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1. INTRODUCTION 

The current program represents a joint effort between the 
Electric Power Research Institute (EPRI) in the USA, the Central 
Research Institute of Electric Power Industry (CRIEPI) in Japan, and 
the Central Electricity Generating Board (CEGB) in the UK. The goal is 
to develop an interim high-temperature flaw assessment procedure 
for high-temperature reactor components. This is to be 
accomplished through exploratory experimental and analytical 
studies of high-temperature crack growth. The state-of-the-art 
assessment and the fracture mechanics database for both types 304 
and 316 stainless steels, completed in 1988, serve as a foundation 
for the present work. 

Work in the three participating organizations is progressing 
roughly on schedule. Results to-date are presented below. 
Fundamental test results are discussed in Section 2. Section 3 
focuses on results of exploratory subcritical crack growth tests. 
Progress in subcritical crack growth modeling is reported in Section 
4. Exploratory failure tests are outlined in Section 5. 

2. AUXILIARY FUNDAMENTAL TESTS (CRIEPI/CEGB) 

2.1 INVESTIGATION OF BASIC STRESS-STRAIN 
CHARACTERISTICS — CRIEPI 

The objective of this task is to study the fundamental 
deformation characteristics of the test material. The material was 
austenitic type 304 stainless steel, annealed at 1,100°C for 30 min. 
Basic material properties are given in Table 1. 

2.1.1 Cyclic Deformation Tests 

Cyclic deformation tests were conducted using tensile 
specimens (10 mm in diameter in the gauge section) at 200, 400, 
550, and 650°C. Experimental strain range step-up procedure is 
schematically shown in Fig. 1. A summary of tests is presented in 
Table 2. Specimens were subjected to axial strain-controlled cyclic 
loading with the strain rate of 10-3 S"1 and zero mean strain. The 
stress range ultimately attained for each strain range was used to 
construct a cyclic stress-strain curve. The stress range — strain 
range curves for the four temperatures under consideration are 
plotted in Fig. 2. Also given in Fig. 2 are the Ramberg-Osgood (R-O) 
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type approximations of the experimental data at each temperature. 
Large cyclic hardening can be observed, particularly in the 
intermediate temperature range. 

2.1.2 Creep Deformation Tests 

Creep deformation tests, conducted at four different constant 
stress levels at 550 and 650°C, are summarized in Table 3. 
Variations of creep strain with time at 550 and 650°C are given in 
Figs. 3 and 4, respectively. Predictions obtained with the EPICC 
creep equation (with the coefficient a r fitted to the test data) are 
plotted in Figs. 3 and 4 as well. Calculated and experimental results 
agree fairly well. Results presented here are expected to aid in 
evaluating the creep-fatigue crack growth data. 

2.2 FUNDAMENTAL CRACK GROWTH EXPERIMENTS — 
CRIEPI/CEGB 

2.2.1 Cyclic Displacement Data for 
Type 321 Stainless Steel — CEGB 

Creep-fatigue crack growth data have been produced for both 
base and simulated HAZ type 321 stainless steel at 650°C in air and 
reported by Gladwin et a l 1 . Prior to testing, the type 321 stainless 
steel was aged for 200 h at 750°C. Further heat treatment was used 
to produce simulated HAZ material. Following heat treatment, 
compact tension specimens of two thicknesses (12.5 mm and 12 mm) 
were machined from the plate material. Pure fatigue, fully reversed 
displacement-controlled tests with constant displacement tensile 
hold periods, and constant load tests were performed. Detailed 
measurements of load and crack length during each cycle were made 
so that the total crack growth could be separated into cyclic and 
hold period (creep) components. 

The crack growth rate data are correlated in Fig. 5 with the 
values of C* deduced from the experimentally measured rates of 
load drop during the hold periods. Also included in Fig. 5 are data 
from the constant load tests. It can be seen that there is some 
scatter in the data. However, no systematic difference between the 
base material and the simulated HAZ, or between the cyclic and 
static data was observed. The data can be fitted by the equation 
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a = 0.005(C*)°9 , (1) 

where a is measured in mh-1 and C* is measured in MPa-mh-1. This 
equation is in reasonable agreement with data presented by Ohtani 
et a l 2 on type 321 stainless steel at >50°C and 700°C. as noted by 
Gladwin et a l 1 . 

2.2.2 Constant Load Data for Type 316 
Stainless Steel — CEGB 

Tests on solution treated type 316 stainless steel at 600°C 
have been performed by Bolton3. Compact tension specimens of 
various thicknesses (1.5 in, 2 in, and 2.5 in) were tested to examine 
size dependence. The crack growth rate data are correlated with the 
values of C* deduced from the experimentally measured 
displacement rates given in Fig. 6. The data are well fitted by the 
equation 

OJS 

a = 0.005(C*) , (2) 

where a is measured in mh-1 and C* is measured in MPa mh- 1. The 
data do not show any dependence on specimen size. It may be noted 
that Eqn. (2) is similar to the Eqn. (1) obtained for type 321 
stainless steel. 

