ture (7/, °F) may be described by 

Aa-. = 2 2 l l - e x p ( - « / 5 X 1 0 J , ) J ">* 

• • / K H ^ J - 0.00387). (1) 

Equation (1) was discussed in detail in the previous 
semiannual report.' A fit of Eq. (1) to specific data 
points is shown in Rg. 3/7 for temperatures of -100,0, 
100, 300. and 500°F. Consistent with the well-
established Charpy V-notch neutron ernbrittlernent 
behavior*'* of the 6-in. ASM A302-B reference phte, 
there is a pronounced Aoy, at low fluence levels 
followed by a reduced but Knearty fluence-dependent 
Aoyg above 2 X 10". The low-fluence t>Oyt is 
operative primarily on the athermal component oryield 

stress, whereat the fluence dependence above 2 X 10' * 
is greater at lower test temperatures. 

Irradiation levels of 2 and 8 X 1 0 1 9 neutrons/cm2 

produced shifts of 185 and 27S°F in the 50-kWin. KIc 

fracture toughness level. Based on the concept that 
brittle fracture occurs when the yield stress is greater 
than the cleavage microcrack growth stress, Cottrell7 

predicts the following dependency of a shift in the 
ductile-brittle transition temperature (A77) on Aoyx: 

A7T 
44 ys 

"ksT (2) 

At a test temperature of 0°F, fluence levels of 2 and 8 
X 1 0 1 9 in Eq. (1) give values of 30.6 and S6.4 ksi Ac,, , 
respectively, which upon substitution into Eq. (2) yield 
ATT values of 153 and 282°F that correspond well 
with the experimentally measured shifts in the K!c 

curves. This correlation between boys and shifts of the 
analytically rigorous toughness measurement Ktc fur
ther demonstrates that irradiation embrittlement in 
these materials is a consequence of irradiation harden
ing by the mechanism of elevated yield stress forcing 
cleavage fracture to higher temperatures. 

The correlation is significant in illustrating that the 
shift in fracture toughness is in agreement with correla
tions of shifts of other types of toughness transition 
tests. The correlation is limited by an as yet inadequate 
definition of the transition of Kfc for irradiated A533 
B; this can only be obtained by testing large irradiated 
specimens. 

of ASTM A533 B; Compnrismi 
and Lofujitwhaal Fracture and 

Transverse tensile properties for irradiated and unir
radiated ASTM A533-B, HSST plate 02 were cursorily 
examined to determine if there were any significant 

4. C. W. Hunter and J. A. WiUiarro, "Fracture and Tenrik 
Behavior of Neutron Irradiated / 5 3 3 * Pressure Vessel Steel," 
NucL Eng. Dex 17(1), 131-48 (August 1971). 

5. R. H. Sterne. Jr., and L. E. Sleek, "Steels for Commercial 
Nuclear tower Reactor Preanre Vessels," Nuci. Eng. Oes 10, 
259- 307 (19*9). 

6. J. R. Hawthorne, Ttmds in Chirpy V Shelf Energy 
Degndttkm and YieU Strength Increase of Neutron-Embrittled 
Pressure Vessel Steels. NRL-7011 (Dec. 22.1969). 

7. A. H. CottreH, "Theory of Brittfc Fracture m Steel and 
Similar Metab," Trens. Met. Soc. A/ME 212, 192-203 (April 
1958). 
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Flf, 3.7. Effect of 
AS33-I ! • * » « • for 
the fit of tke Ao^ cqwtioii 

The 

orieatatioa effects. Fractwe toiaaaMSS eseatts off aab> 
ndhted tiaaiacisc (WR) apecfaaeas are atea at Table 
3.1 aad Fig. 3 * ; Irrajfiialail fractare a t e abowa ia 
Ffc. 3.8 were ptcwoady reported.* The aba* etnai 
fractare toajjhaeas properties of loajHadhad (kW) aad 
haaiwia (WR) mwaliliua M I ouaiiwd to hi afcaUnl 
withai the wjld nauanaaat baits of IT-CT sped-
mens. It is expected tart the irraaatioa tespoase of WR 
K/e properties wB be abaaar to RW properties oa the 
ham of tcasae properties reported ia TaMe 3 J aad 
Ffcs. 3.9 aad 3.10. 

were coadopted over a tsaajesataae raaje of - 250 to 
SOOTF. There were ao obatiiebh effects oa yield or 
aMrnalr itwagth attribated to 

. 2# aad 4.5 X 
I 0 1 9 aeatroas/car* aad tested froai mora 
to 500*F exhibited a respoase to irraaatioa 
able with that of loaaEaflaal ipertawai Fbjart 3 5 
coaajares yield streaath properties, aad F%. 3.IG 
coaaaares tdtiasete streacth propertias of WR aad RW 
ofieatoffoas; detafh of RW teaafle data wave reported 
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3.1. ASTMA533, HSSTi 02 ,WR 

itifiatkMi 

Test 
spent 

Plate 
pontmr* (ksK/Sl) 

Yield 
strogtfc 

(X I0» pri) 

Crack 
length.* (ksivfe) 23 ©' 

02GA581 -250 3.25 134 105 1.178 26.8 0.162 bx 
02GAS86 -185 43 12.4 91 1.12* 373 J.42 b 
02GAS95 -135 83 U.7 83 1.088 35.0 0.44 35 JO 
02GA591 -ICO 7.25 U J 78 1.059 40.4 0.67 40.4 
02GA592 -75 7.25 10.1 75 0.998 433 0.84 433 
02GA579 -50 3.25 13.4 72 1.137 69.7 23 d 

"Froai pette sai [face to ^ Mcsam ceater. 
* h « M b T « r msMcmmtUHem 
nmimk*Kf > OyFflmyTKfo). 
^ a « « ^ r * < 2 3 i a ; c / , r D 

Tat*t&2. T« 

Test 
<£>lMeV) 

<x 10" mmnmtjcmh { « . ) 

YieM 
0.2%ofeet 
(X 10* P>0 <x 10* (Ml 

Tots! 

!*> 

02GA6S9 -250 Ui W ^ ^ ^ J 7.3 102.9 1223 204 
QJGA660 -150 mm_ •2>v^^4«4^^A * * 813 106.3 192 
02CA66I -SO Ui •Haabiei 7.3 72.9 973 223 
62GA667 71 UmnUami 7.3 68.3 893 19.9 
02CM/0 199 Uaanitaiai M 6X2 634 15.2 
02GA671 360 Uavnifcrtatf 8.0 63.2 843 14.1 
02CA672 400 84 60.1 834 144 
02GA673 501 U M M I H H 84 61.4 86,7 143 
02GA642 74 2.7 4.7 994 113.9 14.4 
t2Qli43 250 2.7 8.0 88.7 106.1 14.9 
02GA639 500 2.7 4.7 77.3 98.5 12-2 
02GA664 500 3.1 84 81.9 105.4 124 
02CA65I 77 44 7.3 105.9 119.7 114 
81CA666 250 44 84 904 108.4 134 
02GA652 2S0 43 7.3 97.9 113.4 134 
02GA667 500 43 84 83-2 107.1 12.2 

4JIM44M 

Ikt fiactoae luijt of AS1M AS334i 
awtaf tradatfcd at S4CPF loa flame*of 

2.7 to 3.1 X 1 0 " nmwmtm? (£ > I McV) it 

irporttal » Table 3J. Tht ayrciaman wnt take* from 

the enck it awaaal lo da? ptaic aaiface. aad da? 
Bfoaajaaaloti ojaasajoa) • aoraoal 10 sac wnt aawctioo. 
Tht obaerad aloft of VM 50*aS/E. inajp.mii ami b 
• » njiiaaaiilj 390*F; da? drift ajaaVt acfaaty be lea? 
dan da* widi note nnadw taaftaatioa of da? aaar-

TaoaaJi oaJy vaM oaa?• 
ia Ra> 3.11. 

http://inajp.mii
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TakfcXX ASTMA53*, 

sSeatifkatioo 

Te* 

<°F» 

Fhscncc Plate 
it > I IttV) pOSMoa* 

<x 10" net trow, cm2) da) «-> 

Yield 
strength 

IX I0 3 psi) 

Crick 
ka£th. 
* (in.) (kuJOL m.) 2 ' 5 v w < 

*/c 
ksh/irU 

5IA5029 90 2.9 10.12 10.7 99.5 1030 33.7 0.29 33.7 
5IA5030 132 2.7 10.12 10.3 97.0 1003 45.3 055 45.3 
SIA5027 160 31 10.12 106 95.5 1.029 61.3 1.02 61.3 
5IAS028 ISO 2.9 10.12 10.8 94.5 1035 70.9 1.41 

* F R M I phle surface lo center. 

The effects of irradittion on the yield and uttimtte 
unsafe strengths of ASTM A533-B sybtntrfed-fc weld 
see shown hi Fsjs. 3.12 and 3.13, respectively, and 
Isted in Table 3.4. Results are of tests from room 
umprrsfw to 500T for 5I0*F irradiations to 
fln*Mfs<tf & 5 X 1 0 " and 4.0-4.6 X I01*netrtrons/ 
cn r * (£> 1 IfoV); base pkie properties are also shown 
for oonumnaou. 

Use jnadttdon iiiingihinnTg of weld yield properties 
is smttmr ta, if not slbjMry greater than, that of 
Immltunmal hn>* efonerties fram room tenmemtnre to 
ammnmŵ wflmnnnmnp wnwnF • s * v n v j n w v ••̂ •waaa I W I B I w#sinjivvw«wa«r w 

SOLTF. An soCtonai comparison of the sinmar effect 
nisonmon on warn ana oase pnneyteM properties is 

In Rf, 3.14. The data points are for the A533-B 
weid metal at room temperatnre and 

500*F. while the curves are determined from the yield 
strco«tit-fhieace-teiQpetature relationship for base 
plate material nten in Eq.(I). 

The intimate strength of weld metal is less sensitive to 
irradatioa than the yield strength. At room tempera-
tore the weld urtimste saength increased 36 ksi, while 
the weld yield strength increased 46 ksi after irradiation 
to about 4 3 X I 0 1 * neutrons/cm2 ( £ > 1 MeV); tiwse 
Tames correspond to abont a 22% increase in ultimate 
strength and a 75% increase in yield strength. Compared 
with the base plate results of Faj. 3.13, it appears that 
the weld intimate strength is more sensitive to irradia
tion; the irradiated ultimate strength of the weld does 
not exceed that of the base plate since it was modi 
lower 

be 

ss -

- • 1 
I i 1 

rtMPUMUSl *f 

fh>3LI2. VWM ASTMA533-* able properties are shown for comparison. 
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Fig. 3.13. ASTM A533-B sal weid. Base plate properties are shown for comparison. 

Specimen 
identification 

Table 3.4. Teank properties of kramated A533, grade B, cbss 1 steel, svbnerged-arc weld 

Test Flnence Plate 
temperature <£ > 1 MeV) position' 

(°F) (X 10** neutrons/cm2) (in.) 

