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FOREWORD 

The Heavy-Section Steel Technology (HSST) Program is a USAEC-spon-
sored effort for investigating the effects of flaws, variations of proper­
ties, 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, and at ORNL the program 
is under the Pressure Vessel Technology Program, of which G. D. Whitman 
is Director. The program is being carried out in very close cooperation 
with the nuclear power industry. Prior reports in this series are ORNL-
1+176, ORNL-U515, ORNL-U377, ORNL-M63, ORNL-U512, ORNL-l*590, ORNL-U653, 
ORNL-U681, ORNL-I+76U, ORNL-U816, and ORNL-U855. 
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SUMMARY 

The Heavy-Section Steel Technology (HSST) Program is one of the major 
U3AEC safety engineering research programs devoted to extending and de­
veloping the technology for quantitatively assessing the margins of safety 
against fracture of the primary containment systems of civilian water re­
actors. Emphasis is on the massive pressure vessels of these sophisti­
cated systems. Practically all areas of materials technology as related 
to the pertinent steels and weldments have been or are being investigated. 
The investigations in progress are discussed in this report; prior reports 
in this series are identified in the Foreword. 

Eight technical reports were issued during this reporting period. 
The fifth and sixth 6-in.-thick intermediate test vessels were received, 
and four additional vessels are in various stages of fabrication. 

Weldment material from HSST weldment 57E has been fabricated into IT 
and 6T compact-tension specimens. Twelve of these specimens have been 
tested at temperatures between —150 and 5̂ 0°F in order to characterize 
the fracture toughness of this weldment using the equivalent-energy con­
cept. 

A continuation of the investigation of possible heat-affected zone 
cracking of submerged-arc welds cf ASTM A508, class 2 steel has disclosed 
no evidence of sensitivity to cracking. 

An investigation of crack growth of Charpy V specimens during the 
slow-bend mode of testing ard at a deflection rate of 0.100 in./min indi­
cated that the crack growth initiates at the initial peak. load. 
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A combined experimental and ana ly t ica l program i s in progress to 
evaluate the engineering usefulness of the two leading theor ies of e l a s t i c -
p l a s t i c f rac tu re : the equivalent-energy approach and the J - i n t e g r a l ap­
proach. Under the experimental port ion of the program, s ix compact-
tension specimens have been t e s t e d , and fracture toughness values obtained 
using both theor ies were shown to be in good agreement. The f i r s t center-
cracked (fracture theor ies evaluation) specimen was t e s t ed during t h i s r e ­
port per iod , and an addi t ional 50 fracture toughness specimens have been 
machined. 

A fu l l e l a s t i c - p l a s t i c analysis of the fracture theor ies evaluation 
specimen was completed, and the agreement berween the ana ly t ica l and ex­
perimental load-displacement records was reasonably good. Fracture p r e ­
dict ions made from the ana ly t i ca l data using both fracture theor ies were 
also i n good agreement. 

The program to a t t a i n fatigue-crack-growth data in PWR and BWR p r i ­
mary coolant water continued. Data from three low-frequency fat igue-crack-
growth t e s t s :' n PWR and BWR environments were evaluated in terms of da/dn 
vs M . The r e su l t s indica te a s ign i f ican t ly higher growth r a t e than was 
expected from high-frequency t e s t s . A low-frequency t e s t in an a i r en­
vironment was run to determine i f the indicated frequency s e n s i t i v i t y i s 
s t r i c t l y a corrosion ef fec t . 

Charpy thickness compact-tension specimens were used to determine 
lower-bound fracture toughness, KjQ ^Q, , for ASTM A533, grade B, class 1 
s t e e l i r r ad ia ted to 5>? to 5-7 x 1 0 1 9 neutrons/cm 2 (E > 1 MeV) at 550°F 
and 8 x i o 1 9 neutrons/cm 2 (E > 1 MeV) at 7>l*0oF. Compared with unir radia ted 
da ta , the i r r ad i a t i on sh i f t in t r a n s i t i o n was 180 and 290°F for the low 
and high fluences respect ive ly . No degradation of upper-shelf behavior 
was observed a f te r i r r a d i a t i o n . 

The effect of cyclic frequency on crack propagation was compared at 
1 and 600 cpm at room temperature and at 500°F in a i r . The fatigue-crack 
propagation behavior of A533-B was e s sen t i a l ly the same at both tempera­
tures and cycl ic frequencies. 

The s t r e s s r a t i o effect on fatigue-crack propagation was correlated 
for A533--3 using an effect ive s t r e s s r a t i o . Data over a s t r ess r a t i o 
range from i? = 0 to i? = 0.8 were corre la ted for t e s t s conducted at 55C°F. 
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Six UT compact-tension (CT) specimens are "being irradiated in the 
Battelle Research Reactor (BRR) to midthicknoss fluence levels of 5 x 10 1 9 

neutrons/cm2 {E > 1 MeV). Three irradiation capsules were fabricated and 
six UT CT specimens, two per capsule, were encapsulated. Additional smal­
ler specimens, Charpy V-notch, tensile, and O.UT CT specimens, were also 
encapsulated. The three capsules were inserted into the BRR and presently 
are undergoing neutron "bombardment. 

Prolongations of intermediate vessels V-2, V-3, and V-U were studied 
to obtain tensile, Charpy-V impact, and static lower-bound fracture tough­
ness data. These data were used to assist in setting the fracture criteria 
and in predicting failure as was done for vessel V-l prior to rupturing 
the vessel. 

Weldment and base-metal material from the third and fourth HSST inter­
mediate pressure vessels was fabricated into 0.39**T, O.85T, 3T, and hi 

CT specimens. These specimens were tested over a temperature range of 
0 to 200°F to establish a lower-bound curve of the fracture toughness of 

the pressure vessel material using the equivalent-energy concept. 
A study of the fracture surface of intermediate test vessel V-l re­

vealed a mixed mode of fracture. Initial crack growth is by ductile tear­
ing. The growth is by tunneling and continues until the flaw size is 
such that unstable crack growth can occur. This results in a transition 
from a dimpled fracture mode to one wherein cleavage was the mode of fail­
ure. 

Difficulty was experienced by Taylor Forge in producing welds free 
of any resectable indications on intermediate test vessels V-U, V-5, and 
V-6 as inspected ultrasonically by the stringent conditions imposed. After 
vessel V-U was repaired, the welds were found to be acceptable on final 
inspection. After several repair attempts on vessels V~5 and V-6, re­
sectable indications remained. These indications were located in such a 
position that they could be tolerated during testing. Therefore, these 
vessels were accepted with these imperfections. 

During this reporting period, three intermediate test vessels (V-2, 
V-3, and V-U) were flawed, instrumented, and pressurized to destruction. 
Pressure, strain, and crack-opening-displacement measurements were suc­
cessfully obtained from all the tests. Inaccuracies in monitoring crack 
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growth during the sharpening of the flaws in vessels V-3 and V-U led to 
fracture "behavior somewhat different than anticipated. 

Work continued on the investigation of mode III — tearing chear frac 
tuie in nuclear reactor piping. To date, four full-scale rupture experi­
ments have been conducted. Based upon the last two tests, it appears 
that reservoirs as employed on experiment 32 will he required to obtain 
extensive mode III fracture propagation. 



1. PROGRAM ADMINISTRATION AND PROCUREMENT 

The Heavy-Section Steel Technology (HSST) Program is one of the major 
safety engineering programs concerned with the structural integrity of 
the primary containment systems of civilian vater-reactor power stations. 
The main effort in the program is to extend and develop the technology 
for quantitatively assessing the margins of safety against fracture of 
these sophisticated systems, with emphasis on the massive pressure ves­
sels. Practically all areas of materials technology relating to the 
steels and weldments used in fabricating the vessels of present and con­
templated plants in the United States have been or are being investigated. 

While very substantial efforts have been directed to the variability 
of properties among and within various product forms, metallurgical studies, 
the variables that affect fatigue-crack growth behavior, and the effect 
of fast-neutron irradiation on the steels, the paramount emphasis has been 
on the load-flaw size—toughness relationships from which fracture will 
initiate and/or propagate. The program is coordinated with efforts by 
other government agencies and the manufacturing and utility sectors of 
the nuclear power industry both in the United States and abroad. These 
total efforts should result in the quantification of safety assessments 
which are needed by the USAEC regulatory bodies, the professional code-
writing bodies, and the nuclear power industry. 

The activities of the program are carried out under 12 separate tasks. 
Several of the task activities are performed under subcontract by research 
facilities throughout the United States and through informal cooperative 
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efforts abroad. Currently there are eight research and development sub­
contracts in force. 

Eight technical reports were issued during this reporting period.1"* 
The major procurement items of the HSST program are the intermediate test 
vessels; six have been received and four more are in various stages of 
fabrication. 

Administratively, the HSST program is carried out as task activities; 
h / W B v a r fr\f V W T > A I ^ { ntr T\IV*"*\/>©»C >»•*•*• 4-VIA i » * e * » w » H *w*mn mvm d i S C U S S e d 

under investigations of unirradiated materials, investigations of irradiated 
materials, and pressure vessel and piping investigations. 

1. S. C. Grigory, Tests of Six-Inch-Thick Flawed Tensile Specimens, 
Third Technical Summary Report, Longitudinal Specimens Numbers 14 through 
16, Unflaaed Specimen Number 17, HSSTP-TR-22, Southwest Research Ins t i ­
tute (August 1972). 

2. L. A. James and J . A. Williams, The Effect of Temperature and 
Neutron Irradiation upon the Fatigue-Crack Propagation Behavior* of ASTN 
A S33-B Steely HEDL-TME-72-132, Hanford Engineering Development Labora­
tory (September 1972). 

3. F. J . Witt and T. R. Mager, A Procedure for Obtaining Bounding 
Values on KjQ at Any Temperature, ORNL-TM-389fc (October 1972). 

h. A. A. Abbatiello and R. W. Derby, Notch Sharpening in the Large 
Tensile Specimens by Local Fatigue, ORNL-TM-3925 (November 1972). 

5. S. P. Ying and S. C. Grigory, Tests of 6-inch-thick Tensile 
Properties, Fifth Technical Summary Report, Acoustic Omission Monitoring 
of one-inch-thick and six-inch-thick Tensile Specimens, HSSTP-TR-2U, South­
west Research Inst i tute (November 1972). 

6. S. A. Legge, Analysis and Experimental Verification of the Thermal 
Behavior of a four-inch Steel Section Undergoing Nwslear Heating, WCAP-
8022, Westinghouse Electric Corporation (December 1972). 

7. J. G. Merkle, An Elastic-Plastic Thick-Called Hollow Cylinder 
Analogy for Analyzing the Strains in the Plastic Zone Just ahead of a 
Notch Tip, 0RHL-TM-U071. (January 1973). 

8. P. B. Crosley and E. J. Ripling, Crack Arrest in an Increasing 
K-Field STP-TR-27, Materials Research Laboratory (January 1973). 
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7 INVESTIGATIONS OF UNIRRADIATED MATERIALS 

The Materials investigations under the HSST program are diTided isto 
studies of unirradiated Materials and studies of irradiation effects. The 
studies of unirradiated Materials, which include inspection, characterisa­
tion, Metallurgy, variability determinations, transition teMperature in­
vestigations, fracture Mechanics studies, and fatigue-crack propagation 
tests, are discussed here, Ho work specifically under the transition teM­
perature talk is in progress. Additional results for unirradiated Materials 
are presented in Chapter 3, and inspections and Material properties results 
related to the intermediate vessel tests are presented in Chapter a. 

FRACTURE TOUGHHESS CHARACTERIZATIOH OP HSST VELEMEHT MATERIAL1 

P. C. Riccardella L. R. Singer 

Introduction 

Extensive fracture toughness data have been obtained on reactor ves­
sel plate and fogging Materials as part of the HSST program. 2~ 5 However,. 

1. Work sponsored by the HSST program under UCCHD Subcontract Bo. 
3196 between Union Carbide and Vestinghouse Electric Corporation. 

2. P. J. Witt, "A Procedure for Determining Bounding Values on frac­
ture Toughness Kj c at Any Teapcr.tui.tf," HSST 5th Annual Information Meeting, 
Paper 13, March 1971. 

3. T. R. Mager, Fracture Toughness CharaateHsation Study of A533, 
Grade B, Class 1 Steel, HSST Program Technical Report Ho. 10 (October 
1970). 

http://Teapcr.tui.tf
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only limited data are available for weldment materials used in fabricating 
reactor vessels.5 The objective of this program is *o study the fracture 
toughness characteristics of a plate weldment which was prepared using 
procedures analogous to those used in reuct.or vessel fabrication (HSST 
»*id»ent 57E). 

Specimen Fabrication 

Kineteen compact-tension (CT) specimens have been fabricated from 
HSST weldment 57E. These specimens include three 6T CT (6-in.-thick, com­
pact-tension) specimens which were machined from the main weld as shewn 
in Fig. 2.1. The remaining 16 specimens are IT CT specimens machined from 
the weld intersection region as shown in Fig. 2.2. Five of these speci­
mens were taken directly from the weld intersection, and eleven were taken 
from the main weld in the vicinity of that intersection. The five speci­
mens from the intersection were taken in two different orientations to de­
termine the effect of crack orientation on the data. 

Test Program 

Twelve of these nineteen specimens have been tested at temperatures 
ranging between —150 and +5J*0°F during this report period. The fracture 
toughness of this weldment is so high in this temperature range that very 
large specimens would be necessary to perform valid fracture toughness 
testing according to the ASTM recommended procedure.6 Therefore the 
equivalent-energy concept2 was used to interpret the data in terms of 
lower-bound values of actual fracture tjughness. 