2.2.3 Type 316 Stainless Steel Creep-
Fatigue Crack Growth Data — 
CEGB 

The creep-fatigue crack growth tests on type 316 stainless 
steel will complement the constant load tests described in Section 
2.2.2. Displacement-controlled cycles will run into compression 
with a load ratio of approximately -1 and have tensile hold periods 
ranging from 0.5 h to 192 h. Base line fatigue data will be collected 
on 1 in. compact tension specimens. Creep-fatigue data will be 
collected on geometrically similar compact tension specimens of 
various thicknesses (1, 1.5, 2, and 2.5 in). Each individual test will 
have a duration of approximately 1,000 h. 

Design and manufacture of speciemens, test apparatus, and 
extensometry have been completed and a trial test has been 
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performed. Creep-fatigue testing of the type 316 stainless steei is 
currently underway. 

2.2.4 Type 3C4 Stainless Steel Cyclic 
Crack Growth Tests — CRIEPi 

Thin-walled tubular specimens shown in Fig. 7 were used in 
fundamental crack growth tests (presented in Sections 2.2.4 and 
2.2.5) and in exploratory subcritical crack growth tests (presented 
in Section 3.1.1). A crack starter, namely a 0.8 mm diameter hole, 
was machined in the gauge section of each specimen. 

Standard cyclic crack growth tests were performed to obtain 
the fundamental crack growth characteristics of the test material 
under cyclic loads. All tests were stress-controlled, with the 
frequency of 0.5 Hz. Test conditions are summarized in Table 4. 

Specimen elongation was measured along the 10 mm gauge 
length, and then used in the experimental evaluation of the J-
integral type fracture mechanics parameters. Crack length was 
measured on the outer surface of the specimen by inspection under a 
microscope. Crack propagation rate was calculated by numerically 
differentiating the plots of the crack length vs the number of cycles. 
Data points used in the evaluation were those produced fcr the half 
crack length values between 1.6 and 2.6 mm. 

Crack growth rates were correlated with the elastic J-
integral range, AJ e, given by: 

where AKeff and E are effective stress intensity factor range and 
Young's modulus, respectively. AKef( was evaluated using a secant 
formula for center cracked specimens: 

*„-(^fVV<S))"- (4) 
Here APeff is the difference between the maximum load and the crack 
opening load estimated from load-displacement curves, w is the 
circumferential length at mid-thickness of the specimen, t is the 
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thickness, and a is the half crack length measured at mid-thickness. 
For the present test conditions APeff is approximately equal to the 
total load range, AP. The graphs of crack growth rate vs AJ e at 200, 
400, 550, and 650°C are shown Fig. 8. Comparison of the data 
obtained at different temperatures for the same stress conditions 
indicates that the large scatter in Fig. 8 is primarily due to the 
temperature dependence. 

Elastic-plastic fatigue J-integral range AJf was calculated as 
a sum of elastic and plastic contributions AJ 8 and AJ p . As shown in 
Fig. 9, the value of AJ P was computed from the load-displacement 
curve with the method originally proposed by Rice et a l 4 for center 
crack specimens. Correlation between the crack growth rate and AJf 
is presented in Fig. 10 for all test conditions. All data fall within a 
narrow band. No temperature dependence (akin to that demonstrated 
in Fig. 8) is observed. The following power-law relation between the 
crack growth rate and AJf was proposed: 

^ • = 0.0015AJ1,6. (5) 

It is seen in Fig. 10 that Eqn. (5) approximates experimental results 
fairly well. It was also ascertained that the scatter of data 
presented here is no greater than that of the data reported by 
Oh ta rn 5 for various metallic materials and different specimen 
geometries. 

2.2.5 Type 304 Stainless Steel Creep 
Crack Growth Tests — CRIEPI 

Two creep crack growth tests were carried out at 550°C. Test 
conditions are given in Table 5. Results demonstrated that crack 
growth was accompanied by an unmanageably large inelastic 
deformation of the specimen. Experiments yielded no significant 
data. A different experimental approach needs to be developed. 
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3. SUBCRITICAL CRACK GROWTH. EXPLORATORY TESTS 

3.1 CREEP-FATIGUE CRACK GROWTH TESTS UNDER 
MECHANICAL LOADING — CRIEPI 

3.1.1 Through-Wall Crack Growth Tests 

Stress-Controlled Creep-Fatigue Loading 

Stress-controlled fully reversed cyclic tests were conducted 
at 550°C. Each cycle included hold periods at both maximum and 
minimum stress levels, which ranged from 10 min to 5 h. Test 
conditions are summarized in Table 6. 

Test results are presented in Fig. 11, where crack growth 
rates are plotted vs hold time for three different crack lengths. As 
the hold time increases from zero to 10 min, a decrease in the crack 
growth rate can be observed. At present the reasons for such 
behavior are unclear. For hold times greater than 10 min, crack 
growth rate per cycle consistently increases. The crack growth 
rates produced for the 5 h hold period are approximately one order of 
magnitude larger than those produced for zero hold time. 