Yield strength, 
0-2 S offset 
(X 10 3 psi) 

Ultimate 
strength 

(X 10 3 psO 

Total 
elongation 

(%) 

51A5201 72 Unirradiated 3.5 61.3 78.9 21-9 
51A5202 77 4.6 3.5 107.1 115.5 16.6 
51A5204 250 4.0 3.5 96.6 107-1 12.6 
51A5203 500 4.5 3.5 89.5 106.1 10.3 
51A5206 73 043 4.2 85.3 98-7 i©-0 
51A5208 74 0.68 4.2 89.5 101.9 1"* 
51A5207 500 0.59 4.2 72.3 94.1 12.9 

*F»om top surface of plate to specimen center. 

o ICIEST Kwuunjat 
A JftflF TtS ILWUUniK 

ASflMASMHSSTIAICie 

imMtKnauBmaAiuv. iw*f 
_i_ _i_ J_ J_ J_ 
1 2 i 4 5 

Ph> 3.14. Effect of •rtdmliow fmeace on the yield strength 
of ASTM A533-B swbmergad-arc wsld. Data points are those of 
weM material, while the curves are of base plate material. 

RADIATION HARDENING AND EMBRiTTLfcMENT 
IN ASTM A533, GRADE B, CLASS 1 STEEL 

W. J. Stelzman 
Additional data have been developed from the load-

time records taken during the testing of submerged-ore 
weldment test specimens both before and after irradia
tion. Figure 3.1 S shows the fracture energy sanation 
with test temperature for specimens at the V,a-T 
location. The submerged-arc weldment description and 
test results have been discussed previously.9'19 Figure 

9. D. A. Canonico, "Characterization of Heavy-Section Steel 
Weldments," HSST Program Semkamu. Prop. Rep. Feb. 28, 
1969, ORNL-4463, pp. 29-35. 

10. R. G. Berggren, W. J. Stelzman, and T. N. Jones, 
"Radiation Hardening and Embrittlement in ASTM Grade B, 
Class 1 Steel." HSST Program Senuamut. Prop. Rep. Aug. ?/, 
1970. ORNL-4653, pp. 38-40. 
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fig, 3.15. Effect of irradiation on the variation of Charpy 
V-notcn lest rente on irradiated and unvnoated specimens of 
HSST a*merged*rc weMment SIB at V l 2-T location, WL 
orientation. 
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. FAST FRACTURE 
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lOOO — UNIRRADIATED 

IRRADIATED AT 5 6 5 mf 
TO 11.5 * 1 0 1 B neutrons/cm 2 

( f > l MeV) 
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TEST TEMPERATURE C F ) 

4G0 5 0 0 

Rg. 3.16. Effect of irradiation on load parameters de
termined in instrumented Charpy tests on irradiated and 
unirradiated HSST submerged-arc wddment SIB; WL-oriented 
specimens. 

3.16 shows the fracture load parameters, and Fig. 3.17 
shows the fracture energy parameters for the same tests. 
Irradiation translates the load parameters to higher test 
temperatures and higher loads and the energy param
eters to higher test temperatures but to lower energies. 

Comparison of the effects of irradiation in the 
temperature range 550 to 565°F on V 1 2-T material 
from the submerged-arc weldment and %-T materia! 
from plate section 02FB, a comparable base plate 
material previously reported,1' indicates that irradia
tion causes the load parameters in both cases to shift to 
higher loads and higher test temperatures. However, the 
magnitude of the loads for each separate condition 
(irradiated or unirradiated) does not appear 10 differ 
greatly, ahiiough the shift to higher temperature due to 
irradiation appears to be much greater for the sub
merged-arc weldment. Comparison of the energy p»nsm-
etets indicates a fair-sized decrease in all energy 
parameters except the energy to maximum load, where 
the decrease is small. The shift of energies to higher test 
temperatures after irradiation is also apparent. The 
magnitude of the energy parameter* of both materials 
in the unirradiated condition, although not equal, are 
comparable; however, after irradiation the submerged-
arc material shows a much greater shift of energies to 

II. R. G. Bcrggrcn, W. J. Stelzman, and T. N. Jones, 
"Radibtiun Hardening and £mbritti*ment in ASTM Grade B, 
Cbst I Steel," HSST Program Semianm. Progr. Rep. Feb. 28, 
1970, pp. 127-33. 
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TOO j -

UNIRRADIATED 
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; f >IM«VI 

^ ' 8 . 
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60 t ' S ~f-
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•*0 -

10 Uf i T 

--- — ENERGY TO GENEPAL YlELC 
* i ' ' ' 

-200 -100 100 2C0 300 
TE3T TEMPERATURE !'f) 

400 500 60C 

Fjg. 3.17. Effect of irradiation on energy parameters de
termined at instrumented Charpy test or* irradiated and 
unirradiated HSST submerged-arc weldment SIB; WL-oriented 

higher test temperatures than the 02FB material. This 
supports the conclusion that the submerged-arc weld
ment shows a greater sensitivity to radiation damage 
than the base plate at comparable 550 to 565°F 
irradiations. The preceding comparison is made more 
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difficult due to the 2:1 difference in fluence, the 
difference in significance of the thickness locations in 
base plate and weldment. and the difference in base 
plate material (02. instead of the actual 01 oase plate). 
Similar data for plate 01 irradiated at 550°F and 
unirradiated at surface and V4-T locations will be 
developed for better comparison; however, the same 
2:1 difference in fluence will still exist. Hence, no 
direct comparison is possible at this time. 

POSTIRRADIATION DYNAMIC-TEAR AND 
CHARPY-V PERFORMANCE OF 124N.-THICK 
A533-B STEEL PLATES AND WELD METAL 1 2 

J. R. Hawthorne 
VS. Naval Research Laboratory 

Introduction 

Postirradiation notch ductility characteristics of two 
l2-in.-thick A533-B. class 1 plates and of one 12-in.-
thick AS33-B submerged-arc weld deposit have been 
determined by the dynamic-tear ( D T ) 1 3 ' 1 4 and 
Charpy-V ( C v ) 1 5 test methods. Materials for this 
investigation were obtained from the KSST program 
and are fully representative of current practices used for 
melting, fabricating, and welding AS33-B steel for 
nuclear reactor pressure vessels. 

The primary objective of this study was to develop 
exploratory information on the DT performance of 
steel in the irradiated condition. Together with yield 
strength, DT shelf level forms an engineering indication 
of steel resistance of fracture in the maximum tough
ness (shelf-level) condition. Ratio analysis diagram 
(RAD) procedures16 requiring only these determina
tions have been devised for the quantitative assessment 
jf fracture resistance. For the frangible state, the RAD 
allows for the establishment of critical flaw size-stress 

12. This work was sponsored and performed by the U.S. 
Naval Research Laboratory under an informal cooperative 
agreement with the HSST program. 

13. E. A. Lange, P. P. Puzak, and L. A. Cooky, Statukrd 
Method for the %-in. Dynamic Tern Test, NRL-71S9 (Aug. 27, 
1970). 

14. P. P. Puzak and E. A. Lange, Standard Method for the 
I-in. Dynamic Tear Test, NRL-6851 (Feb. 13,1969). 

15. Standard Method* for Notched Bar Impact Testing on 
Metallic Meterk's, ASTM Designation E-23-66, American 
Society for Testing ard Material* Standards, Part 31, pp. 
284- 300, May 1967. 

16. W. S. PeBini, Evolution of Engineering Principles for 
Fracture-Safe Design of Steel Structures, NRL-69S7 (Sept. 23, 
1969). 

conditions for the alloy through fracture mechanics 
relationships. Of similar importance, the DT rmdenergy 
range transition temperature approximates the fracture 
transition elastic (FTE) temperature. The FTE is 
defined as that temperature above which stresses in 
excess of yield are required to propagate a large flaw. 
The DT performances of steek such as AS33 and of 
companion weld metals thus are of direct and current 
interest to reactor design and operation. 

As part of a larger investigation, the current study was 
designed to help determine the posable correlation of 
C v and DT test results for irradiated structural steels. 
Unlike the relatively new DT test method, the C, test 
method has seen extensive use is radiation effects 
investigations. Development of a correlation between 
DT and C v shelf energy would serve to open the way 
for utilization of RAD procedures in the evaluation of 
both reactor vessel surveillance data and the large bank 
of C v data generated by past accelerated irradiation 
studies. Trends in C v shelf energy and yield strength 
behavior with irradiation at reactor vessel service 
temperatures have been reported 1 7 for AS33 and other 
pressure vessel steels. The current study also considered 
that a correlation of C, and DI* transition behavior with 
irradiation would benefit predictions of FTE per
formance from existing data. 

Additional objectives of the study included ssaess-
ment of the relative radiation embrittlement sensitivity 
of plate vs weld deposit and die deternanation of 
possible differences in radiation response of 12-in-thick 
plate due to test orientation or through-thickness test 
position. Findings are compared with results for several 
thinner gage plates and rid metals of the same 
nominal composition.1* 

Conyoution and Heat Treatment 

Test plate sections were identified as portions of 
HSST plates 01 and 02. The submerged-arc wetdraent 
carried the HSST code number SO and was fabricated 
commercially by Combustion Engineering, Inc. Chemi
cal compositions of the individual materials are sum
marized in Table 3 3 , and detailed descriptions of 

17. J. R. Hawthorne, Trends m Cherpy-V $h*f Bmargf 
Degradation and Yield Strength Increase of Neutron Embrittled 
Pressure Vessel Steals, NRL-7011 (Dec 22,1969); Mud. Bug. 
Des, 11(3), 427-46 (1969). 

18. J. R. Hawthorne and U. Potapovs, Initial Assessments of 
Notch DuctMty Behavior of A533 Pressure Vans! Steel with 
Neutron Irradiation, NRL-6772 (Nov. 22, 1961); American 
Society for Testing and Materia*, STP-457, pp. 113-34,1969. 
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TaMe&5. 

Materiel 
Source 

of 
data 

Chemical composition (wt %) 
Materiel 

Source 
of 

data C Ma f S Si Ni Cr Mo Cu V 

Plate 01 NRL 0.22 1.37 0.008 0.008 0.22 0.66 0.15 0.54 0.18 0.02 
Ref. 19 0.22 1.48 0.012 0.018 0.25 0.68 0.52 

Plate 02 NRL 0.23 1.48 0.008 0.016 0.19 0.68 0.12 0_5I 0.14 0.02 
Refs 19,20 0.22 1.48 0.012 0.018 0.25 0.68 032 

Weld deposit NRL 0.13 1.13 0.011 0.008 0.19 0.68 0.05 0.45 0.23 0.03 
Weld 50 Ref.20 0.12 1.35 0.014 0.012 0.23 0.65 032 

Table 34. S 

Irradiation Mateml Thickness 
location 

Test 
orientation 

Fhtence (£ > 1 MeV) 
(X 10 1 9 neutrons/cm2) 

Fission spectnun Calculated spectrum 

<300°F<149°O PbteOl %i WR 2.7 
Plate 02 '4T RW 3.1 

%T WR 2.8 
Surface WR 3.3 

550°F <288°C) Plate 01 %T WR 2.8 
Plate 02 %T RW 2.7 

%T WR -2.6* 
Weld 50 %to'4T c 2.5 

a 
« 
a 
a 
2.5 
2.4 

-2.3 
2.2 

•Not available. 
*DT specimens irradiated at 475°F (246°Q. 
specimen long dimension perpendicular to welding direction. 

materials fabrication and heat treatment have been 
puMbhed.1 9-3 1 

The standard t \ specimens and DT specimens 1% X 
7 X % in. thick were taken from plate 01 in the 
transverse (WR) test orientation only; similar specimens 
were taken from plate 02 in both longitudinal (RW) and 
transverse (WR) test orientations. Specimens from weld 
50 were removed from the larger of the two welded 

19. C. E. ChMdrent, Fabrkatkm History of the First Two 
124*. Thkk ASTM A 533 Grade B. Cbn / Steel Plates of the 
Heavy Section Steel Technology Program, Documentary Report 
I. ORNL-4313 (Februaiy 1969). 