4. T. R. Mager, "Experimental Verification of Lower Bound Kj c Values 
Utilizing the Equivalent Energy Concept," HSST 6th Annual Information 
Meeting, Pnper 23, April 1972. 

5. W. 0. Shabbits, W. H. Pryle, and E. T. Wtssel, Heavy Section 
Fracture Toughness Properties of A533 Grade B. CViss 1 Steel Plats and 
Submerged Arc Weldment, HSST Program Technical Report No. 6 (December 
1969). 

6. Tentative Method of Test for Flane-Strain Fracture Toughness; of 
Metallic Materials, ASTM E399-70T. 
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Fig. 2.1. Machining of fracture toughness specimens from HSST veld-

ment 57E. 



•.•''•''.'•••. >'•• :•".:•'<:•.'./• • • : . ; '• "• : : . i . ' \ 

r-THHIE IT-CT SPECIMENS 
S7E-I7 
S7E-I8 
S7E-IS 

t'.1-'?; *V&;:::#;£'*W';ivv>J^^ .:..V;,V:Y:•^'.v^::ri-^:f^-:;J:/.:/V^-. ;.v:-

v\̂ ,K:i,:^v^v^j:^Oft?r^v:.x î.v.-:>::y.v:-.-
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FOUR IT-CT SPECIMENS—I 
57E-I3 
57E-IH 
57E-15 
57E-I6 

FIVE IT-CT SPECIMENS 
S7E-S 
57E-S 57E-I0 
57E-II 57E-I2 

-a 
sirs 

FOUf IT-CT SPECIMENS 
S7E-H 
S7E-S 
S7E-S 
S7E-7 

Fig. 2.2. Machining of fracture toughness specimens from weld inter­
section region of HSST veldment 57E. 
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Test Results 

The resulting fracture toughness data from these tests are summarized 
in Table 2.1 and are illustrated graphically in Fig. 2.3. Comparisons of 
these data with previous fracture toughness data for base metal*•* indi­
cate that this veldment is significantly tougher. Furthermore, these 
tests indicate that the toughness of the veld intersection is not signifi­
cantly different than that of the main veld. Temperatures have been chosen 
for testing the remaining seven specimens to fill in the gaps in the data 
presented in Fig. 2.3. 

92U a 
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O 
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A | 1 1 1 1 1 1 
-200 -100 100 200 300 

TEMPERATURE (°F) 
••00 500 600 

Fig. 2 .3 . Fracture toughness data for HSST veldment 57E. 



Table 2.1. Fracture toughness results determined from testing IT and 6T 
compact-tension specimens from HSST weldment 5TE 

Specimen 
No. 

Test 
temp, 
(°F) 

Crack 
length 
(in.) 

Maximum 
load 
(lb) 

Energy to 
maximum load 

(in.-lb) (H>> 

Energy to 
PQ (in.-lb) 

KIod 
(ksi »Tn7) 

IT Compact-tension specimens 
5TE-1? -150 1.037 6,800 1+8.0 l+,000 16 .5 1+9.0 
57E-8 -150 1.027 10,390 116.6 1+.000 16 .0 7 6 . 3 
57E-1+ -100 1.038 12,200 19^ .8 l+,000 16 .0 97 .5 
57E-11 - 5 0 1.0U0 12,1+1+0 199 .7 1+.000 16 .0 102.0 
57E-9 - 5 0 1.037 li+,120 320.3 l+,000 16 ,o 128.5 
57E-18 - 5 0 1.023 15,100 1+1+5.1 U,000 17 .0 ll+l+.O 
57E-13 - 5 0 I.0U7 lU,570 1+32.0 U.000 16 .5 11+9.3 
57E-5 ±0 1.038 15,530 1 ,573.0 1+.000 15 .5 290 .1 
57E-11+ +50 1.055 lU.930 1 ,612.8 l+,000 16 .0 297.0 
57E-15 +200 1.01+3 15,180 

6T 

1 ,993.2 

Compact- tension 

l+,000 

specimens 

18 .0 305.1+ 

57E-2 +200 6 .133 512,000 197 ,050 .0 100,000 1550.0 511.0 
57E-3 + 5^0 6 .133 1+90,000 118,1+60.0 100,000 1760.0 391.0 
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INVESTIGATION OF WELD METAL HEAT-AFFECTED ZONE 

D. A. Canonico 

In the last HSST semiannual report,7 we described the investigation 
being conducted on the heat-affected zone of welds made between two plates 
of ASTM A533, grade B, class 1 steel. No evidence of cracking in the heat-
affected zone was reported. We have continued the investigation of those 
welds and have as yet to uncover any evidence of cracking. 

During this report period, we initiated a study of the heit-affected 
zone of a longitudinal weld in the prolongation from the intermediate test 
vessel V-3. The vessel is fabricated from ASTM A508, class 2 steel, which 
has been identified as having a higher sensitivity to heat-affected zone 
cracking.8 We have longitudinally sectioned a piece of the weld and pre­
pared it for study, as shown in Fig. 2.U. The individual specimens are 

7. D. A. Canonico, HSST Program Semiannu. Progr. Rep. Aug. 313 19723 

ORNL-U855, pp. 3-6. 
8. Private communication, K. Kussmaul, MPA Stuttgart, West Germany, 

1972 annual information meeting of the HF'T program. 

Fig. 2.1*. Photograph of a weld section from the prolongation of in­
termediate test vessel 3. The numbers identify each specimen, which is 
mounted, polished, and metallographically studied on the surface identi­
fied by the arrows. 
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numerical ly i d e n t i f i e d , and t h e arrows po in t t o t h e sur face be ing i n v e s t i ­

ga ted . Considerable t ime and e f f o r t have been spent in p repa r ing and 

raetallographically viewing t h e specimens. F igure 2 .5 conta ins two t y p i c a l 

meta l lographic mounts. No evidence of cracks i n t h e h e a t - a f f e c t e d zone 

of any of the 11 specimens has been de t ec t ed . 

CRACK INITIATION IN TESTING PRECRACKED CHARPY SPECIMENS 

W. J . Stelzman 

A study was made t o determine when crack growth i n i t i a t e s in p r e -

cracked Charpy specimens dur ing slow-bend t e s t i n g . The slow-bend t e s t 

was i n t e r r u p t e d a t va r ious st&ges of bending and immediately unloaded. 

Figure 2.6 shows a t y p i c a l l o a d - d e f l e c t i o n ( t i ^ e ) t r a ^ e , t h e t e s t i n t e r ­

r u p t i o n s , and subsequent e x t e n s i o n . The p a r t i a l l y bent specimen was placed 

i n a 900°F furnace for 2 h r , dur ing which t h e f a t i g u e crack and e x t e n s i o n , 

i f any , were b lue t i n t e d . After t h e specimen was removed and cooled to 

room tempera tu re , i t was immersed i n l i q u i d n i t r o g e n and f r a c t u r e d . The 

extens ion was then measured on a t r a v e l i n g s t a g e microscope. This method 

of i n v e s t i g a t i o n shows t h a t crack growth dur ing t h e slow-bend mode of 

t e s t i n g and a t a d e f l e c t i o n r a t e of 0.100 in . /m5n i n i t i a t e s a t t h e i n i t i a l 

peak load . At the t e s t t empera ture (75°F) , t h e t i p of the f a t i gue crack 

deformed p l a s t i c a l l y p r i o r t o crack i n i t i a t i o n . This crack e l o n g a t i o n , 

usua l ly r e f e r r e d t o as ";.he s t r e t c h zone," was from 0.002 t o 0.005 i n . 

p r i o r t o peak load . 

EXPERIMENTAL AND ANALYTICAL ELASTIC-PLASTIC FRACTURE 
THEORIES EVALUATION PROGRAM9 

P. C. P i c c a r d e l l a J . L. Swedlow 

In t roduc t i on 

The two loading t h e o r i e s of e l a s t i c - p l a s t i c f r a c t u r e ( J - i n t e g r a l 

and equiva len t -energy) have not y e t bee*i sub jec ted t o a c r i t i c a l eva lua­

t i o n t o demonstrate t h e i r a p p l i c a b i l i t y t o complex loading and geometric 

9. Work sponsored by HSST program under UCCND Subcontract No. 3196 
between Union Carbide and Westinghouse E l e c t r i c Corpora t ion . 
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PHOTO Y-H7470 

Specimen Ho. k -
PHOTO Y-II7475 

Specimen No. 9 

Fig. 2.5. Photomacrographs (original magnification, 3.5X) of metal-
lographic specimens identified as Nos. k and 9 in Fig. 2.4. These photo­
macrographs represent the specimens under study. Extensive microscopic 
studies are conducted at the weld metal-base metal Junction. 
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Fig. 2.6. Slow stable crack growth in precracked Charpy specimens 
obtained by interrupting the load at various deflections. Specimens 
tested in the slow-bend mode. 

configurations typical of those that exist in nuclear reactor pressure 
vessels. Both theories rely heavily on the experimental load-deflection 
curve of a test specimen to predict failure. However, in a reactor ves­
sel, no single parameter represents applied load and no single displace­
ment value is pertinent to the overall problem. The degree of loading 
can only be estimated using sophisticated, two-dimensional analysis tech­
niques, such as the finite-elenent technique, which are capable of con­
sidering geometric discontinuities, pressure stresses, and complex ther­
mal gradients. 

The objective of this program was to apply both fracture theories 
to a relatively simple test specimen using a two-dimensional, finite-
element computer program which has enough generality that it can later 
be applied to more complex reactor vessel problems. The test specimen 
chosen was a center-cracked plate geometry [hereafter referred to as the 
fracture theories evaluation (FTE) specimen].10 Critical failure pa­
rameters (load and deflection) were predicted by both fracture theories 

10. P. C. Riccardella and J. L. Swedlow, HSST Program Semiannu. 
Progr. Rep, Aug. 31, 19721 ORNL-U855, pp. 7-12. 
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from t;*e analysis and the accuracy of the predictions evaluated by com­
parison with actual experimental results. 

To ensure a meaningful evaluation of the two theories, the tests 
were performed in the transition range between linear-elastic (frangible) 
behavior and limit-load (fully ductile) behavior. To satisfy this con­
straint, a test temperature of +50°F was chosen. 

Experimental Program 

Two UT CT specimens and four 2T CT specimens were machined from HSST 
plate section OU-A. 1 0 The specimens were all oriented in the longitudinal 
(RW) direction and were all taken frc^ approximately the center thickness 
location. These specimens were tested at +50°F, and fracture toughness 
evaluations were performed using both the e7-integral (^j^)11 and the 
equivalent-energy (#j c <f) 1 2 interpretations as shown in Table 2.2. Note 

11. R. J. Bucci et al. , "J-Integral Estimation Procedures," in Frac­
ture Toughness^ Proceedings of the 1971 National Symposium on Fracture 
Mechanics, part II, ASTM STP-51U (1972). 

12. T. R. Mager, "Experimental Verification of Lower Bound K I c Values 
Utilizing the Equivalent Energy Concept," HSST Program 6th Annual Infor­
mation Meeting, Apr. 25~26, 1972. 

Table 2.2. Results of ccsipact-tens ion tests 

Specimen 
designation Size, B 

J-integral Equivalent-energy 
interpretation interpretation 
J l c - KIo JIcd KIed— 

(in.-lb/in.2) (ksi /in7) (in.-lb/in.2) (ksi ZinT) 

OUA-I UT 339. h 
O^A-2 UT 289.2 
OUA-3 2T 359.5 
OUA-U 2T 315.5 
OUA-5 2T U66.5 
OUA-6 2T 391.0 

Average 360.2 
Std. dev. , a 62.8 
3a 188. h 

105.8 382.5 112.3 
97.6 3U7.3 107.0 
108.9 Uoo.5 Ub.9 
102.0 353.8 108.0 
12U.0 1*58.2 122.9 
113.5 383.2 112.1* 
108.6 387.6 112.9 

9.3 39.9 5.7 
27.9 119.7 17.1 
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that the average values of fracture toughness, as evaluated by both in­
terpretations, are approximately the same. However, the standard devia­
tion of the data is significantly greater for the -/-integral interpreta­
tion. The greater scatter in the J-integral data can bo attributed to 
the fact that it utilizes total energy to fracture to measure toughness 
and as such is sensitive to variations in the displacement calibration 
of the test. On the other hand, the equivalent-energy intenoretation 
utilizes only energy ratios to measure toughness and therefore is insensi­
tive to displacement calibration. (In fact, none is required.) 

The Kjctf values from Table 2.2, aljng with ±3a scatter band for the 
data, are plotted as a function of specimen size in Fig. 2.7* Similar data 
from the ̂ -integral interpretation are given in Fig. 2.8. The valid 
linear-elastic fracture mechanics specimen size requirement13 and the 
proposed ef-integral specimen size requirement11* are included on these 
figures. The specimens which were tested are significantly smaller than 
the linear-elastic requirement but larger than the proposed J-integral 
requirements. 

To further evaluate the statistical variability of the two toughnass 
measurement schemes, a series of additional fracture toughness specimens 
were machined from HSST plate 0̂ 4-A in the same orientation and location. 
Thes" included ten IT compact-tension, twenty 0.1*T compact-tension, and 
twenty precracked Charpy V-notch specimens (Fig. 2.9). These specimens 
were also tested at +50°F. 