Creep J-integral range, AJC, was used to correlate creep-
fatigue crack growth. This parameter can be obtained from the load-
displacement curves in a manner similar to that for evaluating AJ f. 
The method for experimental determination of creep J-integral 
range is schematically depicted in Fig. 12. An increase in the crack 
growth rate with the hold time was plotted vs AJC in Fig. 13. The 
relationship between these two quantities appears to be quasi-
linear. Comparison of the current test results to the data reported 
by Ohtani5 demonstrates that the experimental data presented here 
fall in the upper region of the scatter band of the reference data5. 

Displacement-Controlled Creep-Fatigue Loading 

Displacement-controlled tests at 550°C are summarized in 
Table 7. Total strain range was 0.8%. Three different tests used 
strain rates of 1 0 3 , 1.67x10 5, and 1.67x10"6 s 1 on the tensile 
portion of the cycle. A strain rate of 10' 3 s-1 was used on the 
compressive portion of the cycle in all experiments. 
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The graph in Fig. 14 presents the crack growth rate as a 
function of the fatigue J-integral range, AJf, for displacement-
controlled tests, together with the data band produced in stress-
controlled cyclic crack propagation experiments described above. It 
is seen that in displacement-controlled tests the crack growth rate 
increases as the crack continues to propagate. However, only slight 
changes in AJf are observed. The data points produced in tests, 
where the strain rate was 1 0 3 s~1 in both tension and compression, 
fall within the data band generated in stress-controlled tests. 
Conversely, the data points produced in tests, where the strain rate 
was 1.67x10"6 s * in tension and 10*3 s*1 in compression, are 
approximately by a factor of two higher than those produced at e -
10"3 s"1 in both tension and compression. 

3.1.2 Surface Crack Growth Tests 

Surface crack growth tests were performed at 550°C. The test 
apparatus and test specimen are shown in Figs. 15 and 16, 
respectively. Electric discharge method was used to produce three 
initial surface flaws on both sides of the plate. A bending moment 
was applied through the arms attached to the two ends of the 
specimen. Strain range, measured in the gauge section (see Fig. 16), 
was kept close to 0.4%. This was accomplished by controlling stroke. 
For a certain number of cycles, 30 min hold periods were introduced 
at the maximum and minimum stroke levels. Cyclic loading of the 
smaller amplitude was periodically imposed at room temperature to 
produce "beachmarks" on the fracture surface. The loading history is 
schematically shown in Fig. 17. 

Development of crack B (see Fig. 16 for definition of cracks A, 
B, and C), obtained by replication of the specimen surface, is shown 
in Fig. 18. A number of microcracks emanating from the "main" crack 
can be seen. Fracture surfaces of the cracks A, B, and C are shown in 
Figs. 19, 20, and 21, respectively. Variation in crack width and depth 
with the number of cycles is shown in Fig. 22 for crack B. Due to the 
nature of the bending load, the crack aspect ratio (depth/width) 
tends to decrease as the cycling progresses. 
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3.2 CREEP-FATIGUE CRACK GROWTH TESTS 
UNDER REPEATED THERMAL TRANSIENT 
CONDITIONS — EPRI/CRIEPI 

3.2.1 Thermal Shock Tests of Preflawed Thick-
Walled Cylinders — EPRI 

The purpose of this effort is to investigate slow stable crack 
growth at elevated temperatures. Thermal shock tests on preflawed 
thick-walled cylinders combine repeated thermal and sustained 
axial load ( a m a x " 1 6 0 MPa). Thermal shock cycle is schematically 
shown in Fig. 23. Test duration will be 90 days or until failure, 
whichever occurs first. Tests will be interrupted for inspection. 

The thick-wailed cylindrical test specimen is shown in Fig. 24. 
One circumferential flaw was machined on the outer surface in the 
gauge section of each specimen. It should be noted that the gauge 
section is not located directly in the middle of the specimen. Such 
arrangement makes it possible to move the induction heating coil 
and to inspect the flawed area without removing the specimen from 
the grips and thus violating specimen ailignment. Two types of flaw 
geometries (see Fig. 25) are employed to assess the effect of the 
flaw shape on subcritical crack growth. Flaws are manufactured by 
the electric discharge method. 

The testing facility was constructed by combining an existing 
thermal shock facility (see Fig. 26) with the axial load capability. 
The complete assembly is presented in Fig. 27. 

3.2.2 Thermal Shock Tests of Preflawed 
Cylinders — CRIEPI 

Thermal shock tests of preflawed cylinders are currently 
underway. Ai present only preliminary results are available. The 
experimental apparatus is shown schematically in Fig. 28. Repeated 
thermal shocks are applied to the outer surface of the specimens by 
moving the chamber with the hot and cold plena along the vertical 
axis. In addition, axial mechanical loading is imposed. The plena 
contain liquid metal similar to solder. Temperatures in the hot and 
cold plena are kept at 550 and 150°C, respectively. The two types of 
thermal transients applied to the outer surface of the specimen in 
the vicinity of the preflawed sections are presented in Fig. 29. 
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Cylindrical specimens with an outside diameter of 160 mm and 
a thickness of 15 mm are used in experiments. Circumferential 
flaws of various sizes and shapes are machined by electric 
discharge method on both the inner and outer surfaces of the 
specimen (as shown in Figs. 30 and 31). Distances between 
individual flaws are believed to be sufficiently large to preclude any 
significant crack interactions, at least until considerable crack 
growth takes place. 