20. C. E. CMrfresf, Fabrication Procedures and Acceptance 
Data for ASTM A 533 Welds and a 10-in. Thkk ASTM A 543 
tkie of the Heavy Section Steel Technology Program. Docu
mentary Report 3. ORNL-4313, Pi. 3 (January 1971). 

21. F. S. Urn, J. R. Hawthorne, and C. Z. Serpen, Jr., A 
Raameummt of r+ectnre-Safe Operating Criteria for Reactor 
Vemel Steels Based on Cherpy-V Performance. NRL-7152 
(sept. 8 1970); Trans. Amer. See. fcfccfc. Ens,, whiter Annua! 
Meeting, New York, December 1970. 

grooves forming the 2:! offset double-U weld joint and 
were oriented with the long specimen axis perpen
dicular to the welding direction. Specimen notches in 
aH cases were perpendicular to the plate or weldment 
surface. 

The investigation employed both <300°F (149°C) 
and 550°F (288°C) specimen irradiations. The low-
temperature exposures (four) were conducted in the 
materials test reactor (MTR), and the controlled 
elevated-temperature exposures (four) were performed 
in the Union Carbide Research Reactor (UCRR). In 
womt experiments tw> 0.2524n.-diam tension test 
specimens were included with the DT-CV specimen 
array. 

A summary of irradiation experiment* is given in 
Table 3.6. Approximately the same neutron fluence 
level was attained in each exposure [2.5-3.3 X I 0 l f 

neufrons/cma (E > 1 MeV)). Both the <300*F 
(149°C) irradiation series and the 5S0*F (2S8°C) 
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irradiation series emphasized plate 02. limited stock 
precluded a low-temperature radiatioo assessment of 
the weld deposit. 

Tables 3.7 and 3 a ••immarize findings for the several 
reactor experiments. Examples of C v and DT changes 

typically produced by low- and elevated-temperature 
irradiation are given in Figs. 3.18 and 3.19. Note that 
the inherent fracture characteristics of the larger DT 
specimen places the DT tnaamon curve to the right of 
die C v curve. Figure 3.20 llustrates the special case of a 
properties gradient through the thickness region under 
test, while Fig. 3.21 complies C^ and DT dati for the 
weld deposit. Additional graphical presentations of data 

I20f 1200-

KXH- £1000-
j 
• 

J 80h ! t800l -

> 6 0 -

2 0 -

0 _ 

> • 

6 0 0 -

40| - & 4 0 0 -
U l l « > 

2 0 0 -

12-IN. A533-B CLASS 1 PLATE 
OUMTER ATKM 

CtttRPY-V 

VNWRAglATH) 
VCLOSTNCMTM ws«s 

-120 -80 -40 

KMFT-L* 
orMftacTEM »«^»ATEP<?0f/F(>4yg 

. *«SFT-Lt FISMMV «••*.»**• 

27O*F05OX> 
290"FH6fO 

40 60 120 I 6 O 2 O O 2 4 O 2 8 0 3 2 0 3 6 O 4 0 0 4 4 0 4 6 D S 2 O 3 6 0 600 
TEMPERATURE PR 

-85 -40 
X I I 

49 93 138 
TEMPERATURE PC) 

J_ i 
227 

X X 
271 

X 
316 

Fh> 3.18. OMaMrim of fke Oaupgr-V m 
acta* aa* after <300*F (149*Q •nfctina Al 

test orieatatioa. 

ofa ttfcft: A53», 
taksa fioaa the 

« ) 

I20i— 1200-

? 
K » - & I 0 0 0 -

t 80- fc 600-

60-* 
X 
w 
u 

2 0 -

i 
w 

6 0 0 -

- o 400f-

2 0 0 -

CK 

I2-1N. A533-B CLASS 1 PLATE 
•mm 

CHARPY-V 

UNfqRAOlATED 
tKLO SimmtTM «L3KS 

rr-ta 
I£AJ 

T V 

IRR̂ n»ATED->55(rFQByO 
£••»*•*•?> MM* 

W—WWW—.**»• 
«aa smr̂ m aa«n* 
rsrr-ta 

-DT f ••OFT-J 

-•20 -80 -40 
J L X J L X 

40 80 120 1 6 0 2 0 0 2 4 0 2 8 0 3 2 0 3 6 0 4 0 0 4 4 0 4 8 0 5 2 0 9 8 0 8 0 0 
TEMPERATURE <f ) < $ « £ > 

-40 
J L I X X X J L X I X J L 

49 99 136 
TEMPERATURE fC) 

227 271 
X 

3 » 

HB.3.19. ef teOaaprV 
SSTFOtTQ 

of a ffckfc A533-I, CBMI I Haal 
from tka 

• I ) 
ffta 



Tabto 3.7. Summary of Charpy-V and dynamic-tear transition temperature determinations for plate and submerged-arc weld depotU 

Fluence.4 * A 

{X 10«»^ 
neutrons/cm2 

(> 1 MeV)| 

Transition temperature 

Material 

Fluence.4 * A 

{X 10«»^ 
neutrons/cm2 

(> 1 MeV)| 

C v mid-energy DT mid-energy C v 30 ft-lb 
Fluence.4 * A 

{X 10«»^ 
neutrons/cm2 

(> 1 MeV)| Initial Irradiated 
°F °C 

Increase 
A°F A°C 

Initial Irradiated 
o F o c 

Increase 
A°F A°C 

Initial 
Op 0 £ 

Irradiated 
°F °C 

Inci 
A°F 

ease 

Fluence.4 * A 

{X 10«»^ 
neutrons/cm2 

(> 1 MeV)| 
°F °C 

Irradiated 
°F °C 

Increase 
A°F A°C °F °C 

Irradiated 
o F o c 

Increase 
A°F A°C 

Initial 
Op 0 £ 

Irradiated 
°F °C 

Inci 
A°F A°C 

<300°P (149°C) Irradiation 
Plate 02 2.8 85 29 360 182 275 153 115 46 380 193 265 147 45 7 360 182 315 175 
<%T,WR) 
Plate 02 
1% T. RW> 

3.1 85 29 330 166 245 136 115 46 415 213 300 167 30 1 325 163 295 164 

Plate 02 3.3 -60* -51 165 74 225 125 0 -18 310 154 310 172 -105" -76 165* 74 270 150 
(Surf.WR) 30 c -1 -30*' -34 
Plate 01 2.7 60 16 330 166 270 150 105 41 395 202 290 161 IS -9 325 163 310 172 
('AT.WR) 

550°F (288°C) Irradiation 
Plate 02 
(%T,WR) 

2.6 85 29 235 113 150 83 115 46 d 45 7 210 99 165 92 

Plate 02 2.7 85 29 235 113 150 83 115 46 255 124 140 78 30 -1 200 93 170 94 
(% T, RW) 
PtauOl 2.8 60 16 230 110 170 94 105 41 270 132 165 92 15 -9 215 102 200 HI 
(%T,WR) 
Weld 50 2.5 20 -7 240 116 220 122 55* 13 235 113 180 100 -45 -43 225 107 270 150 

•See Table 3.6 for conesponding calculated spectrum fluence >1 MeV. 
*Layer 1 (surface). 
cLayer 2 (% to 1 in. below suriace). 
dDT specimens irradiated at *475"F (246°C). 
•Ref. 17. 

g 
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» 

3.8. ofChacpy-V; 

Flue nee, +£ 
| x l 0 » » ^ 

neutrons/cm2 

(>1 MeV)] 

Approx. C v shelf energy (ft-fc) 

Instial Irrad. J S S . 

DT she* energy (ft4h) Approx -mx; 
Material 

Flue nee, +£ 
| x l 0 » » ^ 

neutrons/cm2 

(>1 MeV)] 

Approx. C v shelf energy (ft-fc) 

Instial Irrad. J S S . Initial Irrad. ' - j _ c t | 0 -

Approx 
iffy ratio 

Flue nee, +£ 
| x l 0 » » ^ 

neutrons/cm2 

(>1 MeV)] 

Approx. C v shelf energy (ft-fc) 

Instial Irrad. J S S . Initial Irrad. ' - j _ c t | 0 - Initial load. 

<30t°F<149 <t)b ladwnjon 
Plate 02 
(%T,WR) 

2.8 99 64 35 830 490 41 8.4:1 7.7:1 

Plate 02 
(%T,RW) 

3.1 122 83 32 890 660 26 7.3:1 7.9:1 

Plate 02 
(Sorf.,WR) 

3.3 98* 
109* 

64* -35 750 455 39 7.7:1 -7.1:1 

Plate 01 
(%T,WR) 

2.7 104 69 34 845 580 34 8.1:1 8.4:1 

S50°F (288°C) lindhtinn 
Plate 02 
( ?4T,WR) 

2.6 99 •85 14 830 490' 41 8.4:1 5 J 1 * 

Plate 02 
(% T, RW) 

2.7 122 ~102 14 890 •805 10 7.3:1 7.9:1 

Plate 01 
(%T,WR) 

2.8 104 73 23 845 640 27 8.1:1 8 M: i 

Weld SO 2.5 125 70 44 •1350* •570 50 10J: 1 8.2:1 

•See Table 3.6 for corresponding calculated spectrum fluent* >1 MeV. 
6Layer 1 (surface). 
*Layer 2 (% to 1 in. below surface). 
*DT specimens irradiated at <*475°F (246°C). 
*Ref. 17. 

120 

KX) 

{ 80 

1 6 0 

o 
40 

20 

0 

12-IN. A533-B CLASS 1 PLATE 
StMHCE LOCXnONt «M 0MENTKTI0N 

UNIRRADIATED 
YlCLOSTRENCTHi 7 9 * KSt 

CHAWY-V 
_- — ©9FT-tB 

DVNAMK: TEAR 
*—750 FT-LB 

3lO»F(l72*C)-5 

:£ 

IRRADIATED <300,F(I49*C) 
uxKr*aW >*MV rissoftr <•<•»** n 

-Cg—*«rr-ia 

DT » 486 FT-LB 

X _L _L 
-200 -160 -120 -80 -40 

_L X 
-129 -K)7 -85 -62 -40 -18 

0 40 80 120 I6C 200 240 280 320 360 400 440 490 520 560 
TEMPERATURE ( f ) <$}*£>. 

