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Foreword 

The Heavy-Section Stee! Technology (HSST) Program 
is a USAEC-sponsored efto.r ioi investigating the 
effects of flaws, variations of properties, stress raisers, 
and residual stress on the structural reliability of 
present and contemplated water-cooled reactor pressure 
vessels. The cognizant engineer for the USAEC is J. R. 
Hunter. At ORNL, the program is under the Pressure 

Vessel Technology Program, of which G. D. Whitman is 
Director. The HSST program is being carried out in very 
close cooperation with the nuclear power industry. 
Prior reports in this series are ORNL-4176, ORNL-
4315, ORNL-4377, ORNL-4463, ORNL-4512, ORNL-
4590, and ORNL-4653. 
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Summary 

The Heavy-Section Siee! Technology (HSST) program 
is one of the major USAEC safety-oriented research 
efforts concerned with the in-service structural integrity 
of the nfajsive pressure vessels typical of those used in 
large boiling-water and pressurized-water reactor power 
plant?,. Emphasis is placed on the effects of flaws, 
material inhomogeneities, and discontinuities on the 
behavior of the vessels under startup, operating, cool-
down, and accident conditions. 

Research and development under the HSST program 
is of necessity broad based because of the extensive 
interrelating fields of study involved: metallurgy, chem
istry, material properties, inspection, analytical and 
experimental stress and strain analyses, environmental 
effects, fracture mechanics, and the general area of 
fracture behavior. The material being investigated is 
mainly the ASTM A 533, grade B, class I steel and the 
submerged-arc weld. Less emphasis is placed on the 
forging-grade realtor vessel steel, ASTM A 508, class 2, 
and electroslag and shielded-metal-arc weids. 

The HSST 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 should 
culminate in the quantification of safety assessments 
that are needed by the USAEC regulatory bodies, the 
professional code-writing bodies, and the nuclear power 
industry. 

There are 12 tasks of lha HSST program. !n this 
report, the activities under *hese tisks are grouped 
under administration and procurement, unirradiated 
materials investigations, irradiated materials studies, »nd 
pressure vessel investigations. In addition to the investi
gations performed at Oak Ridge National Laboratory, 
work is being performed under nine subcontracts and 
three cooperative efforts. One progress report, two 
technical reports, and two technical manuscripts were 
distributed during the reporting period. 

Extensive investigations of tensile and impact prop
erties throughout the length, width, and thickness of 
the 55-ton HSST plates continue. Surface material was 
seen to vary by 19,000 psi in yield strength; however, at 
quarter thickness much iess variation was noted. Thirty 
ft-lb Charpy impact temperature varies as much as 30°F 
at quarter thickness for the longitudinal direction. 

Under an informal cooperative effort, Siemens AG 
has developed extensive fracture toughness data on 22 
Ni Mo Cr 37 forging steel, which is very similar tc 
ASTM A 508, class 2 forging steel. Tensile, Charpy 
V-notch impact, drop weight, and fracture toughness 
tests were made. Also, a crack growth fatigue study was 
made. Three different heats were used in the investiga
tion. The forging steel, in comparable thickness with 
HSST i2-in.-thick plates, exhibited properties as good 
as those of the plate steel. Two of the three forging 
steels were shown to iiave a lower transition tempera
ture in fracture toughness than the plate steel. Almost 
identical crack growth rates were observed between the 
forging and plate steels. 

The main emphasis of tht investigation of gross strain 
crack tolerance of steels has been a study of the effects 
of crack size on the gross strain crack tolerance as a 
function of temperature. Ti'ree cade sizes were 
studied. A significant increase to s'.tain above 0.2% 
occurred at increasing temperatures with increasing flaw 
size. This was true for gross section strain, net section 
strain, and crack opening displacement. 

The investigation of crack arrest toughness has been 
essentially completed, and it was found that the arrest 
toughness is lower than dynamic initiation toughness, 
which is loweT than static initiation toughness. Jn 
particular, the arrest toughness has not exhibited ai: 
abrupt transition to higher toughness levels even at 
120°F, which to date is the highest temperature at 
which tests have been made. 
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Three-dimensional elastic-plastic analyses using a 
finite-element computer program have been performed 
on a tensile specimen containing a part-through semi-
elliptic crack. The first case analyzed was that of an 
elastic, perfectly plastic material. The case currently 
being run is that of a strain-hardening material. The 
results of this analysis can be compared with the flawed 
tensile test results. 

Compact tension specimens were tested from -SO to 
550°F. One-inch (1 T) specimens have now been tested 
with both longitudinal and transverse orientations. 
From these results the fracture toughness parameter 
KIca was determined. This work was performed as a 
preliminary step in testing specimens 6 and 9 in. thick. 

The investigation of crack propagation in water 
reactor environment, excluding irradiation, has been 
completed. It was concluded that environment had no 
effect on fatigue crack growth of A 533, grade B, class 
1 steel and weldment. The data compared very well 
with those obtained on other heats of the steel at 75°F. 

The investigations of irradiation effects at Naval 
Research Laboratory, Westinghouse Electric Corpora
tion, and Oak Ridge National Laboratory are es entially 
complete. A major effort at Hanford Engineering 
Development Laboratory (HEDL) and a cooperative 
effort with Verein Deutscher Eisenhuttenleute con
tinue. 

At HEDL a 4-in.-thick compact tension dummy 
specimen ganima-heat experiment was designed to 
determine specimen temperature profiles in a reflector 
position facility of che Experimental Test Reactor. 
Some 50 thermocouples will be used in the experiment. 

Compact tension specimens irradiated to 8 X 10 1 9 

neutrons/cm2 (E > 1 MeV) at 540°F were tested. A 
fracture toughness KIc value of 46,200 psi VhT was 
found at 200°F, and a value of 63300 psi VST. was 
found at 245°F. The low values imply that irradiation 
has a progressive embrittling effect on steel which does 
not saturate at a given fluence level. A series of 
high-fluence tensile specimens were also tested. These 
tests indicated that changes in yield and ultimate 
strength are directly proportional to fluence and further 
verified that saturation does not take place. 

The work sponsored by Verein Deutscher Eisenhut
tenleute features Charpy impact and tensile tests. The 
materials being investigated are three low-alloy steels, 
including A 533 steel furnished by the HSST program. 
Submerged-arc welds and heat-affected zones are also 
being investigated. Irradiations are being performed in 

the DIDO reactor. Fluences are 1,5,and 10X 10' 9 (E 
> 1 MeV) at 572 and 752°F. The irradiations have been 
completed, and resuKs should be available in late 1971. 

A technique for fatigue sharpening large cracks by 
local pressurization was at. )lied to six large 6-in.-thick 
tensile specimens. The fatiguing of machined flaws % 
to V2 in. deep was successfully accomplished on all the 
specimens. 

A technique for generating small sharp flaws using a 
method of hydrogen charging in a high residual stress 
region was developed. The high residual stress region 
was made by use of an electron beam welder to produce 
an autogeneous weld on the surface of a specimen. A 
107 solution of hydrogen sulfate serves as the elec
trolyte in charging the hydrogen into the steel. Flaws in 
a series of small pressure vessels were generated in this 
manner. 

Ten large flawed tensile specimens (cross section 18 
in. wide by 6 in. thick) have now been tested. Seven 
were tested in the longitudinal direction and three in 
the transverse direction. Extensive experimental data 
have been obtained from all the tests. Fairly low gross 
section strains (around 1%) were obtained up to 100°F 
with accompanying flat fractures. Mixed mode fractures 
wiih gross section strains around 3% were found at 
130°F, thus indicating a very rapid toughness transition 
behavior. The longitudinal specimens indicated a transi
tion to higher toughness levels than the transverse 
specimens. All the specimens were instrumented with 
acoustic emission devices. Acoustic emissions were 
studied as a function of load or stress intensity factor. 
The cumulative emissions were shown to be an expo
nential function of the stress intensity. The exponent 
appeared to vary with test temperature. 

The fabrication of the intermediate test vessels 
continues, with delivery of the first vessel scheduled for 
mid-1971. High strength values were found to exist for 
the cylindrical test courses of the vessels. Following an 
intensive metallurgical and testing study, techniques for 
reducing the strength to levels comparable with A 533, 
grade B, class 1 plate were developed. These procedures 
are being applied to the test courses. 

A study of the relationship between fracture tough
ness Kjc and rharpy impact Jata was completed. 
Although a correlation of KJc with Charpy energy 
appeared to exist for several situations, no general 
conclusion could be drawn that confidence existed in 
such correlation throughout the full toughness range. 



!. Program Administration and Procurement 

With the emergence of nuclear reactors as one of the 
major beat resources, the United States electrical power 
industy has been quick to recognize the potential of 
nucleai reactor systems for power generation. The peak 
period for nuclear plant orders was in 1967, when 
two-thirds of the announced power generating plants 
were nuclear. It is now conservatively estimated that by 
1980 about 25% of the total electrical output in the 
United States wfil be from nuclear plants. In the United 
States there are currently over 100 civilian nuclear 
power stations in operation (approximately 20), under 
construction (approximately 55), and on order (approxi
mately 35). The total electrical capacity in service 
exceeds 8300 MW(e). Some of the larger plants now 
under construction have capacities exceeding 1100 
MW(e). The two major systems that have evolved to 
commercial status in the United States are the boiling-
water reactor (BWR) and the pressurized-water reactor 
(PWR) systems. 

Concurrent with the growth of the nuclear power 
industry has been the increase in size of the plants 
themselves. This increase has resulted mainly from 
scaling up small systems with some modification in 
pressures and operating temperatures; consequently the 
pressure vessels of the systems have increased in 
diameter and thickness. The plate for fabricating some 
larger pressurized-water vessels approaches 12 in. in 
thickness, with diameters of the vessels from 14 to 16 
ft. The standard operating temperature is aro;;nd 
550°F. Pressures range upward to around 2500 psi for 
the PWR systemr; for BWR systems the vessels are 
designed for about half that pressure. Equally signifi
cant to the increased sizes is the economic incentive to 
place these large plants near densely populated and 
industrial areas. 

The main concern of the Heavy-Section J5tegLT_tch-
nology (HSSJ) Program is the massive pressure vessels, 

with emphasis being placed on the effects of flaws, 
material inhomogeneities, and discontinuities on the 
behavior of the vessels under startup, operating, cool-
down, and accident conditions. This interest stems from 
the fact that, inherently, flaws (discontinuities), though 
possibly quite small, exist in vessels and that better 
in-service inspection techniques must be developed to 
detect these for the se;vic? life of the plants, some 
being designed to operate 40 years. The objective of the 
HSST program is to develop a technology for reliably 
estimating a conservative margin of safety against 
fracture of nuclear pressure vessels during the service 
life of the plants, particularly if such fractures might 
endanger the public. 

The material used to fabricate most American water 
reactor vessels is ASTM A 533, grade B, class 1 plate 
steel or the equivalent forging-grae'e steel. ASTM A 508, 
class 2. 1 The welds most commonly used are the 
submerged-arc or the shielded-metal-arc weld, but elec-
troslag welds have been used in some vessels. All these 
steels and weldments are being investigated, but the 
major emphases are on the plate steel and the sub
merged-arc welds. 

The HSST program has a professional staff charged 
with administering, evaluating, and interpreting the 
research programs and results. There are 2 advisory 
committees staffed by 28 scientists and engineers with 
expertise in the areas of HSST research. Only 8 of these 
experts are under subcontract. Nine technical subcon
tracts (Table 1.1) were in force during this reporting 
period. The work under these subcontracts is sum
marized elsewhere in this report. Also during this period 

1. 1971 Annual Book of ASTM Standards, Part 4, pp. 
594-604, 646-51, American Society for Testing and Materials, 
April 1971. 
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Table 1.1. Reseach subcontracts spomcred by the HSST program 

UCCND 
Subcontract 

No. 
Title Company Initiation 

date 
Termination 

date 

3078 

3134 

M52 

3153 

31% 

3202 

3209 

3290 

3398 

Testing of Heavy-Section 
Compact Ktc Specimens 

Westinghouse 
Eke trio 
C'»poration 

Jan. 1, 1968 June 30,1970 

Gross Strain Measurement of 
Fracture Toughness of 
Steel 

TRW. Inc. Sept. 1,1968 Apr. 30,1972 

Strain Rate and Crack 
Arrest Studies 

Materials 
Research 
Laboratory 

Sept. 1,1968 Sept. 30,1971 

Three-Dimensional Elastic-
Plastic Stress and Strain 
Analysis for Fracture 
Mechanics 

Brown 
University 

Oct. 1, 1968 Mar. 31,1972 

Clastic-Plastic Fracture 
Criterion for Flawed 
Structures 

Westinghouse 
Electric 
Corporation 

Jan. 1, 1969 Dec. 31,1971 

Large Tensile Tests Southwest 
Research 
Institute 

Jan. 1,1969 Oct. 31,1971 

Irradiation Effects on 
Pressure Vessel Materials 

Westinghouse 
Electric 
Corporation 

Dec. 23,1968 Sept. 30,19^0 

Crack Growth Rate in an 
Environment of High-
Temperature Reactor Water 

Wesbnghouse 
Electric 
Corporation 

June 1. 1969 Apr. 30,1971 

Correlation of Impact and 
Toughness Data 

University 
of Illinois 

Feb. 1, 1970 No .15,1370 

the sixth progress report,2 two technical reports, 3 , 4 

and two technical manuscripts5 ,6 were published. 
TWelve papers on HSST research were reviewed for a 
special issue of Nuclear Engineering and Design. 

The major procurement items are the intermediate 
test vessels. These are discussed in Chapter 4. 

2. F. J. Witt, HSST Program Semiannu. Progr. Rep. Aug. 31, 
1967, ORNL-tl67;Fe&. 29,1968, ORNL^315;/4u*. 31. 1968, 
ORNL-4377; Feb. 28, 1969. ORNL-4463; Aug. 31, 1969. 
ORNL-4512; Feb. 28. 1970, ORNL-4590. 

3. T. R. Magcr, Fracture Toughness Characterization Study 
of A 533 Grade B Oats i Steel, WCAP-7S38 (Sepcember 1970). 

4. T. R. Mager, Notch Preparation in Compact Tension 
Specimens. WCAP-7579 (September 1970). 

5. D. A. Canonico, Transition Temperature Considerations 
for Thick-Walt Nuclear Pressure Vessels. ORNL-TM-3114 
(October 1970). 

6. G. D. Whitman and F. J. Witt, HSST Program. ORNL-
TM-3055 (October 1970). 



3 

2. Investigation of Unirradiated Materials 

These investigations are divided into studies of unir
radiated materials and studies of irradiation effects. The 
studies of unirradiated materials include inspection, 
characterization, variability determinations, transition-
temperature investigations, fracture mechanics s'udies, 
and fatigue-crack-propagation tests. Current work in 
these areas is discussed here. Additional results for 
unirradiated material are given in Chapter 3, 'nvestiga-
tions of Irradiated Materials. 

MATERIALS INSPECTION 

C. E. Childress 

The inspection activities of the HSST program are 
normally reported in this section; however, the status of 
the fabrication of the intermediate test vessels is 
discussed in Chapter 4. 

MATERIALS CHARACTERIZATION AND 
VARIABILITY STUDIES 

R. G. Berggren W. J. Stelzman 
T. N. Jones 

Tensile tests results have been obtained from section 
01 CI of HSST plate 01 (ASTM A 533, grade B, class 1 
steel). The plate section locations are shown in Fig. 2.1, 
and the results are reported in Table 2.1. Table 2.2 
compares the yield strengths of the 01 CI region with 
the portions of plate 01 previously investigated. The 
comparison results were obtained using the standard 
0.505- and the 0.17<ViR.-gage-diam : r.sile specimens; 
however, test data indicate that either specimen pro
duces comparable yield resui's. 

The 01 CI region yield-strength data show tl" same 
insensitivity to specimen orientation it. the longitudinal 
(R) or transverse (W) directions1 as in previous plate 
locations except for the back surface (1 T) level, which 
shows a significant difference. After reexamining the. 

ORNL-0VG 71-2668 

TOP INGOT END 
r 

BOTTOM MSOT END 

Ffe.2.1. Test location a HSST plate 01. 

data for the 1 T level, it is believed that additional data 
from R-oriented specimens will reduce this difference. 
The 01 CI region exhibits lower yield strengths than the 
nearby 01 El region or the central 01K regions at both 
the front (0 T) and back (1 T) surfaces and the 
one-fourth and three-fourths thickness levels but equal 
yield strengths at irridlevel. In contrast, the 01C1 yield 
strengths are equivalent to the 01MU region yield 

I. R. G. Berggren, HSST Program Semumnu. Progr. Rep. Feb. 
28, 1969, ORNL-4463, pp. 20-21. 
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2.1. properties of 12-in.-thick HSST pbte 
ASTM A 533, grade B, d m 1 steel 

0 I C 1 * 

Depth 
Orientation6 

Strength property (psi) Elongation (%) Reduction 
• plate 
W/12) 

Orientation6 

Upper 
yield 

Lower 
yield 

Ultimate*" 
ttnwlf Uniform Total -

••area 

X 10 3 x 10 3 x 10 3 

0 R 73.0 90.3 10.6 18.5 75.0 
W 769 74.6 91.5 13.1 26.4 71.8 

% R 66.3 64.1 85.7 10.7 20.1 72.4 
W 66.9 65.1 863 10.8 19.4 70.2 

% R 69.5 66.4 88.4 10.6 19.7 70.7 
W 67.6 67.0 88.8 10.3 18.7 69.9 

% R 643 62.4 83.9 11.8 20.7 72.2 
W 64.1 63.4 85 0 11.6 20.2 70.7 

1 R 71.6 67.4 87.0 133 23.6 75.0 
W 71.0 90.1 113 203 73.8 

'Aven me of two or more 0.17ft •in.-tace-di am specimens tested al 75°Fanda strain rate of 0.016 in. i n . 1 m m ' . 
^Specimen axial dimension in R, major roBmg direction, or W, transverse to major roKng direction, of plate. 
'Defined as the maximum load after the yield point divided by the original area of cross section. 
^Ltmgth-to-diaineter ratio: 7. 

TaMe 2 3 . Variation of Ouray V-notch 
of 12-in.-fhkk HSST phte 0 1 , ASTM A 533 

B, email 

Rate 
Orientation6 

Depth in pbte 

TaUe2.2. Vanatioi i of yield 1 stress* • 12-bL -Chick HSST secular 0T 17 %1 %T %T 
pie* 01, ASTM A 533, grade B, cans 1 steel 

< iy__va^Brha« ••»_ • ^ 1A fiML. *"*B\ 

Hate 
Orientation' 

Depth in pbte (pu) 

ft
 f

t RW 
WR 

-130 
-105 

em Mn* 
-125 
-100 

< 
15 

5 
25 

25 
cctJon* Orientation' 

07" 17* %T \T %T ft
 f

t RW 
WR 

-130 
-105 

em Mn* 
-125 
-100 

< 
15 

5 
25 40 

El RW -140 0 
X 10 3 > 1 0 3 x I 0 3 x I 0 3 x 10^ KM 

K3 
WR 
RW -140 -135 

20 
- 5 

SO 

a R 73.0 6?.4 64.1 62.4 66.4 K3 WR -105 -120 20 

a W 74.6 71.0 65.1 63.4 67.0 K4 RW -140 - 5 IS 

u R 80.7** 6«.9 d 

MU1 RW -120 25 30 
KM R 823 MUI WR -85 25 40 
KM W 79.1* 6 8 3 d 67.1 d 

MU2 RW -100 25 
KM W 673 SH RW -115 10 
Kl-3 R 79.2* 75.0* 68 .8 d 66 .3 d 66.7 d 

Kl-3 T 66.4 66.7 SMEaotyf fMb) 
K3 R 79.0 77.7 683 CI RW 122 125 124 12S 108 
K3 W 79.4 78.1 69.0 CI WR 100 103 no 100 9> 
K3 W 77.4 d 76.0" 69 .3 d El RW 116 125 
K3 T 68.1 KM WR 96 85 
K4 R 81.2 68.7 68.1 K3 RW 114 110 120 
Ml) I R 73.7 d 61.7 d 58.4 d K3 WR 86 94 96 
MU1 W 73.1* 61.6 d 58.0* K4 RW 120 116 
MU2 R 7 2 3 d 63.2* MUI RW 125 136 129 
SH R 56.3 59.3 d 64.6 d Mill 

MU2 
WR 
RW 

93 
125 

110 
125 

too 

*Test temperature, 75 F. SH RW 125 124 

'Specimen axial dimension in direction of (R) or transverse 
(W) to major rotting direction of plate. 

dResults from standard 0.505-in.-gage-diam specimens; re
mainder of results from O.I78-in.-gage-dbm miniature speci
mens. 

'Refers to plate section and location in Fig. 2.1. 
"First letter indicates orientation of axial center line of 

specimen and second letter indicates fracture propagation 
direction. R and W refer to principal rolling direction and width 
direction of pbte respectively. 
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strengths at both surfaces and at the one-fourth and 
three-fourths thickness levels but higher at the mid-
thickness. The OISH region yield strengths still remain 
vsell below the values obtained elsewhere in the plate. 

Cl-arpy V-notch impact data were also obtained from 
section 01C1; the results are presented in Table 2 3 . At 
£ correlation energy of 30 ft-Ib the 01 CI impact data 
indicate a lower transition temperature and higher shelf 
energy from longitudinal (RW) than from transverse 
(WR) oriented test specimens.1 This appears to be 
consistent with results from other portion; of the plate. 
The 01C1 impact results are in good agreement with 
results for the other regions of the plate. 

Fractuie Toogkaess Tests3 on Fcrgngs 
from22NiMoCr37 

E. Klausnitzer 
Siemens Aktiengneilschaft 

West Germany 

httrodactMMi 

Since 1967 Siemens AG has been working on a 
research program entitled, "Fracture Toughness Testing 
on Pressure Vessel Steels and Application of the Results 
on Reactor Pressure Vessels." This program is funded 
by the government of the Federal Republic of 
Germany. We are investigating die theoretical and 
experimental basic theories of fracture mechanics and 
their application to pressurized-water reactors (PWR); 
therefore the measurement of the fracture toughness of 
the steel, 22 Ni Mo Cr 3-7, is very important. This steel 
is used by Siemens AG in the form of forgings with wall 
thicknesses from 4 to 40 in., especially for reactor 
pressure vessels and other primary components of 
nuclear reactors. The tests have been done on several 
ibrginss, some of which were embrittled, with various 
fabrication histories. 

Some of the results on unirradiated specimens are 
given in this discussion; no data on irradiated specimens 
are available. The irradiated specimens were taken out 
of the KWO (nuclear power plant Obrigheim) hi August 
1970 and will be tested in 197i. 

Test Program 

According to the German testing standards for pres
sure vessels it has to be shown for each forging that the 

2. This work was sponsored by Siemens AlUneneeseHschaft 
(Siemens AG) of the Federal Republic of Germany and is 
reported as a cooperative exchange with the HSST program. 

specified values for chemical composition and mechan
ical properties, especially the tensile and impact values, 
are reached. Since it is important to guard against 
brittle fracture in nuclear reactor pressure vessels, 
Siemens AG also specified, for its fust PWR (MZFR, 
built 1961-65), the determination of the NDT tem
perature. Pilot testing of the fracture toughness was 
done first, and systematical investigations on fracture 
inechanics have been under way since 1966. 

To satisfy the applicable testing standards and to 
evaluate the safety against brittle fracture by use of 
fracture mechanics, the test material was subjected to 
the following tests: 

1. tensile tests, to obtain the yield strength, ultimate 
tensile strength, total elongation, and reduction in 
area; 

2. Charpy V-notch tests for the notch impact strength 
and the percentage of brittle fracture; 

3. drop-weight tests for the NDT temperature; 

4. measurements of the crack growth under fatigue 
load; 

5. measurements of tht fracture toughtks. 

Test Materials 

For these tests the following forgings from 22 Ni Mo 
Cr 37 were used. 

Material A. A 110-in.-diam by 36-in.-thJck forging 
plate originally intended for use as the tube plate of 
a steam generator and subsequently rejected after 
cracks appeared after the annealing was available. Test 
material from this forging plate was obtained from the 
supplier. 

Material B. For further investigations there was 
available a 28-in.-diam by 28-in.-tiuck forging bar 
fabricated especially for brittle fractuie testing. 

Material C. Enough testing materusi f A this program 
was available following acceptance testing of a 
139-in.-OD, 9-in. wall thickness, 119-in. length cylin
drical forged ring for a nuclear reactor pressure vessel. 
Specimens from this forging ring wiil also be tested in 
the irradiated condition. 