Variations with time of temperature, mechanical axial strain, 
and position of the chamber are presented in Fig. 32. Temperature 
and Mechanical axial strain are measured at the center of the inner 
surface of the specimen. Crack growth, originating at the flaw of 
least depth in Section B-B' at the outer surface of the specimen, is 
shown in Fig. 33. It is seen in Fig. 33 that cracks grow from ;ne 
corners of the flaw. 

3.3 CREEP-FATIGUE CRACK GROWTH TESTS UNDER 
DISPLACEMENT CONTROLLED CYCLING — CEGB 

The creep-fatigue tests on austenitic fillet welded features 
are nearing completion. Results to-oate are presented below in the 
form of endurance curves and crack growth data. A creep-fatigue 
crack growth analysis is performed on the specimens to predict the 
numbers of cycles to failure. The approach taken is based on the 
approximate reference stress methods of analysis described in 
Section 4.1.1. 

Two geometries were tested, each consisting of a flat strip of 
AISI type 321 stainless steel, a 2 mm thick fillet, welded with AISI 
type 347 filler metal to a flat strip of AISI type 321 stainless steel 
3.25 mm thick. The geometries, termed "cantilever" and "wishbone" 
arrangements, are shown schematically in Fig. 34. These are 
designed so that failure occurs in the region of the weld in the 
"cantil&ver" geometry and in the thinner strip in the "wishbone" 
geometry. After manufacture, the weld features were given an 
accelerated aging treatment at 750°C for 200 h. 

Creep-fatigue tests were carried out at 650°C in air by fully 
reversed bending of the long arms of the specimens (Fig. 34) over a 
fixed displacement range. The displacement was held constant at the 
maximum (+8, see Fig. 34) for periods of either 10, 30, or 300 min. 
During several tests on the "cantilever" arrangement, displacement 
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was held constant at the minimum (-5) for 30 min. In addition, three 
tests with no displacement hold periods were performed. The fatigue 
cycles were sinusoidal in all cases. Three creep-fatigue tests of the 
"wishbone" type specimens were interrupted at intervals, and the 
extent of crack growth at the surface was optically measured «. 'ter 
polishing one surface of the specimens. All the tests were continued 
beyond the point where the maximum load during the cycle fell to 
half of its original value. 

To provide additional data to check the analytical predictions, 
load relaxation tests were carried out on both "cantilever" and 
"wishbone" specimens. A "cantilever" specimen was loaded in tension 
bv displacing the moment trr* by approximately 3.5 mm. This 
displacement was held constant and the relaxed loads were 
measured at intervals during the 500 h test period. Similarly, a 
"wishbone" specimen was loaded in tension by displacing the moment 
arm by approximately 6 mm. Relaxed loads were measured over a 
period of 100 h. After the hold period, one fully reversed fatigue 
cycle was performed and load relaxation from the new load level 
was recorded for approximately 1,000 h. 

3.3.1 Metallography 

"Cantilever" Arrangement 

The majority of "cantilever" specimens failed by creep-fatigue 
crack growth along the heat affected zone (HAZ) close to the weld 
fusion boundary. The specimens subjected to tensile hold periods 
initiated intergranular cracks during the hold time at the unfused 
area, close to the weld root. The specimens subjected to 
compressive hold periods initiated intergranular cracks during the 
hold time at the weld toe. Transgranular fatigue cracks, which were 
observed to propagate from the opposite side to the creep-fatigue 
cracks, also tended to follow the fusion boundary. The specimen 
tested under pure fatigue cycling cracked in the weld metal. 

"Wishbone" Arrangement 

The majority of "wishbone" tests failed by creep-fatigue crack 
growth across the thin base metal strip (AISI type 321 stainless 
steel). During the displacement hold multiple cracking was observed 
on the surface held in tension. (As many as ten intergranular 
regularly spaced cracks were recorded). Transgranular fatigue 
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cracks propagated on the side held in compression. The pure fatigue 
tests failed by transgranular cracking on both sides of the thinner 
strip. Again, multiple fatigue cracks were observed. 

3.3.2 Cyclic Load-Displacement Behavior 

The applied loads at maximum and minimum displacement were 
measured and plotted vs the number of cycles in Fig. 35. In the 
"cantilever" tests with the tensile hold period (Fig. 35a). the 
maximum load falls off gradually over the duration of testing and 
the minimum load remains approximately constant until a late stage 
in life. The load-displacement hysteresis loops display a marked 
change in compliance in the compressive quadrant due to crack 
closure (Fig. 36a). The crack closure effect is enhanced by the 
abutment of the heel of the displaced strip at the weld root against 
the relatively stiff short strip (see Fig. 34). The hysteresis loops 
obtained for a "cantilever" specimen subjected to loading with 
compressive hold periods are shown in Fig. 36b. Crack clcsure is 
observed in the tensile quadrant and abutment closure, in the 
compressive quadrant. In these tests the major creep-fatigue crack 
propagates inwards from the weld toe at the outer surface. 