J I I I I i I I I I ! • ! • I 
27 49 71 93 116 138 160 182 204 227 249 271 293 

TEMPERATURE CC) 

Fig. 3.20. Relative Charpy V and dynamic-tear test performance of a thick A533-B. cam 1 seed plate (plate 02) before and altar 
<300*F (149°C) inadiaiBon. Specimens were taken from the plate surface location as mdicated by the insert diagram (transverse test 
orientation). 



40 

140 

120 

S IO0 
- i • 

!b 80 
> 
w 60 

u" 40 

20 

12- IN. A533-B CLASS 1 SUBMERGED ARC WELD 

CHARPY-V UNIRRADIATED* 

- * "Jr!?!!!il IRRADIATED 56CTF (2B8*C) 
FISSION ? « • • » . ** F» 

220*F(I22*C) 

270*F(I50-C) 

C70FT-LB 

i l li I L__J l g f ^ I i I l J L 

1600 

1400 

1200 
s 
JjOOO 
I t 

£ 800 
a: u 

2 600 

400 

200 

_ * 

DYNAMIC TEAR UNIRRADIATED* 

FROM NRL 7D3f> 

O" 
-160 

I J. 

IS50FT-LB 
j i ^ AVERAGE 

IRRADIATED 550°F(288°d 

I80*F(I00*C)-
> 

/ 
/ s 

570FT-L8 

1 L i i _L 
-120 -80 -40 0 40 80 120 160 200 240 2B0 320 360 400 440 480 

TEMPERATURE {•F) <£TWL) 

_ i I I 1 l I I 1 I i I I I 1 I 
-85 - 40 49 93 

TEMPERATURE (°Q 
I3G 182 £27 

Fig. 3.21. Cbmp&rison of the Charpy-V and dynamic-tes* test perfocnance of a thkk A533-B, class 1 submerged-arc weld 
deposit before and after 550s F (288°C) inadiatkMi. Specimens were taken between the quarter- and half-thickness locations with 
their long dimension perpendicular to the welding direction. 



41 

are given in Figs. 3.22 to 3.24. In all cases it should be 
noted that the C v and DT energy scales are given in a 
ratio of 1:10. 

A common but arbitrary measure of irradiation 
response b the C v 30 ft-lb transition temperature 
increase; however, the mod-energy range transition 
temperature mcrease was applied in this case asa more 
appropriate measure for C, vs DT performance com
parisons. In Table 3 7 it is seen that Cr and DT 
transition increases for individual plate quarter-
thickness locations compare weU on the bssb of tins 
index. It is reemphasiaed that data for the surface layer 
(Fig. 3.20) require special consideration. Results for the 
weld deposit also show reasonable agreement between 
Cy and DT mid-energy transition increases. The above-
average data scatter noted in Fig. 3.21 for both pre- and 
postirrc&uon weld conditions denote a need for more 
research on the fracture characteristics of submerged-
arc welds. For example, irradiated DT specimens 
exhibited pronounced shear Hp development, which, on 
dose examination, suggested that die fracture occurred 
along preferred paths within the multilayered weld 
deposit; that is, the fracture path tended to follow 
certain layers within the duplex weld mkrostructure 
(fine plus coarse grain regions). Observations concerning 
such tendencies account for the apparent data scatter 
more readily than recorded differences in specimen-to-
specimen exposure conditions. 

The compilation of DT and C\ shelf energy values 
(Table 3.8) for the several reactor experiments show 
that percent reductions in sheif level determined inde
pendently by the two test methods are in relatively 
good agreement. In Fig. 3.18, a 34% decrease in both 
C v and DT shelf energy is indicated. In Fig. 3.19 the C v 

and DT shelf energy reductions are 23 and 27% 
lespectively. A more important observation from Table 
3.8 is that die ratio of DT shelf energy to C ¥ shelf 
energy before and after irradiation is a fairly constant 
value in each case except for the submerged-arc weld 
deposit. Pre- and postirradiation ratios for the dr.fa in 
Figs. 3.18 and 3.19 are, respectively, 8.1:1 and 8.4:1. 
and 8.1:1 and 8.8:1. As discussed below, data for other 
AS33 materials and for A543, class 1 plates support this 
finding.3' 

Referring to Fig. 3.20, the indicated properties 
gradient has been associated with a local gradation in 
microstructure resulting from the water-quench heat 
treatment. As a measure of the gradient, C v specimens 
taken in two adjacent layers next to the plate surface 
indicated a 75°F (42°C) difference in preirradiation 
transition temperatures. Obviously, an attempt to relate 
either of the C v brittle-ductile transition indications 

with the DT transition performance would be mis
leading. Since the C, shelf level appears relatively 
insensitive to test depth, however, comparisons between 
the "average" C v shelf value and the DT shelf value 
were fett reasonable. Good correspondence in per
centage shelf reductions and in shelf energy ratio 
relationships were again observed. 

An in-depth analysis of die characteristics and signif
icance of radution-induced DT tniighnrii gradients in a 
pressure vessel wafi has been presented elsewhere." 

The observed comparabmty of radbtioa-iate^ed DT 
and CT transition tempenture increases in ail piaie and 
weM assessments and in the concomitant DT and C, 
shelf energy reductions u most rrv> sling For A533-B 
plate, it would appear that, knowing the preirradiation 
correspondence of C, and DT performance, postirradi
ation DT features such as transition temperature and 
shelf level could be calculated with reasonable accuracy 
from postirradation C, results. A DT mid-energy range 
transition temperature so derived would approximate 
die postirradiatkn FTE temperature to guide reactor 
startup and shutdown pressure-temperature applica
tions. From calculated DT shelf values and yield 
strengdi information, RAD procedures could also be 
apptied to ascertain die general level of fracture 
resistance for the fluence level in question. Figure 3.25, 
from a report by Loss, Hawthorne, and Serpen,3' 
shows the highly consistent correspondence of C, to 
DT shelf energy found among many A533 plates 
(including those of tins study), an A302-B plate, tad 
two A543, class 1 plates. The data for both unirradiated 
and irradiated conditions describe an 8.0:1 ratio of DT 
to C v shelf energy. Note that all data fan widun die 
limits of a 10% deviation from the 8.0:1 correspond
ence line. The data encompass a Cy shelf energy range 
of 40 to 140 ft-lb and a DT shelf energy range of 300 to 
1200 ft-lb. 

It is interesting to note diat for die submerged-arc 
weld, die postirradiation condition but not the preirra
diation condition conforms to die 8.0:1 ratio relation. 
Whether or not similar correspondence would be 
observed with other exposure temperature—influence 
conditions has yet to be determined. Unlike die 
submerged *rc weld, data for an A533-B ekctroslag 

22. F. J. Low, J. R. Hawthorne, and C. Z. Serpaa, Jr., 
Analymx of Rtdutkm Induced EmtritOemeitt Grmdkna on 
Fractwe-Ommcteratia of Thick-WaMed Fremre Vend SteeH, 
NRL-7209 (pending poMkatkw). 
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weld in the preirradiation condition do conform to the 
ratio relationship (see datum 16 in Fig. 3.25). Therefore 
the high prekradisrion ratio behavior of the sub
merged-arc weld may be characteristic of submerged-arc 
or other similar multipass welds. The need for addi-
tkmal assessments of such welds is suggested. 

In Fig. 3.26, changes in die shelf level performance of 
plates 01 and 02 with neutron exposure are shown on 
the RAD. Preirradiation performance is indicated by 
the cross-hatched symbols. Open symbols represent the 
550°F (288°C) irradiation condition; closed symbol* 
depict the <300°F (149°C) irradiation condition. Hie 
measured yield strength elevation of plate 01 with 
550°F exposure (Table 3.9) was taken as an approxi
mation of postirradiation yield strength increase for 
plate 02. Significant reductions in notch toughness are 
indicated for both RW and WR test orientations. 
However, data for the SS0°F exposure condition 
remain to the left (i.e., "above") the ratio infinity (») 
line. In this zone plane strain fracture is remote even 
with thick-section components. A similar unsuscepti* 
bifaty to plane strain fracture is suggested by results for 
the weM metal (not shown). Notably, the performance 
of plates 01 and 02 of the weld with 550*F irradiation 
compares favorably with the performance of several 
other AS33 plates and weld deposit* indicated by the 

data envelope17 (hatched region) of F%. 3.26. More 
severe reductions in toughness accomplished by 
<300°F (I49°C) exposures of plates 01 and 02 
succeeded in shifting the WR orientation performance 
indications to the region described by 15-« ratios. 
Here, plane strain fracture is considered a faint possi
bility in very thick-section components (>6 to 7 in.) 
according to fracture mcrhankn interpretations of 
behavior under mechanical constrain; behavior. 

Shelf data for both plates when compered with the 
data trend (RW orientation) for the ASTM A302-B 
reference plate (Fig. 3.26) are indicative of superior 
toughness in pre- and postirradiation conditions. The 
trend in toughness degradation described for die 
A302-B phte was established from <300°F exposure 
data; however, 550°F exposure data appeared to foDow 
the same trend path. 1 7 Trend fines drawn through the 
data for plates CI and 02 are seen to exhibit the same 
initial shape as that for the A302-B plate. Thus it can he 
speculated rJ»t the three stages of change ic shelf level 
vs yield strength revealed for the A302-B steel are a 
characteristic of A533-B steel as well. Similar trend 
features have been observed for AS43 steel. 1 7 

Radiation embrittlement sensitivities of the oatteand 
weld deposit relative to the performance of the ASTM 
reference plate are indicated in Faj. 3.27. Note that the 
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ordinate of this figure is given as "Increase in C v 30 
ft-lb Transition Temperature." The range of sensitivity 
variations observed with several other A533 plates and 
weld deposit* in 550°F (288°C) exposures is also 
indicated.1 7 , 1* In terms of apparent sensitivity to 
<300°? radiation embrittkment, plates 02 and 01 
(quarter-thickness locations) are comparable to the 
reference plate. A lower radiation embrittlement sus
ceptibility is described lor the surface layer of plate 02. 
This is betieved to be primarily a reflection of the 
different nacrostructure at the plate surface location.3 3 

In another study, Berggren found the surface of plate 
01 to be less sensitive to radiation ?\ 150°F than the 
pbte interior.34 Referring next to the SSÔ F (288°C) 

exposure condition, plate 02 and the A302-B reference 
plate again show similar irradiation responses. On the 
other hand, plate 01 and weld 50 show greater 
susceptibilities to embrittlement at this temperature. 
The higher copper contents of pbte 01 (0.18%) and 
weld SO (0.23%) relative to plate 02 (0.14%) help 

23. D. A. Canontco, "Microstrncture Studies oi* HSST Pbte 
01" HSST Program Senrnnmt. Prop. Rep. Aug. 31. 1968, 
ORNL-4377, pp. 29-32. 