The chemical compositi' * of the forgings is generally 
within the specification of the 22 Ni Mo Cr 37, as 
shown in Table 2.4. The slightly excessive carbon 
content of material C is considered insignificant. Apart 
from slight deviations the chemical composition re
quired by the 22 Ni Mo Cr 37 specification corresponds 
also with that required by ASTM A S06, class 2. 
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TaMe 2.4. C and heat treat • t a t of 22 Ni Mo Q 37 fngiap 

Chemical composition (wt %) Heat treatment 
Identification C Mn P S Si Al Ni Cr Mo Austenirized Tempered Stress relieved 

22NiMoCr37 0.17 0.50 Max Max 005 Max 030 0.30 0.60 
specification 0.25 1.00 0.015 0.015 0.35 0.05 1.00 030 0.80 

22NiMoCr J7 0.24 0.91 0.013 0.013 0.2S 0.03 0.78 0.33 0.67 1740°F 1250°F 
forging plate A for 16 hr. fo r20hr . 
(U0k i .d ia in , water quench fur.ocecool 
36 m. Jnck) 

22NiMoCr37 0.2S 0.66 0.013 0.011 0.26 0.02 0.96 0.44 039 1650°F 1290°F U50°F 
forging bar B f o r6h r . for 10 hr. fo r30hr . 
(28 in. (Mam, water quench air cool air cool 
28 m. length) 

22NiMoCr37 0.27 0.76 0.015 0.011 0.30 0.045 0.83 0.35 0.64 1600°F, 12?0°F 1I10°F 
forging ring C fo r6h r . for 15 hr. f o r i h r . 
(139in.diam. water quench furnace cool furnace cool 
9 in. thick, during 
119 i r . length) fabrication of 

the vessel 
6 times at 
1000- U I O 0 * 
for 6-21 hr, 
furnace cool 

Al! testing materials were melted in an electric 
ftunace and vacuum degassed. The hot working by 
forging was done »t. 2100 and 1560°F. 

The heat treatment of die test material is also given in 
Table 2.4. As already mentioned, material A is a 
rejected piece that was .lot further stress relieved. The 
several stress-reoef procedures for material C result 
from conformance to die manufacturing procedure 
required for the reactor pressure vessel. Typical grain 
structures of each of the test materials are shown in Fig. 
2.2. The grain size of material A is somewhat greater 
than that of materials B and C. All materials have 
normal annealing grain structure. 

fcrfofmance of the tests and specimen orientation 

The following specimens were used for the tests: 

1. tensile specimens, B 6 X 30 DIN SO 125 (i.e., 6 mm 
diam, SO mm testing length); 

2. Charpy V-notch test specimens according to ASTM 
E 23-60, type A; 

3. P2 drop-weight specimens according to ASTM b 
208-69; 

4. W0L-1X, WOL-2X, WOL-4X specimens and 1 
T-CTS, 2 T-CTS, and 3 T-CTS specimens according 
to ASTM E 399-70 T. 

All specimens were tested according to the relevant 
German (DIN) or American (ASTM) regulations. The 
test temperature was 75°F, and the frequency was 
maintained between 10 and 100 Hz. The Klc .aeas-
urements were done in a cooling b*th (nitrogen or 
methanol). 

Material A. The inset in Fig. 2.3 shows a part of the 
broken forging from which five rods were taken out Tor 
investigations by trepanning. Rod S was available for 
the tests at Siemens AG. This rod was divided equally 
into six approximately 6-in.-thick disks. The initial tests 
indicated that the Charpy V values were the lowest in 
the midthickness of the forging. This region was 
selected for the fracture toughness testing to measure 
the lower hrnit of the fracture toughness. The speci
mens were oriented to reduce the possibility of a 
gradient in the properties in die fracture area. 

Material B. Specimen layout from the segments 
available from material B is shown in Fig. 2.4. The 
specimens were oriented so that the fracture planes are 
radially positioned. The forging direction could not be 
taken into account. In principle, the distribution of the 
specimens is the same for all three segments; a detailed 
view is given in Fig. 2.5. 

Mateiial C. All materials testing on forged rings for 
reactor pressure vesseb is done on a ring about 8 in. 
high which is cut off after annealing. Figure 2.6 shows a 
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Fn> 12. MtHlonrapfcic n—inirina of 22 Ni Mo Cr 37 
forging*. Top to bottom: material A. 36 in. thick; material B, 
28 in. thick, material C, 9 in. thick. 200X 

forged ring for the KWO reactor pressure vessel, a 
40-in.-tong segment of which was available for the 
examinations described here. According to the test 
standards, the specimens were mainly taken out of the 
quarter thickness. The fracture pities ot the specimens 
are perpendicular to the maximum loading direction of 
the reactor pressure vessel. 

Test results 

A dose examination of the distribution of the test 
specimens shown in Figs. 2 3 to 2.6 reveals that the 
tests cannot give a complete evaluation of the vari
ability of the properties of the forgings. For this, a 
much greater voiume of material would be necessary. 
Nevertheless, the results are very valuable because they 
are the first detailed measurements of die fracture 
toughness of forgings of German fabrication. 

The test results are shown m Figs. 2.7 to 2.13. The 
graphs contain the single values and the best-fit curves 
for the tests from materials A, B, and C. 

Mauiiaj A. All test results were obtained from 
inidthickness specimens and represent therefore die 
worst mechanical properties of the examined forging. 
Figure 2.7 shows the results from the Charpy V-notch 
tests at temperatures from - 5 8 up to +212°F and also 
die results of the drop-weight tests. In audition, die 
percentage of brittle fracture was determined from die 
Charpy V-notcf. tests The results from die tensile tests 
and the fracture toughness tests at temperatures be
tween - 3 2 1 to - 1 3 ° F are given in Fig. 2.8, which also 
shows the yield strc2**h obtained from the tensfle tests 
from materials B and C for calibration of the K/e 

values. 

Material B. As previously reported at die Fourth 
Annual Information Meeting of die Heavy-Section Steel 
Technology Program,3 test results show significant 
variations in the properties of heavy forgings made of 
22 Ni Mo Cr 37. It is apparent that the Charpy V-notch 
values vary considerably over the wall thickness. Sanflar 
results have been fo*md for material B, a? shown in Fig. 
2.9. There is a significant gradient in the axial direction 
(segment A-B-C) and also in the radial direction (surface 
and ce*uer). 

The same tendency is observed for the percentage of 
brittle fracture. The available test material was insuff -
cient to determine the NDT temperature 3$ a function 

3. H. Cerjak and W. Dcbmy, "Properties of Nadtar Grade 
Forging Steel," paper 7, pmarnted at the Foarth Anmml 
l-formatiow Meeting of the Heavy Section Steel Technology 
Program, Mar. 31 and Apr. 1,1970. 
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Material C 

Ffc.2j*. for a 9 M . 

of the specimen orientation. The value given in Fig. 2.9 
applies to die surface of segment B. 

Yield strength and fracture toughness values for the 
temperature range -321 to -31°F are shown in Fig. 
2.10. The yield strength iias a scatter less than ±10% to 
the best-fit curve tor spedmens taken throughout the 
whole forging. The dependence of the fracture tough
ness on wall thickness cannot yet be determined 
systematically due to lack of material, but the tendency 
b clearly evident from the results of the W O U X 
spedmen tested at -31°F . The two lower values apply 
to segment B and the two upper values to segment C. 
The general trend corresponds qualitatively with that 
from the Charpy values. 

Material C. Material C comes from a relative thin 
walled forging. It is to be expected, therefore, that the 

properties wiD not change considerably over the wall 
thickness of the tested region. Extensive ten>ue and 
Charpy V-notch tests, which are not herein detailed, 
indicate no dnTerence between quarter-thickness and 
imdfJncJaiess locations. The results from Charpy 
V-notch tests shown in Fig T i l for the temperature 
range between - 1 3 0 and +194°F are typical, therefore, 
for the mam region of the wall thickness. 

Figure 2.12 demonstrates the temperature depend
ence of the fracture toughness for the range - 3 2 1 to 
-58°F . Tests with WOL-4X specimens at - 3 I * F were 
invalid because the following condition was not met: 

a.B>2.S tar 
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Measurements of the crack growth during cycling have 
been made by use of ultrasonic testing foi part of the 
WOL-2X and WOL-4X specimens shown in Fig. 2.12 
The results are shown in Fig. 2.13. Note that At 
resulting scatter band corresponds to that found by 
Clark and Wessel.4 Since the specimens were subse
quently used also for the measurement of the fracture 
toughness, only low AK values duriag cycling were 
investigated according to ASTM E 399. 

It is reasonable to compare the measured values with 
those from the American plate steel ASTM A 533. 
grade B, class 1 because this steel has similar properties 
and is also used in nuclear reactor pressure vessels. For 
this comparison the extensive results from HSST plate 
02 from the HSST program,4 - 6 material D, are used. 

Figure 2.14 is a montage of the results of the Charpy 
V-notch tests from these materials. It can be seen that 
there is very great scatter in the Charpy V-notch values. 

Discussion of results 

As already mentioned the reported values are the first 
results from extensive tests on fracture toughness of 
German forgjngs conforming to 22 Ni Mo Cr 37, which 
is used for nuclear reactor pressure vessels. 

4. W. G. Chrk, Jr., and E. T. Wessel, Application of Fracture 
Mechanics Technology to Medium-Strength Steels, Scientific 
Paper 69-1D7-BFPWR-P2, Westinghouse Research Laboratories. 

5. E. T. Wessel, Linear Elastic Fracture Mechanics for 
Thick-Walled, Welded Steel Pressure Vessels: Material Property 
Considerations. Scientific Paper 69-ID7-BFPWR-P1, Westing-
house Research Labora? .ies, F 'b . 24,1967. 

6. E. T. Wessel and T. R. Mager. 'The Fracture Mechanics 
Approach to Reliability in Nuclear Pressure Vessel:." «"_. Dy 
M. S. Wechsler, The Technology of Pressure-Retaining Steel 
Components, pp. 119-43, The Metallurgical Society of the 
American Institute of Mining. Metallurgical and Petroleum 
Engineers, Inc.. New York, July 1970. 
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Fig. 2.14. Comparison of Charpy V-notch test results and brittle fracture for 22 Ni Mo Cr 37 
steel. 12-in. HSST plate 2. (Ref. 4, curve 588559-A.) 

and A 533, grade B, 

Some of the scatter for the forging may result from the 
variation in forging work or variation in the cooling 
rate during heat treatment. The results from material B 
and previously reported HSST program results infer 
that the cooling rate has the higher influence in the 
region of the transition temperature. The values at the 
surface are independent of the wall thi :kness, generally 
falling cloac to the curve for material C. 

The values for reference material D correspond very 
well with the values for material C. The percentage 
brittle fracture and the NDT temperature foi the two 
materials are also reasonably close. Since material A is 
rejected forging having quality deficiencies, a valid 
comparison cannot be made with the other materials. 
Only results from material C are available for compari
son with the crack growth data obtained on the HSST 
program. The coincidence in values with reference 

material D definitely indicates that the behavior is 
identical. 

As seen from Fig. 2.IS, the yield strengths of 
materials B and C both fall very close to the values for 
reference material D. Material A, however, has clearly 
lower values. In reviewing the comparison of the 
fracture toughness daia shown in Fig. 2.15, it should be 
noted that the lower limit curve is used for reference 
material D and the best-fit curves for the other 
materials. 

As expected, material A shows the lowest K/c values, 
which, however, are only slightly below the lower limit 
cirve for material D. The best-fit results of materials B 
ana C yield higher Klc values. Single values fall nearly 
at the lower limit curve of reference material D. 

The Klc values of all materials coincide at - 32 ! °F . 
From this it is evident that it is dangerous to extrap
olate upward from low-temperature data. 
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Generally for comparable parameters the tested 
forgings from 22 Ni Mo Cr 37 show essentially the same 
properties as the reference material A 533, grade B, 
class 1. 

FRACTURE MECHANICS INVESTIGATIONS 

J.G.Merkle 

The objectives of the fracture mechanics investiga
tion* art- (1) to establish the applicability of fracture 

mechanics methods as cunently understood to the 
low-alloy steels being used in reactor pressure vessels, 
(2) to extend the applicability of this knowledge to 
cover the tougher behavior at higher temperatures, and 
(3) to develop new methods specifically applicable for 
predicting the fracture behavior of steels which undergo 
gross plastic strains before fracture. These objectives are 
being pursued primarily through a series of subcon
tracts, with related tasks (described elsewhere) contrib
uting r^nificantry to the developments. The activities 
yndr.r the subcontracts are discussed here. 
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Gross Strain Crack Toksance of Sleds7 

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

Tht principal effort during this report period has been 
a study of the effects of crack size on the values of 
grots strain at maximum load and as a function of test 
temperature. Several experimental problems encoun
tered earlier were worked out in the current program. 
Extensometers were redesigned to improve their sur
vival rate when *he specimens broke. Gross strains were 
measured by the use of extensometers mounted in &e 
gross section above and below the crack as well as in the 
net section. As a result of earlier difficulties, a careful 
survey was made of the variation of tensile properties 
through the thickness and lengthwise of the material 
received for these tests. In addition to die i-sux! 
properties, measurements were made of the extent of 
the yield plateau and the strain at maximum load. 
Studies of die effects of shape of specimen cross-section 
and net-section effects were made. The main effort, 
however, was a study of the effects of crack size on 
gross strain crack tolerance of the material as a function 
of temperature. Three crack sizes were studied, in 
specimens that were geometrically similar. 

Material 

The material furnished at the beginning of the 
program was obtained from the lower e r i of plate 02 -
pieces 02GX Y, and Z as shown in Fig. 2.16. To avoid 

7. Work performed under UOCND Subcontract No. 3134 
between Union Ca/bide Corporation and TRW, Inc. 

the inhomogeneity in yvM properties that was found in 
the first year's work, vnich required classification of 
specimens as either "md-plate" or "bottom-Mock" 
material, these pieces were cut 3.5 in. from either plate 
surface. To check for variation of the yield point 
phenomenon through the thickness of the blocks and 
along their length, twenty 0.50S-in.-diam tersiles were 
prepared from locatitais that provided two thickness 
traverses and a longitudinal traverse across the material. 
They were tested at - 20 °F because most of die tests of 
gross strain crack tolerance were expected to be at 
subzero temperatures. 

There was very little variation of yield or ultimate 
stiength with position in the block. The range of 
ultimate strength values was about 2 ksi and of lower 
yield point values less than 4 ksi. The shape of the 
stress-strain curves in the yield region was uniform for 
all locations in die block - the yield plateau extended 
to about 1.4% total (elastic-plus-piasiic) strain. Strain to 
maximum load was about 12 i 1%, which means that 
the upper limit of egHC, critical gross strain in the net 
section, is about 12% for this material at -20°F . 
Consequently, onlv average results are shown in Table 
2.5. 

Elongation and reduction of area values were reduced 
by the presence of slag inclusions in the specimen and 
by ano*'*r form of mhomogeneity ths? produced 
"fttheyes" in the fracture surfac. The inclusions were 
n.ost evident in the central part of the block, that is, in 
tht middle third of the pkte. In the specimen that was 
most affected, elongation was only 5.5% and reduction 
of area 20.8%; the ultimate strength was only 66.5 ksi. 
Four specimens were deemed to be outliers, as indi
cated in the table. 

Table 2-5. Effcctsof and) location hi piste on 

•75°F -20°l I00°P 
02G 02A 02G 02A 02G 

99.5 

02A 

Ultimate strength, ksi 85.4 91.6 90.9* 98.1 

02G 

99.5 105.3 
Upper/lower yield point, ksi 65.4/65.? 71.6/70 J 70.1/6? 3* 75.1/73.7 77.0/76.3 83J/79.4 
Yield point elongation. % 1.2 1.0 1.4* 1.2 I J 1.6 
Strain to nauummn load, % I I . 1 (0.2 12.3* 11.6 13.4 11.8 
Percent elongation 26J 24.0 26.0* 23.3 26J 2f.2 
Redaction of area, % 60.2 55.7 53.3* 51.2 49.6 53.8 

•Only 19 specimens 
*Oniy !< specimens were 

d in contpating the average because stag 
in computing the average. 

one to be a ohtfJact orttter. 
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TENSILESWEK CUT FHO'4 
IMS 145, 123, 202, 227 
AMD 23* 

Fit. 2.16. Uyovt of i t n i — a i w pi%* 02. AO blocks were cut 
post state and the smooth tensile specimens were longitudiiuL 

PIECE Q2GZ 

5 m. thickness centered oa the plate midi tone. Both the 

The trend in tensile properties with temperature was 
also measured by testing one pair of specimens at 
+75°F and another pair at -1C0°F, as shown in Table 
2.5. The yield point phenomenon was more pro
nounced at low temperatures. Tensile instability strain 
abo increased slightly. Trends in t l * elcfigation and 
reduction of area values are hard to detect because 
many of them were reduced by the presence of stig in 
the vicinity of the fracture. By comparing the higher 

values at each temperature, ttsuming that they were 
least affected by the indtraon, it may be conduded 
that the effect of temperature on these ductility values 
was smsjl. 

Radiographs of the largest ind'jsions in the machined 
spedmehs, taken normal to the plate surface, had the 
appearance of a doud of low-density partides. The 
largest dimension of the larger douds was between 0.S 
and 1.0 in. A study of the radiographs made as a result 
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of the findings from die tensile tests led to the 
conclusion that at feast one-third of the test results for 
individual gross strain «pedmtns might be affected by 
the slag inclusions. The specimen might fail at the 
inclusion instead of at the fatigue crack, the size of the 
fracture origin might be put in doubt by the presence of 
"fisheyes" adjacent to the fatigue crack, delamination 
might reduce constraint below the crack, or gross strain 
values night be affected by local strain around an 
inclusion. Consequently, replacement material, pieces 
02AE and 02AF (Fig. 2.16), was furnished from the 
upper end of plate 02. A unilar set of tensile specimens 
was run on the new material with good results, that is, 
no significant variation ihrouch the thickness or dtag-
-xiafly across the blocks furnished. As shown in Table 
2.5, ultimate strength was about 6 ksi higher, yield 
strength was about 5 ksi higher, and elongation was 
sSfhtiy lower in the material from piece 02A-

Test techniques 

Gencnl. As described in die report on earlier work 
the test specimens were rectangular bars cut from the 
phie with their axis in the longitudinal direction as 
shown in Fig. 2.16. They were surface cracted at 
nwdtentth (one crack csSy). The surface cracks were 
grown in yendicg fatigue. The crack starter was a 
ground slot 0.025 in. wide and two-thirds as long as the 
crack to be grown. Slot depth was about one-dud of 
me expected crack depth. The O.ll-m.-deep cracks 
were started in reversed bending at ±39 ksi. When a 
crack was visible to the full length of the slot, the 

loading was changed to zero-to-tension at 50 Lsi. lis* 
two larger crack sizes, which peonittet! s larger slot, 
were cracked in zero-to-tension loading at 50 ksi 
throughout. The 0.34-in.-deep cracks required about 
80,000 cycles of loading, and the remainder required 
150,000 to 250,000 cycles to complete. Cracks were 
grown to a chosen length that was measured with the 
aid of a binocular microscope. The length needed to 
obtain the desired crack depth was known from 
previous experience. 

All specimens were loaded at tension to propagate the 
crack in the plate-thickness direction from front to 
back of the specimen. Specimen sizes are gnen in Fig. 
2.! 7 a d Table 2.6. 

Loading was effected by means of separate wedae 
grips that could be adjusted for axiahry The e.xtcn-
someters used for the e _ measurement wexe first used 

xx 
to indicate bending by connecting them »o measure the 
strain difference, front to back. Thus die loading 

2 * . 

Crack 
depot B 

IMtk, 
W 

G«e length <••.) 
COD « _ e_ 

• * MX 
Fu>2.17f».) 

0.10 0.400 4.00 OJO 5.12 140 1.75 
0.13 1.200 1.32 0.2O S.I2 1.60 1.75 
0.11 0.300 1.32 0.20 1.60 OJO 1.75 
0.22 0.600 2.64 0 3 ) 3.20 1.00 i.75 
0.34 0.960 4.22 OJO 5.06 1-60 1.75 

Ffc.2.17. Location of gnjtiuMto far ilip In it t^.t^md COD. 
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condition may be described as one of uniform tension 
on the gross section (±5%) up to yield; beyond that it is 
not known. Asymmetric yielding occurred in the net 
section because the specimen was cracked on one face, 
and some lateral shift must haw; accompanied yielding. 

Cooing of the specimen and grips by die vapors from 
liquid nitrogen was as described eariier. The grips were 
wrapped to permit the individual control of tempera
ture needed to obtain uniformity. The wrappings and 
the insulated box that surrounded both grips and 
specimen are shewn in Fig- 2.18. 

Strain ma—rmut One result of the fust year's 
«ufk was the ccadusscs that critics! values of gross 
strain should be measured in the gross section above 
and below the crack ( c f f c ) as well as in the net section 
spanning the crack (e^ f ) - The e f f C values had been 
obtained post test from micrometer readings that gave 
the reduction in width and thickness, using the tech
nique described earlier. For research purposes the 
records of load vs dbpiacement provide opportunity for 
measurement of energy values ar.'J for fuller observation 
of the deformation process. Hence, pairs of extensom-
eters (back to back) were provided for measurement of 
average values of e f f as well as e^, and a single 
exfensometer was used for the crack opening displace
ment (COD). 

The seven extensometers shown in Fig. 2.18 utilize 
the conventional strain-gaged flexure principle with 
special fingeis to contact the specimen. Many gage 
lengths are required in a size-effect study of this kind, 
but for reasons of economy and of survivability when 
the specuntc breaks, all extensometers are of one size -
as small as possible. The gage points on die specimen 
are spot welds, which attach adapters made of wire and 
dneaded rod, the length of which can be adjusted fairly 
readOy to fit die extensometer to any gage length. 
Typical configurations are shown in Fig. 2.18. For size 
effect studies, gage lengths must be scaled the same as 
other dimensions. Figure 2.17 and Table 2.6 show the 
dunensonal requirements for placement of gage points. 
A typical set of records traced from two charts 
obtained from two-pen X-Y plotters if shown in Fig. 
2.19. The dip in load evident in the curve for eg„ was 
caused by sudden yielding elsewhere in the specimen. 
Whale not evident in this record, the pens traverse the 
yield plateau at different times uuring the test. 

Test results 

Size and shape of specimen. Earlier studies had 
revealed that reducing specimen width relative to the 
crack length did not lower the transition temperature as 

expected by reason of reduced constraint but raised it. 
This was attributed to a net-section effect, that is. a 
constraint Jiat was not relieved until yielding occurred 
m die gross section. Making die specimen narrower 
decreased the area ratio, ^aetMgross* w n i c n increased 
the stress ratio, amet/avoss, " i * 0 t h e re$u,t m a t a 

higher strain level was required in the net section before 
yielding occurred in the gross section To test dus early 
conclusion, three groups of specimens from piece 02G, 
all with 0.1 l-in.-deep cracks (nominal), were tested. In 
the first two groups, crack area was 1.5 to 2.0% of die 
gross area, but the specimen cars section was 4.00 X 
G.4Q0 la. as one case and L32 X 1.20 m. in the other 
The third group was 1.32 X 0300 ir., which made die 
crack area about 7% o» *he gross area. 

Figures 2.20*-e shov* e u c y c^,,,., and COD, respec
tively, plotted against temperature. Table 2.7 lists the 
actual specimen dimensions, and Table 2.8 gives the 
numerical test results. 

By comparing die first two groups of specimens, it 
nay be seen that die shape of specimen cross section 
had bttle effect on die transition temperature. For eUc, 
the foot of the transition was at - 8 3 ° F or below in 
bom cases. The reason for d*e scatter is that these 
specimens, which have a net-section stress only 1.5 to 
2.1% greater than die stress on the gross section, often 
yielded first at tin fillet at one end of the specimen. 
The Luders* bands spread toward die crack, causing the 
extensometer in the gross section to indicate higher 
strain dian that in die net section or in the odier gross 
section gage length until the yielded region covers the 
entire reduced section. 

Comparing results for die third group of specimens 
(Fig. 2.20 also) with die first two, we see a net-section 
effect amoupt*£g to about 20°F; diat is, die transition 
in e a c was about -62°F , some 20° above that for die 
same crack size in larger specimens. Note also the 
reduced scatter in the small specimen. A crack area/ 
gross area ratio of 7% would appear to give a more 
practical specimen from this standpoint as well as from 
considerations of specimen size and load requirements. 
Furthermore, it gives results tfiai should be conservative 
when applied to the same crack in full-scale hardware. 
The amount of conservatism may be a function of crack 
size, but das is not known. 

Ccimunriann of material. Material variation from 
bottom to top in die plate can be examined in terms of 
gross strain crack tolerance for 0.11-in. deep clacks by 
comparing the results of the 1.32- by OJOO-in. speci
mens from the net-section study witfi those from the 
size-effect study. This comparison is given in Fig. 2.21. 
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Table 2.7. Speumen dmenskMS 

Specimen 
No. 

Test temperature 
Specimen Dimensions < Crack Size 

Specimen net 
area (in. 2) 

^cr*ckA*gross 
ratio (%) 

Specimen 
No. 