In the "wishbone" tests with tensile hold periods, the 
maximum and minimum loads remain approximately constant for a 
large fraction of life before abruptly falling towards the failure 
point (Fig. 35b). As the load falls rapidly in the "wishbone" 
specimens, the shape of the cyclic load-displacement loop suddenly 
changes due to crack closure (Fig. 36c). Crack closure is not evident 
until this late stage in the life of the "wishbone" specimens. 

3.3.3 Creep-Fatigue Endurance Curves 

Results of all tests reported here are summarized in Fig. 37. 
The number of cycles to failure, NfexP, is defined as the number of 
cycles required for the maximum load to fall to half of its original 
value. The equivalent nominal elastic strain range is calculated by 
assuming a completely elastic applied displacement range. The ASME 
Code Case N-476 curve T-1420, with design factors removed to 
produce a material failure curve, is presented in Fig. 37 as well. 

A significant scatter is observed in the endurance data 
obtained for the tests with displacement hold time. There appeared 
to be no difference between results produced for "cantilever" type 
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specimens subjected to tensile and compressive held periods. The 
tests with the 300 min tensile hold period yielded results, which 
were at the bottom of the scatter band produced for the tests with 
the 30 min hold periods. 

3.3.4 Crack Growth Correlations 

Three "wishbone" creep-fatigue tests were interrupted for 
crack length measurements at intervals of about 80 cycles. The 
major crack length vs number of cycles data was fitted with a 
quadratic function, and the rate of crack growth per cycle, da/dN, 
was determined at each of the measurement stations. The elastic 
stress intensity factor range, AK, was calculated using an 
expression for SENB specimens. The effective stress intensity 
factor range, AK««, was calculated using the approach described in 
Section 4.1.1. Since qo could not be measured experimentally until 
the crack became very deep, the value qo - 0.84 was taken from the 
result of Section 4.1.1. 

The correlation between the crack growth rates and AKeff is 
shown in Fig. 38 for the two "wishbone" type specimens subjected to 
the creep-fatigue loading. It should be noted that the crack growth 
rates in Fig. 38 are the total rates. Because the total crack length 
was measured optically, it was not possible to separate the creep 
and cyclic components as done in Section 4.1.1. However, the 30 min 
hold period is believed to be insufficient to cause a large increase in 
the growth rate due to fatigue. 

3.3.5 Analysis Procedure 

For the purposes of analysis, the specimens are idealized as 
collections of beams b'Mlt-in where they are welded to the rigid 
mounting block (Fig. 34>. The lateral displacement imposed upon the 
uncracked beam, 5 U C , is related to the curvature along the beam by 
standard relationships. The additional displacement due to the 
presence of a single crack is written in terms of the elastic-plastic 
rotation due to the crack, 0 c

e p : 

8° = 8 ^ 1 , "cantilever" specimen, (6) 

5 c =@* p l 2 "cantilever" specimen, (7) 
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Reference stress approximations are used to analyze the 
plastic response and thp creep behavior of the uncracked and the 
cracked beam. The elastic-plastic curvature for the fatigue cycle is 
approximated by: 

*.p(Q ( 8 ) 

•P - *JL<F) 

where K 6 is the elastic curvature and a r

u c is the uncracked body 
reference stress for a bending beam, given by: 

uc^4M . (9) 
w 2 °< = ...2 

Here M is the calculated maximum moment per unit width, e e p and e e 

are the elastic-plastic and elastic contributions to strain, 
determined from constitutive relations for AISI type 321 stainless 
steel and taken from the full range cyclic stress-strain curve. 
During the hold period, the creep curvature rate may be computed as: 

where e c (°?) is the creep strain rate in relaxation for AISI type 
321 stainless steel. 

The uncracked ligament is assumed to be in plane strain and is 
modelled as a line spring embedded in the beam. Additional elastic 
rotation due to the presence of a single crack is given by (Ewing7): 

e < . = 2 i ^ ! a . ( S ^ , (11) 

where ctb(a/w) is a non-dimensional compliance integral for bending 
and M* is the moment at the ligament. Elastic-plastic rotation from 
the reference stress approximation is: 

E . P K ) 0 < # p = 0 < # : ^ . , d 2 ) 

where the cracked body reference stress is: 
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a c = 4jr __ ( 1 3 ) 

m(a/w)(w-a) 

and the plane strain, Vresca limit load function m(a/w) is given in 
Miller 8. Cyclic stress-strain curve for aged material was used to 
compute 6cep. 

During the hold period, rotation due to one crack is 
approximated by: 

. C . C . C . C e £ c ( C r ) 14 A \ 

e , e . + e e = e . + e : ^ r ( 1 4 ) 

3.3.6 Creep-Fatigue Crack Growth 

The amount of crack growth per cycle was calculated as the 
sum of fatigue and creep (hold period) contributions, in accordance 
with Eqn. (16) of Section 4.1.1 below. The procedure is outlined in a 
flow chart in Fig. 39. in the analysis r.o allowance was made for 
creep crack initiation. Fatigue crack growth per cycle was 
calculated from Eqn. (17) of Section 4.1.1. Values of the coefficient 
C and the exponent I used in Eqn. (17) were determined for the 
material in which the cracking occurred (either the A!SI type 347 
stainless steel weld metal or the AISI type 321 stainless steel base 
metal). 