24. R. G. Berggren et aL, "Radiation Hardening and Embrit-
tfcment in ASTM A533, Grade B. Class I Steel." HSST Program 
Semrnnnu. Pro*. Rep. Feb. 28. 196*. ORNL-4463, pp. 
117-20. 
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f « the A302-* AST* 

account for the differences in sensitivity among these 
materials.25 To further explain weld deposit per
formance, it has been suspected36 that a cast structure 
is more sensitive to radiation embrittlement than a 
wrought structure. Surprisingly, the radiation embrittle
ment tendencies of plates 01 and 02 and of the weld at 
550°F (288°C) are greater than that which would be 
projected from relative copper content and the trend 
for the A302-B reference pbte (0.21% Cu). It is 

25. U. rotapovs and J. R. Hawthorne, The Effect of Residual 
Elements on 550°F Irmdkttkm Response of Selected Presume 
Vessel Steels end Wddments, NRL-6603 (Nov. 22,1969); abo 
NucL AppL 6(1), 27-46 (January 1969). 

26. J. R. Hawthorne and U. Potapovs. Throt^k-Tnidmess 
S50*FIrmdktlonRespomeof 84n. A5S3B. doss I Production 
Weldmeni. NRL Report of Progreas, pp. 26-28 (Febranry 
!969). 

proposed that the higher nickel content of the A533-B 
materials, or other small composition differences, may 
be contributing directly or indirectly to their greater 
radiation sensitivity at this representative 
temperature.27 

Charpy-V (CT) and %-in. dynamic-tear (DT) speci
mens taken from 124n-thick AS33-B, cans 1 plates and 
from a 12-in.-thick submerged-arc weld deposit have 
been irradiated at <300°F (149°C) and at 550*F 
(288°C). The materials, identified as plates 01 and 02 
and weld SO from the HSST program, are representative 

27. J. R. Hawthorne, E. Fortner, aw 

Vcwel Steefc," Wetdtmg / , Rex 
(October 1970). 

S.» Grant, "Radajaoai 
for Advanced Reactor 

MOO). 4 5 1 C - 4 6 0 B 
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Table 3.9. Summary of ambient temperatore yield strength 
determinations for plate and submerged-arc weld deposit 

Fluence." * ^ 
1/ 10 1* Yield strength <ksi) 

Material ' , 2 

neutrons/cm'' i n i t i a i imd. Increase 
(>1 MeV)J 

<300°F (149°C) Irradiation 
Plate 02 2.6 71.6 123.1 51.5 
('4T.WR) 
Plate 02 3.1 70.7 125.9 55.2 
(^T.RW) 
Plate 02 3.3 79.S 135.6 56.0 
(Surf.,WR) 
Plate 01 2.7 68.5 122.5 54.0 
('/•T.WR) 

550°F (288°Q Irradiation 
Plate 02 2.6 71.6 91.6 6 20 
<V«T,WR) 

Plate 02 2.7 70.7 90.7* 20 
(%T,RW) 
Plate 01 2.8 68.5 88.4 19.9 
<y4T,WF) 
WeldSO 2.5 63.7 88.7* 25 

'See Table 3.6 for corresponding calculated spectrum fluence 
>1 MeV. 

^Estimated. 

of current steelmaking and welding practices. Primary 
observations and conclusions drawn from the investi
gation are as follows. 

1. Postirradiation mid-energy transition temperature 
increases determined independently by C v and DT test 
methods were comparable in both plate and weld 
assessments (quarter-thickness locations). The effect of 
a plate surface layer was not qualified in view of the C v 

properties gradient with thickness at this location. 
2. Postirradiation shelf energy reductions determined 

by C v and DT test nethods were comparable in plate 
assessments. 

3. Po&tirradiatioii shelf energy reductions determined 
by C v and DT test methods were not comparable in the 
submerged-arc weld assessment. Fracture appearances 
of irradiated weld DT specimens suggest preferred paths 
for fracture consistent with the duplex-layered miv.ro-
structure of submerged-arc welds. A need for additional 
research on the fracture characteristics of multipass 
weld deposits is evidenced by pre- and postirradiation 
results. 

4. Ratios of DT to C v shelf energy for pre- and 
postirradiation conditions of plate (quarter-thickness 

and surface layers) and for the postirradiation condi
tions of the weld conform well to the general 8.0:1 
DT-to-Cv ratio relationship observed in a broader study 
of A533, A302-R, and A543 steels. 

5. Observations for mid-energy transition increase 
and shelf energy reduction suggest that postirradiation 
DT properties of A533-B plate can be predicted with 
reasonable accuracy from postirradiation C v results if 
preirradiation C v vs DT characteristics are know.. 

6. Postirradi?.tion shelf level performance asse;sments 
by ratio analysis diagram (RAD) procedures indicate 
relatively good toughness retention by both plate and 
weld deposit with 550°F (288°C) exposures. For the 
<300°F (149°C) exposure condition, RAD analyses 
indicate that plane strain fracture would be possible but 
would require very thick components and very large 
flaws. 

7. Comparisons of C v 30 ft-lb transition temperature 
increases show that plates 01 and 02 and the ASTM 
A302-B reference plate have similar irradiation re
sponses at <300CF (149°C). At 550°F, plate 02 and the 
reference plate have comparable irradiation responses; 
however, plate 01 and the weld deposit show higher 
embrittlement tendencies at this temperature. 

8. Radiation embrittlement sensitivity at 550°F 
(288°C) was found to increase with increasing copper 
content as expected; however, embrittlement sensi
tivities of all three AS33 materials exceeded expecta
tions. An influence of nickel content on radiation 
sensitivity development is proposed. 
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4. Pressure Vessel Investigation? 

The testing of large flawed tensile specimens and 
complementary smaller specimens continues to be a 
major area of work In addition, a series of small 
nozzled epoxy vessels have been tested, data from 
which have been used to obtain shape factors applicable 
to brittle fracture calculations using linear elastic 
fracture mechanics. Preparation of the facility for 
testing the intermediate test vessels has been accel
erated, and the fabrication of the pressure vessels 
themselves continues to be actively followed. 

TESTING OF 6-in THICK FLAWED TENSILE 
SPECIMENS1 

S.C. Grigory 
S.P.Yin/, 

Southwest Researt h Institute 

Thirteen 6-in.-thkk tensile specimens have been 
tested to date. The results of ten of these tests were 
reported previously. The last three specimens tested 
were 6-in.-thick quenched and tempered plate with 
weldments normal to the longitudinal axis of the 
specimen. The machined flaws wee sharpened by 
fatigue cracking placed in the weld metal. 

A series of six l-in.-thick tensile specimens, exact 
'4-scale replicas of the 6-in.-thick specimens, were 
broken over a temperature range of SO to 200°F. These 
specimens contained machined flaws sharpened by a 
process utilizing electron-beam welding and hydrogen 
charging. 

The acoustic emissions of both the 6- and 1-in. 
specimens were monitored during the tests. 

1. Research sponsored under UCCND Subcontract No. 3202 
between Union Carbide Corporation and Southwest Research 
Institute. 

Six-in.-thick Flawed Tensfle Specimens 
with Wddments 

Specimen description 

The basic dimensions of the welded tensile specimens 
and the machined notch are given in Fig. 4.1. It may be 
seen that the three welded specimens are slightly 
smaller than the previous ten specimens tested; instead 
of the usual 6- by 18-in. cross section, the cress section 
is 5.6 by 16.7S in. Also, the welded plates are quenched 
and tempered 6-in-thkk plate, whereas the previous ten 
specimens were center material from the 12-in.-thick 
HSST plates. 

The flaws were machined cmucircular notches 
sharpened by fatigue cracks. The notch-sharpening 
procedures were previously described.2 The notch 
dir«nsions before and Fter sharpening are given in 
Table 4.1, and the three welded specimens after failure 
are shown in Fig. 4.2. The flaws were placed in the 
center of the welds, so that the test was essentially a 
test of weld metal in the presence of a flaw in a heavy 
section. 

Test results 

The three welded specimens were tested at temper
atures of 0, 75, and 160°F. Pertinent test parameters 
are given in Table 4.2, and the load-strain curves are 
given in Fig. 4.3. The actual loads achieved on these 
tests were somewhat lower than previous tests because 
of the reduced cross-sectional area. 

A very definite pop-in occurred during the test of 
specimen 13, tested at 75°F. The crack had been 
visually inspected at the 5.9 X 106 lb load increment 

2. F. J. Witt, HSST trograr: Semannu. Progr. Rep. Feb. 28, 
1971, ORNL-4681. 
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MACHINED NOTCH DIMENSIONS 

SPCCMEK « 1 b * 
If 1.84 7.50 4.75 
t l 1.85 7 44 4.75 
13 1.85 7.38 4.75 

*• OJOBR I "H^ so-

SECTION A - A 

Kg-4.1. S| aad notch geometries of the welded 

Table 4.1. N.>te* dmenswra before aad after notch 

Specimen 
No. 

Machined notch 
dunrnsioits 

(in.) 

Notch dinienskHis 
after sharpening 

(in.) 
Depth Length Radius Depth Length 

'Measurement made after fracture. 

Notch dimensions'1 

at ultimate load 
(in.) 

Depth Length 

11 i.84 7.50 4.75 2.45 7.75 2.58 7.75 
12 1.85 7.44 4.75 2.75 8.00 
13 1.85 7.38 4.75 2.25 7.50 2.44 7.50 

and was observed to be very tight. Whiie data were 
being obtained at the 5.95 X 106 lb load increment 
(gross section stress of 63.5 ksi), a loud report was 
heard, and the load on the specimen dropped. The 
crack was inspected a second time arid was observed to 
have opened a noticeable amount. 

The elastic limit load given in Table 4.2 is the load at 
which the sharp break occurs in the stress-strain curves 
shown in Fig. 4.3. Actually, the specimens showed signs 
of yielding between 3 and 4 X 10 6 lb. 

One-in.-thick Flawed Tensfle Specimens 

Specimen description 

The l-in.-thick tensile specimens are \-scale models 
of the 6-in.-thick specimens. 'I"hey are tested in an exact 
scale replica of the grip plates used on the Southwest 

Research Institute 15 X 10* lb tensile test machine for 
testing the 6-in.-thick specimens, so that the load 
distribution on the test section is duplicated in the 
l-in.-thick specimens. 

All 1-in. specimens tested to date have been longi
tudinal specimens. The first two tested were center 
material from HSST plate 03; all subsequent specimens 
have been center material from HSST plate 01. Also, 
the flaws in the first two specimens were sharpened by 
a fatigue crack induced by bending the specimen; the 
flaws in all subsequent specimens were sharpened by 
charging a brittle zone at the root of a machined notch 
with hydrogen.2 The notches were placed in the 
specimens using electrical dncharge machining. The 
brittle zone at the root of the notch was created by 
concentrated heating witn an electron-beam welder. A 
10% solution of H 2 S0 4 was used as an electrolyte for 

I i 

ii 

ffiYr— '"rilW^lirflrtilfttffif^ r~" 



so 

Fig. 4.2. Fractare sarfacc* of welded 6-m.-diclc fbwed tern 3e 

Table 4.2. Tettsde test daia for 6-m.-thick welded specimens 

Test parameter Specimen 11 Specimen 12 Specimen 13 

Test temperature, °F 0 160 75 
Gage length, in. 24 24 24 
Width, in. 16.75 16.75 16.75 
Thickness, in. 5.6 5.6 5.6 
Gross area, in. 3 93.8 93.8 93.8 
Net area, in. 2 78.9 76.6 81.1 
Elastic limit load, kips 5.6 5.0 5.6 
Elastic limit stress, ksi 

Gross section 59.7 53.3 59.7 
Net section 71.0 65.3 69.0 

Ultimate load, kips 6.25 6.19 6.15 
Ultimate stress, ksi 

Gross section 66.6 65.9 65.5 
Net section 79.2 80.8 75.8 

Average strain, % 
A: ultimate0 1.02 3.70 1.32 
At fracture4 1.02 3.80 1.32 

"Based on deflection of gage length (24 in.). 
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hydrogen charging. All machining and precracking, 
except for the fatigue work, has been performed at 
ORNL The p ecracks formed using the electron-beam 
welder will hereafter be referred to as EB cracks. 