Test temperature 
Width Thickivss Gross area Length Depth Area 

Specimen net 
area (in. 2) 

^cr*ckA*gross 
ratio (%) 

(in.) (in) (in.2) <m.) (m.) (in.2) 

103 +75 4.005 0.403 1.612 3.300 0.100 0.0235 1.588 1.46 
102 50 4.002 0.397 1.588 0.302 0.102 0.0242 1.564 1.52 
104 -60 4.001 0.400 1601 0.302 0.101 0.0239 1.577 1.49 
106 -83 4.003 0.402 1.610 0.347 0.105 0.0285 1582 1.77 
!01 90 4.002 0.398 1.594 0.300 0.103 0.0242 1.570 152 
105 -112 4.000 0.396 1.583 0.304 0.0% 0.0229 1.560 1.45 

109 -50 1.328 1.200 1.593 0.300 0.128 0.0301 1363 1.89 
112 -72 1.328 1.199 1.592 0.304 0.130 0.0310 1561 i.95 
no -83 1.328 1.201 1.593 0.321 0.153 0.0386 1.554 2.42 
111 -S4 1.328 1.201 1.594 0.304 0.123 0.0294 1.565 1.84 
114 - 1 0 4 1.32? 1.200 1.592 0.304 O.i 14 0.0272 1.565 1.71 
113 - 1 1 8 1.328 1.201 1.594 0.311 0.130 0.0317 1.562 1.99 

118 -25 1.325 0.30*4 0.399 0.331 0.108 0.0280 0.371 7.02 
117 -41 1.325 0.3004 0.398 0.331 0.106 0.0276 0.370 6.94 
119 -50 1.326 0.3012 0399 0.333 0 104 0.0272 0.372 6.82 
120 -55 1.325 0.3010 0 399 0.333 0.104 0.0272 0.372 6.82 
116 -63 1.325 0.2990 0 396 0.342 0.112 0.0301 0.366 7.61 
115 -65 1.325 0.3001 0398 0.338 0.112 0.0297 0368 7.47 
121 -71 1.325 0.2992 0.396 0.336 0.114 0.0301 0.366 7.60 
122 -93 1.325 0.3006 C398 0.337 0.104 0.0275 0.370 6.92 

210 - 1 6 1.325 0.3033 0.4* >2 0.331 0.110 0.0286 0.373 7.11 
206 -27 1.324 0.3015 0.3W 0.331 0.110 0.0286 0.370 7.17 
209 -37 1.325 0.3014 0.399 0.329 0.108 0.0279 0.371 6.99 
205 -49 1.324 0.2997 0.39? 0.333 0.112 0.0293 0.368 7.37 
203 -69 1.325 0.3017 0.4OC 0.333 0.112 0.0293 0.371 7.32 
204 -no 1.325 0.3022 0.400 0.331 0.110 0.0286 0.371 7.15 

212 0 2.640 0.6O13 1.587 0.679 0.216 0.115 1.472 7.25 
213 -12 2.642 0.6006 1.587 0.679 0.213 0.114 1.473 7.18 
216 -18 2.641 0.6009 1.587 0.675 0.213 0.113 1.474 7.12 
217 -21 2.640 0.6012 1.587 0.679 0.218 0.118 1469 7.44 
215 -30 2.642 0.5993 1.584 0.679 0.213 0.114 1.470 7.19 
218 -49 2.643 0.6015 1.590 0.675 0.216 0.114 1.476 7.20 

222 +32 4.216 0.9611 4.052 1.06 0.33 0.274 3.778 6.77 
230 +23 4.216 0.9589 4.023 1.06 0.34 0.283 3.740 7.00 
224 +22 4.215 0.9611 4.052 1.06 0.34 0.283 3.769 7.00 
228 + 11 4.216 0.9607 4.050 1.06 0.34 0.283 3.767 7.00 
229 +9 4.215 0.9612 4.052 1.05 0.325 0.268 3.784 6.61 
219 -10 4.215 0.9607 4.050 1.06 0.34 0.283 3.767 7.00 
221 -55 4.216 0.9605 4.049 1.07 0.34 0.283 3.766 7.00 

It can be seen that material from piece 02A from the 
top of the plate exhibited a transition temperature 
about 25° above that for the bottom of the plate. In 
terms of egnc values at, say -70°F, below the foot of 
the lower transition, the two materials are comparable. 

Crack-size study. Justification for a crack-size study 
requires little beyond a reminder that a basic objective 
of the gross strain approach is to treat flaw size 

quantitatively. Application to heavy sections requires 
considerable extrapolation for laboratory-size speci
mens. To gain an understanding of the effects of crack 
size on gross strain crack tolerance as a function of 
temperature, three crack depths were investigated: 
0.11, 0.22, and 0.34 in. Specimen width and thickness 
and the gage lengths for strain measurements, eg„ and 
€ggy were varied in proportion, as shown in Table 2.6, 



labia 2.8. Teat results 

TtH tempt* rature Specimen line, Maximum load Groat i treat Netitreat 
Critical t/oM strain and displacement 

Specimen TtH tempt* rature Specimen line, Maximum load Groat i treat Netitreat Displacement in 
No. <°F) nominal (in.) (kips) (ksi) (kii) «j»c«op 

(%) 
tggc> bottom 

(%) 
tgnc (%) i g n gage length, COD (mill) «j»c«op 

(%) 
tggc> bottom 

(%) spanning crack (mils) 

103 +7S« 4.00 X 0.400 132.0 81.9 83.1 12.4 9.8 >5.2* >370 70 
102 -50 1418 89.3 90.7 13.1 12.9 16.0 820 
104 - 6 0 174.2 80.0 81.2 4.1 38 19'' 30 
106 -83 117.5 73.0 74.3 2.5 0.25 1.0 52 7'" 
toi -90 \20.3 75.5 76.7 0.25 0.25 0 3 3 d 17 7 
105 -112 119.8 75.7 76.8 2.9 0.25 1.3 68 6 
109 -SO 1.32 X 1.200 143.1 89.8 91.5 13.6 11.8 12.8 658 89 
112 -72 120.7 75.8 77.3 2.6 2.4 2.4 124 15 
no - 8 3 112.8 70.8 72.5 0.69 0.37 0.66 34 10 
111 -84 128.8 80.8 82 2 :.6 3.6 3.70 189 16 
114 -104 118.8 74.6 ' ' J * 2.2 0.23 111 57 9 
113 -118 123.5 77.5 79.0 0.26 0.26 0.44 22 6 
U S -25 1.32X0.300 34.8 87.2 93.8 9.2 7.2 >7.0 >100 >44.0 
117 -41 35.0 87.9 94.6 7.7 6.6 7.1* 125 74.0 
119 - 5 0 34.4 86.2 92.5 6.4 6.0 6.7 108 42.0 
120 -55 33.1 83.0 89.0 4.0 4.0 4.!) 79 *S.5 
116 -63 27.4 69.2 74.8 0.23 0.23 0.86 14 8. 
115 -65 2r».l 73.1 79.1 0.24 0.24 0.52 8 9.t> 
121 -71 ?'i.6 72.2 78.2 0.24 0.24 0.97 15 6.8 
122 -93 29.7 74.7 80.2 0.25 0.25 0.ii4 10 6.4 

210 - 1 6 1.32 X 0.300 37,fi 94.0 101.4 7.7 8.6 9.4 150 70.0 
206 -27 37.6 94.2 101.6 6.8 7.0 9.0 144 80.0 
209 -37 29.8 74.7 80.3 0.25 0.25 1.2 19 11.0 
205 -49 29.7 74.8 80.8 0.25 0.25 I.I 18 13.0 
203 - 6 9 30.2 75.5 81.3 0.25 0.25 0.73 11.7 6.5 
204 -110 30.4 76.0 81.9 0.25 0.25 0.34 5.5 3.5 

212 0 0.60 X 2.64 134.2 847 91.2 3.8 3.7 4.0 128 44 
213 -12 119.2 75.2 80.9 1.9 1.8 1.9 62 J7 
216 18 116.0 73.1 78.7 0.25 0.25 l.l 3?. - 2* 
217 - 2 1 114.0 71.8 77.7 0.25 0.25 0.87 - • : H 22 
215 - 3 0 113.3 71.5 77.2 0.2* U.AJt (p.4 3 5 3,8 10 
218 -49 114.0 71.7 77.3 0.25 0.25 .•« " . ' » :2.i 8.5 

222 +32 0.96 X 4.22 359.5 88.8 95.4 5.«U 5.7V 7.24 366 170 
230 •23 316.0 78.6 34 5 2.19 2.13 2.27 I IS 44 
224 •22 290.0 71.6 76.9 0.25 0.25 0.63 32 23 
228 • 11 289.0 71.4 76.7 0.25 0.25 0.55 28 25 
229 • 9 296.0 73.0 78.5 0.25 0.25 0.67 34 24 
219 - 1 0 281.5 69.5 74.8 0.25 0.25 0.37 18 14 
221 -55 294.0 72.5 78.0 0.25 0.25 0.28 14.0 7.5 

'Broke at slag inclusion, not at crack. 
*Ran out of extenaometer travel. 
cEstimated (extenaometer failed). 
*Looks low, but Luders' band pattern confirms that specimen 101 strained much teat than 105 or 106. 
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to make this a study of size effect in specimens that 
were geometrically similar in all critical dimensions. 
Thickness was 2.7 times crack depth, enough to provide 
full constraint according to earlier findings. Specimen 
widths were 4.0 times the crack length, enough to 
remove the free surfaces at the edge .'rom proximity to 
the crack Up. The ratio Acrat^/Afrou, being about 
0.07, gave a small net-section effect which would be on 
the conservative side if these test data were applied to 
full-scale hardware problems. Finally, specimen sizes 
were selected to produce breaking strengths consistent 
with available machine capacity. Six or seven specimens 
of each size were tested to establish the effects oi 
temperature in and below the transition range. 

Variation of the three critical strains (displacements) 
COD, exnc, and eggc with temperature are plotted in 
Fig. 2.22A c for the three crack depths 0.11,0.22, and 
0.34 in., respectively, to reveal any differences in the 
general pattern. One difference is apparent. The transi
tions in COD, egnc. and eggc for each group of 
specimens shouldxxcur at the same temperature. This is 
true for the largest and the smallest crack sizes, but for 
the 0.22-in.-4*p sacks the foot of the transition 
(judging by the point of maximum change in slope) 
appears to be some 12° lower for €glc and COD than 
for eggc. One factor that affects the congmency of the 
plots of Fig. 2.22 is the scatter in values of critical local 
strain capability from point to point within the 
material. The two specimens tested at -18 and -21°F 
possibly represent samples of high local strain capa
bility, with the result observed - higJ. values of COD 
and egnc even without the beneficial influence of 
gross-section yielding, it should be recalled that earlier 
results link the occurrence of the transition in COD and 
egnc to the onset of yielding in the gross section above 
and below the crack. These tests fit the same pattern. 
As shown in Fig. 2.23, gross stress reaches yield at the 
temperature of the transition in €gnc, €ggC, and COD. 
Thus €gnc at the foot of the transition should be the 
strain coincident with a stress value of 1.07 ayp for 
these specimens. Simple statics requires that this be so. 
From the stress-strain curves obtained in this program, 
that strain value is about 2.0%. It is rather large, 
because the yield plateau alone is 1.3% straiw. In none 
of the specimen sizes did the strain approach this value, 
although those with 0.1 l-in.-deep cracks approached it 
more closely than the others. The only plausible 
explanation is that strain is not uniform within the gage 
length used for measuring egn. Its length,1.2 W, was 
chosen to definitely include all the plastic zone ema
nating from the crack as Ludcrs' tands prior to gross 
section yielding. An average strain value is quoted, and 

strain intensity must be higher on a shorter gage length. 
Further evidence on this point, given in Fig. 2.24, is the 
observation that the ratio of the critical displacement in 
the egn gage length to COD ranges from 1.7 for the 
sirall specimen to 1.3 for the large ones. By comparing 
displacements instead of strain, the averaging effect is 
removed. We must conclude that something about the 
deformation pattern does not scale uniformly. The 
evidence of Fig. 2.24 suggests the equivalent of a shear 
lag between the end of the crick and the edge of die 
specimen that has a greater effect in larger specimens, 
although they are geometrically similar. The phenom
enon needs further investigation. 

Results of these three groups of tests are replotted m 
Fig. 2.25 to show the effects of crack size on gros 
strain crack tolerance. In each case, the qualitative 
effect of increasing crack size is to shift the curves 
toward higher temperatures and lower strain levels. The 
curves for the three crack sizes were not perfectly 
congruent, however. Yet there is a similar trend to be 
seen in COD vs temperature, as in e^. A check of the 
test records revealed no reason to suspect one value 
more than others. The extent oi Luders' band forma
tion on the surfaces of the specimens seemed consistent 
with the strain values that were recorded. 

The prime feature of the pint of ^ggc vs temperature 
(Fig. 225a) is the transition from a condition of no 
measurable plastic strain in the gross section to a strain 
equal to the yield-point elongaticn or higher. This 
transition shifted upward 18°F for a factor of 2.0 shift 
in crack size from the 0.11- to the 0.22-in.-deep cracks. 
It shifted upward 40°F for a factor of i .6 shift in crack 
size from 0.22- to 0.34-in.-deep cracks. Before deciding 
that this :neans that crack size becomes more significant 
at the larger values, the other measures of crack 
tolerance are examined. 

The second measure of the effects of crack size (Fig. 
2.256) illustrates the trend in egiC with temperature for 
the three sizes of specimens. The sharp increase in slope 
of the curves within the range of strain values that are 
of greatest interest places great importance on the 
choice of temperature at which to compare gross strain 
crack tolerance v Jues and vice versa. 

The chosen strain level shown is 1.5%, just above the 
foot of the transition for the smallest crack size that we 
tested. It is also about the maximum expected strain 
level in hardware. The temperature shift at 1.5% strain 
(egnc) was 22°F between the groups of specimens 
having cracks 0.11 and 0.22 in. deep, and the tempera
ture shift was 38°F between cracks 0.22 and 0.34 in. 
deep. These values are comparable with the shift 
observed in the temperature required for gross section 



28 

11"" 1 — i 
^ 

1 I It) 

« .» 

. N t X 4 . » 1 

COO 
1 •" 

COO 

^ a 

« _ , ^ 

F 1 1 

5 
2 
R 
2 

1 
a 
8 
e 

4» 

S 

4 ^ • ) 

MtX 2.4* 
1 

i 

1 

r « J$ n 
] 

J -+* I 

8 

TUtftaATUK, nftMKSF 

Fij.2.22. of ffca pattm of critical attain and COD vakm for thrac cnU mm u a f auction of tempcratwe 



29 

-120 -20 0 
TEMfECATUE. OEG. F 

Ffc.2-23. Effect* of cock a n aad 

3.00 

-120 - 4 0 - 4 0 - 2 0 
TfMFflATUtt, OEG. F 

•20 ««0 

Fig. 2.24. RdatJondrip of Jiwlii i»ne»t its for e f v l c and COD, at a fMctto* of cack a n md 



50 

j •5-" 
r •!» 

0.11*-

•.zr 

i ^ 1 i 
w A ^ 

IV 

i 
( 

1 

1 
^ ^ ^ ^ ^ ^ i • 

• . i i 

#» 

r • A . 

/ ' 
» 

•~ 

/ 

_ ^ -

/ _ , / 

_ ^ - / / 

S* y <r Iv f W — 

# > 
- ^ 

I 

s 
t 

1 « i 

ft '+ 
f 

1 
/ i 

. jr ' -» u J ft 4 Ik J 1 4 I 1 1 J F 3 b H 

Hf.2^5. Ef fKlsc /cncfc^t<Mc_ f , f M f t aa400D t «a 



31 

yielding to precede fracture. Both measures of the 
effect of crack size are plotted n Fig. 2.26. Abo shown 
are cross plots of Fig. 2-25* for other values of egmc. 
The differences between them are shght uMil strain 
levels bdow the foot of the transition are reached. In 
terms of strain tolerance at -40*F, Fig. 2.25© shows a 
downward shift from 12 to 0.40 to 030% for the three 
crack sizes. 0.11. 0.22, and 0J4 in., respectively. The 
lack of a smooth trend in these strain values is 
attributed to the scatter produced by the heterogeneous 
nature of the strain at yield in this material A l three 
values are within the yield plateau. 

Why should crack size affect the iransnioa tempera
ture and the coincident strain levels? In the »pcommg 
technical report on this subject evidence i* prtwmfd 
showing that the relationship of crack tip local stra* to 
gross strain in the net section, e^ , is directly dependent 

Furthermore, tower values of critical local 

srrain art to be expected for larger crack sites because 
tie crack tip region is embedded more deeply and the 
pfisrac zone does not surface so readfty; that is, the 
deeper crack provides more constraint. Therefore a shift 
to higher temperatures is required to raise the critical 
local strain io the value required to develop grots 
section yielding and the transition tu critical gross strain 

From the foregoing explanation, tying the effect of 
temperature on €gmc to its effect on flow stress, there 
foflows the argument that the shaft in the transition 
temperature with crack size should depend on the rate 
of rhmg/ of flow stress wiu temperature in the 
temperature region in auction. It is seen from Fig. 2.23 
that the curve is concave upward, the slope hrrouu'ng 
less at higher temperatures. Thus it follows that the 
effect of crack 
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Extrapolation of the data plotted in Fig. 2.26 to larger 
cade depths would therefore seem justified, although it 
is done with «ome trepidation. In the presence of a 
surface crack 0 3 0 is. deep by about 1.6 in. long, this 
material would be predicted to require a temperature of 
about +7S°F to develop a gross strain crack tolerance 
whereby f J I I C was 1.5% and yielding in the gross section 
preceded fracture in specimen? similar to those de
scribed here. 

Throughout the program, an endeavor has been nw.de 
to decide how gross strain crack tolerance should be 
measured and defined for apphcatkm of test results to 
hardware. The experimental work has been complicated 
by the presence of a yield plateau In the stress-straw 
curve cf the material, which exceeded 1% strain. Any 
reported strain value between 0.25 and 1.00%, a region 
of interest in design, must be regarded as an average of 
strains within the gage length that were either less than 
0.25 or greater this ! 00%, depending on the presence 
or absence of a Luders* band at thai iucsUcs » t h e gage 
length. luaeaang the specimen cross-sectional area 
relative to the crack area did not solve the problem. 
These test results did indicate, however, that appfeka-
bjott of result* from speciment to fuaVtcale hardware 
having identical cracks would be conservative. 

Earlier test results had shown that the presence of the 
^f SBp̂ rea} ejp^peeajaâ aYwa vnajev^v v v w i f an^^s» ^u^^p v>̂ â  v^wn^ ^pewaso u^wew*,apw ^^^ uaia^v 

nansrtioo. Our response to this situation, which is 
unavoidable m the type of material tested, is to use a 

We stated the effects of crack sire in terms of the 
temperature at which gross strain in the net section 
exceeds 1.5% or the temperature at which gross section 
yielding occurs. The two temperatures were esarnttaOy 
the same. For material that does not exhibit a yield 
point or a sharp transition in critical strain values, the 
results would be more useful when expressed in terms 
of tolerance for strain in the presence of s crack of a 
given size at the temperature of interest. Test proce
dures and *M graphical preemption of data are the 
same for both kmds of material. 

Tests of three sins of surface cracks in geometrical? 
similar specimens have shown that increasing the crack 
stxe necessitates significantly higher temperatures to 
meet the gross-strain criteria given abovs. Tests at still 
larger crack sties are planned. The presence of strain 
gradients in either the axial or transverse direction h 
expected to have significant * iTects on gross strain crack 
tolerance a - a function of temperature. An investigation 
h planned. 

Strain Rate and Crack Arrest StuwJes* 

P. B. Osfcy E. J. Rspling 
Maternk Research Laboratory, Inc. 

The selection of specimen blanks for evaluating the 
•ntchanical properties of a material to be used in a 
structure seen as a pressure vessel inherently involves 
the samphng of representative material. Fracturing in 
service, however, would not be expected to originate in 
such "typical" material, but rather in a weak region 
wture the fracture toughness is less than this representa
tive value. Such accidentally formed weak regions might 
be weld defects, hard spots, or sections of iinanafyzabk 
stress concentration. The relevant toughness measure
ment under such a situation would be the condition for 
arrest of the crack as it emerges from the inboroofsne-
ous region, that is, the crack arrest toughness Klm. The 
latter is defined as the stress intensity factor at which a 
running crack arrests. 

The work at the Materials Research Laboratory 
(MRL) on pressure vessel steels**'* as well as the 
dynamic data of Shabbits1' showed that high strain 
rates iower fracture toughness. A running crack estab
lishes a straining rate even in excess of that obtainable 
with dynamic loading of a stationary ctrck; therefore 
the crack arrest toughness would be expected to be the 
most conservative toughness measure. Moreover, the 
high straining rate, through its effect in elevating yield 
stress, should limit the size of the plastic zone and 
thereby promote the development of plane strain at the 
crack front. Hence, special emphasis has been given to 
the roasurement o(Ktm at MRL. 

Previous test results at - 7 0 and 0*F support the 
foSkminggetmalizations: 

1. The toughness values obtained both statically and 
dynatmcaty covered a range which agrees well with 
the values reported by ShabbiU ei ah* • • ' a 

S. Raatardi yufmmmi under UCCND SJboomtnctHo 3152 
between Union CsM6» Cbnrxatioa and Materia* Reamrca 
Liinntflfv lac 

9. f. t . Creaky and E. J. Hi t i l l . One* Anta ffcrawv 
Tbaajbwar of A 533 OmY B Cam I fnamn Vtmtt Stcti 
HSSTT-TR4 (Man* 1970). 

10. P. • . Creahy aad E. J. Kiflna, "Oecfc Amrt TnaatwiM 
of fntmn UtawJ SieaV* to at siililifcil in M K * W £ngf-

11. W. O. SuaMits, l̂ vjajnaV IfesefMV TbnawMSt Ptoptrtiet 
of Htmy Section A SS3 OwJr B daw / Stan* #sw». 
mSTF-Tt-13 (DsMavaic 1970). 

12. W. O. Shstllu. W. H. fry*, aad E. T. weanl, Htmy 
Saetiom Tokjfmtu Jvsevrfan o / 4 533 Que* B Cam I Sreef 
iwar mtd Srimmt* ** InwAnmr. HSST?-Tlt-4 (Daawbw 
1949) 
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2. At each temperature a single level of arrest tough
ness was measured, independent of the preceding 
initiation toughness. 

3. The difference between the initiation and the arrest 
toughness tended to be greater at higher tempera
tures and lower loading rates. Tests of SEN tension 
specimens are being planned to further explore the 
invariance of the crack arrest toughness. With these 
tests, in com. *st to the DCS specimens, the stress 
intensity factor increases as the crack extends. 

The invariance of the crack arrest toughness with 
respect to the preceding initiation value and the 
occurrence of grater differences between the initiation 
and the arrest toughness at higher temperatures sug
gested the possbituy of making crack arrest toughness 
measurements at temperatures where initiation tough
ness could not b measured. To do ths, uie initiation 
toughness would ire artificial!/ reduced in order to get 
the crack run ran . Three techniques for reducing the 
initiation toughne s have been employed: 

1. preloading fattgue crack specimens at 500 to550°F 
followed by aging a week or more prior to final 
testing. 

2. imposing a temperature gradient along the specimen 
so as to initiate fracture at a low temperature and 
arrest the crack at a higher one, 

3. austenrtizing the front end of the specimen with the 
back end immersed in water and water quenching so 
as to produce a brittle region for crack initiation. 

A plot of crack arrest toughness vs temperature is 
shown in Fig. 227. Some of the values above 0*F and, 
specifically, all the values above room temperature were 
obtained with the help of the techniques listed above. 
So far they have enabled measurements up to about 
120*F. Measurements might be made at still higher 
temperatures with combinations of these procedures 
and/or with ibe use of brittle weld crack starters. 

The crack arrest toughness data above 0*F exhibit 
r«ure scatter than at lower temperatures, and it is 
important to determine whether the upper or lower 
points are more representative of K/a. The vatic data of 
Shabbits et a l . 1 2 suggest that a failure to meet size 
requirements can lead to lower toughness values. Some 
of the apparent lowering might be attributable to 
yielding which, on applying the secant offset method, 
could be wrongly interpreted as crack extension. The 
crack arrest data plotted in Fig. 2.27, however, are 
based on load values following an abrupt instability, 
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and there is no reason to expect that such values would 
be abnormally low. 

Other considerations suggest that the lower values 
plotted in Fig. 2 2 7 may be the more representative. 
The higher values are often associated with a wandering 
of the crack from the minimum section defined by the 
face grooves which entaib a shear separation at the 
edges. Figure 2.28 is an attempt to express this 
observation in a more quantitative way. For the crack 
arrest measurements above 20°F, an index of crack 
arrest toughness is plotted against the distance by which 
the crack surface has departed from the minimum 
section at the arrest position as measured on the broken 
specimens. The index of arrest toughness is the frac
tional excess of each data point above a hue represent
ing the bottom of the crack arrest scatter band. The 
plot shows a definite tendency for cracks that have 
remained flat and in the minimum section to be 
associated with lower crack arrest toughness values. It is 
reasonable to set a limiting deviation from the mini
mum section as a testing requirement. For instance, 
considering only those cases where the crack plane at 
arrest is less than O.iO in. from the minimum section, 
the curve shown in Fig. 2.29 results. Clearly, it 
emphasizes the lower range of the scatter band of Fig. 
2.27. 