The first fracture theories evaluation (FTE) specimen10 was tested 
at +50°F. This was ihe thinnest (1 in.) of those to be tested. Experi­
mental load vs gage displacement data for this specimen are plotted in 
Fig. 2.10, and the fracture surface is shown in Fig. 2.11. Two important 
items of information can be discerned from the appearance of the fracture 
surface: (l) very large shear lips were present, which indicates that 

13. "Tentative Method of Test for Plane Strain Fracture Toughness 
of Metallic Materials," ASTM-E399-70T, Annual Book of ASM Standards, 
1970. 

lU. J. R. Rice, "A Path Independent Integral and the Approximate 
Analysis of Strain Concentration by Notches and Cracks," Trans. ASME, 
J. Appl. Mech. (June 1968). 
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Fig. 2.9. Additional fracture toughness specimens from HSST plate 
0̂ -A for statistical study. 
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theories evaluation specimen. 
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Fig. 2.11. Fracture surface from first (l-in.-thick) fracture theories 
evaluation specimen. 

the state of stress was closer to plane stress than to y?ane strain; and 
(2) a significant amount of subcritical crack growth occurred prior to 
fracture. Because of these two factors, fracture predictions for the first 
FTE specimen are not expected to be accurate. 

The remaining FTE tests will include specimens with thicknesses of 2.0 
and U.O in., the latter of which should approach a plane strain state of 
stress, and a 1.0-in.-thick specimen with rounded crack tips (Fig. 2.12), 
which should indicate the point at which subcritical crack growth occurs 
in the cracked specimens. 
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Analytical Program 

A finite-element model of the gage length region of the FTE specimen 
was ser up to perform a deta i led e l a s t i c - p l a s t i c analysis of the specimen. 1 0 

The resu l t ing ana ly t ica l load vs displacement curve i s shown compared with 
the experimental data for the f i r s t FTE t e s t in Fig. 2.10. The agreement 
between the experimental and ana ly t i ca l r e su l t s i s within approximately 
25% up to the maximum load point i n the experiment. Since the analys is 
was based on small s t r a i n theory, i t could not be expected to pred ic t load 
revsrsa l beyond the maximum load po in t . The 25% difference between the 
ana ly t ica l and experimental data can be explained by the fact t ha t tne 
analysis was performed for plane s t r a i n , and the t e s t was closer to plane 
s t r e s s . This difference should reduce as the th icker FTE specimens are 
t e s t ed . In the ana ly s i s , lUo load s teps were used, and the t o t a l running 
time on the CDC-7600 computer was less than 6 min. 

Values of the path i n t eg ra l J were computed1* over 13 d i f fe ren t paths 
a t each load s tep ranging from very small bands (mean radius = 0.0013 i n . ) 
to very large bands (mean radius = 0.637 i n . ) . Normalized values of the 
J - i n t e g r a l as a function of path radius are shown in Fig . 2.13 for several 
se lected load s t e p s , ranging froai the f i r s t ( e l a s t i c ) load s tep to load 
steps in the highly p l a s t i c regime. The path independence of the ^ - i n t e ­
gra l i s i l l u s t r a t e d by t h i s f igure . In the e l a s t i c s t e p , the J - i n t e g r a l 
was essen t i a l ly path independent except for the three paths nearest the 
crack t i p which were disregarded due t o numerical noise . As the loading 
increases in to the p l a s t i c range, the path independence i s maintained; 
however, the v a r i a b i l i t y from path to path and the number of paths which 
must be disregarded due to numerical noise increase . 

The average values of J over the pa ths , disregarding the anomalous 
paths near the crack t i p , are p lo t t ed as a function of gage lerjgth d i s ­
placement in Fig. 2.1U. The J - i n t e g r a l fracture toughness data from 
Table 2 .2 , including the ±3o* s c a t t e r band for the da ta , are a lso p lo t t ed 
on t h i s f igure . The in te r sec t ion of the fracture toughness l i ne s with 
the computed J - i n t e g r a l curve y ie lds a predicted fracture displacement 
cf 0.010 i n . , with a ±3o range of 0.007 to 0.013 i n . for the ^ - i n t e g r a l ap­
proach . 
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To obtain a fracture prediction using the equivalent-energy approach, 
values of total energy input to the model were computed at each load step 
by summing the work done on each element in the model during that load 
step. Values of total energy input, computed in this manner, are shown 
as a function of gage length displacement in Fig. 2.15. In order to de­
termine the critical value of energy to fracture, two geometrically simi­
lar specimens must be considered (see Fig. 2.16). 1 5 Let specimen 1 be 
the U-in.-thick FTE specimen and specimen 2 be a geometrically similar 
specimen large enough to fracture in a brittle manner (assumed thickness = 
20 in.). The total energy to fracture for specimen 2 can be calculated 
using linear-elastic fracture mechanics and the equivalent-energy fracture 
toughness data of Table 2.2. Assuming that the volumetric energy ratio 
for specimen? 1 and 2 is equal to the ratio of their dimensions, the total 
energy to fracture for specimen 1 can be calculated as outlined in Fig. 
2.l6. The results of this calculation are summarized in Table 2.3 and 

Table 2.3. Fracture energy calculations 

K Energy to 
, lc%—. frac ture 
(ksi <Sn7) ( i n . - i u ) 

3a upper bound 130.0 6515.U 

Mean value 112.9 U91U.I 
3o lower bound 95.8 3538.2 

are also p lo t t ed on Fig. 2 .15 , including the ±3o* s c a t t e r band for the 

data. Using the in te r sec t ion of the fracture toughness energy l ines with 

computed energy input curve to predic t f racture y ie lds a f racture displace­

ment of 0.011 i n . , with a ±30 range of 0.009 t o 0.013 i n . for the equiva­

lent-energy approach. 

15. W. F. Brown and J . R. Srawley, Plane S t ra in Crack Toughness 
Testing of High Strength Metall ic Mater ia ls , ASTM STP-UlO (1967). 
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SPECIMEN © 

J S A ' * E ' / B ' 3 

A 2 « E 2 / B 2 3 

6 2/B2 6, /B, 

NORMALIZED DISPUCEMENT (6 /B) 

PARAMETER SPEC 1MEN(D SPECIMEN® 

a 0.5 IN 2.5 IN 

B H.O IN 20.0 IN 

W 3.0 IN 15.0 IN 

V 1.9 IN 1 .9 IN 

n .0387K I 0 " 6 

I N 2 / LB 
.0387x10"6 

IN2/LB 

FROM LEFM: 
E 2 - i ^2*2 

WHERE: P2«B2«f2 * ic ( R 6 F , 5> 

S 2 » M P 2 / B 2 ) (ELASTIC COMPLIANCE) 

THEREFORE: £2

S * foB2w22 K I C 2 ) 
Y* a. 

FROM EQUIV. ENER6Y: 

A 2

S B , 

(£,/B| ) ^ J2_ 
( E 2 / B 2 3 ) * B, 

THEREFORE: E , ' ^ ^ E. 

Fig. 2.16. Development of f racture energy from the equivalent-energy 
approach. 
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EFFECT OF HIGH-TEMPERATURE PRIMARY REACTOR WATER ON HUE 
SUBCRITICAL CRACK GROWTH OF REACTOR VESSEL STEEL1* 

T. R. Mager V. J. McLoughlin 

Experimental Procedure 

Six precracked 2T CT specimens (RW orientation) were fabricated from 
HSST plate 02 for the st̂ idy. The load cycle was held constant at a fre­
quency of 1 cpm with maximum load at 20,000 lb. Two specimens were tested 
in a PWR environment (2000 psi, 550°F) and one in a BWR environment (1200 
psi, 550°F). The water chemistries were controlled to the specifications 
in Table 2.U. A fourth specimen was tested in an air environment at a 
frequency of 1 cpm (2000 psi, 550°F). 

Table 2.U. Environmental water chemistry 

Pressurized-water Boiling-water 
reactor reactor 

Oxygen, ppm <0.1 <0.3 
Chloride, ppm <0.15 <0.1 
Fluoride, ppm <0.15 <0.1 
Total suspended solids, ppm <1.0 <0.2 
Boron, ppm o-Uooo 
Solution pH U.2-10.5 Neutral 
Electrical conductivity, ymhos/cm <1-U0 0.1 
Hydrogen, cc (STR)/kg 25-35 0.037 
Li(OH), m 0.3 x 10-"--3.2 x 3.(T * 

A fifth test is currently under way in a PWR environment at 550°F. 
The test is being conducted in accordance with the recommendations of the 
HSST ad hoc task group on fatigue. The 2T WOL specimen was precracked at 
a Kj-f less than 10 ksi ^TnT Thus, the fifth t:st vas started at a &K of 
10 ksi /in. at a frequency of 1 cpm. When the UC r< tches approximately 
25 ksi v£n7, the frequency will be reduced to 0.5 cpm. 

16. Work sponsored by HSST program under UCCIJD Subcontract Ho. 3290 
between Union Carbide and Westinghouse Electric Corporation. 
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Experimental Results 

The resultant crack length vs cycle data were reduced to fracture 
"mechanics parameters. The results for the first three tests were reported 
in the previous semiannual report17 and are reproduced in Fig. 2.17, where 
the crack growth rate (da/dn) is plotted as a function of the independent 
variable, stress intensity factor (AK). For convenience, a reference line 
has been included on the plot representing an upper hound for si! previous 
crack growth rate data generated on HSST plate 02 at frequencies of 60 
and 600 cpm. x S The results of the .est in air at a frequency 02* 1 cpm 
are also given in Fig. 2.17.19 The data fall within the upper scatter 
band for the 60- and 600-cpm data. It is apparent that at the lower fre­
quencies and in an environment of primary-grade reactor water, the crack 
growth rates are accelerated for the stress intensity range studied (30 
to 100 ksi /in. 

Ad Hoc Task Group on Fatigue 

An HSST ad hoc task group reviewed the available test data and made 
the following recommendations: 
1. Evaluate the effect of the R ratio (B = ̂ min/^max) on low-frequency 

fatigue-crack growth rates. The R ratio is generally more important 
in aggressive environments than in ordinary air. The tvo recommended 
ratios were 0.2 and 0.8. 

2. Evaluate the effect of low frequency on fatigue-crack grcvth rates 
in the lover range of &K. The recommended minimum A£ was 10 ksi /in. 

3. Evaluate the effect of frequencies of less than 1 cpm on the fatigue-
crack growth rates. The recommended frequency was 0.1 cpm. 

17. S. A. Legge and T. R. Mager, HSST Program Semiannu. Progr. Rep. 
Aug. 31, 1972, 0RNL-U855, pp. 12-15. 

18. T. R. Mager and V. J. McLoughlin, The Effect of an Environment 
of High Temperature Primary Grade Nuclear Reactor Water on the Fatigue 
Crack Growth Characteristics of A533 Grade B Class 1 Ptote and Weldment 
Material, Heavy Section Steel T chnology Program Technical Report No. 16 
(October 1971). 

19. P. C. Paris et al., "Extensive Study of Low Fatigue Crack Growth 
Rates in A533 and A508 Steels," Stress Analysis and Growth of Cracks, 
Proceedings of the 1971 National Symposium on Fracture Mechanics, part I. 
ASTM-STP-513, 1972, pp. lUl-76. 

t-ii^i ''-*-**-
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Fig. 2.17. Crack grovrbh r a t e s for HSST 02 mater ial at 1 cpm frequency 
in PWR and BWR environments. 
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3. INVESTIGATIONS OF IRRADIATED MATERIALS 

One of the environmental factors that must be considered in safety 
evaluations of reactor pressure vessels is irradiation, because the me­
chanical properties of metals may be modified thereby to a degree that 
is of considerable engineering significance. Irradiation effects have 
been recently investigated by Hanford Engineering Development Laboratory 
(HEDL) and by Westinghouse Electric Corporation. Most of the irradiated 
specimens being tested by HEDL were machined by ORNL from broken halves 
of previously tested specimens. The areas of primary interest to the HSST 
program are the temperature range U50 to 600°F and the fast-neutron (£ > 
1 MeV) fluence range 1 to 8 x 1.019 neutrons/cm2. 

This chapter summarizes the research performed by HEDL and Westing-
house. 

IRRADIATION EFFECTS ON THE FRACTURE OF HEAVY-SECTION 
PRESSURE VESSEL STEELS1 

J. A. Williams L. A. James 
Hanford Engineering Development Laboratory 

The Effect of Irradiation on the Fracture Toughness of 
A533-B; Lover-Bound Evaluation Using C v CT Specimens 

The lower-bound fracture toughness Kj^ of irradiated ASTM A533, 
grade B, class 1 steel, HSST plate 02, was evaluated between 0 and 550°F. 

1. Research sponsored under Purchase Order No. 11Y-50917V between 
Union Carbide Corporation and Hanford Engineering Development Laboratory. 
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Compact-tension specimens of the same thickness as Charpy impact speci­
mens, 0.39** in., were used; the fracture toughness measurement is desig­
nated ^Xo.39hm 

Irradiation levels were 5-3 to 5-7 x 10 1 9 and 8 x i o 1 9 neutrons/cm2 

(E > 1 MeV). All specimens were remachined by ORNL from previously ir­
radiated and tested specimens. The 5.3 to 5.7 x 1 0 1 9 neutron/cm2 spe-ci-
mens were from material irradiated at 550°F reported by Mager. The 
8 * 1 0 1 9 neutron/cm2 specimens were from material irradiated at 5^0°F and 
tested ry HEDL.3 The lower-bound fracture toughness KjGt39U #as determined 
for longitudinal (RW) and transverse (WR) orientations at the lower fluence 
level and for the RW orientation at the higher fluence. The testing pro­
cedures, crack preparation, and validity criteria of compact-tension 
specimens for Kj plane strain fracture toughness measurements'* were ap­
plied to the KjQ OQK evaluation. The results of all the test specimens 
are reported in Table 3.1. The lower-bound toughness was determined by 
the procedure proposed by Witt and Mager.5 

The primary effect of irradiation on the lower-bound fracture tough­
ness was to cause the transition from low to high toughness to occur at 
a higher temperature. No criteria for fracture toughness transition (i.e., 
such as Cy of 30 ft-lb energy) have been established, so an arbitrary value 
cf 100 ksi /in. is chosen as a basis of compaiisor.. This value is also 
approximately midrange between high and low Kj ^QJ. toughness. 