Three specimens with EB cracks were tested as 
received. Since it was suspected that either residual 
hydrogen or residual stress remaining in the specimen as 
a result of the precracking technique could effect the 
test results, one specimen was stress relieved and a 
second wa» baked at 400°F for 2 hr to drive off residual 
hydrogen There wa? no appreciable difference in the 
test results of these specimens, tested at 200°F, but all 
subsequent specimens have been baked at 400°F as a 
precautionary measure. 

Test results 

Figure 4.4 shows a !-in. test specimen in the test 
fixture with clip gjges attached. Six clip gages were 
used on the Hrst specimens tested; hov.*ver, the number 
was reduced to four after it was decided that the hole 
drilled in the side of the specimen affected the strain 
distribution at the adjacent strain gages and that the 
strain gage information was more desirable than the 
data from the clip gages. Sixteen strain gages *vere 
placed on each specin*n 

Some of the pertinent test parameters are given in 
Table 4.3. A complete review of the strain data will be 
presented in a technical summary report that is being 
prepared. 

Acoustic Emissions Monitoring 

The reactor industry is actively engaged in developing 
acoustic emission monitoring equipment for in-service 

reactors, but the information available on the charac
teristics of the emissions in heavy-section structures is 
scant. However, much work is being performed on small 
cracked specimens, with certain trends and relationships 
being noted. It is important that these relationships be 
confirmed for heavy-section plates and that the possi
bility be investigated that other phenomena, not de
tectable in small specimens, occur in heavy sections. 
Two areas of particular interest in this endeavor are (1) 
the variation of rate of emissions with strain or stress 
level and (2) the variation of total counts (frequency 
cycles of a given transducer) with stress intensity factor. 

Acoustic emissions from 6-in.-thick flawed weld metal 
specimens and l-in.-thick tensile specimens of base 
metal were monitored during the tensile tests in the 
temperature range 0 to 200°F. The rates of emissions 
and their accumulations were studied as functions of 
the applied stresses and the stress intensity factors 
respectively The acoustic emission due to plastic 
deformation was also observed from a large specimen 
tested at 150°F. It was found that variation of acoustic 
emission with stress level or stress intensity factor for 
the large specimens is similar compared with that of 
small-crack specimens, but the emission from 6-in. 
specimens is higher than that from thf l-in. specimens. 

Experiments 

Acoustic monitoring of l-m.-tJuck flawed 
specimens. Acoustic emissions from six l-in.-thick 
flawed base-metal specimens tested at 50, 75,100, and 
200°F have been monitored. Each specimen had an 
electron-beam weld crack with a circular segment 
surface, as described above, and direction of the tension 
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fig, 44. Test sew* for He M B . 

was perpendicular to the plane of the major and the 
mine; axes of this surface. Figure 4.5 shows the 
transducer mounted on the specimen on the unflawed 
surface. During each test, two acoustic transducers were 
monitored: the one directly attached to tine back side 
of the specimen and another mounted at the lower parv 
of the tensile machine, where any possible hydraulic 
noise may be detected. 

Since the signals obtained from both transducers were 
recorded on magnetic tapes, the signals from the 

transducer monitoring the hydraulic noise provided the 
necessary information to distinguish the acoustic emis
sion of the specimen from hydraulic noise. It was fe-und 
that the hydraulic noise was quite low except at the 
very beginning of the tests. Most of the noises could not 
transmit to the transducer w the specimen because the 
high frequency hydraulic noise was damped by several 
mechanical joints between the two transducers. 

The details of the transducers and the electronic 
equipment were previously described.7 



Table 4.3. Tensile teit data for Hn.-rh'ck ipeclmena 

Specimen Ten 
temperature 

(*F> 

HSST 
plate 
No. 

Gage 
length 
(in.) 

Width 
(in.) 

Thickness 
(in.) 

Grou 
area 

(in. a) 

Net 
area 

(irt.») 

Elastic 
limit 
load 
(kips) 

Elastic limit 
stress (ksi) Ultimate 

load 
(kips) 

Ultimate stress 
(kii) Average strain 

at ultimate4 

(%) 
No. 

Ten 
temperature 

(*F> 

HSST 
plate 
No. 

Gage 
length 
(in.) 

Width 
(in.) 

Thickness 
(in.) 

Grou 
area 

(in. a) 

Net 
area 

(irt.») 

Elastic 
limit 
load 
(kips) 

Grosi 
section 

Net 
section 

Ultimate 
load 

(kips) Gros* 
section 

Net 
section 

Average strain 
at ultimate4 

(%) 

210 03 2.66 175 58,4 65,7 230,6 78,6 88.9 SM 
3 50 03 2.42 176 58,6 72.7 223.0 74.3 92.2 5.75 
4 50 01 2.60 145 48.2 55.7 195.0 65.0 75.0 1.21 
5 75 01 2.61 150 53.3 61.4 235.0 78.4 ^0.0 4.98 
6 200 01 2.60 160 53.3 61.6 224.0 74.6 86 1 4.30 
7* 200 01 2.60 165 55,0 63.4 2?0.0 73.3 84.6 5.77 
8 200 01 2.58 155 51.6 60.1 215.0 71.6 83.3 5.32 
9 75 01 2.59 160 53.3 61.8 225.0 75.0 8*.8 4.62 

tt 

"Bawd on inflection of specimen gage length (4 in.) 
*Streu relieved. 
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Ffc.4w5. of the: 

Three 6-us.-thick flawed weld-metal spec
imens were tested at 0°F, room temperature, and 
160°F. Three uansducers were monitoring simulta
neously during each tensie test. One was attached near 
die notch and served as the pickup sensor of the data 
channel; the other two were mounted at the side of the 
specimen with equal distance from the notch. Only the 
acoustic emission signals that were generated in the 
notch area were transmitted to these t>w transducen at 
the same time. All other mechanical noises from other 

regions armed at different »ime?. By utilization of this 
principle, the acoustic emission signals can be distin
guished from all other kinds of noises. 

from 1-ia. 
Preliminary reduction data of I-in. specimens for the 
tests at SO, 100, and 200° r are presented in Fig. 4.6, in 
which the accumulation of acoustK emissions is plotted 
as the function of the stress intensity factor Kr These 



S5 

g 

z 

(000 

500 -
: l-M-THKK SPECIMEN 

50° F 

si < « 

3 2 
3 
U 
u 
4 

50 -

3 

1 
t 

M l l i l J ' • " " " 
I 5 10 50 WO 

STRESS INTENSITY RKTOR 
I 5 10 50 OO 

STRESS M7ENSITY »CTOR 
(fcs-Vln) 

2 
O 
s 
<n 
3E w 

3 " 

5 5 

COO 

500 

; WO 

SO 

10 

5 

-
l-N-THKX SPEQMEN | 
200° F r 

• 

2 • 

-
• 

- • 

• 
• 

_ • » • u t i J —i u 11 m 
5 to so no 

STRESS PrrENSTTY ACTOR 

t-^.4.6. i tonl-kH 

are typical acousUc emissixi curves, s&uilar to those 
obtained from the 6-in.-thick specimens reported pre
viously. The acoustic emission increases rapidly before 
the yield, and tht curve has a small plateau near the 
yieid point. The emission increases again until the 
specimen breaks. 

Data were obtained in 25-fcrp increments below 125 
kips and in 5-kip inciements when the approximate 
faOuie load was approached. I t was noticed that during 
the few steps a* the beginning of the tests, the acoustic 
emission stopped w**en loading was stopped for strain 
data recording; however, when* the stresses were near 
and beyond the yield points, there were emissions when 

a constant lo?4 was hdd on the specimen. This 
occurred because of the different behaviors of elastic 
and plastic emissions. 

As shown in Fig. 4.6, the curves plotted on loga
rithmic coordinates are almost linear prior to the yield 
points. This portion of the curves fits the equation for 
the accumulation counts of emissions N = AKf", where 
A a a constant and n is the slope of the curve on a 
logarithmic coordinate. The slopes n are plotted vs the 
test temperatures in Fig. 4.7. 

Two 1-UK-thick specimens received special treatment 
before they were tested at 200°F\ One was given a 
postweid heat treat for stress relief and another was 

- 44 *ii&6«r : i w ' * * * * * * ' * * " , * * * • « * ; * * « « • » • T 
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heated at 400°F for 2 hr to bake the hydrogen out. For 
comparison, the acoustic emission counts obtained 
from these two specimens are presented in Fig. 4.8. The 
heat-treated specimen had a lower emission rate. 

Acoustic emission from 6-m.-tbick welded tensle 
specimens. Figure 4.9 shows the acoustic emission data 
obtained from the tensile tests of three 6-in.-thkk 
flawed weld-metal specimens. The accumulation counts 
were also plotted vs the stress intensity factors on 
logarithmic coordinates. The slopes of the linear parts 
of the curves before the yield points are nearly the same 
for three different test temperatures. The values of the 
slopes are about 3 ± 0.5. These variations of the slopes 
are comparable with possible experimental errors. 

The tensile tests were also conducted at small 
increments of the applied stresses. It was of interest to 
observe the acoustic emission when a constant load was 
held on the specimen until no increase in strain 
occurred. The emissions were particularly interesting 
after the applied stresses passed the yield point during 
the test at I60°F. The stresses were held constant at 
57.6, 59.8, 63.2, and 65.9 ksi once, twice, or three 
times at each step. The specimen failed during the third 
period of holding the load at the constant stress of 65.9 
ksi. The accumulation of acoustic emission and the rate 
of acoustic emission during the constant-stress periods 
are plotted as a function of the applied stress on linear 
coordinates in Fig. 4.10. 

Since the sensitivities of the acoustic emission moni
toring system were set at slightly different levels for the 
tests in this report, in comparison with the tests 
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previously reported, the counts of emission should be 
adjusted for the different sensitivity levels. From the 
calibrated counts of acoustic emissions obtained in 
these two series of tists, it was found that the emission 
from 6-in.-thick specimens is higher than that from the 
l-in.-thkk specimens. 

SHAPE FACTORS FOR NOZZLE CORNER CRACKS 

R. W.Derby 

Shape factors for nozzle corner cracks in two types of 
epoxy model pressure vessels were determined experi
mentally. The vessels are shown in Fig. 4.11, and the 
important dimensions are given in Table 4.4. Experi
mental elastic stress analyses for the nozzle for both 
vessels are presented. 