With these values of Ku, it is possible to compare 
static, dynamic, and arrest toughness as a function of 
test temperature. The scatter band of static and 
dynamic toughness obtained by Westinghouse and 
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MRL, along with the arrest toughness data from Fig. 
2.29, are shown in Fig. 2.30. Westinghouse used 
compact tension specimens, while MRL used contoured 
DCB specimens. It is apparent that these two types of 
tests yield similar data. A! low temperatures the arrest 

and dynamic toughnesses are also similar. The abrupt 
increase in both static and dynamic toughness at 
temperatures above 0°F, however, does not appear to 
occur for the arrest toughness values measured to date. 
A summary of conclusions based on the work com
pleted to date follovs. 

1. Fracture toughness decreases with increasing strain 
rate. Dynamic initiation toughness is lower than static 
initiation toughness; crack arrest toughness is lower 
than dynamic initiation toughness. 

2. The effect of strain rate becomes more pro
nounced with increasing temperatures. 

3. Dynamic initiation toughness can be measured at 
temperatures where static measurements cannot be 
made; crack arrest toughness can be made at tempera
tures where dynamic measurements can no longer be 
made. 

4. Both static and dynamic initiation toughness 
values show rapid increases with increasing temperature 
in specific temperature ranges. Measurements of crack 
arrest toughness up to 120°F have not yet shown a 
similar abrupt increase. 

5. How far the temperature range for crack anest 
measurement can be extended is not yet known. The 
arrest toughness could begin to show an abrupt upturn 
as do the initiation toughness parameters; it could 
equally well begin to level off as do the energy 
absorption values in Charpy impact and drop-weight 
tests. 
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6. Should the crack arrest toughness exhibit a stable 
upper-shelf behavior, the importance of the abrupt 
increase of initiation toughness as a guarantee of 
fracture safety may have to be reevaluated. 

Three-Dimensional Elastic-Plastic Stress 
and Strain Analysis for Fracture Mechanics'3 

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

In this ieport we present the numerical solution for 
the stress-strain distributions in a specimen with a 
part-through semieiliptic crack. 

The stress intensity factor K along the minor axis of 
the crack is calculated from the elastic solution. The 
significance of the induced moment by the uncracked 
region of the plate is exhibited by comparing the results 
with those for a notched plate. 

For the elastic-plastic regime, we completed the 
solutions for two cases: one for an elastic, perfectly 
plastic material and a second for an elastic strain-
hardening material. In the latter case the strain-harden
ing properties are taken from the tensile stress-strain 
curve of the actual material used in the tests carried out 
by the Southwest Research Institute (SwRI). 1 4 In this 
report, however, we present only the solution for the 
perfectly plastic case. Presently, we are in the process of 
analyzing the numerical results for the strain-hardening 
case. These results will be compared with the experi
mental results from the tensile tests carried out by 
SwRI. 

Status of the three-dimensional 
finite-element program1 s 

The reliability of the computer program and the 
distorted cubic elements used in this study has been 
already tested and assessed.16 Further work, however, 
was needed to improve the efficiency of the program 
and to reduce the CPU time and the total machine time 

13. Work performed under UCCND Subcontract 3153 be
tween Union Carbide Corporation and Brown University. 

14. J. G. Merkle, private communication on results of 
Southwest Research Institute test, December 1969. 

15. P. V. Marcal and J. R. Rice, Three-Dimensional Elastic-
Plastic Stress and Strain Analysis for Fracture Mechanics, 
proposal to Union Carbide Corporation, July (968. 

16. N. Levy and P. V. Marcal, Three-Dimensional Elastic-
Plastic Stress and Strain Analysis for Fracture Mechanics, Phase 
1: Simple Flawed Specimens, HSST Technical Report No. 12 
(December 1970). 

to an economically acceptable level for problems in the 
5000 to 10,000 degrees of freedom range. The work 
was aimed toward reducing the number of I/O calls to a 
minimum, incorporating a direct method for solving the 
stiffness equations, and improving the speed of solution 
by the block overtaxation method. Furthermore, the 
program has been modified and is being documented to 
make it more user oriented. Postprocessor programs 
have been developed to plot the results on a Calcomp. 

In this study, the problem solved has 4500 degrees of 
freedom. The elastic solution requires 15 min total CPU 
time, while the solution for each subsequent load 
increment requires 10 to 12 min total CPU time on the 
IBM ioO/oi computer. 

Specimen specification. The specimen dimensions and 
the crack configuration are similar to those in the 
specimen tested at SwKI: width, 18 in.; thickness, 6 in.; 
and a semielliptic crack of 6.9 in. major axis and 2.0 in-
minor axis. The length of the finite-element model is 
taken as 30.0 in. 

The system of coordinates used in our analysis is as 
follows. The z = 0 plane is the plane of the crack, x axv 
is in the direction of the width, and y axis t in the 
direction of the thickness of th: specimen (*ee Fig. 
2.31). 

The specimen is loaded in tension by imposing a 
uniform displacement in the z direction on a plane 
parallel to the plane of the crack at a distance 2.5 *»mes 
the thickness of the specimen, that is, 15 in The 
following material mechanical properties are assumed: 
yield strength, 66,500 psi; Poisson's ratio, 0.30; and 
Young's modulus, 30 X 10* psi. 

In the plastic range, the material is assumed to be 
perfectly plastic or isotropically strain hardening, with 
the stress-strain curve obtained from a uniaxial tensile 
test. 1 4 

Problem specification. Because of symmetry, only 
one quadrant of the actual specimen need be con
sidered. The boundary displacements are, there.ore, as 
follows: In the crack plane, all points not within the 
crack are fixed in the z direction. The points on the 
plane x = 0 are fixe J in the x direction. The quadrant is 
also fixed so as to preclude a rigid-body displacement in 
the.y direction. 

The quadrant is divided into nine slices varying ii. 
thickness from 0.25 in. adjacent to the crack plane to 
5.0 in. adjacent to the plane of loading. Figure 2.31 
shows the distribution of the nodal points and elements 
in the plane of the crack, which is identical for all the 
nine slices. For the most part, the nodal points are 
defined by the intersection of rays emanating from the 
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center of thr coordinate system, with curves defined by 

( fW-,b) ( i ) 

Note th..i with P~2,a = 3.45 in., mdb- 2.0 in., the 
curve matches exactly the semieliiptic crack contour. 
On the uthti hand, when J ~ 9.0 in. and b * 6.0 in., the 
cUt-ve can iraich the oater boundary of the sptcimen as 
dose as we wisi; by increasing the v*!ue of p. In all. 
1152 elements and 1500 nodal points are used. 

Sofcrtiwi pi owl—e. The elastic solatia? corre
sponding to the load that brings the mest highly 
stressed element to the pohH «jf initial yielding b firtt 
obtained. To obtain 'he solution in the plastic range. 
the bad is then incremented by 0.1 of the elastic load. 
The t^Toest for each dement *s determined by taking 
into account whether the material is perfectly plastic or 

of the etaific rJhtiom. The most 'jghly 
stfesseo idem en t. element 51 in Fig. 2.31. is the one 
nearest the crack bne along the minor axis diiection. 

The initial yield load corresponds to an average imposed 
stress o . = 0.617o y. where a y is the yield strength of 
the material. 

Figures 2.32 and 2.33 show the variation of the str*«c 
components tangential to the crack line and perpen
dicular to the plane of the crack as functions of the 
angle between the radius joining the point on the crack 
tip and the center of coordinates and the x axis. The 
stress components azz and a, are nondimensionilued 
through division by the average imposed stress om. 

Figure 2.34 shows the variation of the degree of strain 
jonstrainf along the crack tip. The strain constraint is 
defined as the ratio of the stress component tangential 
to the crack line to the sum </ the stress components 
normal to the crack tip and perpendicular to tt\e plane 
of the crack respectively. 

In the plane strain state, the strain constraint must be 
equal »o the Potsson's ratio of the material. 0.3, while in 
the plane stress state the value is zero. Tae figure shows 
clearly thai' the value of the strain constraifit equal to 
0 J is readied in the elements m tie regior; where tise 
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minor axis meets the crack tip but faUs rapidly to zero 
in the region where the crack meets the free surface. 

Figures 2.3S ar.d 2.36 show the variation of oxzfoY 

with distance from the crack tip in the elements along 
die minor and major axes of the semieUiptic crack 
respectively. The value of the ratio orzlaY = I ! 5 in the 
element nearest the crack tip along the major axis (see 
Hg. 2.36) suggests that the mode of yielding in this 
eleiient is that of an in-plane shear. On die other hand, 
at the minor arts the values ozzfoY = 1.45 (Fig. 2.35) 
and o:zjoY * 2.35 (Fig. 2.33) exhibit the degree of 
triaxiaiity attained in tfii? region. 

The stress intensify factor along the 
axis of the crack 

Estimation of the stress intensity factor at the 
midpofat of a part-through crack to or consideraMe 
practical import&ocs, twee it is in the cettfiai aecfwn 
that the breaking through to die far plate surface it 
rinmincTit. To calculate its vriue fro** the numerical 
results, we we two methods. 
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In the Tint method, we use the expression from the 
singular analytic solution for the near-crack-tip stress 
state: 

K'atzy/2Tr. (2) 

where IT is stress intensity factor. axx is stress normal to 

the plane of the crack, evaluated at this plane, and r is 
distance from the crack tip. 

The value of ozzy/2vr may be calculated from the 
numerical results as a function of r and extrapolated to 
r - 0 to give an estimate of £ at the crack tip. Figure 
2.37 shows the variation of ozz\f2*rlom, with om being 
the imposed average tensile stress. The extrapolated 
value of K/am at r = 0 is found equal to 1.64 in . 1 ' 2 . 

The second method consists in computing the tensile 
stress averaged over the thickness of the plate - o 0 , for 
the elements along the minor axis, and the averaged 
moment of tensile forces in Uiese elements with respect 
to an axis parallel to the x axis and passing through the 
middie of the specimen thickness m 0 . 

The stress intensity factor is then computed from the 
expression suggested by Rice and Levy:1 7 

K^h'tHoM + m^), (3) 

where ; , ( | ) , and gb($) are dimensioniess functions of 
the ratio £ of the crack depth to the plate thickness. 

17. J. R. Rice and N. Levy. "TV Part-Through Surface Crack 
n an Etatk Pt»te," to be published in the Journal of Applied 
ffRCMKK 
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These functions are taken from the boundary colloca
tion solution by Gross aid Srawley:' * 

J, = $ , / 2 < 1.99 0.41$+ 18.70$* 

- 3 8 . 4 8 $ 3 + 5 3 . 8 5 $ 4 ) (4) 

and 

g k = $•/* (, .99 _ 2.47$ • I2.97$2 

- 2 3 . I 7 $ 3 + 2 4 . 8 0 $ * ) . (5) 

From Eq. (3) the calculated value for Jf/o_ turns out 
to be 1.58 i n . 1 ' 2 , which agrees with the result of the 
first method within approximately 4%. 

Influence of moment indnced by the oncracked region 
on the stress intensity factor along the minor axis 

The reduction of the stress intensity factor due to the 
induced moment may be estimated by comparing the 
stress intensity factor Km with that for a notched plate 
in plane strain loaded in pure tension, with the crack 
depth/plate thickness ratio equal to %. From Rice and 
Levy,1 * we have 

Kjom = A " 2 g, (V 3) = 4.485 in.' ' 2 . (6) 

Thus the ratio of the actual stress intensity factor to 
the value of the stress intensity factor for a notched 
plate is 

K/K^ 036. (7) 

It is drar that the influence of the load shedding to 
the noncracked region n very »^nificant. Moreover, 
using $ = % and the ratio of crack length !;, plate 
thickness (designated by 2a/h in Ref. 17}equal to 1.15, 
Rice and Levy's modd predicts that K/Km 2 038, 
which is within 5% of the value given by the numerical 
solution. This agreement suggests that the fnodel use4 
in Ref. 17 is a good approximation even for not very 
shallow cracks as the one used in the analyzed 
specimen. 

Behavior m the ntaatk mage, for an 

The behavior hi the phytic range is studtod by 
imposing load tocrements, each equal to 0.1 of the 
initial yield bed. Limit load fin the sense that no 
solution could b« o b i * * * ! beyond this load even after 
reducing the load increment by half), is reached at the 

sixth load increment. This corresponds to an average 
imposed stress equal to approximately 0.99oK, where 
o y is the yield strength of the material. Thus the limit 
load of the cracked specimen is less than 1% different 
from the limit load of the same specimen without a 
crack. 

Figures 2.38 *nd 2.39 show the extents of the plastic 
zones at various increments at the midplane and the 

18. B. Grcs and J. *. Srawley. Stress Intensity Factors for 
Single Edge Xotck Specimens in Bending or Combined Benduti 
mid Tension by Boundary Cotbcmtkm of a Stress Function, 
NASA Tech. Note D-2603 (1965). 
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free surface respectively. It can be seen that at the free 
surface the pastic zone is tilted toward the plane of the 
aack, whik in the midplane an elastic wedge exists 
even at the limit load. 

In Figs. 2.40 and 2.41 the variations of azzlaY with 
distance from the aack tip are shown. It is seen that for 
the elements along the minor axis this ratio tends to the 
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value of 2.0 as compared with 3.0 in the plane strain 
crack problem as shown by Levy et al.. 1 9 using a 
Ptondd field at the crack tip. 

Along the major axis the yielding mede for the first 
two elements nearest the crack tip is that of an in-plane 
shear. Farther away from the aack, the elements 
defurm in a purely .miaxial tensile mode of yielding. 

Crack opening. The elements used do not allow a 
discontinuous field of displacernents at the aack tip. 
Thus the aack opening at the crack tip could not be 
obtained in the manner shown in Ref. 19. However, a 
measure ->f the opening at the aack tip is obtained 
from the separation of the aack surface measured at a 
point along the minor axis at s distance equal to 0.3 in. 
from the aack tip. Figure 2.42 shows the variation of 
the aack surface separation suitably nondimension-
ahzed, as a function of the ratio (K/K0Y, where K is 
the current stress intensity factor and K0 is the stress 
intensity factor at first yielding. It is dear that a linear 
relationship between the two variables is obtain* 1 up to 
5% of the limit load. It is to be noted that such a Mnear 
relationship has been shown in Ref. 19 for the plane 
strain case. 

19. N. Levy et al., "Small Scale Yielding near a Crack in 
Pane Strain: A Finite Clement Anarym, to appear in the 
International Journal of Fracture Mechanics. 
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A Q « STRESS INTENSITY FACTOR _.__ 
CORRESPONDING TO ELASTIC LOAD 

< 

z 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 

Fig. 2.42. Cnck-free surface separation as function of the 
ratio (K/K0)2. 

Fracture Mechanics Characterization and Crack-
Preparation Studies of HSST Program Materials20 

T. R. Mager 
Westinghouse Electric Corporation 

Testing of compact tension specimens from approxi
mately - 5 0 to approximately 550°F continued this 
report period. One-inch-thick (I T-CT) specimens ori
ented in transverse direction (WR) were tested and 
compared with test data frorr specimens oriented in the 
longitudinal direction (RW). Several larger compact 
tension specimens were also evaluated. As with the 
previous data, an equivalent-energy procedure was used 
to determine the fracture toughness parameter Kjct>. 

As previously reported, Witt 2 1 proposed an equiva
lent-energy method for relating crack size, temperature, 
and stress levels af. maximum l"»ad to fracture and 
outlined a procedure for obtaining the fracture tough
ness value Kfcd, as follows' 

Measure the area under the load-deflection curve up 
to maximum load of a specimen of width d. 

20. This program was performed under UOCND Subcontract 
No. 3196 betwetn the Oak Ridge National Laboratory and 
Westinghouse Electric Corporation. 

21. F. J. Witt, "Equivalent Energy Procedures for Predicting 
Gross Plastic Fracture," k)apcr presented at Fourth National 
Symposium on Fracture Mechanics, Carnegie-Mellon Universto , 
Aug. 24-26,1970 (in '̂ ubUcation). 

Select any point on the linear portion of the 
load-deflection curve. Measure the area up to this point 
and divide this area into the area up to maximum load; 
call this ratio b. Scale the dimensions of the specimen 
tested by the fact** b and the load by b2. Using this 
load as PQ, determine KQ for the scakd-up specimen. 
The value as deterr lined is unique regardless of the 
point selected on the linear portion of the curve. This 
number is K/ed. 

Experimental test procedure 

Four %-in.-thick, ten l-in.-thick, one 4-in.-thick, and 
one lO-in.-thick compact tension (CT) specimens were 
evaluated this report period. The ten 1 T-CT (l-in.-
thick) specimens were machined with the crack front 
oriented in the rolling direction and the load appfed 
transverse to the rolling direction. Thus the 1 T-CT 
specimens were oriented in the transverse direction 
(WR). 

The four % T-CT ( l/2-in.-thick) specimens were 
fabricated from the broken halves of two 1 T-CT 
specimens oriented in the longitudinal direction (RW). 
Tie two 1 T-CT specimens were originally fabricated 
from HSST plate 02. The 4- and 10-in.-thick compact 
tension specimens were also machined from HSST plate 
02. 

All specimens were prefatigue cracked according to 
the ASTM recommended procedure,3 2 and a chp gage 
was placed on the front face of each specimen. The 
clevises and specimen were placed in temperature-
controlled chamber for testing. For temperatures below 
ambient, liquid-nitrogen vapor was used to cool the test 
specimen; above ambient, an electrically heated cham
ber was utilized. The load-displacement readings were 
read out on standard x-y plotters. After the test the 
crack lengths at creek initiation were read at five 
equally spaced intervals, and these were averaged to give 
the crack length for the test. A time-load behavior was 
also recorded. 

Results 

The 1 T-CT specimens oriented in WR direction were 
tested at nine temperatures from - 5 0 to +550°F. The 
temperatures were selected to correspond to tempera
tures for which data from specimens oriented in die RW 

22. ASTN< Standard E399-70T, Tentative Method of Test for 
Plane-Strain Fracture of Metallic Materials, ASTM Standards, 
Pt. 31,1970. 
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the method direction were available. Then, 
previously outlined,21 Klcl (that 
I-in-thick specimen) values were calculated at each test 
temperature. These data are summarized in Table 2.9. 
These values are a little lower than those previously 
reported*3 for I T-CT specimens oriented in the RW 
direction. This wouki indicate that Ltere is not a really 
significant effect of orientation. As before, these Uu 
indicate a very high resistance to fracture at evaluated 
temperatures. 

23. HSST hotrwm 
ORNL-4653. 

The Kfclf2 data are summarized in Table 2.10. 
The i£/ ri/3 data from the 0*F tests averaged about 86 
kay/in. These data are quite comparable with the 76 
ksiVhT. reported* 3 for the 1 T-CT specimen from 
which the % T-CT specimens were fabricated. At 
+50*T K,clfl values of 124 and 132 ksi>/m. agree eves 
better with the 128 lesion, value reported23 for the I 
T-CT specimen from which these %-m. specimens were 
fabricated. The 4 T-CT and 10 T-CT specimens were 
tested at 550°F. The 10 T-CT specimen failed to 
fracture at a load of 1,070,000 lb. which was the 
maximum loading capacity of the test apparatus. 

hoe. Jfep. Am- 2i. #970, However, using the method previously outlined,21 a 
*/cio w a $ calculated from the load displacement curve. 

TaMe2.9. 

Test Ouck U^Z tracaue 
Kfcd 

am^Bwmmi won temperatuic <°F) length (iB.) (ka i\fc-) (kai-^L) won temperatuic <°F) length (iB.) 
KD KQ KV KF 

3C21 - X ) 1.090 35.2 61.4 61.4 17.2 64.7 
3C22 25 1.136 32J 55.1 79.8 18J6 7«uO 
3C23 75 1.103 54.4 65.6 100.1 17/, 142.7 
3C24 100 1.098 54.7 6tx2 1014 17.4 182J 
3C25 150 1.081 54.8 623 993 16.9 z27.4 
3C26 200 1.088 52.3 64.6 96.4 17.1 253.0 
3C27 250 1.088 53.0 65.7 993 17.1 2444 
3C2fc 350 1.088 35.1 56.9 96d0 17.1 160.2 
3C29 550 1.091 33.7 53.7 953 17J 1583 
3C30 550 1.058 48.1 65.2 n* 17 J) 2034 
H52-28-C3* 550 1.038 50.3 62.6 97.9 15.8 2 H J 6 

*KD - fracture toughness at deviation 
at ultimate load, and KF- fracture 

*Gaented in the RW affection. 

load displacement, KQ = fractuse at xcmt offset load; KVX fractnte tongtaias 

Table 2.10. Pmctme 

Specimen 
design* tMn 

Test 
temperature (°F) 

BOM ^ T - C T i 

ttack 
ktagth (in.) 

KD 

Some fracture 
KSS PUT MB 

ncjiv/^7-) 

KQ KV KF 

HS2-7-C13 
HS2-7-C14 
HS2-7-C15 
HS2-7-C16 

0 
0 

50 
50 

0315 
0325 
0.5, tf 
0325 

283 
26.3 
23.2 
28.4 

47 0 
46.4 
38.9 
46.4 

713 
733 
744 
65.2 

20.0 
204 
20.2 
204 

87.2 
853 

132.2 
123.9 

aKD = fracture toughness at deviation - load displacement, KQ * fracture toughness at 
at ultfauate load, and KF * fracture toughness during prefatipie piecracking. 

t offset load, KV* fracture l 
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Some iractare 
Scroaara Test Crack in«0«cn patina m i * K M 

«ca*aiiioa ttmptntwK <°F> lenrth tie).) tkaj>/ai.> Om-JSi) 
KD KQ XV KF 

4D(4T) 550 4.I7S 103.4 145.4 193 J 16.3 241ft 
2HA-KI0T) 550 10.250 271J * 

mKD * fracture towflmcn *t deviation load dJiptorwrt. AT0 * rractare Inaebrrai at M M offset load. KUm tractate toaffc-
nea j l wttmune load.and IC/" • fracttwe lnaynnru daringptefattfac pecuatkint. 

TheJC# r 4 and * / r l # data are reported in Table 2.11. As 
before, these data indicate a very high resistance to 
fracture at SS0°F. 

Future work will include evaluating 6- and 9-in.-thicfc 
specimens at temperatures correspondr^ to the upper-
shelf Charjy V-notch range (200- 550°F)-

FATIGUE AND CRACK-PROPAGATION 
INVESTIGATIONS 

L F Kooistra 

The effects of environment and stress stak. * crack 
growth rates are being studied. The current activity 
emphasized crack growth rate in an environment of 
high-temperature water (without irradiation). Alt com
binations of two water conditions (typical of pres-
surized-water and bailing-water reactors), four materials 
(pbte, submerged-arc weld, etectrosbg weld, and 
shJeMed-metal-arc wdd), and two locations (surface and 
center for plate, weld metal and heat-affected zones for 
welds) are being investigated at 550°F with the use of 2 
T compact tenskxi specimens. Some characterization 
studies will also be made at room temperature. The 
stat-js of this work iz <mcuaed below. 

Fatigue Crack Growth Characteristics of Nnckar 
Pressvav Vessel Grade Materials24 

T. R. Mager 
Westinghouse Electric Corporation 

Using the fracture mechanics approach, the effect of 
an environment of high-teriiperature primary reactor-
grade water on the fatigue crack growth characteristics 
of nuclear pressure vessel grade materials is being 

studied. The stress intensity concept of linear elastic 
fracture mrchanict provides a parameter K which 
describes t*».« stress situation at the tip of an existing 
crack. It hat been shown that the cyclic range of the 
stress intensity factor A * b the coatrottng stress 
parameter which determines the fatigue crack growth 
rate. The crack growth rale dafdN of pressure vessel 
niateriah is being measured as a function of M 7 , the 
change in the stress intensity at the r*p of the crack. 
The fatigue crack growth data are being generated with 
2 T WOL (wedge opening loading) specimens at 5S0*F 
in an envirotttneat (excluding irradiation) typical of 
PWRs and BtTRs. The 2 T WOL specimen is illustrated 
mRg.24> 

Tests arv betuj performed on A 533, grade B, dass 1 
steel (HSST pbte 02) and weld twtal prepared by the 
submerged-arc, etectrodag, and manual-arc processeŝ  
Material from the heat-affccted zone (HAZ) of the 
wcMments prepared by the subnerged-arc and manual-
arc processes are also being stymied. 