The 100-ksi /in. level lower-bound fracture toughness of the RW 
orientation of A533-B irradiated to 5-3 to 5.7 x 1019.neutrons/cm2 (E > 
1 MeV), Fig. 3.1, occurs at approximately l80°F. The transition to full 
upper-shelf lower-bound toughness is complete at approximately 300°F. 

2. T. R. Mager, Postirradiation Testing of 2T Compact Tension Speci­
mens, WCAP-756I, Westinghouse Electric Corporation (August 1970). 

3. C. W. Hunter and J. A. Williams, "Irradiation Effects on the 
Fracture of Heavy Section Pressure Vessel Steels," HSST Program Semiannu. 
Progr. Rep. Feb. 28, 1971, 0RNL-U681. 

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

5. F. J. Witt and T. R. Mager, "A Procedure for Determining Bound­
ing Values on Fracture Toughness K j c at any Temperature," paper presented 
at Fifth National Symposium on Fracture Mechanics, University of Illinois, 
Aug. 28~6ept. 1, 1971. 
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Table 3 .1 . Irradiated fracture toughness of ASTM A533-B aeasured 
with 0.39** compact-tension specimens 

Specimen Test 
identification teap. 
(orientation) (°F) 

Fluence 
(x I O 1 ' neutrons/< 

(E > 1 MeV} 

Yield 
strength 
(xlO J psO 

Crack 
length 
(in.) 

"•fatigue 
(ksi ^inl) (ksi *Tn7) (ksi 

39* /S7) 

02D0009 (RW) 0 5.3-5.7 120 0.381 18.9 40.2 40.2° 
02D0008 (RW) 80 5.3-5.7 114 0.386 18.9 52.7 52.7 
02D00O5 (RW) 150 5.3-5-7 109 0.379 20.2 56.5J 88.9 
02D0022 (RW) 250 5.3-5.7 104 0.369* 20.0 56.4* 164.6 
02D000U (RW) 300 5.3-5.7 101 0.397* 18. k 45.9** 164.1 
02DOOO7 (RW) 300 5.3-5-7 101 0.366* 17.9 60.8? 138.2 
02D0021 (RW) 550 5-3-5.7 9* 0.35U* 23-9 52.6* 152.0 
02D0003 (RW) 550 5.3-5.7 94 0.380* 18.» 61.26 144.9 
02£0010 (WR) 0 5.3-5-7 120 0.393 22.1 3*.l 34.1d 

02E00O5 (WR) 80 5.3-5-7 111* 0.371 20.2 51.6. 51.6« 
02E0018 (WR) 175 5.3-5-7 108 0.392 21.9 56.2? 125.7 
02E0OOU (WR)/ 200 5.3-5-7 107 0.385 27.7 71.8* 92.4 
02E0009 (WR)? 250 5.3-5.7 lOfc 0.383 27.« 52.2* 

55.7? 
HO. 7 

02B0023 (WR) 300 5.3-5-7 101 0.389 18.7 
52.2* 
55.7? 157.7 

02E0017 (WR) 300 5.3-5-7 101 0.368* 20.0 58.9* 142.0 
02E0019 (WR) 300 5-3-5-7 101 0.370* 20.2 52.4* 161.1 
02B0O22 (WR) Uoo 5-3-5.7 97 0.U12* 20.9 55.1? 134.5 
02E0024 (WR) 550 5.3-5-7 9k 0.40* 19-9 52.8* 128.7 
02E0003 (WR) 550 5.3-5-7 9k 0.362* 19-5 58.6* 143.2 
02E0OO8 (WR) 550 5.3-5.7 9k 0.387* 20.9 59.6* 136.7 
02GA44A2 (RW) 200 8.2 112 0.398 20.7 49.3? 49.3* 
02GAU3B2 (RW) 2U5 8.3 109 0.380 19.4 55.7? 86.7 
02GA44A1 (RW) 300 8.2 106 0.357* 16.9 68.7* 105-7 
02GA44B2 (RW) Uoo 8.2 101 0.386* 18.7 70.9* 153.9 
02GA43A2 (RW) 245 8.3 109 0.427* 21.9 69.1* 69.I 
02GAU3A1 (RW) 350 8.3 104 0.3*6* 19.4 48.3J 138.4 
02GAU3B1 (RW) 550 8.3 95 0.392* 19.0 66.6* 145.7 

KIc-
Pi secant offset load. 
Irregular crack shape. 
Kf too high, so reported as Kjc ^Q^. 
Does net meet S, >2.5(Ko/OyT) , so recorded as Kj;c.y)i,. 
^Specimen thin, B = 0.301 in. 
^Specimen thin, B = 0.302 in. 
\op-in load. 

The same interpretation of results can "be made for the WR orientation 
data shown in Fig. 3.2. 

The results of ASTM A533-B, RW orientation, irradiated to a fluence 
of 8 x 10 1 9 neutrons/cm2 (E > 1 MeV) are shown in Fig. 3.3. A lower-
bcund K/j.39^ fracture toughness of 100 ksi /in7 is reached at 290°F, and 
the Aj^goli upper shelf is fully developed at U00°F. 
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T 1 1 • i 1 r 

J I i i i i 
IlOO O 100 200 300 400 500 600 

TBKMTURt. *F MCDL 7304-30.1 

Fig. 3.3. Lover-bound K I o ^ toughness of ASTM A533-B, RW orienta­
tion, irradiated to 8 x 10 l 9 neutrons/cm2 (E > 1 MeV) at 5**0°F. Unir­
radiated data of Mager et al. are given in Ref. 6. 

A KIOt yjk toughness of 100 ksi /in. at 0°F is exhibited by the data 
of Mager et al.6 on unirradiated specimens. By comparison, irradiation 
at 5.3 to 5.7 x 10 1* and 8 x 10 1 9 neutrons/cm2 causes a shift in tough­
ness of 180°F for the RW and WR orientations and 290°F for RW orientation 
respectively. For all practical purposes no degradation in upper-shelf 
Kjg 39U toughness results from irradiation to the highest level cf 8 x 10 
ncjtrons/cm2. Previous results reported7 for KjCt%gk fracture toughness 
of ASTM A533-B irradiated to approximately 2 x 10** neutrons/cm2 {E > 1 
MeV) show th- lOO-ksi i4"nT toughness level to exist at 200°F for both RW 
and WR orientations; the upper shelf of these data was complete at ap­
proximately 300°F end reached a value of 150 ksi /in. The upper-shelf 

6. T. R. Mager, S. A. Legge, and D. J. Lege, "Experimental Verifi­
cation of Lower-Bound Klo Values Using the Equivalent Energy Cc-iĉ pt," 
HSST Program Semiannu. Progr. Rep. Feb. 29, 1972, ORHL-U816. 

7. F. J. Witt and J. A. Williams, "Lover Bound Toughness of Ir­
radiated A533 Grade B, Class 1 Steel," HSST Program Semiannu. Progr. Rep. 
Feb. 29, 1972, ORHL-M16. 
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value range of 130 to 160 ksi /in. encompasses all material conditions 
investigated herein. 

Fatigue-Crack Propagation of ASTM A533, Grade B, Class 1 Steel 

Effect of cyclic frequency 
Cyclic frequency has "been shovn to exert a profound influence upon 

the elevated-temperature fatigue-crack propagation of some alloys.8 

Therefore, since reactor operating frequencies are expected to "be lower 
than the test frequencies normally employed in laboratory testing, two 
survey tests were conducted at HEDL to determine if cyclic frequency was 
an important variable in the crack propagation behavior of ASTM A533-B 
steel. Prior results9 have indicated that in an air environment, tem­
peratures of 75°F (2U°C) and 550°F (288°C) and irradiation at 2.3 to 
2.8 x io 1 9 and 5.3 to 5.7 x 10 1 9 neutrons/cm2 (E > 1 MeV) had little or 
no effect on the crack growth behavior of A533-B steel. 

The A533-B material employed was from section 02GA of HSST plate 02. 
Fatigue-crack propagation tests were performed on 1-in.-thick compact-
tension specimens (IT CT) in the RW orientation. Specimens were fatigue 
cycled in load control using a sinusoidal wave form at i cpm (0.017 Hz). 
TI~J stress ratio P. was zero. Tests were conducted in an air environment 
at temperatures of 75°F (2U°c) and 550°F (288°C) over a range of LK values 
of approximately 18 to 60 ksi /in. 

l*he results of fatigue cycling A533-B at 1 cpm are compared with 600 
cpn at 75°F in Fig. 3.U ana at 550°F in Fig. 3.5 by plots of fatigue-crack 
growth rate da/dN vs stress intensity factor range LK. At both tempera­
tures little or no effect of cyclic frequency is evidenced; in addition, 
superposition of Figs. 3.** and 3.5 would demonstrate little or no effect 
of temperature on the fatigue-crack growth rate at both fatigue cycling 

8. L. A. James, "The Effect of Frequency upon the Fatigue-Crack 
Growch of Type 30U Stainless Steel at 1000°F," Stress Analysis and Growth 
of Crocks, ASTM STP-513, pp. 218-29, 1972. 

9. J. A. Williams and L. A. James, "Irradiation Effects on Fracture 
of Heavy Section Pressure Vessel Steels," HSST Program Semiannu, Progr. 
Rep. Aug. Zl3 1972, 0RNL-H855. 
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Fig. 3. 1*. Effect of cycl ic frequency in a i r a t 75°? on the fa t igue-
crack propagation behavior of ASTM A533-B. 

frequencies. These r e s u l t s are in agreement with those of Mager and 
McLoughlin 1 0 in an a i r and 550°F water environment a t cycl ic frequencies 
between 60 and 600 cpm. Lower cycl ic frequencies are reported t o affect 
fat igue-crack growth r a t e i n 550°F pressurized-water environments s imi la r 

10. T. R. Mager and V. J . McLoughlin, The Effect of an Environment 
of High Temperature Primary Grade Nuclear Reactor Water on the Fatigue 
Crack Growth Characteristics of A533 Grade B Class 1 Plate and WelSnent 
Materials WCAP-7776, Vestinghouse Nuclear Energy Systems (October 1971). 
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Fig. 3 .5 . Effect of cyclic frequency in a i r at 550°F on the fa t igue-
crack propagation behavior of ASTM A533-B. 

to tha t of water r e a c t o r s ; Kondo e t a l . 1 1 and, more r ecen t ly , Mage:*12 

have observed an increase in fatigue-crack growth ra tes of un i r rad ia ted 
A533-B a t low cycl ic frequencies (<1 cptn}. The effect of i r r a d i a t i o n a t 
low frequency ( l cpm) and high t»*mperature (550°F) in an a i r environment 
on the fat igue-crack growth r a t e w i l l be inves t iga ted . 

11. T. Kondo e t a l . , "Fatigue Crack'Propagation Behavior of ASTM 
A533-B and A302-B Steels in Kit;h Temperature Aqueous Environment," Paper 
6 , Heavy Section Stee 1 Technology Program Sixth Annual Information Meet­
ing , Oak Ridge, Tenn., Apr. 2'/r-26, 1972. 

12. T. R. Mager, FSST Program Semiannu. Progr. Hep. Aug. 31, 1972, 
ORNL-U855. 
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Effect of stress ratio 

The stress ratio (R = ̂ min^max^ n a s t e e n shown to influence fatigue-
crack growth behavior in ASTM A533-B steel.13 Since reactor structural 
components will likely operate uith stress ratios other than those for 
which tests have been conducted, it is important to characterize crack 
growth rates in such a way as to normalize the effect of stress ratio. 

The most common method of characterizing fatigue-crack growth be­
havior involves use of the stress intensity factor range AX: 

dN ~ M A * ' * 

where hK = K__v(l — /?). If, however, one adopts the use of an "effective 
max \/n-s t ress in t ens i ty factor" [K 0ff = ^nax1*1 "~ ^ J» r a t n e r large var ia t ions 

in R may be accounted for and che r e s u l t s reduced t o a s ingle l i n e . This 
approach has been successfully app3.ied over a wide range of R values t o 
202U-T3 aluminum alloy, 1** 7075-T6 aluminum a l l o y , l H type 30U s t a i n l e s s 
s t e e l , 1 5 and type 301 s t a i n l e s s s t e e l , 1 6 with the r e su l t an t values of t he 
exponent m of 0.50, O.U25, 0 .50, and 0.667 respec t ive ly . 

Figure 3.6 i l l u s t r a t e s the effect of s t r e s s r a t i o on the f a t igue-
crack propagation behavior of A533-B tes ted a t 550°F. The data for R = 0 
are from Ref. 17, and the other data are from Ref. 13 . I t w i l l be noted 

13. P. C. Par is e t a l . , "Extensive Study of Low Fatigue Crack Growth 
Rates in A533 and A508 Stee l s ," Stress Analysis and Growth of Cracks, 
ASTM STP-513, pp. 11*1-76, 1972. 

lU. K. Walker, "The Effect of Mean Stress Ratio During Crack Propa­
gation and Fatigue for 202U-T3 and 7075-T6 Aluminum," Effects of Environ­
ment and Complex Load history on Fatigue Life, ASTM STP-1*62, pp. 1—lfc, 
1970. 