Shape factors are defined implicitly by the funda
mental equation of fracture mechanics: 

Kj = Ca„ y/m, (1) 

where Kt is the stress intensity factor, a„ is the nominal 
stress, a is crack depth, and C is the shape factor. 

Since 

Kf = Klc (2) 

Table 4.4. Data on epoxy models 

Inside Wall 
radius thickness 
(in.) (in.) 

Nominal Nozzle 
nozzle wall 
radius thicknes* 
(in.) (in) 

Small, thick walled 1.70 0.71 0.507 0.48 
Laife, thinner wall 2.69 0.59 0.93 0.56 
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at fracture, we can evaluate the shape by substituting a 
known value of Ktc, crack depth, and nominal stress at 
failure into Eq. (1). The potential difficulties of this 
procedure are numerous. The most serious is the 

control of material properties so that scatter in KIc will 
not obscure the result for which one is looking. A 
second and related difficulty is the production of a 
large number of uniform, flaw-free vessels.3 Another, 
less obvious, difficulty is producing K/c specimens with 
acceptable fatigue cracks. 

Definitions 

The following rigorous definitions have been adopted 
in this discussion. 

Nominal stress 

The nominal stress used in Eq. (1) is simply the 
average hoop stress of the pressure vessel, given by Pr/t, 
where P is internal pressure, r is the inside radius, and t 
is the section thickness. 

3. A. A. AbbatieUo, R. W. Derby, and T. A. Kit*. "Product 
Epoxy-Modd Premie Vessels for Fracture Tests," Exp. Meek 
7(1), 46 (1971). 

PHOTO 7S871 

Fig. 4.11. Two types of pressure vessels used in the study. 
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Crack depth 

Crack depth is measured in the direction of the 45° 
diagonal of the nozzle corner from the intersection of 
the diagonal with the nozzle corner to the intersection 
of the diagonal with uncrackcd material. This definition 
is illustrated in Fig. 4.12. 

ORNL-DWG 7 1 - 9 2 9 1 

ORHL-DW6 7« - 9 2 9 0 

Fig. 4.12. Defiaitioa of a n fori nozzle crack. 

Nozzle radius 

The radius rz of the nozzle is taken to be the distance 
between the center line of the nozzle and the point 
formed by the intersection of the nozzle diagonal with 
the corner radius (see Fig. 4.13). This definition was 
suggested by Yukawa.4 

Results 

KIc measurements 

To ascertain that the value of Kfc substituted for Kf 

in Eq. (1) was indeed representative of the vessel 
material, we adopted the procedure of cutting the 
remainder of each vessel up into rectangular beams 
immediately after each burst test. These beams, which 
were used to measure Kfc, were approximately % in. 
square and 6 in. long. Such a specimen mounted in a 
bending fixture is shown in Fig. 4.14. A fatigue crack 
was grown in each specimen from a small slot. 
Significant experimental details are given below. 

. CORNER 
- / RADIUS 

I NOZZLE 
"J RADIUS 

F*4JX 

4. S.Yukawa, personal communication, 1971. 

F * 4.14. 
fixtue. 

1. To minimize the difference in environment be
tween the vessel and the beams, the cracks in the 
latter were grown under the same oil as used in the 
vessels. 

2. Because of frequency effects, both vessels and 
beams were loaded at 3 com. (Increasing the rate 
lowers the crack growth rate and may even reduce it 
to the vanishing point.) 

3. The straightness of the fatigue crack is ex
tremely sensitive to the squareness of the specimen; 
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a perpendicularity tolerance of 0.001 in. is required. 
Furthermore, a starter notch introduced with a tiny 
cutting wheel mounted on a milling machine works 
much better than a carefully guided jeweler's saw. 

4. We found that both beams and vessels were 
most fragile when the fatigue machine was started 
up after a shutdown of several hours. Many beams 
would break on the first cycle. Because this dif
ficulty was attributed to some kind of temperature 
effect at the crack tip, we warmed the oil in the 
beam cycling machine to 120°F before resuming 
cycling. The temperature was then allowed to return 
gradually to a normal 70°F. This procedure saved 
many beams. A similar effect was achieved for the 
vessels by operating at reduced pressure during the 
first 30 min of cycling. 

5. To insure that both vessels and beams were at 
the same state cf toughness, we allowed an interval 
of many hours (usually overnight) to elapse between 
the completion of the fatigue cycling and the de
structive test 

6. The toughness was found to be age dependent. 
Urns all die vessels were seasoned over a year before 
being subjected to cyclic loading. This precaution 
allowed aging effects to become negligible. 

The actual values of Ktc were calculated from an 
equation presented by Brown and Srawley.5 The 
parameters involved are moment at failure, beam 
geometry, and crack depth. Scatter in the KIc values is 
shown by the histogram in Fig. 4.IS. The skewed 
distribution is noteworthy and indicates that environ
mental variables were adequately controlled; otherwise, 
a few very weak specimens would have been found. The 
higher values were probably due to friction. The KIc 

was taken to be the class mark of the modal class, 900 
psi'v^nT 

Shape factor determination 

The actual measurements on the vessels were simple. 
The pressure at burst was measured with a sensitive 
pressure gage, and the size of the fatigue crack was 
measured with a comparator after uurst. The pressure 
was used to calculate nominal stress at failure. This 
value, along with crack size and K/c, were substituted 
into Eq. (1) to calculate the shape factor. The results 
are presented in nondimensional terms in Fig. 4.16. 
Also shown for comparison on the same coordinates is 
Yukawa's flat plate model.6 

ORNL-DWG 7 1 - 9 2 8 9 

• • • • / / / ' / / , % • ' • / . ' / • ' ' 
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Sample Calculation for a Reactor Vessel 

The relevant dimensions of a pressurized-water-
reactor pressure vessel are given in Fig. 4.17. Suppose 
that an acceptance test is scheduled for this vessel. The 
problem is to calculate the combinations of flaw size 
and pressure that would cause failure in the nozzle 
corner. The vessel and nozzle are made of A533, grade 
B, class 1 steel. Since the highest temperature at which 
KIc has been obtained for this steel is S0°F, we shall 
use KIc at that temperature in the calculations.7 This 
value is 140 ksi \/in7 

The curve based on the experimental data for the 
large epoxy vessels was used to estimate shape factors 
for the reactor vessel. Although these vessels are 
relatively thicker than reactor vessels, the shape factors 
are expected to he about the same. Various crack sizes 
were assumed, and Kfc, as mentioned above, was taken 
to be 140 ksi \/inT Hence, Eq. (1) gives the nominal 
stress at failure. Burst pressures were then calculated 
from Pr/t. Results of the calculations are shown in Fig. 
4.18. A small extrapolation of the curve in Fig. 4.16 
allows one to plot the dashed part of the curve in Fig. 
4.18. Two primary conclusions that can be drawn are: 

5. W. F. Brown, Jr., and J. E. Srawley, Plane Strain Crack 
Toughness Tesnn? of High Strength Metallic Materials, ASTM 
ST? No. 410, p. 13(1966). 

6. S. Yukawa, Evaluation of Periodic Proof Testing and Warm 
Prestressing Procedures for Nuclear Reactor Vessels, HSSTP-
TR-1, General Electric Company (July 1,1969). 

7. W. 0. Shabbits, W. H. Piyle, and E. T. Wessel, Heavy 
Section Fracture Toughness Properties of A 533 Grade B, class I 
Steel Plate and Submerged Arc Weldment, WCAP-7414 
(December 1969). 



61 

o«6 n -«su 

X 

2 1-

1 > -

I 1 T" 

LARGE EPOXY VESSELS 

SMALL. THK*-**LLED _ 
EPOXY VESSELS 

YUKAWA'S FLAT - PLATE 
MODEL 

• SMALL. THIOK-WALLED EPOXY VESSELS 
• LARGE EPOXY VESSELS 

i : ! i i i 
0.2 CL4 o.6 oa 

v/rt 

»0 1.2 t.4 
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function of the nondbnensonal term, crack size divided by 
nozzle radius. 
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(1) the tolerable flaw size at hydrotest pressure (1.2S 
times design pressure) and 50°F is surprisingly small 
and (2) near design pressures relatively large changes 
(50%) in flaw size are required to bring about small 
changes in burst pressure. 

Nozzle experimental stress analyses 

To determine the severity of the stresses in the nozzle 
corner region, an experimental stress analysis was 
performed on both vessels. The results are discussed 
below. 

Procedure. The strain gages were applied to the inside 
of the vessel before assembly of the components. Next, 
a number of small holes were tapped in the hemi
spherical end caps. Brass bolts were dipped in epoxy 
and screwed into these holes. When the epoxy had set, 

each bolt made an excellent 'lead-through.'' wires from 
the strain gages were soldered to the bolts on the inside 
(see Fig. 4.19). Finally, the vessel was glued together, 
and lead wires were soldered onto the exterior end of 
the brass bolts. 

The first observation of strain gage readings revealed a 
difficulty that has been reported by other investigators, 
namely, that epoxy dissipates the heat generated in the 
strain gages so slowly that temperature effects seriously 
distort the indicated strain. The situation was further 
complicated by the original test plan to place the vessel 
in a blast pit and pressurize with bottle gas. This 
procedure resulted in oscillating zero values. A partial 
solution was to submerge the complete vessel in a baib 
of mineral oil and to pressurize with mineral ofl. It* 
presence of the oil next to the gages vastly improved 
the heat dissipation. It was, however, necessary to pause 
for about IS sec between switching in a channel and 
taking a reading. 

Small thkfc-vesnd results. Some of the results of the 
analyses of the small thick vessel are shown in Fig. 4.20. 
The dashed lines indicate extrapolations to the stresses 



62 

wrtto rrs'.j 

Fij.4.19. Saul epoxy place ready for assembly. 
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most relevant results of Krishnamurthy's analysis, ad
justed to a pressure of 350 psi, are shown in Fig. 4.21. 
The agreement is excellent. For example, at the inside 
nozzle corner the experimental analysis gives 2200 psi, 
while the finite-element analysis gives 2280 psi. The 
outside ot was measured as 600 psi, whereas the 
computer shows 610 psi. 

Lafge-vesseJ results. The experimental analysis of the 
larger epoxy model is shown in Fig. 4.22. The results 
are for an internal pressure of 60 psi. 

PROCUREMENT OF INTERMEDIATE TEST 
VESSELS 

C. E. Childress 

A contract has been negotiated with Taylor Forge 
Company for six 6-in.-thick intermediate test vessels, 
essentially as shown in Fig. 4.23. The vessel consists of 
four major lorged components of AS08, class 2 
materials. The mechanical properties for the transition 
section and the flat and hemispherical heads were fairly 
typical, that is, the average ultimate tensile strength 
(UTS) was between 85 and 90 ksi and the yie'd strength 
(YS) averaged 65 to 70 ksi. However, the mechanical 

given by Lame's equation for tangential stress and by 
"force over area" for the axial stress. 