A test chamber was dragned and fabricated to 
operate at 550°F jod 2000 psi. The test chamber was 
fabricated from stainless steel. The water was pumped 
from an auxiliary tank through the test chamber. 
Typical water chemistry is given in Table 2.12. Cycang 
rates were from 60 to 600 com for a nunimuai of 
100,000 cycles. Initially, the ultrasonic crack growth 
monitoring technique was utilized to measure the crack 
growth in the 2 T WOL specimens. Use of ultrasonics as 
thr chosen crack growth rate monitoring technique 
required that the test specimen be c?lmprd to the Ed of 
the test chamber. However, it was concluded that 

24. Work ^moored by HSSr program under UOCND Sab-
contract No. 3290 between Union Carbide Corporation and 
Westingboue Efcrtric Corporation. 
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I.SO 

Fa>2v43. **2r*WOL4yp« 

TaM»2.12. l y p k r i c t a * tryofpnnt 
• t euMldr Mar) 

Pvtssuraed-water Bcttng-water 
reactor reactor 

OxygB^ppra <0.1 0.2-0.4 
CWondlc, ppnn <0.i* <0.2 
Ftaonde, ppu <0.15 <0-l 
Total iBspended solids. <L0 <0.2 

ppm 
Boron, ppm 0-4000 

CSOOf 
Solution pH 4.2-10.5 

(5 . l f 
6-6.5 

Electrical conductivity. < l - 40 <0.1 
umbos/cm 

Hydrogen, cc (STP)/kg 25-35 0.03-0.05 
Li(OH),m 0.3 X I0" 4 -3.2 x 154 

'Average. 

because of the constrauiment of the chamber lid, the 
"stress intensity Kj" at the crack tip was not well 
defined. To correct this problem, the experiment was 
redesigned to utilize compliance (LVDT gage) to 
measure the crack growth rather than ultrasonics. 

Experimental results 

Crack length a vs number of cycles N data were 
generated for twelve 2 T W0L specimens. In order to 
express the raw test data (a vs N) in terms of fracture 
mechanics, the data were converted to the form of 
crack growth rate, da/dN vs Ait , 'he cycIL stress 
intensity range. The crack growth rate was established 
by computing the slope between successive data points 
on the a vs N curve obtained by means of1 compliance 
(crack opening displacement). The AJf values associate*! 
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wiih a particular crack length, and in turn the corre
sponding crack growth rate, were determined from the 
following expression: 

&K = K max nn 
_ Y *m*Xy/i 1,*miii>/« 

BW BW ' 

where a is the crack length measured from the center 
line of loading. Y is a compliance constant which 
depends upon a/W, W is the speciiren width (see Fig. 
2.43). B is the specimen thickness, and Pmtx and Pmin 

are the maximum and minimum load per cycle. The 
results are presented in Figs. 2.44 to 2.47. Figures 2.44 
snd 2.4S present the 550°F fatigue crack growth rate vs 
stress intensity factor range relationship for specimens 
fabricated from the base metal (HSST plate 02). Figures 
2.44 and 2.4S represent data generated in FUR water 
chemistry and in BWR envirr unent respectively. The 
upper scatter band from similar data generated by 
dark 2 5 with A 533, grade B, class I base plate is rJso 
shown in Figs. 2.44 and 2.45. The fatigue crack growth 
rate vs stress intensity factor range relationship for 
specimens fabricated from the wddment materiab is 
shown in Figs. 2.46 and 2.47. Figures 2.46 and 2.47 

show that water chemistry (FWR and BWR) has no 
effect on the fatigue crack growth rate of the materiab 
investigated (but, weld metal, and HAZ metal) for 
specimens fatigued at 600 cpm. However, for tests 
performed at 60 cpm in FjWR water chemistry, the data 
fall outside Clark's scatter band at the low AX values. 
Thb anomalous behavior is probably related to the 
threshold level, which is outside the realm of thb 
experiment. 

To date, the presence of nuclear reactor grade water 
environment (chemistry and pressure) for FWR and 
BWR was found to have no effect on the fatigue crack 
growth of A S33, ipade B, class 1 steel base plate and 
wekbrents. Comparison of the results obtained for each 
mater J teste" at 550°F and 600 cprr indicated that 
the * tct scatterband of the crack growth rate data for 
tht «se plate material at 7S°F encomipasses all other 
data. 

2i. W. G. Clark, Jr., Fatigue Owck Growth Omwcteiuticsof 
Hemwy Section ASTM A 533 Grmde B. Oma I Steel WektmenU, 
ASME Pfcper 70-PVP-24. 

2 — 

ill 1 1 
1 1 

MTU tCATTO 
ran «u MM 
TMTI (*'•) 

1 1 1 IM| 

73? 
na NTU awawni 

I
N

I f mnmtm «cuw i 
fUTf MTOIM. 
• i r ML MtCiMBS 
1CST1WF. 9«f*F 
CftllC I M t IMS M I7M* l» 

— 
FtCMOCY ytCIMl 

O M CM JT-» 
£ M i CM tCH 

D «• CM K-;I 

— 
lT-$ . TM MMKt 
* * • 1 cam K«IM 
K- l l t 

— B 
— 

O 

1 1 1 11 ml 
10 00 tt 00 100 

tTKSS mwvy rum MMI, ai, kti VuT 

Fa>2v44. CnckfTOW1kiaMMar«KtkMiorA^foffA533, IsraHpbMMPWR 



46 

100 
to 
00 
70 
•0 
so 

- J o 
5 so 
S » 
1 » 

1= 1—r 

t*f tt scmct 
FGBt ILL aMN n 
TESTS (Alt) 

s »5 

«Rl0 
. 9 

••I • 

5 ? 

i : 
o 
S 3 
o 

10 

Ml MTEB B«l 

•us auM a CLASS i 
HATE NATCIIAL 
"IT- « L STECmaS 
TEST T8#. S«a*f 
CYCLIC UAB iraa ra traao i» 

FiEaaacv SPECINQ 

x-» 
x - u 
X - I S 

CEiTEa tcsiaa 

1 X 1 i I I i l l 
20 10 00 00 M0 

STKSS IMTBISITT FACTOt IAME, At, ksiVnT 

Fig. 2.45. Crackgrowtlinteasa^uiM^wof A^fo^AS33,t^adeB,da*s Istc^pfatcwBWR 

100 
to 
to 
70 
to 
SO 

w ao 
_ 1 
§ ^ 

V 30 
S 2S 
§ a 
8 
3 IS 

F 1—I I l 111/1 
afTEt SCATTEt 
raw ALL aaaa TI 
TESTS (All) 

& 

» l 

2 

MATE* a m i 

*:*» MAN a CLASS i 
•EUNCBT 
•v m. SHCINCBS 
UST TB#. S8V*F 
CYCLIC L M IJf3 T» t 

nffaacv SHCINOI 

Oat * CM aa-j 
Aaea CM a-* 
Q t H CM aa-i 

u 

MA-I sawEaao AM aaawan 
»-« acAT arrcct mm 
immM.mm.mmn) 
«a-i ELECTMSLA* 

j i i i i n i l 
10 20 *0 «0 00 It? 

STtESS IITtMtTY FACTtt tAME 

Faj.2v44. Cr*ckfn>wtfii**»arwKtto«af'AJrior A533, 

l. kaiVin. 

fefltflt 

http://immM.mm.mmn


r 

47 

100 
90 
•0 
70 
60 
SO 
10 

••J 
- J 

2 30 
« J 
^ » 
ft 

s » 
K 

s IS 

sfe'g 

2 
*» 

1—I I I I !!/ | 
arm SCATTEI 
FMH M.I MHM 
TEST (All) 

•ITEt ElVlMNaY 

1S1I « U K • CLASS I 

- j r MK srcciMas 
rest TB». «••» 
ciaic U M I W I I I 

majaor SKCINC 
O M CM «t-2 
A «K CM VS-] 

D W M Z+i 

I * 

•• -1 CUCTMSUt 

»>S «t»T tfFKTf* M 
( M b * MC I W O I ) 

i i i i i nil 
10 » «0 00 00 100 

STKSS liTOSITY FAC1M U M f . i f . ktiVHT. 

Fif.2.47. Cra±*owtan le jaa fMKl io«of AJTforA533,j 

I 



48 

3. Investigation of Irradiated Materials 

Irradiation is one of the environmental factor* that 
must be considered in safety evaluations of reactor 
pressure vessels, since the mechanical properties of 
metals may be modified thereby to a degree that is of 
considerable engineering significance. Investigations of 
irradiation effects have been carried out by Hanford 
Engineering Development Laboratory (HEDL), Westing-
house Electric Corporation, Naval Research Laboratory 
(NRL), and Oak Ridge National Laboratory. The areas 
of primary interest to the HSST program are 'he 
temperature range 450 to 600°F and the fast-neutron 
(£ > I MeV) fluence range i to 8 X i O 1 9 neu
trons/cm2 . 

The work at NRL, Westinghoose, and ORNL has 
essentially been completed, and final reports are in 

preparation. The recent vork at HEDL and a co
operative effort with Verein Deutscner Eisenhutten-
leute are described here. 

IRRADIATION EFFECTS ON THE FRACTURE 
OF HEAVY-SECTION PRESSURE VESSEL STEELS 

J. A Williams C.W. Hunter 
Hanforu Engineering Development Laboratory 

Specimen Irradiation 

Irradiation of specimens in the M-3 hot water loop of 
the Engineering Test Reactor (cTR) was terminated at 
the end of cycle 109 (December 1970); goal exposures 
were not obtained on all specimens. Table 3.1 sum
marizes the irradiated specimens obtained from trie 

Table 3.1. Summiy of specimens eradiated in the ETR during cycles 108 to 110 

Specimen 
type 

Number of 
specimens Material description 

Approximate 
fluence at E > 1 MeV 

(neutrons/cm3) 

X 1 0 1 9 

Tensile 9 
8 
3 

Transverse (W), A 533 base 
Transverse (W), A 533 base 
Weld metal 

2 
5 
0.5-1 

4 Weld metal 5 
High-strain-rate tensile 12 Longitudinal (RW), A 533 0.5-1 
lin.CT 4 

4 
4 

Transverse (WR), A 533 base 
Transverse (WR), A 533 base 
Weld metal 

2 
5 
5 

4 HAZ 0.5-1 
Charpy V 5 

5 
7 
5 
5 
7 

Transverse (WR), A 5 33 base 
Transverse (WR), A 533 base 
Transverse (WR), A 533 base 
Longitudinal (RW), A 533 base 
Longitudinal (RW), A 533 base 
Longitudinal (RW), A 533 base 

0.5-1 
2 
0.5 
0.5-1 
2 
5 
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loop during cycles 108 through 199. The fluences 
reported are approximate, pending analysis of all flux 
monitors. 

The M-3 loop water temperature was controlled at 
510°F for all irradiations: tensile and Chaipy specimen 
maximum temperatures are 513°F, and compact 
tension specimen center temperatures are 540° F 
maximum. 

Irradiation of 4T Specimens 

The irradiation of thicker fracture specimens is 
necessary foi *he measurement of higher K!c values. 
The details of 4i"CT (4-in.-thick compact tension) 
specimen irradiations and associated problems were 
discussed ?! length in the previous semiannual report.1 

In summary, the basic problems of large specimen 
irradiations are space, sufficient neutron flux to per
form the irradiation experiment in a reaso; able time 
period, and a low enough gamma flux to avoid 
overheating and yield a low crack lir.e temperature 
gradient. 

The ETR at Idaho Falls is suitable on the basis of 
space and flux for irradiating two specimens to a 
fluence of 5 X 1 0 1 9 neutrons/cm2 (£"> 1 MeV) in less 
than a year. A patch concept for reducing the crack line 
temperature of the specimen was previously described;1 

sufficiently reliable gamma flux data are not available 
for calculation of patch size and gas gap to assure 
correct experimental temperature control during irradi
ation. 

A 4T CT dummy specimen gamma heat experiment 
was designed to determine specimen temperature pro
files in a reflector position facility of the ETR. The 
irradiation assembly (Fig. 3.1) has been completed and 
shipped to the ETR for use. The experimental assembly 
will occupy eight 3- by 3-in. reflector positions. Upper 
and lower support boxes position the specimens in 
desired reactor location and channel reactor coolant 
water for specimen cooling; they function as a single 
unit but are built in upper and lower sections for 
reactor installation. Lower and upper support blocks 
ue keyed to the corners of the support box for vertical 
iupport and positioning of the specimens; the blocks 
must be sized to meet positioning requirements and can 
be withdrawn for removal of the lower specimen. The 

I. C. W. Hunter and J. A. Williams, "Irradiation Effects OP 
the Fracture of Heavy Section Pressure Vessel Steels," HSST 
Program Semiannu. Progr. Rep. Aug. SI, 1970, ORNL^653, 
pp. 31-36. 

TC CLAMPING TUBE 

THERMOCOUPLE 
Tu8E$ FEEDER 
SUPPORT 

UPPER SPEC«MEr.< 

,,____, \ SPECIMEN 
" T O R I SUPPORT 
LOWER I $ SPACER 
" * " * ' B L O C K 

LOWER SPECIMEN 

UPPER SUPPORT 
BOX 

LOWER SUPPORT 
BOX $ NOZZLES 

Fig. 3 .1 . Imdiat ion assembly used in the reflector position o f 
the E T R f ix irradiating 4 T C T f iac tue specimens. 

support box and the support blocks are designed 
specifically for irradiation of 4T CT specimens as well 
as the dummy gamma-heat experiment. 

The thermocouple instrumented dummy gamma-heat 
specimen will occupy the space above tlie reactor 
midplane; the specimen is a block of A 533 grade B 
steel the size of a 4T CT specimen (4 X 9.6 X 10 in.). 
The spacer blocks are adjusted so that the bottom of 
the specimen is 1 in. above the midplane and the top of 
the lower aluminum blank is 1 in. below the midplane. 
Flux gradients are nearly symmetrical about the reactor 
midplane, so only the temperature gradients in one 
specimen need be measured. Fifty thermocouples are 
placed at critical points to provide profiles throughout 
the specimen. The thermocouples are ISA type K 
calibration sheathed in 347 stainless steel and insulated 
withMgO. 

The specimen is to be irradiated at full power reactor 
operating condition in direct contact with the reactor 
coolant water. Temperature from each thermocouple 
within the specimen will be monitored at each power 
level during reactor startup. Full reactor power temper
ature profiles will be measured at the beginning, middle, 
and near the end of the reactor cycle. 
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Base Material Studies of ASTM A 533 B 

High fluence irradiated 1TCT specimens from 12 in. 
ASTM A 533, grade B, class 1 HSST plate 02 were 
tested at 200 and 245°F. 1>e additional sensitivity to 
irradiation embritttement exhibited by these specimens 
irradiated to fluences of 8 X 10 1 9 neutrons /cm 2 (E > 1 
MeV) is shown in Fig. 3 . 2 . The fracture toughness 
results of the rpecimtns irradiated to 8 X i O 1 9 

neutrons /cm 2 is j iven in Table 3 .2 . Irradiator, to 8 X 
1 0 1 9 neutrons /cm 1 caused an additional shift o f about 
9 0 ° F higher than did irradiation t o a fluence o f 2 X 
1 0 1 9 n e u t r o n s / c m 2 . Irradiation embrittle men t at 2 and 
8 X 1 0 1 * neutrons /cm 2 caused a fracture toughness of 
5 0 ksi V i n . to exist at respective temperatures of 185 
and 2 7 4 ° F higher than for unirradiated material. The 
trend above the 50-ksi VmT toughness level at both 
irradiated conditions is for increasing toughness with 
increasing temperatures. The rate at which toughness 

will increase or the level that may be obtained at higher 
temperatures cannot be assessed by currently available 
data of this study. 

The fatigue crack preparation stress intensity was 
cursorily examined as to its effect on KIc, fracture 
toughness; these results arc shown in Fig. 3 .3 and Table 
3 .3 . All fatigue cracks were prepared at room temper
ature. The fracture toughness o f % plate thickness 
position fatigued at 10 ksi VfiT is about equivalent t o 
the earlier data obtained from % plate t r i t eness 
position material fatigued at 17 t o 21 ksi VmT Fatigue 
crack preparation at 13 ksi y/xn. of % plate thickness 
position yielded a 5 0 ksi \ / in7 fracture toughness at 
4 0 ° F higher temperature than the \ position and 5 0 ° F 
higher ihan die earlier % plate thickness position data. 
The shift in the 5 0 ksi VET level due to irradiation 
reported above is given wi th respect t o the fracture 
toughness o f material from % plate thickness posit ion 
with a crack preparation stress intensity o f 10 ksi 
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Ffe. 3.2. Irradiated and unirradiated fracture toughness as a function oi tenuwrature for ASTM A 533, grads B, etas 1 steel from 
HSST plate 02. Closed points on the curves are Kg values; XIc determinations were invalid based on a or b <2.5 {Kjja^2. A D 
specimens are from the RW orientation (longitudinal) of the plate. 

Table 3.2. Fracture toughness of irradiated ASTM A 533, grade 5 , 
from HSST plate 02 steel, RW orientation 

I steel 

Specimen M t Fluence at E > I MeV 
identification % (neutrons/cm 2) 

P b t e . *fatieue Y " M C r a < * K0 , KIc 
position" f a t , ^ f strength length" * 2.5 {K(JavJ2 i e 

(in.) fta-v^n-) (psi) { i n ) (*«>/»«•) * y (ksiVmT) 
X 10 1 9 x 103 

02GA44 200 8.2 3.4 10.3 111.5 1.005 46.2 0.43 46.2 
02GA 43 245 8.3 3.4 10.2 109 1.000 63.3 0.84 63.3 

"From plate surface to specimen center. 
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Table 3.3. Fracture toughness of ASTM A 533, grade B, d m 1 steel from HSST pbte 02, 
RW orientation, after crack preparation at low Iangne stress intensity 

Specimen 
identification 

Test 
temperature 

(°F) 

Plate 
position0 

(in.) 

Afaiigue 
(ksi-v/m7) 

Yield 
strength 

(psi) 

Crack 
length3 

(in.) 

A<2 
(ksivfiT) 

2.5 i*VVa 

(ksi>/5:) 

x IO 3 

02GA 17 -184 8.6 10.5 91 1.019 28 0.24 28 
02GA 16 -140 8.6 10.3 84 1.007 43.5 0.67 43.5 
02GA 19 -100 8.6 10.9 78 1.042 43.7 0.78 43.7 
02GA 20 -50 8.6 10.9 72 1.046 51.6 1.28 6 
02GA 50 -184 6.0 10.2 91 0.997 36.5 0.40 36.5 
02GA 49 -140 6.0 10.6 84 0.988 34.9 0.43 34.9 
02GA51 -100 6.0 10.2 78 1.008 51.5 1.08 b 
02GA 52 -50 6.0 10.4 72 1.018 68.6 2.26 b 

"From pbte surface to specimen center. 
6Invahd by crack length and th. ckness <2.5 (KQJO ) 2 ; meets secant offset criterion. 

The longitudinal tensile properties of A 533 B for 
high fluence irradiation of 6 and 8 X 1 0 1 9 neu
trons/cm2 (E > 1 MeV) were evaluated ovei a temper
ature range from - 3 2 0 to 500°F. The results are given 
in Table 3.4; yield and ultimate strength properties of 
unirradiated and irradiated A 533 B are shown in Figs. 
3.4 and 3.5. 

Irradiat'jn at r'l levels causes general irradiation 
!.ardening, resulting in elevation of yield and ultimate 

strengths. The irradiation sensitivity of the ultimate 
strength was less than that of the yield strength; thus 
the margin between flow and failure is decreased with 
increasing irradiation. 

Figures 3.6 and 3.7 demonstrate, in the range of 
investigation, that the changes in yield and ultimate 
strength are directly proportional to the fluence and 
that no saturation of irradiation strengthening is evi
dent. The slope of the yield strength vs fluence in Fig. 
3.6 decreases as the test temperature is increased; this 

>•* J"**HV i+m,*'/? I**** *"• 
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Table 3.4. Irradiated tensile properties of A 533, fade B, class 1 tteei from HSST plate 02 longitudinal specimens 

Specimen 
identification 

Test 
temperature 

<°F) 

Fluenceat£>lMeV 
(neutrons/cm2) 

Pbte 
pciiuor.a 

(in.) 

Yield strength, 
0.2% oiTset 

(psi) 

Ultimate 
strength 

(psi) 

Total 
elongation 

(%) 

X 10»'y X 10 3 X 10 3 

02GA 141 -319 5.5 2.7 177.7 177.7 G 
02GA 142 -100 5.8 2.7 12/. 7 12T.8 129 
02GA 149 80 5.5 2.7 1155 126.0 12.7 
02GA 176 200 6.3 3.4 104.2 116.8 11.0 
02GA 150 350 5.8 2.7 100.2 115.0 13.4 
02GA 229 350 6.1 5.3 100.8 116.0 12.3 
92GA 172 500 6.5 3.4 943 114.5 113 
02GA 231 50C 6.5 5.3 91.0 108.8 103 
02GA 148 -250 S.3 2.7 163.0 163.0 0.1 
02GA146 -100 7.4 2.7 133.6 143.3 12.1 
02GA 155 80 8.3 2.7 1223 131.9 13.1 
02GA 154 200 7.4 2.7 110.3 121.8 12.3 
02GA 184 350 8.1 4.1 99.2 114.3 9.6 
02GA183 500 7.8 4.1 93.7 112.6 10.2 

f r o m top surface of pbte to specimen center. 
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Fig. 3.4. Yield strength of irradiated and unirradiated ASTM A 533, grade B, d a s 1 steel from HSST pbte as a function of 
temperature. Longitudinal (R) orientation. 

slope is given by 

ST = 4.3-0.00387', 

probably best described by an expression of the form: 

(1) A(l -e-*(*), (2) 

in which T is temperature in degrees Fahrenheit. The 
increase in the yield strength at fluences below the 
lowest experimental result at 2 X 10 1 ' neutrons/cm2 is 

in which A * 22 ksi, B = 5 X 1 0 1 8 neutrons/cm2, and * 
= fluence, neutrons/cm3. Thus the increase in yield 
strength as a function of fluence and test temperature 
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F|g, 3.7. Effect of 
at 

{E > 1 MeV) oa the 
for ASTM 

A 533, grade B sted from HSST 02. 

may be calculated from 

bo = 22 p - exp (-4>/5 X 101«)] 

This expression quite precisely descti' the behavior 
over the testing temperature range (~2i J to +500°F) 
except at low temper ttures and high fluences (e.g. 
-250°F, 8 X 1 0 " ) , i nder which conditions the true 

+ * /10 1 » (4.3 - 0.00387). (3) yield stress is exceeded first in the test. 
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COOPERATIVE EFFORTS BETWEEN THE HSST 
PROGRAM AND THE PRESSURE VESSEL STEEL 

IRRADIATION PROGRAM OF VEREIN 
DEUTSCHER EISENHUT1TNLEUTE2 

G. Sievers 
Kernforschungsanlage Julich GmbH 

West Germany 

Introduction 

On behalf of Verein Deutsche! E'senhuttenleute 
rVDEh), Kernforschungsanlage GmbH carries out a 
pressure vessel steel irradiation program. Three types of 
low-alloy pressure vessel steels are being investigated. 
The HSST program has made available to the VDEh 
two sections of HSST plates 02 and 03 (ASTM A 533, 
grade B, dass 1) as reference material. The VDEh in 
return will supply the HSST program with irradiation 
results obtained from this steel. 

Submerged-arc wddment 

The weldment w s prepared by Mannesmann For-
schungs*nstitut GmbH, Duisburg-Huckingen, Germany. 
Figure 3.10 shows the steps followed in preparing the 
weldment. Section J was cut into six pieces (A to F), 
these pieces were placed together to form three blocks, 
ard the blocks were cut longitudinally and then welded 
togeiiwr. The isometric in the right part of Fig. 3.10 
shows the location of the samples (hatched region). 
Figure 3.11 shows a photograph of the weld and the 
location of samples in the welded region. A total of 540 
Charpy V-notch and tensile samples were obtained from 
the «.veld and the HAZ metals. TabR 3.5 contains the 
welding data and the heat treatment. Ultrasonic in
spection was performed between the intermediate and 
final post-weld heat treatment. There was no indication 
of failures. 

Extent of VDEh Irradiation Program 

Three types of low-alloy Mn-Ni-Mo-V and Ni-Cr-Mo 
steels are being investigated as base metal, weld metal, 
and heat-affected-zone (HAZ) metal. 

These steels will be subjected to Charpy V-notch 
impact tests, tensile tests at room temperature and 
350°C (662°F), Vickers-hardness tests, and metal
lography. Specimens will be irradiated in the D 2 0 -
moderated and -cooled DIDO reactor, fuel element 
position, at fluences (neutrons/cm2) of 1 0 1 9 , 5 X 
1 0 1 9 , and 10 X 1 0 1 9 (E> 1 MeV). Temperatures will 
be 300°C (572°F) and 500°C (752°F). 

Sample Preparation of HSST Reference Steel 

Figure 3.8 shows the plate sections VDEh received 
from the HSST program: section A from plate 02 and 
section J from plate 03. Section A is being used as base 
metal, ar.d section J has been used for weldment. 

metal 

A thickness of 120 mm (5 in.) was removed from the 
edge of section A and the section was cut into six slices 
(A to F) from V4, V2, and % thicknesses, as shown in 
Fig. 3.9. By applying the arrangement shown in Fig. 3.9 
a total of 1050 Charpy V-notch and 108 tensile samples 
were obtained. 