15. L. A. James, "The Effect of St ress Ratio on the Elevated Tem­
perature Fatigue-Crack Propagation of Type 30** Sta in less S t e e l , " Nucl. 
Technol. lU(2) , l6>-70 (1972). 

16. E. K. Walker, "An Effective S t ra in Concept for Crack Propaga­
t ion and Fatigue Life with Specific Applications to Biaxial St ress F a t i ­
gue," Proceedings Air Force Confei-ence on Fatigue and Fracture of Air­
craft Structures and Materials, AFFDL-TR-70-lUl*, pp. 225-33, 1970. 

17. L. A. James and J . A. Williams, HSST Technical Report No. 21, 
The Effect of Temperature and Neutron Irradiation upon the Fatigue-Crack 
Propagation Behavior of ASTM A533, Grade B, Class 1 Steel, HEDL-TME-72-133, 
Hanford Engineering Development Laboratory (1972). 
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that, when the crack growth rate is expressed in terms of AK, the rates 
tend to increase with increasing values of R. This is consistent with 
observations en other materials. l l f~ 1 6 However, if the growth rate is> 
expressed in terms of the effective stress intensity factor (in this case, 
the exponent m was found to be 0.75), the data for the various stress 
ratios converge to what is essentially a single line (see Fig. 3.7). 
Therefore, tests generated at one value of R may be used to estimate the 
cracking behavio- of a structural component operating at a different 
value. It is recognized that other empirical relationships exist which 
would have correlated the data equally well, but the particular relation­
ship used here is quite simple and therefore easy to use. 

Fracture Toughness Characterization of Irradiated 
A533, Grade B, Class 1 Steel Using kT 

Compact-Tension Specimens 18 

T. R. Mager S. A. Legge 1 9 

Six kT CT specimens are being irradiated in the Battelle Research 
Reactor (BRR) to midthickness fluence levels of 5 x 10 1 9 neutrons/na9 

(E > 1 MeV). Three irradiation capsules were fabricated and six hi CT 
specimens, two per capsule, were encapsulated. Additional smaller speci­
mens, Charpy V-notch, tensile> .md O.UT CT specimens, were also encapsu­
lated. The three capsules were inserted into the BRR and presently are 
undergoing neutron bombardment. 

Specimen encapsulation 

To provide control of the internal temperature distribution of the 
specimens, they must be encapsulated. Reference 20 summarizes the capsule 

18. Work sponsored by HSST program under UCCND Subcontract No. 3720 
between Union Carbide Corporation and Westinghouse Electric Corporation. 

19. Portions of this program being performed at the Battelle Columbus 
Laboratories are under the technical direction of Neil E. Miller. W. J. 
Zielenback is the principal investigator for Rattelle Columbus Labora­
tories for this program. 

20. S. A. Legge, T. R. Mager, iad P. C. Riccardella, HSST Program 
Semiannu. Progr. Rep. Aug. 313 1972, ORNL-U855, pp. 25-35. 



k2 

10 -4 r 

10 

Hi 
-J u 
> 

u 
z 2 , 
? •"* 
•o 

< 

X 
I -
$ 
O 
o 
O .7 
< 10 ' 
AC o 
I 

IU 

o 

I I I I I II T 1—r ) l i n t 1 1—i f I i rr. 

o 
o 

A 

10 

ASTM «533 GRADE B, CLASS I STEEL 
TESTED AT 550PF (28aPa 

10 -9 

O R< • 0 
a R< • ai 
S7 R • 03 
O R-• as 
A R • 07 
O R • 08 

10> 
I • > 1 1.1.1 

rf 
' • I I 1 I I • I • ' • • • • • • L_L. 

U 10° 

EFFECTIVE STRESS INTENSITY FACTOR, K m M ( t - R ) 0 7 5 , LB/IN.) 3 / 2 

max 

Fig. 3.7. Use of the effective stress intensity factor to correlate 
stress ratio effects for A533-B steel tested at 550°F. 



U3 

design considerations, construction, and au:d.liary temperature control. 
A typical irradiation capsule prior to loading is shown in Fig. 3.8, 
whicli also shows the heater configuration, the three separately heated 
zones, and the heater connections to leadouts. The U-tube arrangement 
at the top of the capsule introduces the He-N2 gas mixture to the capsule 
gaps; the tube extending to the bottom of the capsule is the gas exit 
tube. Figure 3.9 shows the specimens installed in capsule WR with face 1 
upward and thermocouples installed into the desired locations, and Fig, 
3.10 shows capsule WR with the heater plates installed. Gap spacing pins 
can he seen in the plate; the dark spots are empty holes not used for pin 
mountings. 

The three irradiation capsules were fabricated and assembled by 
Battelle. The capsules contained the specimens, dosimeters for monitor­
ing the fluence, and thermocouples for monitoring the temperatures. Each 
capsule contained two hT CT specimens and a complement of smaller speci­
mens consisting of Charpy V-notch, tensile, and C.UT CT specimens. The 

Fig. 3.8. Typical irradiation capsule prior to loading. 
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uu 

Fig. 3«9« Irradiation capsule WR showing specimens and thermocouples 
E place. 

Fig. 3.10. Typical irradiation capsule with heater plate in position. 
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smaller specimens were first packed into 12 steel containers; four con­
tainers were then inserted into each capsule in the UT CT specimen's load­
ing pin holes. The top of the steel containers can be seen in Fig. 3.9. 
The fracture toughness specimens loaded into each capsule are identified 
"below. 

Capsule Specimen Smaller specimen con-
designation identification taincr identification 

Weld W58-1, W58-2 l, a 2. 3,a h 
RW W58-3, W58-U 5, a 6, 7, a 8 
WR 02GA-U1*!, 02GA-UU2 9,a 10, 11 , a 12 

Denotes location of U3O8 dosimeters. 

The thermocouple diagram is reproduced from Ref. 20 and shown as 
Fig. 3.11. Note that thermocouples 13 and 15 are located in the front 
surface as shown in Fig. 3.11. The capsules will be rotated periodically 
to minimize the flux attenuation through the U-in.-thick specimens. For 
identification purposes, the surface containing thermocouples 13 and 15 
was called face 1 and the opposite surface face 2. The purpose of identi­
fying the two surfaces is to establish which face was nearer the core 
during a given irradiation cycle. 

Specimen irradiation 

In the initial reactor startup for each capsule, the reactor power 
was increased to 2 MW (full power) as rapidly as possible. Specimen tem­
peratures achieved equilibrium levels approximately 1 hr later. Then, 
2.5 to 3 kW of electrical heat was supplied to the back face of the cap­
sule which increased specimen temperatures and gave a more uniform tem­
perature pattern through the specimen thickness. About 20 to 30 min were 
required to achieve an equilibrium condition with auxiliary heat. Nitro­
gen was then added to the helium flowing through the capsule to raise the 
specimen temperatures to the desired operating levels. The startup tem­
perature data for each capsule are presented in Figs. 3.12 to 3.1U. Ther­
mocouple locations are numbered in each figure. It should be noted that 
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Fig. 3.12. Ini t ia l temperature data from capsule WR. 
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Fig. 3.13. Initial temperature data from capsule RW. 
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Fig. 3.1U. Initial temperature data from capsule weld. 
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the notch temperature profiles shown are established from five thermo­
couples spaced between the front and back surfaces; however, the two 
surface thermocouples are spaced several inches out of line with the notch 
thermocouples and may not provide precise profile termination points. 

When capsule RW was installed, capsule WR was rotated l80° so that 
both capsules were positioned with fa'-*1 1 nearer the core. At that time, 
capsule WR had been exposed for Ul8 3/U hr with face 2 nearer the core. 
When capsule Weld was installed with face I nearer the core, capsules WR 
and RW had been irradiated 36l 1/U hr, each on face 1. Capsule WR was 
not rotated when capsule Weld was inserted. With all three capsules in 
place, the irradiation will continue with the same face nearer the core, 
and all capsules will be rotated at the same time. Capsule rotation will 
be scheduled about every 850 hr (two BRR cycles). As the irradiation 
termination dates approach, capsule rotation schedules will be adjusted 
to obtain equal exposures on each face. 

The specimen temperatures are summarized in Table 3.2. To date, 
the specimen temperatures were generally at or below the designated maxi-
nrxi of 565°F. When the operating temperatures v»re at the low extremes 
of the reported ranges, the temperatures on the specimen surfaces, par­
ticularly at the back surface, were approximately 500 to 510°F. A tem­
perature excursion occurred for a duration of no more than 2 hr early in 
cycle 31*» when the reactor automatic control system did not properly com­
pensate for a power change. Peak temperatures of 590 to 600°F were moni­
tored in the lower notches at that time; this condition is not reflected 
in the reported temperatures in Table 3.2. 



Table 3.2. Average temperatures (°P) in Westinghouse steel capsules 

Capsule WR 

ll/lC-ii/19 

Capsule RW 

11/21-11/27 12/1-12/11 

Capsule weld 

Time period 10/20-11/6 11/10-11/27 12/1-12/11 ll/lC-ii/19 

Capsule RW 

11/21-11/27 12/1-12/11 12/1-12/11 
Face to core 2 1 •>_ l 1 1 1 

Thermocouple 
No. 

1 570 560 560 560 550 560 560 
2 580 570 570 560 550 555 565 
3 560 56O 560 550 5^0 5U0 555 
k 580 570 570 560 5U0 580 585 
5 590 570 570 560 5U0 580 575 
6 585 560 560 550 530 570 a 
7 580 580 580 560 51*5 570 575 
8 575 555 b 550 5^0 560 a 
9 a a a 565 550 565 570 
10 575 555 b 555 5U0 550 530^ 
11 565 560 565 550 5^0 550 575 
12 570 560 565 530 510 550 575 
13 555 550 b 5U0 530 5U5 560 
11* 550 5^5 b 530 520 525 5^0 
15 560 5^5 b 5^0 520 560 555 
16 570 535 b 535 515 550 5^5 

^Thermocouple inoperable or not functioning correctly at start of irradiation. 
Thermocouple not monitored. 
A questionable value, since it is much lower than values monitored from TC's 

7 and 9 and data from other capsules. 
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4. PRESSURE VESSEL AND PIPING INVESTIGATIONS 

These investigations encompass the complex stress state task, the 
simulated service test task, and the portion of the specific safety re­
search task that det-ls with the extent cf ductile pipe rupture. No work 
was performed this reporting period under the complex stress state task. 
The pressure vessel tests discussed herein, as well as the supporting 
properties testing and acoustic emission monitoring for the pressure ves­
sel investigations, are part of the simulated service test task. 

CHARACTERIZATION OF INTERMEDIATE TEST VESSEL MATERIALS 

W. J. Stelzman 

Prolongations of intermediate vessels V-2, V-3, and V-U were studied 
to obtain tensile, Charpy-V impact, and static lower-bound fracture tough­
ness data. These data were used in conJ\uaction with other data to set 
the fracture criteria and predict failure as was done for vessel V-1 prior 
to rupturing the vessel. The mill mechanical properties, mill analyses, 
welding proced\n*es, and general vessel descriptions were given previ­
ously.1*2 Vessel V-2, with r.o longitudinal seam weld and one introduced 
flaw, was essentially the same as V-1. Both vessels V-3 and V-U had a 

1. C. E. Childress, HSST Program Semiartnu. Progr. Rep. Aug. 31, 
1971, ORNL-U761*, pp. 62-67. 

2. C. E. Chi ldress , HSST Program Semiannu. Progr. Rep. Feb. 29, 
1972, ORNL-U816, pp. 96-99. 
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longitudinal, submerged-arc seam weld and one induced flaw in the weld 
metal; V-U had an additional flaw in the base metal. 

The tensile specimen results were obtained from circumferentially (C) 
oriented3 0.178-in.-gage-diam tensile specimens at a strain rate of 0.016 
in./min. Yield and ultimate stress results from V-U base metal at 7.-0F 
were identical to those of the 7-1 base metal,3 both in magnitude and 
variation through the vessel wall, Results fi*om V-2 base metal at 78°F 
indicate that the yield and ultimate stresses are slightly higher than 
the V-l and V-k strengths but follow the ̂ ame decrease in strength from 
the outer surface to midthickness. After midthickness, the V-2 stresses 
remain constant to within about 1/U in. from the inner surface. 

Tensile results from the weld metal indicated a somewhat different 
through-the-wall distribution than the base metal. Figure U.l shows 
strength values obtained from V-3 weld metal. The outer portion of the 
weld was deposited first and the inner portion last. The region where 

3. W. J. Stelzman, HSST Program Semiawni. Progr. Rep. Aug. 31, 1972, 
ORML-MJ55, PP. 38-1*0. 
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Fig. U.l . Tensile proper t ies obtained from intermediate vessel V-3 
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the inner and outer weld passes abutted was determined by surface etching 
a cross section of the weld to bring out the weld passes. This region 
is noted in Fig. k.l. It is evident that the strength values from the 
outer half of the weld are considerably lower than the base metal values, 
whereas the strength values from the inner half of the weld are comparable 
with the base metal results. It was thought that the repairs2 to the 
weld may have been responsible, but the teasile results from V-U weld 
metal (Fig. U.2) show the same type of behavior. The reason for this 
phenomenon is not apparent at this time. 