A finite-element analysis of * similar vessel assumed 
to be made of steel was performed by 
Krishnamurthy.8*9 This vessel is geometrically similar 
to the epoxy model except that the nozzle wall of the 
steel vessel is relatively thicker but unreinforced. The 

8. N. Krishnamurthy, "Three-Dimensional Finite Element 
Analysu of Thick-Walled Pipe-Nozzie Junctions with Curved 
Transitions," paper presented at 1st Int. Conf Structural 
Mechanics in Reactor Technology, Berlin, 1971. 

9. N. Krishnaimirthy, Three-Dimensional Finite Element 
Analysis of Thick-Wailed Vessel-Nozzle Junctions with Curved 
Transitions. ORNL-TM-3315 (Mar. 24,1971). 
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Fig. 4.21. Tangential stresses in the nozzle tegkMi of a 
thick-waled steel vessel which is geometrical? snwhr to the 
vessel of Fig. 4.19 except die steel vessel has a thicker, bat 
uweinfofccd nozzle. 

properties reported for the shell courses were on the 
order of 103 to !09 ksi UTS and 83 to 88 ksi YS, with 
a nil-ductility transition temperature of — 20°F as 
determined by drop-weight tests. The yield strength 
reported for the shells (83 to 88 ksi) was about the 
expected ultimate tensile strength of the weld material 
to be used in fabricating the vessels. 

The shell courses were originally tempered at 1280°F 
maximum. Canonico and Berggren10 developed in-

0.59 in. 

on Ike 

10. HSST Program SemUmnu. Prop: Rep. Feb. 28, J 971, 
ORNL-4681. 

Fig. 4.22. Axial a* 
outside of the nal of the hvger corny 

formation at ORNL which indicated that the strength 
properties of the shells could be lowered without a 
significant sacrifice in toughness by retempering at a 
higher temperature. Using material from shell pro
longations and Data-trak testing procedures, they 
showed that the strength properties could be lowered to 
about 92 to 95 ksi UTS and 69 to 72 ksi YS by 
retempering at 1320°F maximum. 

The first shell (National Forge shell 9) was instru
mented with seven thermocouples strategically located 
throughout the OD and ID as shown in Fig. 4.24. The 
heatup period comprised some 14 hr. At the end of the 
6-hr hold period each thermocouple was recording a 
temperature of 1320°F except the ID thermocouple, 
which recorded 1310°F. The shell was then furnace 
cooled at about 200°F/hr to 600°F. Test material was 
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Fig. 4.23. HSST intermediate test rend. 

removed from the prolongation and stress relieved at 
1125 ± 25°F for 24 hr. The test results for retempered 
shell 9 are given below. 

Ultimate 
tensile 

strength (psi) 

91,500 
92,250 

Yield 
strength 

(psi) 

72,000 
71,500 

Cy values 
at+10°F(fMb) 

66-40-33 
62.5-79-55.5 

51m-

TOP 
INGOT 
END 

VENDOR TESTING 
PROLONGATION ORNL FRACTURE 

M ^ . W « a » W **#*# 

PROLONGATION - / 

T C - 1 . 2 ANO 3 

TC-7 T C - 5 

Fig. 4.24. Locatini of 
ofsfcel9. 

f « port-

Canonico performed metallographic studies com
paring the materials originally tempered at 1280°F with 
the retempered material. Results of his studies show 
that there is no apparent difference in the metallc-
grapbic structure of the original material and the 
retempered material. 

Based on the obvious success in the retempering of 
shell 9, it was decided to proceed with retempering the 
remaining shells in a like manner. (No'e that the shell 
courses have been numbered 4 through 9, although it 
was originally intended that they be numbered 1 
through 6. When it became necessary to remake one of 
the ingots, National Forge decided to drop the orig
inally assigned first three numbers and continue con
secutively from 4 through 9.) The mechanical prop
erties for the retempered shells are listed in Table 4.5. 

On completion of final inspection the parts were 
shipped to the Taylor Forge (TF) plant in Paola, 
Kansas, for assembly. Taylor Forge qualified three 
welding procedures: two submerged-arc (WP-380) and a 
shjelded-metal-arc procedure (WP-381). All tests were 
qualified in the flat position; the joint configuration for 
each is shown in Fig. 4.25. 
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TaMr4.5. Test wa*ts rfter Kt MfjeOBfSt 132TF 

Shea 
Uttna* trtflk 

stragfh 
(ksO 

Yield strenftii 
(ksO 

Redaction of 

(*) (%) 
C^+lCTF 

(1Mb) 
RfCCBt e£2L 

4 93.75 T2 71 27 48 
505 
52 

41 
37 
40 

0.046 
0.044 
0.043 

91.5 69.5 67 26 53.5 
61.5 
61 

40 
37 
40 

0046 
0.057 
0.050 

5 94.75 72J 68.4 25.5 65 
60 
77.5 

47 
43 
40 

0.059 
0.060 
0 . « ! 

93.75 72^ 69.7 25.5 66 
59 
77 

43 
45 
46 

0.060 
0-059 
0.062 

6 94 72 71.8 27 60^ 
65.5 
70.4 

41 
40 
40 

0.048 
0.055 
OL059 

94.5 74 70.4 27 53^ 
60 
61 

39 
40 
37 

0LO4S 
0.052 
0.050 

7 92 71.5 71.2 27 71 
53.5 
72 

45 
34 
40 

0.060 
0.047 
O064 

91.25 67.5 68.8 25 51 
55.5 
57 

40 
31 
34 

0.044 
0.0*6 
0.049 

8 91.25 71.5 68.4 26 86.5 
61.5 
70^ 

45 
43 
41 

0.073 
0.052 
0.060 

91.75 71.5 70.4 26-5 66.5 
69.5 
58^ 

41 
34 
32 

a059 
a054 
0-050 

9 91.5 72 69.9 27 66 
40 
33 

43 
35 
33 

0.060 
0.039 
0.031 

9X25 71.5 71 27 
79 
55.5 

42 
47 
37 

0055 
0.061 
0-049 

The joint configuration for procedure WP-379, used 
in making the longitudinal seams, is shown in Fig. 
4.25a. The OD groove is prepared by machining and 
inspected with magnetic particles prior to welding. 
Essentially the conditions of the procedure are as 
follows: 

1. preheat 300 to 500°F and maintain until postweld 
heat treatment (PWHT); 

2. filler wire: RACO-127, 3 / t 6 in. in diameter, single 
wire feed; 

3. interpass temperature: 500°F maximum; 

4. flux: Linde type 0091, size 65X200; 
5. travel speed: approximately 12 inVmin.; 
6. current: ac, 750 A, 30 to 32 V; 
7. on completion of the OD side, the ID is ground to 

solid metal and welded in much the same manner as 
theOD. 

The basic parameters noted for procedure WP-379 
(for longitudinal seams) are also applicable to procedure 
WP-380 (circumferential seams), except that the ID 
portion of the weld is applied with shielded-metal-arc 
electrodes. 
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The joint configuration for the shielded-metal-arc 
procedure is shown in Fig 4.25c. This procedure is used 
for ail repair welding and for attachment of a nozzle to 
vessel V-5. Each half is prepared by machining and is 
inspected with magnetic particles prior to fit-up. The 
first three passes are applied with %2-in.~diaia elec
trodes using 140 to 180 A and 24 to 26 V. Subsequent 
passes are applied with ^-in.-diam electrodes with 
amperage and voltage ranges of 190 to 240 and 24 to 
26 respectively. The nature of the welding current for 
all passes is direct-current reverse polarity (DCRP). All 
welding is performed with Alloy Rods type 8018NM 
electrodes. 

All test plates were subjected to a final PWHT at 
1125°Ffor28hr. 

A weld deposit chemistry analysis from procedure 
WP-379 (RACO heat 34445, flux lot 3977) showed: 

C MR P S Si Cr Mo Ni V 

0.10 0.86 0.016 0.021 0.19 0.06 0.49 0.06 Trace 

Mechanical properties from an all-weld tensile specimen 
from the V4-T location are: 

UTSftsi) YS(ka) 

85 71.5 

r> 
28 62-5 

The results of Charpy V-notch tests made on full-size 
specimens tested at + 10°F are: 

U K — 
(ft-*) 

Mnslatcal £L 
7SEESS* tSPtm i$ i 56-4G-*5 25-28-34 30-40-40 
HAZ%T 43-47-49 34-41-38 50-50-50 
Weld % T. top 9046-97 66-57-70 804040 
wetd y 1 4 » . . 

bottoin 
snrtace 

77-8 VIA 53-53-52 80-9540 

A deposit analysis from procedure WP-380 (RACO heat 
34445, flux lot 3977) gave: 

C t f e P S S i Q M o N i V 

0.13 0.77 0.015 0.020 0.19 0.07 050 0.08 Trace 

Mechanical properties from an all-weld tensile specimen 
from the %-T location are: 

UTSOuO YSOca) 

81.5 69.4 28 

Redact on of 
a«W 

64.9 

The results of Charpy V-notch tests made on full-size 
specimens tested at +10°F are: 

Location (ft-*) 
Mas lateral Percent 

dnctse 
fractnre 

Parent metal % T 37-55-60 29-41-46 20-25-25 
HAZ % T 48-57-62 40-45-49 4C-40-50 
WeM % T, 87-92-92 66-6348 90-80-80 

bottoin 
Wdd '/it in., top 84-91-95 66-73-74 8040-80 

surface 

A deposit analysis from procedure WP-381 (Alloy Rods 
heat 01L3333, lot F25827A, and heat CTY538, lot 
B012A27A) showed: 

Mn Si Cr Mo Ni 

C.09 1.33 0.012 0.012 0.52 0.05 0.52 0.99 0.02 
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Mechanical properues from an ail-weld tensne specimen 
from the V T location showed: 

LT(fai) YS(ksi) 

95.3 84.8 29 

•a(%) 

70.8 

The results of Charpy V-notch tests made on full-size 
specimens tested at +I0°F are: 

7S-7S48 
86-96-123 
75-73-85 
76-72-70 

f*cat mtul % T 
HAZ"4T 

wcM^T.too 

boctoaisnfa 

56-56-51 
62-75-64 
60-57-65 
65-62-61 

404040 
6060-90 
70-7040 
SOtOO 

The completed vessels wil be identified by the 
desapiaoom VI through V-6. Vesseb V-l aad V-2 wul 
be fabricated as shown m Fig. 423. In addition to the 
two circumferential seams shown in Fuj. 4.23, vesseis 
V-3, V-4, and V-6 wffl cootam a kjoptuduoi seam; V-6 
wil also contain a second girth seam situated midway 
between the two shown in Fig. 4.23, with the two 
longitudmal seams located 180" apart. Vessel V-S wnt 
be fabricated as shown in Fh> 4.23 with a n o d r 
attached near the vicinity of the test area. 

One of the main putposes of the HSST program is to 
the effects of flaws, material mhomo-

on the behavior of vesseb 
tcddent towJitinwt. For 

this, and other reasons, the fabrication is lequhed to 
iminrim identification, orientation, etc, of < 
ponent in each uesseL In; 
a rigid nnndestrucrjve inspection test and a 

test prior to * 