Table 3.5. Welding data sad heat treatment 
of submerged-arc weld 

Welding data Root Remainder 

Electrode 
Size 
Type 

3.25 mm (0.13 in.) 
EML5 

4 mm (0.16 in.) 
5 2 NiMol 

Flux Argonarc QP40TT a 

Current 120 A 600 A 

Polarity + -r 

Arc voltage 20 dc 30 dc 

Travel speed 50cm/min 
(20 in./min) 

Heat treatment 
Preheat: 200-250°r (?92-482°F) 
Intermediate post-weld heat treatmen* (PWHT): 620°C 

(HS0°F),held IS min, air cooled 
PWHT: 620°C (1150°F) held 12 hr, furnace cooled to 320°C 

(608°F) 
Cooling and heating speed between 620 and 320°C was 40°C 

(lG4°F)/hx 

2. This work was sponsored by Verein Deutscher 
Etsenhuttenleute and is reported as a cooperative exchange with 
the HSST program. 

"OP 40 TT composition (%): 21.6 CaO, 15.6 Si0 2, 19.0 
Alj0 3 , 26.4 MgO, 0.7 Ti0 2, 0.34 MnO, 1.64 FeO, 12.9CaF2. 

Results and Present Status 

Figure 3.12 shows the results of Cha<py V-notch tests 
of weld metal and HAZ. In both cases the transition 
temperatures are approximately -60°C (-76°F) at 30 
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ft-lb. Table 3.6 contains the chemical composition of 
the weld and the results of tensile tests. 

The results are satisfactory. The values of the weld 
reach the ASTM requirements of class 2 steel, and those 
of the HAZ are well within class 1. 

The irradiations have been successfully comp'eted, 
anu posMrradiation examinations are under way. They 
will be con,pie ted by October 1971, and the results will 
be available to the HSST program by the end of 1971. 
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Tabfe3-6- ClMMcyoojvoiiiiMmdnwciH«alpR>pRSieiofASTIlAS33B«cid 

(%) 

C Si Mn P S N A) B Co Cr Cu Mo Ni V 

0.09 0.39 1.36 0.02 0.004 0.01 0.022 0.012 0.041 0.20 0.10 0.51 1.08 0.03 

Tensik test at 20°C (68°F) Tensile test at 3S0°C (662°F) 

Yield strength Tensik strength Elongation R e d u c d o n YfcM strength Tensik strength Elongation 
Z I ja^ in *»*a - teL\ * n *"* 

kp/nun2 psi kp/mm3 psi (*) ^ kp/mm2 psi kp/mnr psi W ^ 

Weld Metal 

53.6 76219 63.2 89870 27.9 74.3 46.3 65838 58.9 83755 21.7 68.3 

Heat-Affected Zone 

44.3 62946 60.6 86173 18.9 69.5 39.4 56026 57.3 81480 17.3 63.0 
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4, Pressure Vessel Investigations 

During this reporting period emphasis was placed on 
the simulated service test activity, although effort was 
also continued under the complex stress state studies 
and the specific safety research studies. Activities 
reported include the development of procedures for 
flaw sharpening of the simulated service test specimens, 
the testing of the eight additional large flawed tensile 
specimens at Southwest Research Institute (SwRI), and 
an evaluation of the acoustic emission data obtained 
during the testing of these specimens. Expediting of 
procurement of six intermediate test vessels from 
Taylor Forge Company was continued, and a summary 
of the material properties evaluation of the vessel 
components led to a retempering of the shell courses. 

HYDRAULIC FATIGUING USED 
FOR FLAW SHARPENING OF MACHINED NOTCHES 

IN LARGE TENSILE SPECIMENS 

R.W.Derby A. A. AbbatieUo 
K.K.Klindt 

After the successful sharpening of the notch in the 
test block described in the preceding progress report,1 

the hydraulic pressure method was used to sharpen the 
machined notches in six full-size tensile specimens. The 
larger volume of the system associated with the full-size 
specimens required the use of a "pump and dump" 
arrangement as shown in Fig, 4.1. To imlement this 
arrangement, hydraulic oil pressure at about 17,500 psi 
is pumped into the lines and voids of the machined 
notch and then released. A pressure gage in the main 
line is fitted with a set of electrical contacts so that 
each time the pressure reaches the set point the 
solenoid of the pressure relief valve opens and drops the 

I. F. J. Witt, HSSTProgram Semiannu. Progr. Rep. Aug. 31, 
1970, ORNL-4653. 

oil pressure to zero; the oil then recirculates to the 
supply container. An electric counter records each time 
the upper set point is energized. Using the 20,000-psi 
Aminco pump to pressurize the system, the required 
pressure, 17,500 psi, was reached in about two strokes 
when cycling only one specimen, with a consequent 
cycling rate of about 1000 pressure cycles per hour. 
When two specimens were connected in parallel, the 
added system volume required three pumping strokes to 
reac.'i the 17,500-psi pressure level, which reduced the 
cycling rate to about 700 pressure cycles per hour. 
Afte?- shakedown problems were eliminated, a crack 
could be grown simultaneously in each of two speci
mens to the required depth (0.3 to 0.5 in.) in 30 to 36 
operating houis, representing 20,000 to 25,000 cycles. 

The rate of crack propagation wus determined with 
ultrasonic instruments for four of the six specimens. 
Based on data previously collected on the two speci
mens which were sharpened at ORW.L in September 
1970, and broken at SwRI in October (chronologically 
Nos. 5 and 6), and which shewed crack growths about 
0.5 in. deep, there is good assurance that crack depth in 
the subsequent four specimens just completed will be in 
the same range. 

A system of measuring deflection of the specimen as a 
function of pressure level and number of cycles was 
implemented as a complementat/ method of monitor
ing crack growth that generally confirmed the ultra
sonic data. Difficulties with ultrasonic instrumentation 
prevented a direct comparison of the two techniques on 
the same set of specimens. However, the complemen
tary techniques were employed on specimens that were 
cycled in parallel 2nd consequently were exposed to the 
same pressure and number of cycles such that equiva
lent crack growth rates were anticipated. On this basis, 
it is believed that all four of the specimens delivered to 
SwRI on January 25, 1971, have cracks from % to % 6 
in. deep. 
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The general arrangement used to fatigue two speci
mens simultaneously is shown in Fig. 4.2. Figure A3 is 
a closeup view of the seal showing the condition of the 
O-ring. 

Based on the data obtained to date from sharpening 
six specimen notches, a useful prediction can be mide 
of the crack size and its growth rate as a function of 
number of cycles and given pressure level. Experience 
has shown that for pressure levels of 17,500 psi a 
deflection of about 0.0025 to 0.0027 in. may be 
expected at the end of the specimen with respect to its 
center at the start of cycling, and when this deflection 
increases about 20% (or to a total deflection of about 
0.0035 ip.) the crack will have grown approximately 
0.4 in. deep, a value considered desirable for this 
application. A curve showing this deflection for various 
pressure levels and number of cycles is shown in Fig. 
4.4. 

An extension of this crack-sharpening technique to 
the intermediate pressure vessels is being planned, but 
neither the through-transmission nor the pulse-echo 
method of ultrasonic crack detection appears to be 
sufficiently developed for use on large cylindrical 
sections. The shear-wave method has been proposed and 
may need to be evaluated. Mechanical sealing of the 
hydraulic pressure in the notches in the intermediate 
test vessels apparently presents no major problems. 
However, past experience has shown that flatness 
requirements (or actually seal clamp-specimen mini

mum gap size) to seal the O-ring are quite severe and 
must be maintained to achieve a successful seal. 

The crack grown in specimen 5 (see Fig. 4.5) showed 
a fine grain structure in the fatigued zone and a uniform 
growth of about V2 in. along the entire periphery of the 
machined notch except for the region where the crack 
breaks out into the sealing surface plane, where it 
narrows down to about % in. It is expected that similar 
fine cracks of uniform width will be found in specimens 
7 through 10 except that No. 9 is predicted to be 
slightly deeper than the others. The ultrasonic measure
ments also indicate a flaw indication in No. 9 just below 
the machined notch. It will be interesting to see how 
good such evaluations can be in view of the extreme 
depth (almost 4 ft) of signal transmission. 

TECHNIQUE FCR GENERATING SHARP CRACKS 
IN LOW-ALLOY HIGH-STRENGTH STEELS 

D. A. Canonico J. D. Hudson 

The successful culmination of the investigation of the 
behavior of the intermediate test vessels in the presence 
of a sharp flaw is dependent on the preparation of a 
flaw whose characteristics are acceptable to the applica
tion of fracture mechanics. To satisfy that need, a study 
was initiated on metallurgical principles. Below, we will 
describe briefly the metallurgical technique employed 
to produce sharp cracks in ASTM A 533 grade B steel. 
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PHOTO T31»60 

Fig. 4.2. Cracks in two large tensile specimens being sharpened at same time. 
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PHOTO 78U61 

Fig. 4.3. Seal plate and O-riag plate immediately after opening. 
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The production of cracks in the low-alloy high-
strength steel is premised on the role of hydrogen in the 
foimation of cracks in ferritic materials. It is we'd 
established that hydrogen is responsible for underbead 
crocking in the heat-affected zone of ferritic weldments. 
Further, the cracking is associated with stresses and 
microstructure. Our study is based on the fact that a 
suitable microstructure (martensite) can be produced in 
these steels by rapidly cooling them from the austenitic 
temperature range. This is easily accomplished by an 
autogenous weld on the surface of a piece of steel. The 
second requirement is that of stress. The use of an 
electron-beam welder assures that the heat is concen
trated in a small region. Concentrating the heat results 
in the residual ftresses, which are of yield-point 
magnitude, being contained in a very narrow band. The 
third requirement for cracking is the presence of 
hydrogen. The hydrogen can be "pumped" electrically 
into the weld metal by rmsking off all of the test 
specimen except the weld. The weld is then placed in a 
10% H 2 S 0 4 solution which serves as the electrolyte. A 
lead bar is immersed in the bath, and the system is 
wired so that the specimen is at the lower potential. A 
current density of about 0.5 A per square inch of 
unmasked area is sufficient to cause cracking in less 
tlian 2 hr. Figure 4.6 schematically illustrates the 
process. 

We have successfully cracked ASTM A 533 grade B 
steel in thicknesses from about \ to 4 in. The trucker 
materials are more easily cracked because they provide 
a better heat sink and, consequently, the optimum 
microstructure and residual stress pattern. 

The cracks that are prepared are quite similar to those 
produced by fatigue. They propagate through the weld 
metal and/or heat-affected zone and culminate at the 
end of the weldment. Figure 4.6 contains some typical 
cracks. We have successfully applied this process to the 
formation of cracks ranging from 0.075 to over 1 \ in. 
deep. 

This procedure has been used in a study of scaled-
down intermediate test vessel experiments. The cracks 
were placed in 3- and 6-in.<diam vessels with an 
excellent control over crack depth. 

The technique has a number of attractive features. 
Among these are the possibility of cracking a specimen 
during testing, thereby simulating a pop-in condition. 
Further, a double-weld technique may provide a means 
for simulating a pop-in condition without having to 
produce the crack during testing. This would involve an 
electron-beam (EB) weld who*; depth was equal to the 
desired pop-in distance. This first weld would be 

post-weld heat treated (FWHT) to produce a material 
whose notch toughiiess was superior to that of the 
as-welded structure but poorer than that of the base 
metal. A second, considerably less deep weld would be 
placed within the confines of the weld metal of the first 
weldment. The second weld would be cracked; the 
7WHT of the first weld would assure that the crack did 
not propagate beyond the second weld. 

TESTING THE 64N.-TMCK FLAWED 
TENSILE SPECIMENS2 

S.C.Grigory S.P.Ying 
Southwest Research Institute 

As of March 1, 1971, ten large tensile specimens have 
been broken. Test parameters and bask data are 
summarized below. 

Notch Design and Notch Sharpeniiig Procedure 

Criteria 

A flaw from which fast fracture would initiate in a 
reactor pressure vessel would most likely be a propagat
ing fatigue crack. An investigation was made to find an 
economical way to generate a fatigue crack or equiva
lent in the large tensile specimens which could also be 
used for the pressure vesseb to be tested in the 
simulated service test phase of the HSST program. The 
basic shape of the experimental flaw was to be 
produced by rmchining, and the flaw was to be 
sharpened with the procec ire developed. 

The first two specimens tested contained semiellipti-
cal notches machined using the EDM (electrical dis
charge machining) process, with the notch in the second 
specimen slightly smaller than the notch in the first. 
The remaining four specimens contained part-circular 
flaws also machined using the EDM process. Notch 
dimensions are given in Fig. 4.7. 

Stress corrosion 

An attempt was made to develop a stress corrosion 
procedure to initiate sharp cracks at the root of each 
notch. A procedure involving maintaining a specimen at 
250°F under a static tensile load and pouring NH4NO3 
into the notch was investigated; however, tests of 

2. Work carried out under UCCND Subcontract No. 3202 
between Union Carbide Corporation and Southwest Research 
Institute. 
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MACHINED NOTCH DIMENSIONS 

SPECIMEN o 1 b r NOTCH SHAPE 
1 2.375 S.596 — SEMELIPTlCAL 
2 2160 6.000 — • 

3-5,7-10 2.000 8.000 5000 SEMORCULAR 
6 3.000 9.160 5.000 I I 

i6R<72_4 
SECTION A - A 

F*4.7. of the HSST 6-ai-duck flawed I f i i i speckae*. 

compact Kje specimens sharpened by the same proce
dure indicated that the static load required to generate 
the crack was too great; that is, residual stresses at the 
tip of the crack at the temperature at which the crack 
was generated affected the load required to fail the 
specimen in the transition temperature range and lower. 

Electron-beam weld 

It was found at Oak Ridge National Laboratory 
(ORNL) that cracks could be created in a small 
specimen by hydrogen embrittling an electron-beam 
weld located at the root notch and then applying a 
static tensile load for a short period of time. (See the 
previous section.) The resulting crack would pop out of 
the brittle region and arrest in the base metal at a 
sufficiently low load. This procedure was abandoned 
only because a large electron-beam welde; was not 
conveniently available to ORNL for use on the large 
tensile specimens and intermediate test vessels. Present 
plans are to use this procedure on a series of one-sixth-
scale models. 

Fatigue 

In order to expedite the tensile tests the first two 
large specimens were tested at 220°F without sharp
ened notches, as notch sharpness was not considered to 
be significant at this temperaiure. The third and fourth 

specimens were sharpened by applying a three-point 
loading to the specimen for lack of a better method. 
The ends of the specimens rested on round ban set at a 
span of 42 in. while a load of 1873 kips was applied at 
the center of the specimen, evenly distributed across 
the width on the unnotched surface. (A tensile stress 
was created on the notched surface.) Cracks initiated in 
the notch root after 15,000 cycles of loading and 
required a total of 35,000 cycles for the third specimen 
and 46,000 cycles for the fourth specimen to propagate 
the fatigue cracks to a sufficient depth. 

The criterion that the notch sharpening procedure be 
applicable to the test vessels is not satisfied by the 
three-point loading method. Notches in the vessels 
could be sharpened by cycling internal pressure in the 
vessel, but this would be very time consuming. There
fore, a method of sharpening the notch cavity with very 
high locally applied pressure (about 20,000 pressure 
cycles at 15,000 psig were required) was developed at 
ORNL, and notches in specimens 5 through 10 were 
sharpened in this manner (see prior discussion in this 
chapter). 

The fatigue cracks produced by pressurizing the notch 
cavity have proved to be more uniform in depth around 
the periphery of the notch than the cracks produced by 
bending the specimen. Also, fewer cycles are required 
to produce a deep fatigue crack using the pressure 
method. The fatigue cracks produced in specimens 4 
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and 5 are shown in Fig. 4.8. The depth of the fatigue 
crack in specimen S is about 05 in. The dimensions of 
the notches after sharpening with a fatigue crack are 
given in Table 4.1. One will note that the length b of 
the notch did not change significantly by either 
method. 

Table 4.1 Notch dimensions before awl after notch sharpening 

Dimensions 
after Dimensions 

Specimen Machined notch sharpening at ultimate 
N c dimensions (in.)« (in.) load* (in.) 

a b r a b a b 

i 2.375 6.598 Unsharpeneri 
2 2.160 6.000 Unsharpened 2.86 5.92* 
3 2.000 8.000 5.0C0 2.05 8J7 2J05 8.37 
4 2.000 8.000 5.000 2.05 8.20 3.45 8.02* 
5 2.000 8.000 5.000 2.53 8.26 2.53 8.26 
6 3.000 9.160 5.000 3.37 9.53 4.33 10.25 
7 2.000 8.000 5.000 2.43 8.13 2.79 8.74 
8 2.000 8.000 5.000 2.42 8.30 2.88 8.30 
9 2.000 8.000 5.000 2.41 8.29 306 8.29 

10 2.000 8.000 5.000 2.38 8.33 2.66 8.33 

*a = depth, b = length, and r = radius of curvature. 
^Measurements made after fracture. 
^Lateral contraction from necking in the net section masked 

small amount of crack growth that occurred at the surface. 
Dimensions estimated by paint markings #hkh were applied 
near or after ultimate load. 

instrumentation and Test Procedure 

The first two specimens tested were instrumented 
with over 100 strain gages, and the number of gages was 
reduced to about 50 on specimens 3 through 10. Six 
displacement gages were used on all but the first 
specimen. Acoustic emissions monitoring was per
formed on specimens 1,2,7,8,9, and 10. The acoustic 
emissions monitoring of the first two specimens rvas 
performed by Battelle-Northwest, and the last four 
were monitored by Southwest Research Institute. 

Strain gage and displacement data were recorded on 
the B&F model 1S6, 100-channel data logger. This 
instrument will record on paper tape the channel 
number and strain to the nearest microinch per inch at 
a rate of S channels per second or to the nearest 
lOjiin./in. at a rate of 20 channels per second. 
Therefore the actual recording of data required very 
little time, and the greatest time spent was pressurizing 

the hydraulic jacks and examining data from key gages. 
Data were obtained in 100-kip increments above 5 
million pounds and in 50-kip increments when the 
approximate failure load was approached. The average 
test required 2% hr once the test was started. 

Three thermocouples were used to monitor the 
temperature of the specimen. Two were located on the 
notched surface and one on the unnotched surface. All 
three thermocouples were located on the longitudinal 
axis of the specimen 2 in. from the plane of the notch. 

Test Results 

The discussion of test results wiii be 'limited to the 
nature of the fracture face, the total load, and the total 
strain. Considerable strain gage data were gathered 
during each test and will be presented in full in a 
technical summary report to be published. 

Longitudinal spu jinf.na 

Seven longitudinal specimens were tested at tempera
tures from 50 to 220°F. Some of the pertinent data 
obtained from these tests are presented in Table 42, 
along with the results of small specimen tests which 
were performed in support of this program to provide 
answers to questions on size effect and shape of the 
large tensile specimen. The elongation data presented in 
Table 42 were obtained from displacement gages 
attached to the full-size specimen with a 42-in. gage 
length. However, the grip, or thick section, of the 
specimen sees an insignificant amount of strain, and the 
gage length was considered to be 24 in. The same 
method was used on the model specimens as wel. A 
summary of model test data appeared in the previous 
progress report.1 

The net section at or inanediatery after ultimate load 
was determined in a crude but fairly effective manner. 
If the specimen failed in a brittle manner or failed while 
the load-strain curve was positive, then crack growth, if 
any, was easily noted by the appearance of the fracture, 
and the size of the crack at fracture could be measured. 
If the load-strain curve began to flatten or a consider
able drop in load occurred when pumping was stopped, 
ths project engineer would spray the notch with paint. 
A paint of a diffe.ent color would be applied if 
additional loading proved that ultimate load had not 
been reached. After failure, the size of the notch was 
determined by the paint marking. The paint markings 
on specimen 4 may be easily seen in Fig. 4A. 

Stress-strain curves for the various tests are presented 
in Fig. 4.9. Stress was computed by the conventional 
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Fig. 4.8. Remits of two methods of notch sharpening used on the large tensle specimen, (a) Fatfcue crack at the root of the 
notch produced by bending (specimen 4). (b) Fatigue crack at the root of the notch produced by bendinf (specimen 5). 



Tabic 4.2. Tensile tut data foi 6-in.-thtck specimen! and modal teiti 

Specimen 
No. 

Test 
tempeiatute 

(°F) 

HSST 
plate 
No. 

Ga|« 
length 
(in.) 

Width 
(In.) 

Thickness 
(in.) 

Gross 
area 

(in. 1) 

Net 
area 

Elastic 
limit 
load 
(kips) 

Elastic limit 
strati (kti) 

Gross Net 
section section 

Ultimate 
load 

(kips) 

Ultimate streri 
(ksi) 

Gross Net 
section section 

Average strain 
at ultimate 

(%) 

Average strain 
at fracture 

Longitudinal Specimens 
1 215 03 24 18 6 108 95.69 5720 54.0 59.8 7300 67.5 76.3 8.50 
2 220 03 24 18 6 108 97.82 6000 55.5 61.2 7550 69.9 77.2 3.83 9.60 
3 50 01 24 18 6 108 95.79 4400 40,7 46.0 5300 49.1 55.4 0.24 0.24 
4 100 01 24 18 6 108 95.50 6000 55.5 62.8 7500 69.4 78.5 4.10 7.90 
5 75 01 24 18 6 108 92.33 5500 50.9 59.7 5900 14.6 63.9 0.35 0.35 
6 100 01 24 18 6 108 81.97 4000 37 0 48.8 4700 43.S 57.4 0.48 0.48 
7 100 03 24 18 6 108 92.43 6500 60.2 70.4 7050 65.2 76.2 0.88 0,88 

1/6 model 2 210 03 4 3 1 3 2.66 175 58.4 65.7 230.6 78.6 88.9 561 10.5 
1/6 model 3 SO 03 4 3 1 3 2.42 176 58.6 72.7 223.0 74.3 92.2 5.75 10.9 
t/12 model 03ED-2003 75 03 2 1.5 0.5 0.75 0.68 45 60.0 66.3 65.0 86.6 95.7 7.5 
1/12 model 75 03 2 1.5 0.5 0.75 Unnctched 49.0 65.4 64.8 86.4 10.2 S8.9 
1/12 model 200 03 2 1.5 0.5 0.75 Unnotched 47.5 63.0 63/i 44.0 10.0 32.4 
Standard 0.505 75 03 2 0.505 0.20 13.5 67.5 17.3 36.6 11.5 31,5 
Standard 0.505 200 03 2 0.505 0.20 12.6 63.0 16.5 82.8 10.2 26.0 
1/48 model 03ED-2005 75 03 1 0.370 0.0451 0,0408 2.900 64.3 71.2 4.140 »J. 8 101.5 13.5 
1/96 model 03ED-2004 75 03 1 0.176 0.0118 0.0107 0.700 58.2 65.4 0.992 1)4.1 92.6 13.5 

Transverse Specimens 
8 100 03 24 18 6 108 92.55 6400 59.4 69.4 6800 <>3.0 73.5 0.74 0.74 
9 220 03 24 18 6 108 93.30 5000 46.4 54.1 6675 61.8 71.6 2.00 3.60 

10 130 03 24 18 6 108 93.15 6200 57.4 . 66.5 6650 61.6 71.4 1.19 2.69 

ON 
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Fig. 4.9. Stress-strain curves for the longitudinal 6-in.-thick flawed tensile specimens. 
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method of load divided by the gross section area. Strain 
was computed by dividing the displacement by the 
length of the test section as just described. 

The data in Table 4.2 and Fig. 4.9 show both the 
marked reduction in strain with increase in size and the 
loss of due til:'/ in the full-size specimen at 100°F. 

Specimen t> yielded at a lower load than the other 
specimens because the notch size was considerably 
greater. However, there is no explanation at this time 
for the lower yield strength of specimens 3 and S. 

The fracture surfaces of specimens 2 through 6 are 
shown in Fig. 4.10. Specimens 4 and 6 were both tested 
at 100°F but behaved quite differently. Specimen 7 was 
tested at iOC°F in an attempt to determine which test 
result was typical. The fracture surface of this speci
men, shown in Fig. 4.11, indicates that the low strain 

fracture is •> pical. The ductile behavior of specimen 4 is 
still unexplained, and a study of the grain structures of 
all the specimens is being performed to see if a 
significant variation exists. It is noteworthy that speci
mens 4 nd 6 were machined fr >m HSST plate 01 and 
were only a few feet apart. Specimen 7 was machined 
from HSST plate 03. 

Transverse specimens 

Three transverse specimens were cut from HSST plate 
03 and tested at 100, 130, and 220CF. The data for 
these tests are presented in Table 4.2, and stress-strain 
curves are shown in Fig. 4.12. One may note again the 
reduction of ductility u i th temperature. As shown in 
Fig. 4.12, the transverse specimens are less tough than 

No. 2 
220-F 

•gMftft-- tin. A 

No. 
100' 

wm 
No. 5 
75*F 
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•i !-V\s-: %*. * V w - - 1 

.* > 
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o. 3 

•F 

y**--*=*i< 

Fig. 4.10. Fracture surfaces of the longitudinal 6-in.-thick flawed tensile specimens. 
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Fig. 4.11. Fracture surface of longitudinal specimen 7 after testing at 100°F. 

the longitudinal specimens tested at the same tempera 
ture. 