Standard Charpy-V impact data obtained from 3/8T and 5/8T CA-oriented 
specimens from V-2 base metal and 2/3T CA-orJented specimens from V-U 
base metal agree with the impact data3 obtained from 3/8T and 5/9T speci­
mens of the same orientation from V-l base metal when the normal scatter 
expected of Charpy erergy data is considered. An energy scan was made 
from the inner (IT) surface, the outer (OT) surface, and the central (l/U, 
1/2, 3AT) base metal from V-2 at four test temperatures (-50, 0, 50, and 

100 
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Fig. U.2. Tensile properties obtained from intermediate vessel V-U 
using C-oriented subsized tensile specimens from a 6-in.-thick weld in 
ASTM A508, class 2 forging steel. 
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1C0°F) and in the transition region of the Charpy energy curve. The re­
sults were similar to those of the v-1 scan. The outer surface energies 
agreed with the V-1 data, and no significant differences were noted be­
tween the central and inner surface material energies, which were 12 ft-lb 
lower than the ou*.er surface material energies. Results from V-1 show 3d 
a 20-ft-ib difference, indicating that the V-2 inner regions were slightly 
tougher than the V-1 counterparts. 

The Charpy-V impact data from 1/UT and 1/3T AC-oriented specimens 
from V-2 base metal also agreed with the results from similar depths o.:d 
orientations in V-1 base netal. 

Static fracture toughness data, Xjad, from CA-oriented precracked 
Charpy V-notch specimens were also obtained for the three vessels. Results 
from the base metal of V-2 and V- h are shown in Figs. U.3 to k.3y and the 
results froir V-3 and V-4 weld metal are shown in Figs. U.6 to k.8. In 
some instances, a minimum of specimens were available for test, and, in 
others, a particular temperature or deptn range was chosen for principal 
investigation. 

The variations of fracture toughness at several temperatures and at 
various depths in V-2 base metal are si own in Fig. k.3. Between 32 and 
200°F, the KjQ£ values appear to CP the same for all depths and may de­
crease with increasing temperature. Below 32°F, the outer surface ma­
terial exhibits higher Kjcd v a l u e s than either the central or inner sur­
face material, which shows a similar rapid decrease in KTQJ values with 
decreasing temperatures. Figure k.k shows these same«data plotted to 
show the variation of Xjej through the wall thickness at several tempera­
tures. At temperatures below 32°F and above 100°F, the inner and outer 
surfact ^jed values appear higher than the central material toughness 
values; the outer surface Kjcd values are also higher than the inner sur­
face toughness. For these temperatures, Kjc£ appears to become a mimi-
mum at about 2/3T. Between 32 and 100°F, the Kje£ values are bohh high 
and relatively constant through the entire wall. 

Figure U.5 shows the data from V-U base metal and indicates the same 
fracture toughness variations with temperature as the V-2 data (Fig. ̂ .3i, 
except that the V-U data show additional variations in KjQd values between 
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32 and 75°F. Absence of this variation in the V-2 data may be due to in­
sufficient data or an abnormality in the scatter of the V-U data. 

The variation of KjC(} with temperature and depth for submerged-arc 
weld metal from V-3 and V-U is shown in Figs. U.6 to U.8. A greater data 
density at -50°F in Fig. U.6 suggests that V-3 may have higher toughness 
values at lower temperatures; however, additional Kjog data from V-U 
(Fig. U.7) at —50°F would result in both welds exhibiting a similar be­
havior, that is, a decrease in KjQd below 32°F and the same toughness 
plateau above 32°F. Figure U.8 shows the V-U data from Fig. U.7 plotted 
to show the through-the-weld variations of Kjeg at several temperatures. 
The toughness values are fairly constant through the weld between 0 and 
200°F, and insufficient data below 0°F bar any conclusion other than Kjad 

values are lower. Also, a decrease in toughness near the region of inter­
face between the inner and outer welds is indicated. Higher KjQ£ values 
near the surfaces of the weld were not in evidence. 
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In addition to completing the V-2, V-3, and V-U studies, materials 
from intermediate vessels V-5 and V-6, other steels, and other product 
forms are being investigated and should provide similar data. 

FRACTURE TOUGHHESS CHARACTERIZATIOH OP HSST 
IHTHWEDIATE PRESSURE VESSEL MATTOIAL* 

P. C. Riccardella L. R. Singer 

Introduction 

In order to demonstrate the capability to predict failure of large, 
heavy-valled pressure vessels under service-type loading conditions, the 
HSST program includes a series of pressure vessel tests vhich are inter­
ned! ate between conventional laboratory tests and a full-scale vessel. 

U. Work sponsored by HSST program under UCCHD Subcontract No. 3196 
betveen Union Carbide Corporation and Westinghouse Electric Corporation. 
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The intermediate pressure vessels contain a cylindrical test course ap­
proximately 5*i in. long and 6 in. thick. The third and fourth vessels 
contained longitudinal welds in the test course for comparison of weld-
ment vs base metal behavior. To characterize the material properties of 
these test vessels, 2U-in. prolongations of the test courses ( Deluding 
the veldments) were removed prior to welding on the heads. This section 
describes the fracture toughness testing cf the forging prolongations 
from the thivd and fourth vessels. 

Specimen Fabrication 

Forty-two compact-tension specimens were machined from the forging 
prolongations from the third and fourth pressure vessels, V-3 and V-b. 
Sixteen specimens were machined from the weldment region of the third 
vessel prolongation (Fig. fc.9K These specimens included six 0.39V? CT 
specimens, nine 0.85T CT specimens, and one 3T CT specimen- Ten speci­
mens were machined from the weldment region of the fourth vessel (Fig. 
fc.10), including nine 0.85T CT specimens and one k? CT specimen. Also, 
sixteen specimens were machined from the base metal regie* of the fourth 
vessel (Fig. U.ll), including ten 0.85? CT specimens and six *»T CT speci­
men? . The base metal specimens included both center thickness and out­
side surface specimens. All the specimens were fatigue precracked ac­
cording to the methods specified in Ref. 5. 

Test Program 

Specimen test temperatures were specified during the test program in 
order to determine test temperatures which would yield failures in the de­
sired fracture regimes (frangible, transitional, or ductile). Test tem­
peratures of 130°F for the third vessel and 75°F for the fourth vessel 
were selected, based on this material characterization study -

These test temperatures are in the temperature range where very large 
specimens (greater than 6T CT) would be necessary to perform valid frac­
ture toughness testing according to the ASTM recommended procedure.5 For 

5. Tentative Method of Test for Plane-Strain Fracture Toughness of 
Metallic Materials, ASTM E399-70T. 
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this reason, the equivalent-energy concept8 was used to interpret the data 
in terms of lover-bound values of the actual fracture toughness. 

Test Results 

The results of these tests are smnmarized in Tables U.l to k.3. Table 
U.l gives the fracture toughness data for the veldment material from the 
third pressure vessel, Table U.2 covers the veldment material from the 
fourth pressure vessel, and Table 4.3 covers the base metal from this ves­
sel. The toughness data from these tables are illustrated graphically as 
a function of temperature in Figs. U.12 to U.lU respectively. 

6. F. J. Witt, "A Procedure for Determining Bounding Values on Frac­
ture Toughness Kjc at Any Temperature," HSST 5th Annual Information Meet­
ing, Papf.r 13, March 1971. 
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Table 4 . 1 . Fracture toughness resu l t s determined froa t e s t ing 3T, 0.J50T, and 
0.39*T compact- tens ion specimens froa BSST V-3 weldaeat 

Specimen 
Ho. 

Test 
temp. 
<°F) 

Crack Maximum Eeergjr to p 
length load maxiaum load G 
( i n . ) ( l b ) ( i L . - l b ) ( l b ) 

Energy 
*o PQ 

( i n . - l b ) 

KIcd 
(ks i A n . ) 

0.394T CT specimens (veldaent V3A2A1) 

V3A2A1-2 -100 O.uiH 1,850 1 6 . 3 1,000 5 .0 55 .0 
V3A2A1-3 - 5 0 0.1rt8 2,510 61 .1 1,000 4 .8 110.0 
V3A2A1-U •32 0.421 2,320 197.3 1,000 5 .0 197.0 
V3A2A1-5 •75 0.1»05 2.4yt) 152.2 1.000 4 . 7 166 .3 
V3A2A1-6 •130 0.410 2,275 197.5 1,000 4 . 4 198.5 
V3A2A1-7 +200 O.UlO 2,250 159-0 1,000 

0.85OT CT specimens (veldaent V3A1) 

4 . 8 171.5 

V3A1-1 - 5 0 0.881 5,800 6*.8 4,000 30.7 53 .0 
V3A1-4 • 3 2 0.918 8,270 133.3 4,000 32 .8 86 .7 
V3A1-2 •100 0.886 11,380 963 .* *,000 2 8 . 2 215.1 
V3A1-3 +130 0.883 11,000 780.6 4,000 30.6 184.6 
V3A1-5 •130 0.800 11,590 1,034.1 «,000 

0.85OT CT specimens (veloaent V3A2A2) 

29 .3 221.4 

V3A2A2-U ±0 0.926 9,800 263.0 «,ooo 32 .2 113.3 
V3A2A2-3 • 3 2 0.911 9,540 232.1 4,000 6 1 . 5 104.4 
V3A2A2-2 •130 0.878 11,600 838.3 4,000 33 .8 I80 .5 
V3A2A2-1 •200 0.880 11,200 553.0 4,000 

3T CT specimen (veldaent V3A2A1) 

31.4 152.4 

V3A2A1-1 •130 3.356 113,500 11,680.0 40,000 554.0 287.O 

Table k.2. Fracture toughness r e s u l t s determined froa t e s t i n g O.85OT and 4T 
compart-tension specimens from BSST V-4 ve ldaent 

Specimen 
Bo. 

Test 
temp. 
(°F) 

Crack Maximum Energy to p 
length load aailarai load , £ . 
( i n . ) ( l b ) ( i n . - l b ) { U > 1 

Energy 
t o PQ 

( i n . - l b ) (ksi 3LU7} 

0.85OT CT specimens (veldaent V4A2B) 

V4A2B-3 
V4A2B-5 
V4A2B-* 
V4A2B-1 
V4A2B-3 

• 3 2 
•50 
•50 
•50 
•75 

0 .878 
0.883 
0.871 
0.881 
0.887 

11,200 
10,350 
11,350 
11,100 
11,600 

1,734.5 
342.7 
541.7 

1,348.8 
361. * 

4,000 
*,000 
4,000 
4,000 
4,000 

2 7 > 
27 .6 
2 6 . 0 
2 7 . 8 
2 7 . 6 

269 .5 
129 .3 
164 .1 
255 .0 
133 .7 

> 
0.85OT CT specimens (velamrat Y4A1A2) 

V4A1A2-1 
V4A1A2-2 
V4A1A2-3 
V4A1A2-4 

- 5 0 
•32 
•50 

•130 

0.887 
0.876 
0.888 
0.663 

9,900 
11,150 
10,600 
10,850 

228.8 
930.1 

1,231.7 
1.475.3 

4,000 
4,000 
»,000 
4,000 

26 .0 
2 4 . 0 
26 .0 
2 6 . 2 

112 .7 
226 .3 
262 .0 
266 .0 

V4A1A1-1 •75 
4T CT specimen (valanant VWAlAl) 

3.963 197,500 9,600.0 80,300 1,136.0 194.4 
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Table i . 3 . Fracture toughness results determined froa test ing 0.85OT and 4T 
compact-tension specimens froa i'SST V-4 base aetai 

Test Crack l a r i a a Energy to p Energy g 
temp, xength load aaxiauv load * to PQ . l e % — 
(°F) ( i n . ) ( lb) ( in . - lb ) ( l b ) ( i n . - l b ) { k s i / i n - } 

0.805T CT speciaens (outside surface) 

V4C-7 -150 0.871 4,750 40.7 4,000 15.2 44.0 
v4c-8 -50 0.853 12,250 369.4 4,000 23.2 139-0 
7*C-9 ±0 0.872 11,973 723.4 4,000 30.8 174.0 
V4c-10 •50 0,867 11 onrt 1 ITC. ft 

<*•,•*• | U t V 
^JU.«» 

V4c-ll •100 0.86* 11,750 1,182.0 4,000 25.3 243.0 

O.85OT CT speciaens (center thickness region) 

V4C-12 •32 0.855 12,200 1,054.1 4,000 26.4 220.3 
V4C-13 •50 0.883 11,600 1,394.5 4,000 26.0 269.0 
Vkc-l6 •50 0.855 12,000 1,483.3 4,000 27.1 25S.O 
V4C-l4 •75 0.881 11,650 1,62k. 8 4,000 27.8 280.0 
?4C-15 •130 0.878 11,300 1,080.6 4,000 29.8 220.1 

4T CT specimens (center thickness region) 

V4C-1 •32 k.120 208,000 12,972.0 80,000 1,504.0 209.9 
V4C-2 •50 4.138 21k,000 15,436.0 80,000 1,428.0 235-0 
V4C-5 •50 4.166 199,500 12.4OG.0 80,000 1,572.0 203.0 
nc-3 •75 4.139 221,000 20,260.0 80,000 1,520.0 261.0 
nc-6 •75 4.205 218,000 23,808.0 80,000 1,564.0 286.0 
nc-n •130 4.156 222,000 31,752.0 80,000 1,432.0 338.6 

Although the data from these t e s t s are comparable with data previously 
obtained for s t ee l s of th is type , 7 ** there are some differences. The tes t s 
on vessel V-1* indicate that the toughness of the veldment material i s l e ss 
than that of the base metal, vhi le the converse has generally been true 
in the past . Comparison of the veldment data for these two vesse l s v i th 
the base metal data for the f i r s t and second HSST intermediate pressure 
v e s s e l s 9 indicates s ignif icantly more scatter in vel&nent than in base 

7. T. R. Mager, "Experimental Verification of Lover Bound K I c Values 
Ut i l iz ing the Equivalent Energy Concept," HSST 6th Annual Information 
Meeting, Paper 23, April 1972. 