For the symmetrical load cycle considered here, the stress 
intensity factor range was determined from twice the calculated 
maximum bending moment per unit thickness. Effects of plasticity 
were included by using the full range cyclic stress-strain curve for 
the aged AISI type 321 stainless steel in the reference stress J 
estimates. 

The creep crack growth during the hold periods was determined 
from Eqn. (19) of Section 4.1.1. During the fatigue cycle, whicn is 
assumed to be symmetrical throughout the lifetime of the 
specimens, the maximum load P is found by solving the following 
non-linear relation for the known displacement 8: 

5 = 5 U C + Y 5 \ (15) 
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where y is the number of assumed cracks along the thinner strip 
length in the "wishbone" type specimens (y » 3 for the "wishbone" 
specimens and y > 1 for the "cantilever" specimens). Sensitivity of 
the predictions to the value of y was examined and found not to be 
unduly strong. The initial crack length was assumed to be equal to 
one grain diameter (ao»0.05 mm) for the "wishbone" specimens and 
for the "cantilever" specimens which were held with the notch root 
in compression. For the "cantilever" specimens subjected to tensile 
hold periods, the initial crack length was taken as the measured 
notch depth at the weld root. Results obtained for the "wishbone" 
specimens appeared to be reasonably insensitive to the assumed 
initial crack length. 

Given the load and the instantaneous crack length, the 
effective equivalent stress intensity range was determined and 
hence the increment in the cyclic crack growth contribution was 
found. 

During the dwell period, the displacement was held constant at 
its maximum value, and the equation governing load drop rate was 
solved simultaneously with the creep crack growth .aw. 

The calculations were continued by incrementing the crack 
length at each step in the numerical solutions, until the predicted 
maximum load dropped to half of its initial value, consistent with 
the definition of failure adopted in the experimental procedure. 

3.3.7 Initial Load 

As a check on the beam/line spring model, independent of the 
crack growth laws, the initial measured and calculated loads were 
compared. Although the total applied displacement range was 
controlled accurately, it was not necessarily applied symmetrically 
as the central zero was difficult to set. Therefore, the mean of the 
measured tensile and compressive loads were used for the 
comparison with the calculated loads. Figure 40 shows good 
agreement between the measured and calculated loads. It should also 
be noted that the "wishbone" specimens had a significant amount of 
plasticity in the deforming beam. 
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3.3.8 Load Relaxation 

Load relaxation as a function of time is shown in Fig. 41 for 
the two geometries. Calculations were based on the assumption that 
the displacement was both applied and measured instantaneously. 
This results in overestimating the initial load. The calculated 
relaxation rate tends to be overestimated as well. 

3.3.9 Analytical Results for Lifetime 
and Cyclic Response 

The number of cycles to failure calculated from the reference 
stress analysis outlined above are compared with the experimental 
data in Fig. 42. Both calculated and experimental results yield a 
faster fall off in load at the end of life for the "wishbone" 
specimens than for the "cantilever" ones (Fig. 35). A comparison 
between the predicted and measured semi-load ranges obtained for 
the "wishbone" specimen W9 is presented in Fig. 43. Results in Fig. 
44 demonstrate good agreement between the measured and predicted 
total crack growth for the "wishbone" specimen W9. Predicted cyclic 
and creep crack growth contributions to the predicted total crack 
growth are shown in Fig. 44 as weil . 

4. SUBCRITICAL CRACK GROWTH MODELING 

4.1 IDENTIFICATION OF THE POTENTIAL CREEP-
FATIGUE CRACK GROWTH MODEL — 
CRIEPI/CEGB 

4.1.1 Simplified Methods — CEGB 

Within the CEGB, simplified methods for calculating creep-
fatigue crack growth are currently being developed as part of the R5 
assessment procedure for the high temperature response of 
structures. The procedure separates the total crack growth per cycle 
into fatigue and creep components: 

£-(&)•(*)• ( 1 6 > 
The fatigue component is described by a modified Paris law: 
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( S R ) , ^ <*...)'• <17> 

where C and I are constants. The effective stress intensity factor 
range, AKeff. represents the opening part of the total stress 
intensity factor range as depicted in Fig. 45. In the simplified 
approach it is expressed as a fraction of the total stress intensity 
factor range, AK, as follows: 

AK.„=q 0 AK, (18) 

The fraction qo is a function of the ratio cf the minimum and 
maximum stress intensity factors during the cycle as shown by the 
line in Fig. 46. This line is an approximation based on data collected 
on a wide range of ferritic and austenitic steels. This was confirmed 
as a conservative representation by the results on type 321 
stainless steel described in Section 2.2.1. Experimental values of qo 
are compared to the analytical line in Fig. 47. 