The fracture surface of the three transverse specimens 
is shown in Fig. 4.13. The large shear lips on the 220°F 
specimen are not quite as predominant as those on the 
longitudinal specimen, and the 130°F specimen resem
bles specimen 4 tested at 100°F. The appearance of the 
fracture surface of specimens 7 and 8, both tested at 
100°F, are almost identical. 

One may note several expected trends in the data 
presented: (1) there is a marked reduction in ductility 
with size, (2) there is a significant temperature effect on 
ductility, and (3) the performance of the transverse 

specimens is inferior to that of the longitudinal speci
mens. 

The degree of effect of size, temperature, and rolling 
direction is somewhat masked by the variation in 
material properties within the HSST plates. It is 
difficult to evaluate the difference in performance 
between specimens 2 and 9, both tested at 220°F, when 
the yield strength of specimen 9 was significantly lower 
than the other two transverse specimens. There is also a 
possibility that the difference in performance between 
specimens 4 and 6 may be explained by material 
property variation; this is being investigated. 
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Pig. 4.12. Stress-strain curves for the transverse 6-in.-thick flawed tensile specimens compared with curves for longitudinal 
specimens. 
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Pig. 4.13. Fnctoe surfaces of Ike duee toaasrase 6-m.-ouck flawed tcarife 

The large variation in yield strength shown in Figs. 
4.9 and 4.12 was reflected in strain gage readings on the 
gross section 9 in. from the plane of the notch. One 
would expect very little variation in material properties 
within the same plate as determined by these tests, by 
virtue of the averaging effect of the large cross section. 
The variation in yield strength as determined by the 
6-in.-thick tensile test is an unexpected phenomenon 
which warrants further study. 

Acoustic Emissions Monitoring 

Test procedure and instrumentation 

During the testing of specimens 7 through 10, two 
transducers simultaneously monitored areas near the 
notch of each specimen as shown in Fig. 4.14. Each 
transducer consisted of a disk of piezoelectric ceramic, 

PZT-5, with a metallic housing acting as an electrical 
shield. The transducers were operated at a resonant 
frequency of 200 kHz. Because the piezoelectric effi
ciency of PZT-S is nearly a constant at the test 
temperatures, the sensitivity of the transducers varied 
negligibly during the tests. 

Typical instrumentation for monitoring acoustic emis
sion for these tests is illustrated in Fig. 4.15; Fig. 4.16 is 
a schematic diagram of the experiment. The output 
from each transducer was fed into a high-input-
impedance low-noise-level preamplifier through a short 
coaxial cable. A second-stage amplifier was used for 
each channel to achieve a gain for the overall system 
which could be varied from 60 to 90 db. Since the 
amplifiers were designed for general purpose with a 
wide frequency band, bandpass filters, acting in the 
frequency range from 100 to 300 kHz, filtered out 
most mechanical and electrical noises. The electric noise 
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Fig. 4.14. Twotiwwtac«nmomitedoattafcft«wed*eMie 

at the output of the amplifier was about lOmV, and 
the maximum signal-to-noise ratio reached 60 db. The 
signals were then displayed on th* oscilloscope, re
corded on magnetic tape, and fed into a digital counter. 
Only those signals significantly above efectric noise level 
are counted as acoustic emissions. The digital-to-analcg 
converter changed the digital counts into analog signals, 
which were applied to the Y axis of an X-Y recorder. 
The X axis was reserved for the information obtained 
from a strain gage on the tensile machine. The strain 
gage was calibrated as a function of ihe load. The 
output of the strain gage was also recorded on an FM 
channel of the magnetic tape recorder simultaneously 
with acoustic emission signals recorded on the analog 
channels. The tape was then played back, and the 
number of counts and the amplitude of each acoustic 
emissio.i pulse were studied as the function of load or 
other desired related parameters. All experiments were 
begun in late afternoon, and most of the data were 
chained after 5:00 PM, when the laboratory was 
relatively quiet. Electric noise was also negligibly small. 
The transducers, operated at the selected frequency 

were normally insensitive to the noise of the large 
tensile machine with the anticipated exception of a 
friction force suddenly released from the machine pins. 
Since the friction force was accompanied by audible 
sound, the counts due to this force, or noise, can be 
easily traced and the resulting noise counts subtracted 
in the final data, as in the case for the data presented in 
the following section. 

Results 

Acoustic emission from metals during a tensile test is 
different for a flawed specimen from that for an 
unflawed specimen. Usually, the cumulative counts of 
acoustic emission from an unflawed specimen plotted vs 
strain resembles an ordinary stress-strain curve. 3- 4 lite 
acoustic emission from a flawed specimen was studied 
as a function of the load or the stress intensity factor. 
The cumulative counts for a flawed specimen increase 
slowly at first, but as the load increases, the counts 
increase more and more rapidly until the specimen 
breaks.3 The data from four tensile tests of large 
specimens are presented in Fig. 4.17, showing plots of 
cumulative counts of acoustic emission vs load for 
each test. These data are similar to the curves for small 
tensile specimens presented in Ref. 3. The data for four 
different tests appear similar and overlap plotted on a 
linear scale, but they are quite distinguishable plotted 
on a logarithmic scale. It is also of interest to study the 
accumulation of acoustic emission as a function of the 
stress intensity factor. The stress intensity factor K was 
calculated in terms of stress and flaw dimensions. The 
notches were fabricated as a part of a circle with a 
radius of 5 in. The shape of the whole flaw after fatigue 
cracking is nearly a semielliptical curve with a semi-
minor a x i s , a ^ 2 in., and a major axis,2b ^8in.The 
stress intensity factor for the stress in these tests is 
given by s 

3. H. L. Dunegart, D. O. Hank, and C. A. Tatro, 'Tractate 
Analysis by Use of Acoustic Emission," pp. 105-22 is 
Engineering Fracture Mechanics, voL 1, Petfamon, Oxford, New 
York, London, and Pans, 1968. 

4. E. R Remhart and S. P. Yinf, "Acoustic EnWon from 
Insdiited Steels," to be presented at 8th Svumoatam on 
Nondestructive Evaluation in Aerospace, Weapons Systems, and 
Nuclear Applications, Apr. 21-23,1971, San Antonio, Tex. 

5. P. C. Pans and G. Sih, "Stress Analysis of Oracles," 
Fracture Toughness Testing and Its Application, ASTM Spec. 
Tech. Publ. No. 381, pp. 30-81, American Society for Testing 
and Materials, Philadelphia, 1965. 
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is a complete cycle elliptical integral, and t is the 
thickness of the specimen (6 in.). Figure 4.18 shows the 
cumulative counts as a function of the stress intensity 
factor for the specimen, where the stress a is parallel to 
the rolling direction. Figure 4.19 illustrates test results 
with a perpendicular to the direction of rolling. 

The cumulative counts N is a linear function of the 
stress intensity factor in a logarithmic-logarithmic scale, 
as shown in Fig. 4.18. The curves in Fig. 4.19 are not 
exactly straight lines but are nearly linear over most 
portions of the curves. Therefore, the data approximate 
the equation 

N = AKn , 

where A and n are constants. The slope n of curves in 
logarithmic-logarithmic scaLi can thus be calculated 

from the experimental results. Table 4 3 summarizes 
the calculated results. 

The values of n for the specimens with transverse 
loading are plotted vs the test temperatures in Fig. 4.20. 

Close examination of the curves in Figs. 4.18 and 
4.19 reveals small plateaus in the region of 130 ka Vin^ 
corresponding to the load of 6 X 10* fc; that is, the 
counting rates are very small in that region. Further 
clarity is observed by plotting the counting rate in 

Table 4 J . Vahjes tot the 
test tenpeiatnes an 

constant n foe different 
orientations 

Direction of tension with 
respect to rolling direction 

Test 
temperature Slope 

H 

Longitudinal or peiaOel 
Transverse or perpendicular 
Transverse or perpendicular 
Transverse or perpendicular 

100 7.4 
100 24 
130 3 
220 4 
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counts per second vs the load. Figure 4.21 is a 
distribution of these counting rates which is typical for 
the four tests. Since a higher amplitude or a longer 
period of an acoustic emission pulse yields more counts, 
the counting rate is seen to be directly related to the 
amplitude and the number of counts of an emission 
pulse, as well as the number of pulses per unit time. 
Figure 4.21 also partly represents the number of counts 
and the amplitude of each acoustic emission pulse as a 
function of load. This distribution is consistent with the 
data reported by Jolly6 for specimen 2 tested at 215°F. 

In general, the curves of cumulative counts vs load 
for the four tests have a similar shape in comparison 
with eaci: other. The slope n in the logarithmic scale of 
each test, however, is distinguishably different and 
systematically varies for different directions of tensile 
loading with respect to the rolling direction and for 
various test temperatures. The nearly linear dependence 
of n on temperature for these largr flawed tensile 

R§. 4JO. The tempentorc-depeadeat effect of acoustic 6. W. D. Jolly, Acoustic Emission Analysis-f/SST #2, Bat 
teBe-Northwest, Richland, Wash., April 1970. 
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specimens is similar to that of the precracked wedge-
opening load (WOL) specimens.4 Therefore the depend
ence of acoustic emission behavior en temperature is 
obviously not accidental, but in common agreement 
with other flawed specimens. 

PROCUREMENT OF INTERMEDIATE 
TEST VESSELS 

C.E.Childress 

Fabrication of forged components for the six 6-in.-
thick intermediate test vessels is still in progress. These 
y»cc<>lc o r * sfocton^sl t o «Arv^ »« t * « t crw/Mtwtnc ?V»r 
»**i&%*a*r ma*.** i c v y t ^ M v w » v ***** * ** m»** ****** ******** ********** **** 

demonstrating the capability to predict safe behavior of 
pressure-containing equipment having flaws of knov n 
dimensions under frangible, transitional, and tough 
temperature regimes. Each vessel will serve as a go, 
no-go determination of critical flaw size for a specific 
set of test parameters. 

Most of the components for the six vessels, to be 
fabricated by the Taylor Forge Company, are com
pleted. It is possible that assembly of some components 
could already be under way, except for the encounter 
of unusually high tensile properties in the shell courses. 
The tensile values i >r the shell courses ranged from 20 
to 25% higher than the tensile values for the other 
components. It thus became necessary to delay actual 
fabrication of the vessels until this matter could be 
resolved. Recent experiments in retempering representa
tive materials at higher temperatures (about 1320°F) 
indicated that the tensile properties of the shell courses 
could be lowered to the approximate values of the 
other components without a significant loss in tough
ness. This is discussed in more detail in later sections. 

The completed vessels will appear essentially as shown 
in Fig. 4.22. The flat and hemispherical heads were 
made by Lenape Forge Company, and each of the 
forging operations used to make these items was 
described previously.1 On completion of the forging 
operations the parts made by Lenape were (1) normal
ized at 1650 ± 25°F, (2) nustenitized at 1560 ± 25°F, 
(3) quenched in agiiiTi *d water, and (4) tempered at 
1225°F minimum and ?.ir cooled. All parts were held at 
temperature for 1 hr per inch of part thickness. 

Test specimens from each of the items weie subjected 
to a simulated heat treatment in Lenape's Data-trak 
(programmed testing procedure). To obtain the cooling 
rate for the simulated quenching of test specimens, one 
each of the flat and hemispherical heads was equipped 
with a thermocouple and monitored during austenitiz-
ing and quenching. The cooling rates thus obtained 

were applied to the te*t specimens during ihe simulated 
he*t treating cycles. 

The chemical analyses for the hemispherical and flat 
heads are given in Table 4.4 Partial results of the 
mechanical testing performed by Lenape on specimens 
from the flat and hemispherical heads are given in Table 
4.5. 

Table 4.4. Chemical analyses for the hemispherical 
and flat heads (wt %) 

C Mn P S Si Cr Ni Mo V 

Hemispherical heads, ladle analysis 
0.19 0.78 0.008 0022 0.23 0.39 0.82 0.63 0-03 

Flat heads, ladle and check 

0.19 0.78 0.008 0.022 0.23 0.39 0.82 0.63 0.03 
0.197 0.75 0.019 0.023 0.22 0.41 0.87 0.59 0.01 

The flat heads were inspected ultrasonically after all 
machining was completed. The parts were scanned using 
a Branson model Z-101-A, I-in.-diam, 2.25-MHz trans
ducer, and SAE 40W or*. The transducer was placed 
over a smooth flat area on the forging, and the 
back-reflection signal was adjusted to approximately 
75% of full screen height. Scanning was performed from 
the flat side and from the circumference of each head; 
each scan path was overlapped 50% to assure complete 
coverage. Lenape's applicable inspection procedure des
ignated as rejectable " . . . any indication accompanied 
by a complete loss of back reflection not associated 
with or attributable to geometric configuration . . . ." 
The loss of back reflection was no more than 40% in 
any instance. 

The hemispherical heads were also inspected to the 
same ultrasonic procedure, and each was found to be 
acceptable. 

The applicable inspection procedure specified that all 
components be subjected to magnetic particle inspec
tion on completion of final machining. Taylor Forge 
Quality Control Manager recommended against such 
inspection since Lenape uses the contact prod method 
for magnetic particle inspection. In lieu of magnetic 
particle inspection, all parts were subjected to liquid 
penetrant inspection. 

Details of the forging operations and the post-forge 
heat treatment of the ingots used to make the shell 
courses were described in Ref. 1. The ingot used to 
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make the closure flanges (transition sections) was 
forged and heat treated similar to the shell ingots, but 
there were some variations and these will be described. 

The material for the closure flanges was melted and 
forged at National's Irvine plant. The reported ladle and 
check analyses for this heat, 9-8584, are given in Table 
4.6. 

The ingot from which the closure flanges was made 
was essentially a truncated cone and weighed 78,000 lb, 
including the hot top. The temperature of the ingot on 

removal from the furnace (preparatory to forging) was 
about 2400V: the temperature had dropped to 2200°F 
by the time forging began. Forging was completed in 40 
min, at which time the temperature of the part was 
determined (by optical pyrometer) to be 1580°F. The 
completed forging was a solid round bar, 4l ' / 2 in. in 
diameter and 12 ft long. 

Shortly after forging was completed, the part was 
charged into a furnace and held at 800°F for 4 hr. The 
temperature was then raised at lO0°F/hr until the part 

Table 43. Some mechanical properties obtained on specimens 
from the flat and hemispherical heads 

Lenape 
ID No. 

Ultimate 
tensile 

strength 
(ksi) 

Yield 
strength 

(ksi) 

Reduction 
in 

area(%) 

Elongation (%) 
in 2 in. 

gage length 

Cv values at 
+10°F 
(ft-lb) 

Hemispherical heads 
3 99.3 79.8 68 23 60-60-51 

96 78.7 68 23 47-51-52 
4 95 78.7 67 23 74-49-71 

96 79.7 64 223 47-44-49 
5 95.5 78 62 223 41-46-34 

95.6 78.7 62 223 28-31-36 
6 96.5 80.5 67 22.5 28-31-31 

95 78 65 

Ft* heads 

22.5 32-25-33 

1 90.5 70.9 66 23.5 82-78-65 
90 72 67 23.5 81-85-47 

2 89 69.3 47.4 21.5 42-44-40 
92.5 74 62.5 23.5 36-31-37 

3 91 71 56 24 38-41-39 
90.5 70.6 64 233 51-54-50 

4 90 69 63 23.5 45-43-51 
90 70.3 65 23.5 39-35-52 

5 90.1 73.3 62 22.5 35-22-38 
87.5 74.8 64.9 213 39-37-37 

6 91.fc 72.8 41.8 19 50-48-52 
89.2 70.4 49.3 20.5 53-54-47 

Table 4.6. Chemical analyses for closure flanges (wt %) 

Mn Ni Cr Mo 

Ladle 0.22 0.69 0.008 0.008 0.27 0.82 0.34 0.63 
Check 1 0.21 0.70 0.008 0.008 0.27 0.82 0.34 0.62 
Check 2 0.20 0.69 0.008 0.008 0.26 0.80 0.33 0.62 

0.09 
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reached 1700°F and held at this temperature for 22 hr. 
It was then removed from the furnace and air cooled to 
about 300°F. With a furnace preheated to 650°F, the 
part was recharged and held at this temperature for 3 
hr. It was then heated at '<. rate of 75°F/hr to 1260°F 
and held for 44 hr, furnace cooled at 50°F/hr to 
1100°F, and then air cooled to ambient temperature. 
On completion of the post-forging heat treatment, the 
part was subjected to a preliminary ultrasonic inspec
tion. 

The rough forging was now ready for final heat 
treatment and cutting. The ingot was rough-turned to 
39*4 in. OD, and a 14,/2-in-diam section was trepanned 
from the center essentially as shown in Fig. 423. In this 
form, the forging was subjected to final heat treatment 
prior to sectioning. 

To determine the temperature profile throughout the 
length of the forging and the cooling rate during 
quenching, the part was equipped with nine Chromel-
Alumel thermocouples, also shown in Fig. 4.23. Six of 
these were surface attached and three were imbedded. 
The couples were attached prior to normalizing, since 
the heat treatment cycle would continue uninterrupted. 

The spread in thermocouple readings during the 
austenitizing heat treatment is shown in Fig. 4.24. It 
will be noted that the part was held in the austenitizing 
range for 1 hi per inch of metal thickness. All the heat 
treatments applied to this item (and all the parts heat 
treated at National) were performed in vertical fur
naces. Quenching was also performed with the parts in 
the vertical position. Following the 10-hr hold period, 
the part was secured by the lifting lug (see Fig. 4.23) 
from an overhead crane, removed from the furnace, and 
quenched. About SO sec were required from the time 
the furnace top was removed and the part completely 
immersed. 

The inlet water piping to the quench tank was 
arranged to provide agitation of the quench medium. 
Additionally, a 4-in. IPS water line was installed along 
the floor of the tank so that the discharge was directed 
up through the bore of the forging. Throughout the 
88-min quench period, the part was alternately raised 
and lowered to facilitate cooling. The water tempera
ture, at the start of the quench, was S6°F, reached a 
maximum of 72°F in 25 min, and had returned to 58°F 
on completion of the quench. 

ORNL-0W6 71-993 
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Fig. 4.23, Location of thermocouples in the forging wed to make the closure flanges. 
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The cooling curves for the three imbedded couples are 
shown in Fig. 425 (Data for the surface-attached 
couples are not shown since these couples recorded 
essentially water temperature after 2 min in the 
qjench.) On removal from the water, the surface 
temperature of the part was found to be about 150°F. 
The forging was not recharged for tempering until the 
furnace temperature had dropped below 400°F. This 
required about 4 hr. Figure 4.26 shows the spread in 
thermocouple readings during the tempering cycle. 

Material for mechanical test specimens was secured 
from the prolongation near the bottom ingot end of the 
forging (see Fig. 4.23). The test material was removed 
after tempering and was subjected to a stress-relieving 

heat treatment of 1125 ± 25°F for 30 hr and cooled per 
Paragraph N-532 J of Section II! of the ASME Code. 
The results obtained from the mechanical testing are: 

Ultimate 
tensile 

strength 
(ksO 

86 
87 

Yield 
strength 

(ksi) 

64 
66 

Redaction 

» « • ( % ) 

Bonpbon (%) 
in 2 in. 

69 25 

at 
+HTF 
(it*) 

52-59-47 
33.5-35-3© 

Six closure flanges will be made from this forging, and 
National has assigned them numbers 1 through 6, 
beginning at the bottom ingot end (excluding prolonga
tion). Each piece has also been identified so that the 
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1800 
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*u 

Ffe.4.26. SpRad m tfcemocoaple of the 

bottom ingot end can be distinguislied from the top 
end. These pieces have been shipped to Taylor Forge in 
Paola, Kansas, who will be responsJbSc fur machining 
the raw stock into finished transition pieces. 

The ingots used to make the shell courses (one ingot 
provided material for three shell sections) weighed 
about 200,000 lb. Each was poured simultaneously 
from two furnace heats at National's Erie plant. The 
ingot configuration was essentially a truncated cone 76 
in. at the top end and 65 in. at the bottom by 12 ft 
long, excluding the hot top. It will be seen later that the 
shell courses have been numbered 4 through 9, although 
it was originally intended that the numbering sequence 
would proceed from 1 through 6. When it became 
necessary to remake one of the ingots, National decided 
to drop the originally assigned first three numbers and 
continue consecutively from 4 through 9. The ladle and 
check chemical analyses of the ingot comprising the 
fust three shells (4-5-6, heats 3V0913 and IV-3809) are 
given in Table 4.7. 

Details of the post-forge heat treatment, applied to 
the ingots from which the shells were made, were listed 
in Ref. 1. The heat treatment cycle was similar in many 

respects tc that which was applied to the six-piece 
multiple which was described earlier. On completion of 
the post-forge heat treatment the forging received a 
preliminary ultrasonic inspection, after which it was 
sawed iuto three pieces of equal length (a 15-in. 
prolongation «/JS left on each end of each piece). 

The parts were then shipped to National's Irvine plant 
for trepanning, final heat treatment, final rmchining, 
and inspection. Final heat treatment provided the shell 
courses at Irvine essentially consisted of the same 
procedure applied to the ingot described previously. 
One sheD, National's No. 6, was equipped with six 
surface-mounted and three imbedded stainless-steel-
sheathed Chromel-Ahimel thermocouples (prior to nor
malizing) as shown in Fig. 4.27. The thermocouples 
were instalhd to determine the cooling rate during 
quenching and to determine the termperature profile 
throughout the length of the part during heat treat
ment, especially during tempering. 

Curves showing the spread in thermocouple readings 
during the normalizing and austenitizing heat treat-
menu are shown in Figs. 4.28 and 429. On completion 
of the 6-hr austenitizing heat treatment, the part was 

Table 4.7. Chmtfcal for Ant H U M * rib(wt%) 

C Mn P S Si Ni Cr Mo V 

Ladle 0.26 
0.27 
0.27 

0.75 
0.77 
0.77 

0.010 
OX) 13 
OX) 13 

0.014 
0.015 
OX) 13 

0.26 
0.32 
0.33 

0.81 
0.82 
0.81 

045 0.61 
043 0.58 
044 0.59 

0.05 
0.05 
005 
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lifted from the furnace with the handling device shown 
in Fig. 4 JO. About SO sec were required to Bft the shell 
from the furnace and completely immerse it. The 
quenching detaib are essentially the same as those 
descrued previously for the closure-flange multiple. 
The temperature of the water immediately prior to 

quenching W M 52°F and on completion of quenching 
was74°F. 

Curves showing the cooling rate data for the three 
imbedded couples are given in Fig. 431 . Again, cooling 
curves for the surface-mounted couples are not included 
since they recorded water temperature shortly after 
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immersing. It will be noted that the couple imbedded at 
%T (from the OD surface) cooled somewhat faster than 
the pseudosurface couple (located \ in. from the ID 
pirfacej. It was suspected that the numbering of these 
two couples somehow became transposed during instal
lation. However, National advised that they rechecked 
the installation after the tempering operation and 
confirmed that the arrangement and numbering se
quence shown in Figs. 4.27 and 4 3 1 , respectively, are 
correct. 

The surface temperature of the part on removal from 
the water was about 125°F. The furnace cooled to 
about 300°F before the shell was recharged for temper
ing. The spread in thermocouple readings for the 
tempering cycle is shown in Fig. 4 3 2 . 

Shell courses bearing National Nos. 4, 5, and 6 were 
made from this ingot. Mechanical test material from 
prolongations from these shells was stress relieved at 
112S ± 25°F for 24 hr and cooled in accordance with 
Paragraph N-S323 of Section I I I of the ASME Code. 
Test results for vessels 4 , 5 , and 6 are given in Table 4.8. 
The ladle and check chemical analyses for the ingot 
comprising vessels 7, 8, and 9 , heats 3V924 and 
IV3828, are given in Table 4.9. Mechanical test results 
for specimens from shells 7 , 8 , and 9 are given in Table 
4.10. 

It will be noted that the tensile properties listed in the 
above tables are somewhat atypical of A508, class 2 
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materials. In fact, the yield values noted above are 
about the expected ultimate tensile strength of the 
welds which will be used in the intermediate test 
vessels. I f the vesseb are used in their present condition, 
it will require higher test pressures (to rupture the 
vesseb) than originally anticipated. In turn, the result

ant higher test pressures would place an added burden 
on the test equipment, which would require new 
hazards evaluations. 

As discussed in following sections information was 
developed at ORNL which indicates that the strength 
properties of the sheOs could be downgraded by 
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TaMe4.ft. paonetties for the that 

National 
© N o 

Ultimate 
•ensue 

strength 
(ksO 

Yield 
stietigth 

Oak) 

Reduction 
of 

aiea(%) 

Elongation (%) 
in 2 in. 