8. W. 0. Shabbits, W. H. Pryle, and E. T. Vessel, Heavy Section 
Fracture Toughness Properties of A533 Grade Bs Class 1 Steel Plate and 
Submerged Arc Weldment, HSST Program Technical Report No. 6 (December 
1969). 

9. HSST Program Semianrtu. Progr. Hep. Aug. 31, 1972, ORNL-U855. 
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metal. However, this scatter is a function of location through the thick­
ness, as may be noted from Fig. b.10. 

FRACTOGRAPHY STUDY OF FAILURE IN INTERMEDIATE TEST VESSEL V-l 

D. A. Canonico 

The intermediate test vessels are fabricated from a cylindrical center 
section, a hemihead bottom, and a top transition piece. The material from 
which these pieces are made is ASTM A508, class 2 forging steel. The com­
ponents are joined by submerged-arc welding of the circumferential joints. 
A fatigue-sharpened, semielliptical flaw approximately 8 in. long and 
2 5/8 in. deep was placed at the midpoint of the center cylindrical sec­
tion of vessel V-l. The flaw is oriented perpendicular to the tangent 
and parallel to its axis. 



69 

The first vessel, V-l, was internally pressurized to destruction on 
J\me 30, 1972. It was tested at 130°F and failed at a pressure of 23,800 
psi. The vessel underwent approximately 1% strain prior to failure and 
failed by splitting longitudinally. 

Fracture Propagation 

The fracture propagated to the top head in the upward direction and 
around the bottom hemihead in the downward direction. The upward propa­
gation of the crack ran through the circumferential weld that joined the 
transition piece to the cylindrical test section and terminated at the 
interface between the transition piece and the bolted-on cover plate. 
The downward propagation path was through the circumferential weld that 
joins the bottom hemihead to the center cylindrical test section. The 
crack continued around the bottom and terminated near the circumferential 
veld, approximately 180° from where it first entered the bottom heuihead. 

Because of the nature of the failure, we decided to conduct an ex­
tensive study of zhe fracture surface. The scanning electron microscope 
(SHi) in the Metals and Ceramics Division of ORHL was employed. Initially, 
we attempted to extract fracture surface replicas without disturbing the 
failed vessel. However, the rough texture of the fracture did not allow 
this nondestructive approach, so we decided that oxyacetylene burning and 
saw cutting was the most expedient and least expensive technique avail­
able for obtaining samples. The flame cut was made approximately 8 in. 
away from the fracture surface, which is more than ample to assure that 
the flame-cutting operation would have no effect. A photograph of the 
fracture surface prior to sawing is shown in Fig. U.15, where the original 
man-made flaw is quite evident. The circumferential weld that joined the 
bottom hemihead to the cylindrical test section is easily seen at the 
left side of the photograph. (It is located at the change in contour.) 
The circumferential weld at the upper end of the cylindrical test section 
is not evident; however, it too is located at the geometric change in 
section size at the right side of the photograph. 
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Fractography Study 

Several regions of the fracture surface shovn in Fig. U.15 were 
studied. One is located in the transition piece; others are located in 
the cylincrical test section and the heaihead. 

Figure U.l6 shows the results of the SB4 study of the region Just 
adjacent to the man-made flaw. Tvo areas vithin this region were studied. 
(The corner of the flaw can he seen.) From the appearance of the fracture 
surface, ve concluded that this region exhibited a dimpled mode of failure. 

A region just under the steel rope shovn in Fig. U.15 was also in­
vestigated. This location exhibits a change in appearance and coloration. 
The dark "ductile" coloration seems to terminate in a V, and chevron lines, 
lighter in color, appear to originate from its apex. This is usually in­
dicative of an initiation site for fracture propagation. Figure k.lf 

contains the results of the fractography study of this region. Tvo areas 
were studied; the first, located close to the center of the fracture sur­
face, vas vithin an area that vas similar (visually) to the regions shovn 
in Fig. U.16. It has a fracture appearance nearly identical to those pre­
viously discussed. The second area studied vas from outside the V-shaped 
area and in the lighter (shinier) area. The fracture surface of this 
area is different from that of Fig. I».l6; this area exhibits a fracture 
surface identical to that seen in a low-energy (cleavage) failure. 

Additional regions were studied, which included regions approximately 
3 in. from the circumferential velds in the top transition piece and the 
bottom hemihead. Both exhibit cleavage fracture Regions in the cylindri­
cal test section approximately 3 in. from the tvo circumferential velds 
vere also found to exhibit cleavage fracture appearances. 

In summary, the fractography study revealed that the region around 
the can-made flav exhibited a fracture appearance that is indicative of 
tough behavior (dimpled). This mode of failure continues for some dis­
tance in either direction away from the man-made flav to a poir where 
it undergoes a transition from dimple to cleavage. This cleavage fracture 
continues and is found in both the bottom hemihead and in the top transi­
tion piece. 
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Y-«M«2 
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Pig. U.l6. results of scanning electron microscopy study of fracture 
surface near the macMned flaw. The tvo areas shovn illustrate dimple 
mode of failure. 
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ITV VI ASTM A508 a 2 

Fig. U.17. Results cf scanning electron microscopy study of region 
where failure mode changed from dimple to cleavage. SEM photomicrographs 
on left are dimples; those on the right show the cleavage mode of failure. 

PROCUREMENT OF INTERMEDIATE TEST VESSELS 

C. E. Childress 

Three of the first six intermediate test vessels (V-l, V-2, and V-3) 
have been completed and found to be acceptable.10 A general description 

10. C. E. Childress, HSST Program Semianmi. Progr. Rep, Feb. 29, 
1972, ORNL-U816, pp. 96-99. 
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of all the vessels and the oiientation of the shell courses vithin the 
original ingots is shown in Figs. U.18 and U.19. 

Vessels V-fe and V-6 (and completed vessel Y-3) contained longitudinal 
veld seams (V-6 contains two longitudinal veld seaas 180° apaxt). On 
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completion of these velds, radiographic inspection shoved that they were 
unacceptable. They vere then cut out and revelded. Accordingly, the Joint 
design for the longitudinal seaas is soaevhat at variance vith (larger 
than) that shown previously (Fig. U.25 of Bef. 11). It should be noted 
that no subsequent repairs vere necessary to either of the longitudinal 
seaas after the defective velds vere cut out and revelded. 

Considerable difficulty vas encountered in obtaining acceptable cir­
cumferential velds. The hemispherical head-to-shell seaas of vessels V-5 
and V-6 vere the only velds that did not require repairs. In some cases, 
four repair attempts vcre necessary before the velds vere acceptable. 

In a few cases, the veld defects vere found by radiographic inspec­
tion, but in most cases the velds failed to aeet the ultrasonic inspec­
tion requirements. Each of the velds vas inspected ultrasonically in 
accordance vith the technique defined in Paragraph 1-625 of Section III 
ASME Hue 1 ear Code. The Taylor Forge test procedure specified that all 
shear-wave indications producing signals equal to the height of the dis­
tance amplitude correction (DAC) curves or straight beam indications 
causing 100$ loss of back-surface reflection are rejectable, 
block used for instrument calibration is shown in Fig. U.20. 

11. C. E. Childress, BSST Progran Semiannu. Progr. Rep. 
1971, ORHL-U76U, pp. 62-67. 

The reference 
All the 

Aug. 31, 
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Fig. k.20. Ultrasonic reference standard. 

reject able indications were found by shear-wave inspection, most of them 
near the 3AT level. 

Vessel V-U contained the fevest repairs of all vessels discussed in 
this section and was free of "resectable" indications on final inspection. 
As many as four repair attempts were made on the circumferential seams 
of V-5 and V-6, after which rejectable ultrasonic indications were still 
being found (four in the top circumferential seam of V-5 and one each in 
the top and middle girth seams of V-6). In consideration of the fact 
that further repairs could be more detrimental than helpful and to ex­
pedite delivery, we decided to accept V-5 and V-6 with these imperfec­
tions . 

As noted previously, most of the defects found by ultrasonic inspec­
tion were not detectable by radiography. However, Taylor Forge reported 
that they observed the grinding in some of the repair areas and that they 
could actually see the defects as they were uncovered. They reported 
that the defects appeared to be small "stringer-like" inclusions that 
were very tight and usually 1/2 to 3 A in. long and 1/0 to 3A in. high. 
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In all cases, porosity was observed immediately before grinding into a 
"stringer." 

Each vessel successfully withstood a hydrostatic pressure test of 
12,500 psi on completion of final postweld heat treatment (PUR). Fol­
lowing ultrasonic inspection, the velds of each vessel were inspected 
with magnetic particles on both 0D and ID surfaces. The vessels were 
then helium leak tested by pressurising with a mixture of helium and ni­
trogen. In each case the leak rate was less than the minimum requirement 
of 5.8 x io* J std cc/sec. 

Four additional vessels, similar to the first six except that the 
shell courses will be made from A533 grade B, class 1 plate, have been 
ordered. 

TESTE*? OF 6-IH.-THICK IHTHU4EDLATE TEST VESSELS 
R. V. Derby 

Three additional 6-in.-thick intermediate test vessels (V-2, V-3, 
and V-k) vere instrumented and pressurized to failure. The results from 
these tests are summarized below. 

Vessel V-2 

Vessel V-2 was a duplicate vessel, insofar as possible, of vessel 
V-l. The only desired difference in this test from that of vessel V-l 
was the test temperature.12 The extensive properties data from the pro­
longation of vessel V-2 have already been summarized in this chapter and 
in Ref. 13. 

The test, of vessel V-2 was initiated on September 28, 1972, at a nomi­
nal test temperature of 32°F. A picture of vessel V-2 fully instrumented 
is shown in Fig. U.21. The wood frame is part of a mirror device set up 
to allow the crack monitor cameras to view the vt^cel flaw remotely. 

12. R. W. Derby, HSST Program Semiannu. Progr. Rep. Aug. 31, 1972, 
ORNL-U855, pp. UU-5*. 

13. P. C. Riccardella et al., HSST Program Semiannu. Progr. Rep. 
Aug. 31, 1972, ORHL-U855, pp. Uo-UU. 
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Vessel V-2 was pressurized to a predetermined pressure, and a hold 
period was taken for obtaining and evaluating pertinent data. During the 
test the pressurizer developed a leak in the seals, first on one side and 
then on the other, and no greater pressure could be obtained. At the 
termination of the first pressurization cycle, a pressure of about 2l*,500 
psi had been reached. The seals in the pressurizer were replaced, and 
the test was reinitiated. The vessel failed at a pressure of 27,900 psi. 
The temperature in the flaw at failure was 30°F. 

The experimental pressure-strain curve obtained during the test of 
vessel V-2 of the outside surface circumferential strain 180° from the 
flaw is given in Fig. U.22. As may be seen, gross yielding through the 
vessel wall was just initiating. 
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Considerably greater strain existed in the region of the flaw. Out­
side surface data near the flew are given in Fig. U.23, which shows that 
a strain of 0.8JC was obtained very close to the flaw. A comparison of 
results from various internal gages, given in Fig. U.2U, again shows that 
gross yielding of the vessel was commencing with strains directly under 
the flaw less than the nominal strain. 

The results from tTie crack-opening-displacement measurements are 
given in Fig. U-25. 

In fjummary, the results of the strain measurements show that gross 
yielding had begun on both the inside and outside of the vessel at fail­
ure, whereas yielding was well under way close to the flaw. Thus the 
failure was not % "brittle fracture" in the traditional sense; that is, 
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Fig. 1+.23. Pressure-outside surface circumferential strain curves 
in line with flaw — intermediate test vessel V-2. 
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it did not occur below general yielding and was accompanied on a local 
level by significant plastic strains. 

The propagation characteristics of vessel V-2 at fracture were as 
expected — catastrophic and complete with degrees of fragmentation. An 
annotated photograph of the vessel in the test pit immediately after the 
test is shown in Fig. 4.26 (note the flaw). One large fragment is seen 
to have been formed. In general, the vessel had many cracks, indicating 
the near generation of additional fragments. The vessel after removal 
from the test pit is shown in Fig. 4.27, in which the fragments of one 
of the model vessels tested at —55°F ma& also be seen. 

Vessel V-2 was again monitored during pressurization by acoustic 
emission devices by Southwest Research Institute. A final report on the 
results from both vessels V-l and V-2 is in preparation. 

Extensive predictions and calculations of the behavior of vessels 
V-l and V-2 were made. Complete discussions of all the test results, -
calculations, and complementary results, inclu.iing acoustic emission data, 
are reported for vessels V-l and V-2 in Ref. lU, 

Vessel V-3 

Intermediate t e s t vesse l V-3 was a dupl icate of vesse ls V-l and V-2 
except i t contained a submerged-arc longi tudinal weld seam. A sharp flaw, 
supposedly the same s ize as was in the p r io r v e s s e l s , was placed on the 
outs ide surface of the weld seam midway along the length of the cy l ind r i ca l 
course. Materials proper t ies data on the weld metal were presented p re ­
viously i n t h i s chapter. A t e s t temperature of 130°F was se lected. 