Although Eqn. (17) is a simple representation of fatigue crack 
growth data, it is found that the constants C and I are dependent on 
the hold time in the cycle. This is because the crack is expected to 
grow through material which has seen significant creep damage 
during the dwell time. The effect of total time on fatigue crack 
growth data for the type 321 stainless steel is shown in Fig. 48. 
However, only the crack growth during the fatigue part of the cycle 
is shown in Fig. 48. The creep crack growth component has been 
separated and was presented in Fig. 5. 

As creep crack growth rates follow Eqn. (1), the creep 
contribution to the total crack growth in Eqn. (16) can be 
represented as 

where tn is the total time in the cycle, and A and q are constants in 
the creep crack growth equation. 

A difficulty with the C* approach in Eqn. (19) is that C* has to 
be evaluated for cracks in complex geometries. Within the CEGB, 
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approximate reference stress methods have been developed to 
provide estimates of C \ The approximation is 

C*=o ,£ C ,R. (20) 
r«t r«l ' 

where the reference stress a r e i is defined by 

o 
(21) °r.. - P P L ( a Y , a ) ' 

and R' is a length parameter 

R= K2 

(22) 

Here P is the magnitude of the applied load and Pi. is the 
corresponding plastic collapse load for a yield stress ay and crack 
size a. K is the value of the elastic stress intensity factor at the 
load P and e°ttl is the creep strain rate from uniaxial creep data at 
the reference stress level. 

The reference stress approach is useful for practical 
applications because: 

(1) In Eqn. (20) it is necessary to calculate only the stress 
intensity factor and the limit load. Such solutions are 
widely available because of their use in low temperature 
fracture assessment procedures such as R6. 

(2) Eqn. (20) is not restricted to secondary creep described 
by a simple power law. It allows realistic creep data, 
including primary, secondary, and tertiary stages to be 
incorporated in the creep strain rate at the reference 
stress. The effect of cyclic hardening or softening on the 
material creep data can also be readily included. 

(3) Strain hardening rules may be used to allow for the 
increase in stress levels as a crack grows, by 
interpreting the creep strain rate as the strain rate at 
the current reference stress and at the creep strain 
accumulated under the reference stress history. 
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The validity of using realistic creep laws in applying strain 
hardening rules has been checked for a range of materials by 
comparing Eqn. (20) with the test data, for which C* can be 
estimated from experimental displacement rate measurements or 
experimental load drop measurements. In Fig. 49 the predictions of 
Eqn. (20) are compared with the experimental data described in 
Section 2.2.2 for type 316 stainless steel. A plane stress reference 
stress has been used to evaluate C*ref- Several double-edge-notched 
tension specimens were tested as well. In this case C* r ef is 
compared to C* (SIDENT)- The values of C* (aD ENT) are obtained by 
entering Fig. 6 at the experimentally measured crack growth rates 
(8DENT) for the DENT specimens and reading off the corresponding 
values of C* according to the fit of Eqn. (2). The good agreement in 
Fig. 49 indicates that the use of the reference stress estimate of C* 
in conjunction with data, a(C*), derived from CT specimens, 
provides a good estimate of crack growth in other geometries (in 
this case, the DENT geometry). 

Under cyclic displacement loading it is necessary to include 
the variation of creep strain rate during the dwell period as the 
stress levels relax in Eqn. (20). It has been found that the rate at 
which the reference stress falls may be represented as: 

.c 
a , = - E ^ - . (23) 

r»l U-

where u, is a factor estimated from the elastic and creep 
compliances (|i = 2 for the CT specimens). Predictions of Eqn. (20) 
for the cyclic data given Fig. 5 are shown in Fig. 50. It is seen that 
the reference stress predictions are close to the experimental data 
points. 

In the reference stress predictions shown in Fig. 50, it should 
be noted that creep data were obtained from stress relaxation tests 
on the cyclically hardened material. Had creep data from constant 
load tests on virgin material been used, the good agreement in Fig. 
50 would not have been obtained. Results similar to those shown in 
Fig. 50 have been obtained for austenitic weld metals and for 
ferritic steels. These suggest that the reference stress methods 
developed for constant load can be extended in a simple manner to 
predict crack growth under cyclic conditions. The effect of the 
creep-fatigue interaction appears to be reflected in the effect of 
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the total cycle time on the fatigue crack growth, as illustrated in 
Fig. 48. 

4.1.2 Cyclic Crack Growth Modeling — 
CRIEPI 

GE/EPRI Method^." 

Graphs in Fig. 10 demonstrate that the experimentally 
determined fatigue J-integrai range, AJf, correlates crack growth 
under rapid cycling fairly well. It is therefore important to 
establish a method for analytically evaluating AJf. Two of such 
analytical procedures are considered here. 

The first method uses nonlinear finite element solutions 
tabulated in a nondimensional form for typical specimen geometries. 
These fully plastic solutions were produced by GE/EPRI 9- 1 0 for 
ductile fracture analysis. However, they can also be used to 
estimate AJf as long as the cyclic stress-strain relation is 
represented by the Ramberg-Osgood equation of the following form: 

A e = ^ + a(Aa)\ (24) 

where Ae and Aa are the strain and stress ranges at steady-state 
cycling, E is Young's modulus, a and n are temperature-dependent 
material constants. Results presented in Fig. 2 indicate that for a 
range of temperatures Eqn. (24) approximates the behavior of the 
test material fairly well. 