£»8* 
length 

C9 values 
at+10°F 

(ft*) 

NDTTCF) 
P 3 drop 
weight 

4 1053 85 65.4 22 66-55-51 -20 
1073 87 66.1 22.5 45-54-54 

5 107 86.5 663 223 44-6064 - 2 0 
1073 87 67 223 50-533-533 

6 109.5 88 65.2 ?? 57-435-513 - 2 0 
1093 88 65.9 223 39-63-623 

Table 4.9. On dyaesfortheaeco sal One shelcc 

C Mn F S Si Ni a Ho V 

Ladle 

Check 

0.27 
0.24 
025 

0.87 
OiM 
0.86 ill

 

0.012 
0.011 
0.012 

032 
035 
035 

0.74 
0.72 
0.72 

034 
035 
034 

0.64 
066 
0.65 II

I 

4.10. for thei 

Ultimate Yield 
strength 

(ks) 

Reduction Elongation (%) C,*alnes 
at+KTF 

( f t* ) 

NDTT(°F) 

ID No. 
tensile 

strength 
(ksO 

Yield 
strength 

(ks) 

of 
ansa 
(%) 

• 2 m. 

length f%} 

C,*alnes 
at+KTF 

( f t* ) 

P-3 
drop 

7 106.25 85 65.9 23 57-40-443 - 2 0 
1033 823 663 223 483-50-48 

8 103 83 68.6 24 78-71-79 - 2 0 
102.75 82 69 24 85-6947 

9 107 873 67.9 23 623-60-55 - 2 0 
1073 883 67.7 23 383-72-74 

controlled retempering. It will be noted from Fig. 432 
that the tempering temperature for the shells was about 
1280°F. maximum. Hence in consideration of retemp
ering there was concern for the lower transformation 
temperature (AR,), which a thought to lie between 
1325 and 13S0°F. Using materials from shell prolonga
tions and Data-trak testing procedures, the data devel
oped in the next two sections justified retempering a 
single sheO court* at about 1320°F, maintaining as little 
deviation as possible 

Shell 9 was retempered by National Forge on Febru
ary 2 and 3, 1971. The part was equipped with seven 

thermocouples as shown in Fig. 433. The heatup 
period comprised some 14 hr, after which couple 4 
(located on the ID surface) was reading about 1295°F; 
the remaining i^upfe* were recording in the vicinity of 
1310°F. At the end of the 6-hr hold period ea h 
recorded about 1320°F, except couple 4, which re
corded a temperature of 1310°F. 

On completion of the hold period, the part was 
cooled in the furnace at about 200°f'/hr to 600°F. 
Material for the mechanical test specimens was removed 
from the sheD prolongation and stress relieved at 112S 
± 2S°F for 24 hr. The mechanical test results for the 
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The mechanical test results noted above are quite 
encouraging and tend to substantiate the data discussed 
in the next two sections. It thus appears feasmle that 
the mechanical properties of the shells can be lowered 
by retempering. However, before the final order is 
issued to retemper the remaining shells, additional 
metallographic studies will be made on specimens from 
shell 9. 

RETEMPERING STUDY OF HSST 
INTERMEDIATE TEST VESSELS 

R. G. Berggren W. J. Steteman 

Tensile and Charpy V-notch impact tests were per
formed on a portion of a 26-in.-lD (nominal) by 
6%-in.-thick wall vessel shell fabricated by the National 
Forge Company and identified as shell course 5. The 
veftsd material (ASTM A 508. class 2) had been normal-
,«d (6 hr at I72>°F), austenitized (6 hr at 1S80°F), 

water quenched, and tempered (6 hr at 1270°F). An 
end section of this shell was removed by the vendor, 
who retained a portion for test purposes and sent the 
remainder to ORNL. The vendor's portion was stress 
relieved (24 hr at 1125°F) prior to fabricating their test 
specimens to simulate the final vessel heat treatment. 
The ORNL portion was not stress relieved. A part of 
the material was machined into tensile and Charpy 
blanks of axial orientation from the one-quarter to 
one-half thickness levels and retempered primarily in 
the temperature range of 1300 to 1345*F. Retempering 
of the blanks was performed in a Research Inc. thermal 
cycle simulator (Data-trak) at prescribed heating and 
cooling rates with a hold or soak period of 6 hr. The 
specimens were then machined with the notches located 
at the same position as the thermocouples used for 
recording the thermal history. Table 4.11 and Fig. 4 3 4 
present the tensile results of these tests using 0.505-in.-
gage-diam specimens. Vendor and ORNL tensile data 
have been presented to indicate the conditions existing 
prior to the retemper. One specimen tested was 
subjected to a high heating and cooling rate by phuging 
a blank into a huge furnace at the retemper tempera
ture, soaking for 1 hr, and then removing and cooling in 
still air. The 2O0°F/hr heating and cooling rates used in 
the study were determined from thermal data obtained 
by the vendor at various locations in and along the she! 
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Table 4.11. Effect of on the I properties of mtermediate coarse 5 material (ASTM A 508, class 2) 

Depth 
Specimen 
orientation 

Retemper treatment* Tensile properties* 
in Specimen 

orientation 
Heating 

rate 
Hold period Cooling 

rate 
Yield 
stress 

Ultimate 
stress 

Total 
elongation 

Reduction 
vessel 

Specimen 
orientation 

Heating 
rate Time Temperature 

Cooling 
rate 

Yield 
stress 

Ultimate 
stress 

Total 
elongation of area 

wall (°F/hr) (hr) (°F) (°F/hr) (ksi) (ksi) 1%) (%) (°F/hr) (hr) 

Vendor data 

Axial No retemper, original temper 6 hr at 1270°F 86.S 107.0 22.5 66.3 
Axial No retemper, original temper 6 hr at 1270°F 87.0 107.5 22.5 67.0 

ORNLdata 
l/4t Tangential No retemper, original temper 6 hr at 1270°F 92.2 109.0 19.4 52.2 
3#? Tangential No retemper, originai tenner 6 hr at 1270s!"' 91.1 108.9 18.1 38.6 
l/4t Tangential c 1 1300 c 83.9 102.3 22.2 56.8 
3/4t Tangential 200 6 1312 200 73.7 92.9 22.5 57.4 
l/4t Axial 200 6 15% 20 60.0 89.4 24.4 46.2 
lMt Axial 200 6 1303 200 78.7 96.3 25.0 70.0 
l/*t Axial 200 6 1331 200 69.2 95.8 26.0 66.9 
l/4t Axil! 200 6 1300 200 75.6 96.1 25.0 69.7 
l/3t Axial 200 6 1346 200 65.3 96.0 22.5 66.5 
l/3t Axial 200 6 1338 200 66.7 95.1 26.5 65.3 

*Retemper was performed using a Research Inc. thermal cycle simulator. 
*0.5O5-in.-gage-diain specimens. 
cAmbient specimen was inserted into a large furnace at 1300° F, held for 1 hr, removed, and allowed to cool on firebrick in still air. 

ORNL-OWG 71-2669 
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o,. VEN00R OATA 
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-U 
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Ph> 4 M. Effect of 
i consst 5 ma 

on the tensile p jetties of 
Uriel (ASTM A 508, class 2). 

course during the tempering operation. The 6-hr hold 
period coincided with the vendor's hold period. An
other specimen was cooled very slowly from the 
austenite range to produce the lowest possible strength. 
After a 6-hr soak at 1596°F, the specimen was cooled 
at 20°F/hr. These conditions should provide coarse
grained material with poor strength properties, thereby 
providing the lower strength datum for the retemper 
program. The tensile data in Table 4.11 indicate that 
both the yield and ultimate strengths show a 15% drop 
between the vendor's !270°F temper and the 1310°F 
retemper, with a more gradual reduction in strength to 
the 134S°F limit of the study. Extrapolation to the 
1596°F conditions would indicate that most of the 
reduction of strength had occurred before the 1345°F 
retemper. Ductility properties indicate little change in 
ekmgation and decrease in the reduction < f area, 
especially for the axial oriented specimens, as the 
retemper temperature was increased. 

The Charpy V impact results are depicted in Figs. 
4.35 and 436, which describe the fracture energy, 
fracture appearance, and lateral expansion variations 
with the fracture 'emperature. Two retemper tempera
tures were investigated, 1315 and 1340°F, using heating 
and cooling rates of 200°F/hr and a hold period of 6 hr 
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Fig. 435. Effect of ietempering on Chaipy V-notch impact 
properties of HSST intermediate test vessel 5. 

a' the retempering temperature. All specimens were 
notched perpendicular to the vessel surface to produce 
crack propagation in the circumferential direction. All 
three parameters indicate carve shifts to higher temper
atures, indicating a loss of impact properties or tough
ness. It is difficult to evaluate the degree of shift due to 
the inherent scatter of the data; therefore the same 
parameters were investigated at three fixed fn.- are 
temperatures. Figure 4.37 shows the results of this 
study. The shift of fracture at a given energy to higher 
temperatures is again apparent by the decrease in 
property as the retemper temperature was increased. 
The shift is exaggerated in the 40°F data since the 
"knee" of the temperature-energy curve is involved. 
Small curve shifts in this region cause large increases or 
decreases in energy depending on the direction of shift. 
The vendor's Charpy V (C„) values at 10°F and at two 
locations after tempering at 1270°F were 44-60-64 and 
50-53.5-53.5 ft-lb. These values are within reasonable 
agreement with the ORNL Cv data for the 1315°F 
retemper, indicating that some toughness will be sacri
ficed by retempering this rraterial above 1315 to 
1320°F. However, retempering at 1340°F results in 
properties that still appear acceptable for the inter
mediate test vessel studies. 

UHNL-UWC 71-Z67» ORNL-OWS 71-2672 
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Fig. 436. Effect of retempering on Charpy V-notch impact 
properties of HSST intermediate test vessel 5. 
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THE METALLURGICAL ASSESSMENT 
OF RETEMPER TEMPERATURE 

ON THE INTERMEDIATE VESSEL TEST COURSES 

D. A. Canonico 

The J*sign and test parameters for the cylindrical 
body forging that are to be used in the fabrication of 
the intermediate test vessels were based on the mechani
cal properties typical for ASTM A 508, class 2 steel. 
This specification requires that the minimum yield 
strength and ultimate tensile strengths be 50,000 and 
80,000 psi respectively. Further, a toughness require
ment of an average of 30 ft-lb at +10°F was also 
imposed on the material. The cylindrical body forgings 
supplied for the vessels had yield and ultimate tensile 
strengths in excess of 82,000 and 102,750 psi rerpec-
tively. Moreover, the nil-ductility temperature of the 
steel as determined by the drop-weight test was below 
-20°F The properties of the steel are acceotable as far 
a* iiie ASTM A 508, class 2 specification is concerned. 
However, the high tensile values are cause for concern 
when one anticipates that the ultimate tensile strength 
of typical submerged-arc welds may be equal to or 
below the yield strength of the cylindrical body forging. 

A review of the program objectives resulted in the 
conclusion that the cylindrical body forgings should 
possess mechanical properties within the following 
ranges which became the guidelines for the acceptance 
of the forgings. 

Ultimate tensile strength, psi 80.000-95.000 
0.2% offset yield strength, p&i SO.OOO-75,000 
Elongation in 2 in. <min.),% 18 
Reduction in area (min.),% 38 
Chirpy impact energy at 40' 1-. ft-tb 

Average of set of three specimens 30 
Minimum value of one specimen 25 

The objective of this study was to determine what 
reheat treatment methods could be applied that would 
provide the cylindrical body forgings with mechanical 
properties that fall with'n the values set above. 

The first investigation was undertaken to assure 
ourselves that the tensile properties reported initially 
were correct. This was dore, and our results showed 
yield and ultimate tensile strengths of about 91,000 and 
109,000 psi respectively. Moreover, reheated specimens 
at 128(fF resulted in no change in the tensile proper
ties. Chemical analyses of the steel conducted by ORNL 
and a steel company were in agreement with the 
analysis reported by the vendor for all elements except 
carbon. The ORNL analysis indicated a carbon range of 
from 0.29 to 0.3O%; the carbon analysis reported by 

the steel company was 027%. This value agrees with 
the vendor's carbon analysis and is within the allowable 
range of the ASTM specification. 

A sulfur print of the steel showed it to be acceptable. 
(The cylindrical shape was machined from the original 
forge material, and hence the "center-line" stock was 
removed. This resulted in a uniform sulfur distribution 
across the 6%-in. wall thickness.) 

A reheat treatment study was undertaken in an effort 
to determine what avenues were available to reduce the 
mechanical properties to within those ranges previously 
stated. The original heat treatment of the forgings was 
as follows: normalize 6 hr at 1700°F, austenitize 7 hr at 
!580°F. quench in water, and temper 8 hr at 1270°F. 

The heat treatment was witnessed by C. E. Childress 
as discussed previously. Thermocouples were imbedded 
in the cylindrical shell forgings; consequently, excellent 
cooling rate records are available. The cooling rate to 
half-temperature at the quarter-thickness location was 
about 2.5°F/sec. Our initial response was to reduce this 
rate bv requenching the steel in a medium whose H 
value (a measure of the severity of quench) was lower. 
This approach was cursorily investigated by placing a 
%-in.-square by 6-in.-long piece of steel in a furnace 
and heating it to 1600°F. It was held at temperature for 
1 hr and the furnace was shut down. The piece cooled 
in the furnace at a rate of 0.07°F/sec, which is 36 times 
slower than the rate for the forgings. The hardness value 
of the slowly cooled steel was \6RC vs 2QRC for the 
quenched-and-tempered forging. The change in cooling 
rate did not appear to provide an easy means for 
reducing the strength. Further, the microstructure of an 
extremely s' >wly cooled (MJ.006°F/sec) steel is even 
more atypical of ASTM A 508, class 2 than the 
structure responsible for the high tensile properties of 
the forgings. 

We then sought to lower the strength by retemperin<j. 
A heat-treatment study was undertaken, and a change-
in-thickness hardness survey was made on the as-re
ceived steel. These Rc values ranged from 23 on the 
surface to 19 at a depth of 4% in. in from the outer 
surface. The hardness values for the various depth 
locations are given in Table 4.12. A number of samples 
were taken from the steel and subjected to various 
retemper temperatures. Following the heating cycle, the 
specimens were cooled in air. The results of this study 
are also given in Table 4.12. 

Retempering at 1220°F resulted in no apparent 
change in haniness. A retemper at 1280*F resulted in a 
similar observation. At 1300°F, there was a small drop, 
about 1RC hardness points, within the steel, but the 
surfaces were essentially unchanged. Reterr.pering at 
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Table 4.12. Effect of heat treatment on the hardness 
of intermediate test vend body forging 

Through the Hardness, Rockwell C 
thickness 
location" 
1/16 in. 

As 
received* 

RctempeK(°F) thickness 
location" 
1/16 in. 

As 
received* 1220 1280 1300 1325 

1 23 
2 22 23.5 
6 24 
8 22 24 223 

10 21 17 
13 21 223 26 
17 21 21 28 
20 22 
24 20 
26 22 17 
28 21 
30 20 19 
34 20 203 
36 233 
38 21 21 31 
42 21 213 
43 203 
47 21.5 203 30 
SI 21.5 17 
66 21 17 
70 19 193 
72 25 
76 203 21 
78 25 
80 193 
82 203 20 
86 20 213 25 
88 193 
90 21 
92 203 
95 23 
98 24 

104 23 25 
106 22 

Note: Specimen retempered at 1325*F w v reheated o 
1280*F. Hardness ranged from 12 to 18 Rg. 

'Inner wai, 0 in. 
*I580*F austenHrre. water qvtnch, I280*F temper 
^Specimen quenched alts' retemper. 

1325°F resulted in a hardness increase. It is assumed 
that the steel began to transform to austenite. and upon 
air cooling, the V by %-in. section hardened. 

Concurrent with the hardness study, we had an 
electrical resistivity study made to determine the 
eutectoid temperature (the temperature at which the 
steel begins to undergo an allotropic transformation 
from body-centered cubic to a face<centered cubic 

crystal structure). The resistivity measurements indi
cated that thf transformation occurred betwf?n 1315 
and 1346°F (713 and 730°C). This value is in good 
agreement with the change in hardness observed after 
the 1325°F retemper treatment. 

We also conducted a study of the hardenability of the 
body forging steei using the Jominy End Quench Test 
(JEQT). This test allows us to assess the effect of 
cooling rate on the hardness of a steel. The results of 
the JEQT are shown in Fig. 4.38. A study of austenitiz-
ing temperature was conducted, and the results show no 
effect over the 200°F temperature range employed. The 
JEQT results are typical for this steel, with a carbon 
Jevc! of about 0.25 to 0JO%. 

The effect of tempering temperature was investigated 
by conducting a conventional JEQT on steel that had 
been austenitized at I600°F and then tempering the 
specimens at various temperatures. Three temperatures 
(1280, 1310. and I340°F) were studied. These results 
are also shown in Fig. 438. The I340°F temper 
resulted in an Re hardness level of about 20. This value 
is higher than what can be expected in the 6%-m.-ti»ck 
forging because the slowest cooling rate m the JEQT is 
faster than that of the V4-T location in the 6%«in. 
forging. This study does indicate, however, that heating 
the steel above the eutectoid temperature did not result 
in a dramatic change in hardness properties. 

These data served as the basis for a more extensive 
Data-trek reheat treatment study. This work is reported 
by Berggren and Steteman in the previous section. Their 
data show a limiting lower value of ultimate unite 
strength of about 90.000 pat (This is based on a cooling 
rate of 20*F/hr, 0-006°F/«ec.) Their study included 
Charpy V-notch as well as tensile properties. Figure 
4J9 contains rjhotomicrographs of specimens that were 
retempered in the Data-Irak at the indicated tempera
tures. Following the temper cycle, the specimens were 
cooled at 200*F/hr, a rate which simulates an air cool. 
The microstructures of the as-feceK«d specsaieu and the 
specimens retempered in the Data-trak at 1298, 1311, 
and I3I8°F are quite similar. Retempermg at I343*F 
resulted in a structure in which the amount of carbide 
appears to be reduced. The difference, however, is 
nowhere near the magnitude exhibited by the surface 
and '4-T locations. These microstructures art dramatic
ally different and yet represent a hardness variation of 
only about three Re numbers. 

This similarity in mkrostructure, combined with the 
resulu of the reheat treatment studies, resulted in our 
suggestion that the desired nwchankal properties could 
be obtained by retempering the forging! at about 
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1320*F. The vendor felt that his furnaces were ?«ntro!-
iabk within ±I5°F in the temperature range of interest. 
Our data indicated that a retemper at 'J20 ± 25°F 
would provide acceptable mechanical properties. One 
cylindrical shell forging was tempered at 1320°F as 
reported in a previous section by Childress. The results 
of heat treatment on the mtcrostructure of the forging 
is shown in Fig. 4.40, which includes the mtcrostructure 
from the original )280°F temper for comparison. There 
is very little difference in the two microstructures. 

Retempertng the ASTM A 508. class 2 forging* (NF 
heats 3V924, IV3828. 3V9I3, and IV3809) at 1320 ± 
25*F should provide a steel that it within the range of 
mechanical properties that have been set for the 
cylindrical shells to be used in the fabrication of the 
intermediate test vessel. It appears that the carbon 
content of the forgings (about 027%) sets the mini

mum tensile values that are possible for this steel. The 
fastest cooling rate that is possible in these thick 
sections is rather slow and results in what, for these 
steels, can be coinparej with an austemper heat 
treatment. The slow rate permits the carbides to 
agglomerate, and he»»c< tempering, in the classical sense, 
•* not too effective. The small effect is shown in the 
tempered JEQT specimens, wherein a 60°F difference 
(1280 to )340°F) resulted in a hardness change of only 
three Rc numbers. Retempering at a temper above the 
eutectoid results in the transformation of areas of the 
5ieel to austenite. Upon cooling, these areas retrans-
form. The cooling rate, however, which is in the range 
of 200°F/hr. results in a microttructure not too 
different from that observed in the center of the thick 
plate. This conclusion is supported by our Data-irak 
studies at 1343*F. 
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SPECIFIC SAFETY RESEARCH PROBLEMS 

This activity includes research oriented toward spe
cific safety problems arising within the nuclear power 
industry and falling within the general framework of 
HSST research. Activities included in this category are 
(I) the emergency core coolant problem (thermal shock 
problem) and (2) the significance of transition tempera
ture tests to fracture toughness. Item 1 was summarized 
in Ref. 7, and a final report is being written. The initial 
portion of item 2 was a study of the correbtion of 
Charpy impact data with fracture toughness. This study 
has been completed and is summarized below. 

Kesraoasaap Between maienat fracture • ougwKst 
Using Fracture Mechasttcs 

and Transition Temperature Tests8 

R.H. Sailors H.T.Corten 
University of Illinois 

For pressure vessel steels, the variation with tempera
ture of Kic and Charpy V-notch energy (C r) are similar, 
consisting of a low-temperature "shelf" region in which 
the toughness is low and increases modestly with 
temperature, a transition region in which both Kjc and 
Cf increase markedly over a narrow range of tempera
ture, and a high-temperature "upper shelf* region 
where both Kjc and C r are high. Toughness on the 
upper shelf may reach a peak between 200 and 400°F 
and decrease modestly at lujher temperatures. 

Beyond these similarities in the behavior trends, 
several differences exist between the two types of tests 
that make numerical conversion from one toughness 
value (C r) to the other (K/c) uncertain. First, the 
fracture mechanics K/c provides a measure of toughness 
at the onset of rapid crack extension, whereas the 
Charpy (and dynamic tear) test measures the total 
energy to fracture the specimen. Second, the crack tip 
constraint is maintained nearly constant in the K/c 

specimen by requiring specimen thicknesses that in
crease with plastic zone size and toughness, whereas in 
the Charpy test the specimen thickness is maintained 
constant. Third, the Kjc test induces a slow strain rate 
just prior to onset of rapid crack extension where the 
crack tip strain rate throughout the impact test is high. 
Finally, fatigue crack sharpness is employed in Kjc 

7. F. J. Witt, HSST Program Semianmi. trogr. Rep. Aug. SI, 
/97/.ORNL4512. 

8. Work carried out under UCCND Subcontract No. 3398 
between Union Carbide Corporation and the Univenity of 
Illinois. 

specimens, whereas the Charpy specimen has a blunt 
notch with a radius p = 0.010 in. 

In tne high-temperature (upper-sittlf) region, where 
extensive crack tip plastic deformation precedes frac
ture, the influence of these differences between tests 
appears to be minimized. The Rolfe-Novak upper stuff 
correlation between K/c and C9 was reviewed and 
appeared favorable in the light of additional data 
obtained by Westinghouse on the upper shelf for a 
forging steel. It is noted that all the data employed to 
generate this X/ c-C, correlation are for steels with yield 
strengths above 100 ksi. Further, it a noted that 
estimates of KIc on the upper shelf for A 533 B steel 
(iiSST material) made using this correlation are lower 
than the estimates made by F. J. Witt, using an 
equivalent-energy method. If Kjc H to be estimated 
from Charpy V-notch energy values, it is essential that a 
few valid Kjc measurements be made on the upper shelf 
for an A 533 B steel. 

The low-temperature region and a portion of the 
transition-temperature region are considered together 
because both K/c and C, data for pressure vessel steels 
are available in tins temperature range. 

For unirradiated material, the most consistent trend 
type correlation was found when dynamic fracture 
toughness KM was compared with C r data. A number 
of the Charpy specimens had fatigue-sharpened notches; 
however, the trend remained essentially the same for 
blunt notched Charpy specimens also. For irradiated 
material, the concept of shifting the A/j curve along 
the temperature axis by an increment AT* equal to the 
shift in the Charpy curve was considered. While no data 
were found to dispute this procedure, an assumption 
inherent in this concept, along with a lack of adequate 
data to completely justify the procedure, is noted. 

For unirradiated material, the Barsom-Rolfe transition 
temperature K/c-C, correlation was studied using pres
sure vessel steel data. A modification given by 

Kfc= 15,500 y/ci 

is proposed, where K/c is in psi v/ST and Cr is in 
ft-lb. This correlation is limited to the range 5 ft h < 
Cv < 50 fMb. 

This modified correlation is introduced because in the 
range 5 to 50 ft-lb, the AT/C pressure vessel steels 
consistently fall below the Barsom-Rolfe estimate. At 
higher toughnesses the pressure vessel steels tend to 
follow the Barsom-Rolfe trend; however, uncertainty 
exists concerning the accuracy of high Charpy energy 
values. 
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By use of the modified C»-JK/C correlation, Kjc is 
estimated for unirradiated pressure vessel steel plates, 
forging*, and welds. The correlation consistently pre
dicts the Kjc vahies from C r data for A $33 B plate 
material at % and % T. For welds, and possi>ly 
forgings, the estimated X/ c values are lower than the 
measured vahies of Kjc. For A S33 B plate surface 
material, the estimated K/c values are higher than the 
measured ones. 

For irradiated material (A 533 B plate) the modified 
Kjc-Ct correlation provides an estimate of Kjc higher 
than the measured values of K[C for 10 of 11 data 
points. Again the surface materia! produces the maxi

mum deviation between the estimated and measured 
A/ c vahies. 

Where Kjc data are not available and X/c must be 
estimated from Charpy V-notch energy data, the K/C-Cr 

correlations can provide guidance if used cautiously. If 
such correlations are to be used where important safety 
questions are involved, considerably more data are 
required before the correlations and their limitations 
are established. It is recommended that either the 
Charpy specimen be modified or another specimen be 
selected as a basis for toughness measurements with 
pressure vessel steels. 