Vessel V-3 was t es ted t o f a i lu re on November 8. The maximum pres ­
sure reached vas 31,000 p s i , and the gross sect ion outs ide surface c i r ­
cumferential s t r a in l80° from the flaw was 1.47/&. A p lo t of t h i s p res ­
su re - s t r a in curve i s given in Fig. 4.28. The p r e s su re - s t r a in curves 17 
in . from the center of the vesse l (one 180° from the flaw in base metal 

14. R. W. Derby e t a l . , Test of 6-in.-thick Pressure Vessels; 
Series 1: Intemediate Test Vessels V-l and V-2S ORNL-U895 (in publ ica­
tion). 
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Fig. U.26. Intermediate test vessel V-2 Immediately after fracture. 
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Fig. U.27. Intermediate test vessel V-2 removed from test pit after 
fracture. Fragments of a small model vessel tested at —55°F are shown 
in foreground. 
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Fig. U.28. Plot of pressure-cutside surface circumferential strain 
curve 180° from flaw — intermediate test vessel V-3. 

and the other aligned with the flaw in weld metal) are compared in Fig. 
U.29. This comparison shows that the behavior of the weld metal (about 
a l-in.-wide longitudinal strip) in the vessel is somewhat different from 
that in the base metal in the elastic region, but that the weld metal 
conforms to the plastic behavior of the base metal after considerable 
yielding has occurred. Typical pres3"jre-strain plots at various locations 
along the we.ld 3eam are given in Fig. U.30. The plot of crack-opening-
displacement vs. pressure is given in Fig. U.31. 

A photograph of the fracture surface is given in Fig. U.32. The 
fracture propagated in the heat-affeoted zone on base metal in a flat 
fracture mode with shear lips similar to that in vessel V-l. The first 
three fractured vessels are shown in Fig. U.33. 

Following the fracture of vessel V-3, it was found that the fatigued 
crack was slightly longer (8.50 in.) and considerably shallower (2.11 in.) 
than those in vessels V-l and V-2. This flaw size was sufficiently dif­
ferent from that anticipated (8,25 in. long by 2.55 in. deep) that the 

t 
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mediate test vessel V-3. 

fracture calculations based on the anticipated flaw size are not expected 
to be accurate. Acoustic emission monitoring was performed on this ves­
sel by Westinghouse Electric Corporation and will be summarized in a later 
report. 

Vessel V-U 

Intermediate test vessel V-U was a duplicate of vessel V-3. Two 
sharp flaws, each supposedly the same size as those in vessels V-l and 
V-2, were placed on the outside surface of the vessel midway along the 
cylindrical course. One flaw was in the weld seam and one in base metal 
90° away. Materials property data for both weld and base metal were pre­
sented previously in this chapter. A test temperature of 75°F vas se­
lected. 

Vessel V-U was tested to failure on December 20. The maximum pres­
sure was 26,500 psi, and the gross section circumferential strain away 
from the flaw was 0.11%, Failure occurred at the flaw in the weld. The 
failure strain was lover than anticipated; however, upon examination of 
the fracture, the flaw in the weld was found to be 3 in. deep instead 
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Fig. 1*. 32. Fracture region of intermediate test vessel V-3. 
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of the desired depth of about 2.5 in. Subsequent investigations revealed 
that the base metal flaw vas also about 3 in. deep. 

Plots of the pressure—nominal outside surface circumferential strains 
at different locations along a longitudinal element are given in Fig. 
k.3k. Similar plots aligned with both flaws are given in Figs. U.35 and 
k.36. As seen the behavior of vessel V-U was similar to that of vessel 
V-2; however, V-fc exhibited less ductility local to the flaw. The crack 
opening displacements were less than 0.1 in. for each flaw. 

Figure U.37 shows vessel V-U after fracture along with a model tested 
at 0°F that exhibited a similar fracture. The cracks propagated in a flat 
mode the full length of the cylindrical course and well into the hemi­
spherical heed. 
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Fig. U.37. Intermediate test vessel V-U removed from test pit after 
fracture. 
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Summary of Results and Future Plans 

The results from the first four vessel tests are summarized in Table 
k.k. The next vessel scheduled for testing is vessel V-6, which contains 
both longitudinal and girth welds in the cylindrical course. Additional 
research is in progress to develop more accurate techniques for monitor­
ing crack growth during the fatigue sharpening of the flaw. 

INVESTIGATION OF MODE III CRACK EXTENSION IN REACTOR PIPING15 

R. J. Podlasek 
Battelle Columbus Laboratories 

This report summarizes the results of a research program investigating 
the nature and extent of mode III — tearing shear fractures in nuclear 
reactor piping. The study was started in April 1972, and to date, four 
full-scale rupture experiments have been conducted. The results of the 
first two experiments were presented in a previous progress report.16 

The results of the last two experiments and a discussion of all four ex­
periments are given here. 

Introduction 

The results of a previous investigation17 examining the fracture be­
havior of nuclear reactor piping indicated that if the saturation pressure 
stress level was below a threshold level,16 axial ductile cracks would 
not propagate. However, the results of one experiment (experiment 32) 
indicated that it may be possible to propagate a tearing shear crack 

15. Work sponsored by HSST program under UCCND Subcontract 3678 be­
tween Union Carbide Corporation and Battelle Columbus Laboratories. 

16. R. J. Podlasek, HSST Program Semiarmu. Progr. Rep. Aug. 31, 
1972, ORNL-U855, pp. 6i*-72. 

17. R. J. Eiber et al., Investigation of the Initiation and Extent 
of Ductile Pipe Rupture, BMI-1908 (June 1971). 

18. The threshold level was experimentally determined to be approxi­
mately 12,000 psi for A106-B pipe. Since that time, an empirical formu­
lation has been developed to predict this level for other pipe sizes and 
materials. 



Table U.U. Summary of test results — V-1 through V-1* 

Vessel 
No. Date Temperature 

(°P) 
Burst 
pressure 
(kpsi) 

Gross 
strain 
<*) 

Flaw location 
Flaw Flaw 
depth length 
(in.) (in.) 

V-1 June 30 130 28.7 0.90 Base metal 2.56 8.25 
V-2 September 28 32 27.9 0.19 Base metal 2.53 8.30 
V-3 November 8 130 31.0 1.1*7 Longitudinal weld seam 2.11 8.50 
V-li December 20 75 26.5 0.17 Longitudinal weld seam 3.00 8.25 
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which spirals around the pipe at a saturation pressure stress level below 
the threshold level. In this previous research program, experiment 32, 
in which tearing shear fracture was obtained, was conducted at 5**5°F. The 
test specimen consisted of a 10-ft length of 7.5-in.-OD by 0.500-in. wall, 
A106-B pipe with two 36-in.-OD by l.O-in.-wall reservoirs 5 ft long at­
tached to each end and a side heating loop of 8-in.-0D pipe connecting 
the two reservoirs. The axial flaw which was placed in the center of the 
T.5-in.-0D pipe was 20 in. long and 85JK through the wall. In this experi­
ment, a tearing shear fracture propagated for approximately one-half of 
the test specimen length. 

The first experiment in the current research investigation was desig­
nated as experiment 35* The objective of this experiment was to determine 
if extensive tearing shear fracture propagation could be obtained in a 
straight specimen without reservoirs. Using material from the same joint 
of pipe as experiment 32 and the same flaw geometry, a test specimen for 
experiment 35 was fabricated. Experiment 35 was conducted at the same 
temperature and pressure as experiment 32 (5^5°F and l6k0 psi). In the 
experiment, the fracture propagated axially lk in. in one direction, with 
1 in. of tearing shear fracture at the end, and 13 in. in the other di­
rection, with 5 in. of tearing shear fracture at the end. 

It was suspected that a longer initial flaw might aid in extending 
the length of the mode III fracture; thus experiment 36 was fabricated 
using the same material and flaw depth, but the initial flaw length was 
doubled. This test specimen failed at a temperature of 575°F and a pres­
sure level of 1751* psig. The results of this experiment were similar to 
those of experiment 35- The crack extended axially 16.5 in. in one di­
rection and 20.0 in. in the other direction, and 1 in. of tearing shear 
fracture was observed at each end. 

In pipe rupture experiments using subcooled water as the pressuri­
zing medium, as the rupture opening in the pipe develops, the pressure 
decays from the failure pressure to the saturation pressure correspond­
ing to the water temperature. In the experiments using 20-ft test sec­
tions without reservoirs, it is believed that the decompression to the 
saturation pressure occurred rapidly. However, in the case of experiment 
32, it is suspected that, due to the reservoirs supplying additional 
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pressured water to the test section, the rate of pressure decay was sig­
nificantly slower. Consequently, the pressure in the pipe during the 
test with the reservoir may have been greater on s. relative basis. With 
this possibility in mind, experiment 37 was designed. 

Results of Experiments 37 and 38 

The objective of experiment 37 vas to determine if a tearing shear 
fracture would be obtained when the saturation pressure increased to the 
failure pressme of experiment 32. Since the material used for the pre­
vious sxperinents was exhausted, a new length of A106-B pipe was pur­
chased for this experiment. The results of the materials property tests 
on this newly acquired pipe indicated that the material was similar to 
that used in the previous experiments. The flaw geometry for experiment 
37 was identical to that for experiment 32, and the failure temperature 
was designed to be 6lO°F (saturation pressure of l6h0 psi). This satura­
tion pressure was the same as the failure pressure in experiment 32. 

While heating to 6lO°F, the test specimen in experiment 37 failed 
prematurely at 575°F and at a saturation pressure of 1230 psi. As shown 
in Fig. 1*.38, the crack propagated axially 9-5 in. in one direction and 
10.5 in. in the other. No tearing shear fracture occurred. It is be­
lieved that the lower than desired failure pressure occurred because the 
material beneath the extremely deep notch (&5% through the wall) had a 
slightly different flow stress. 

Based on the results of experiment 37> the flow stress of the new 
material w&s determined to be l+5»5 ksi. Using a flow stress of U5.5 ksi 
and a desired pressure of 19^0 psi, a 20-in.-long, lQ% through-the-wall 
flaw was specified for a repeat specimen, experiment 38. This specimen 
was fabricated in the same manner as the previous specimens. 

Test specimen 38 failed at 1830 psi and 6l0°F; the saturation pres­
sure was 1660 psi. The failure hoop stress was 11.9 ksi, and the satura­
tion pressure hoop stress was 10.8 ksi. As shown in Fig. ^.39, the crack 
propagated axially I4O in. in one direction and 38.5 in. in the other, but 
no tearing shear fracture resulted. 
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Fig. U.33. Photograph showing the results of experiment 37. The 
failure pressure vas 1230 psi, and the temperature was 575°F. 
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Fig. 4.39« Photograph showing the results of experiment 38. 
failure pressure was 1830 psi, and the temperature was 6lO°F. 
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Future Work 

Table k.5 is a summary of the data from experiment 32 and the four 
experiments conducted in this phase. As seen in the table, the parameters 
of crack length, saturation pressure, and failure pressure were varied. 
The results of the four experiments conducted with 20-ft test specimens 
without reservoirs were not successful in duplicating the results of ex­
periment 32, where an extensive mode III fracture was obtained. These 
results suggest that extensive mode III fracture from internal pressure 
stress alone may not be possible. It appears that the reservoirs present 
in experiment 32 may be necessary to obtain extensive mode III fracture 
propagation. 

It is possible that in experiment 32 with reservoirs that the exiting 
pressurized water from the reservoir to the pipe produced a significant 
axial thrust that caused an additional axial tensile stress on thr pipe. 
Thus, in experiment 32 the crack propagated in a biaxial stress field, 
where the nominal circumferential stress was the hoop pressure stress 
and the nominal axial stress was the sum of one-half the hoop stress and 
the stress from the axial thrust resultiî g from water exhausting from 
the reservoirs. 

Plans are under way to perform additional work to clarify the con­
ditions under which unstable mode III fracture is possible. The future 
work will focus on identifying the parameters which cause a long tearing 
shear fracture to propagate. The available literature related to the 
decompression of subcooled water will be examined to estimate the magnitude 
of the axial thrust expected during the test and to determine the influence 
of the size of the reservoir. It is believed that this information will 
enable a better understanding of the state of stress accompanying tearing 
shear fracture. Utilizing the results of the literature study and the 
previous experiments, another experiment will be designed. The specific 
test geometry and test parameters will be selected after the completion 
of the literature study. 



Table U.5. Nummary of experimental results A106-B 7.5-in.-OD by 0.500-in.-vall pipe 

Experiment Reservoir 
Flaw 
length 
(in.) 

Flaw 
depth 
(in.) 

Failure 
pressure 
(psi) 

Failure 
temp. 
<°F) 

Saturation 
pressure 
(psi) 

Failure 
hoop 

stress 
(ksl) 

Saturation 
hoop 

stress 
(ksi) 

• 
Remarks 

32 Yes 20 0.1*19 16^0 51*5 1058 11.0 7.1 Extensive mode III fracture 
propagation 

35 No 20 0.1*19 161*0 51*5 1058 11.0 7.1 Longitudinal fractures ll* and 
13 in. long 

36 No 1*0 0.1*19 1745 575 1270 12.1* 9.0 Longitudinal fractures 20 and 
16.5 in. long 

37 No 20 0.1*29 1230 575 1230 8.6 8.6 Longitudinal fractures 10.5 and 
9.5 in. long 

38 No 20 0.391 1830 610 1660 11.9 10.8 Longitudinal fractures 1*0, and 
38.5 in. long 