Like the J-integral in the elastic-plastic monotonic fracture 
analysis, the fatigue J-integral range can be represented as the sum 
of elastic and plastic contributions: 

AJ, = AJ. + A J P , (25) 

For a center cracked panel: 

AJ. = ^ . (26) 
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->>=<KMmi° • ( 2 7 » 
where a, b, c, and t represent half crack length, half specimen width, 
half ligament length, and specimen thickness, respectively; and hi is 
the nondimensionalized fully plastic solution for the J-integral 
tabulated as a functiun of a/b and n 1 0 . To apply these equations to 
the tubular specimen employed in the present study, the following 
substitution was made: 

b = *r , (28) 

where r represents the mean radius of the specimen. For relatively 
short cracks considered here this approximation should not 
introduce significant error into AJf. 

Values of AJf calculated with Eqn. (25) were compared to 
those determined from the experimental load-displacement 
relations. Results presented in Fig. 51 demonstrate excellent 
agreement except for small stress ranges, where AJf is 
overestimated. A possible explanation for this discrepancy is that 
the cyclic stress-strain relation in the present study was 
established based on the strain range step-up tests, and therefore 
may not truly represent the steady-state behavior. 

Reference Stress Method 

The reference stress method was developed as a tool for 
evaluating the inelastic deformation of structures based on results 
of elastic analysis1 1. According to the reference stress method, AJf 
can be represented as follows: 

where Aare( is the reference stress given by 

Ac = ^ - . (30) 
'•< 2ct 
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and AEref is the strain range corresponding to Aa r ef on the material 
cyclic stress-strain curve. AErGf can be obtained by substituting 
Aa r ef for AG in Eqn. (24): 

Ae = ^ U a ( A c ,)"• (31) 

It should be noted that this technique requires neither the 
fully plastic solutions, nor the approximation of the cyclic stress-
strain relation by a Ramberg-Osgood type equation. It can therefore 
be applied in cases where only linear elastic solutions exist and the 
Ramberg-Osgood approximation is not suitable. However, since this 
method relies on certain assumptions of structural behavior in the 
inelastic range, proper definition of the reference stress is 
necessary to assure an accurate solution12. 

Values of AJ f calculated with Eqn. (29) were compared to those 
obtained with the GE/EPRI method (see Fig. 52). Results in Fig. 52 
show that the reference stress method yields somewhat lower 
values of AJf than the GE/EPRI method. This trend becomes more 
pronounced as the stress range and plastic contribution to AJf 
increase. Such behavior can be explained by the dependence of the 
function hi on the hardening exponent n. The agreement between the 
two methods can be improved by modifying the reference stress 
equation 1 2. 

4.1.3 Craep-Fatigue Crack Growth 
Modeling — CRIEPI 

In recent years the creep J-integral range, AJ C, proved 
effective in modeling the creep-fatigue crack growth under creep 
dominant conditions. However, AJC is usually determined from the 
experimental load-displacement curves. So far, methods for 
analytical evaluation of AJC have not been well established. 

In the present study an attempt was made to develop a 
simplified analytical procedure for evaluating AJ C. Assuming 
steady-state conditions, AJC can be represented as a simple product 
of the C# integral and the hold time tn- The C* integral can be 
determined with the GE/EPRI method as: 

c*-(§HM&f • ( 3 2 ) 
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where k and m are material constants representing the dependence 
of the steady-state creep strain rate e* on the applied stress a: 

e , = k o m . (33) 

Then AJC becomes: 

A J e = C * t h . (34) 

Values of AJC calculated with Eqns. (32-34) were compared with 
those determined from experimental records for three different hold 
times (see Fig. 53). Comparison demonstrated that the experimental 
values were considerably higher than the analytical ones. To improve 
the agreement between experimental and analytical results, it is 
necessary to account for the transient behavior during the stress 
hold period, which can be attributed to (1) presence of non steady-
state creep, or (2) non instantaneous transition of the stress field 
from the elastic-plastic state to the steady-state creep state. Thus 
transient creep behavior and the effect of reverse plastic straining 
under cyclic loading must be considered. In addition to that, in order 
to investigate transition of the stress field from the elastic-plastic 
to the steady-state creep state, it is necessary to consider 
exponents governing both types of deformation. Methods based on the 
assumption of the steady-state conditions tend to underpredict 
deformations occurring during the transient period. Therefore a more 
detailed study on this subject is warranted. 

4.1.4 Finite Element Analyses of 
Simple Geometries — CEGB 

The finite element program BERSAFE has been used to produce 
results for C(t) for both compact tension and single edge notch 
geometries. Following initial elastic loading, creep analyses were 
performed under constant load for the creep law 

e°=Ao", (35) 

with n - 5. Results are presented in terms of a dimensionless time 

T = E C * J r . (36) 
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where E'» E/(1-v2), E is Young's modulus, and v is Poisson's ratio. 
Finite element results suggest that the steady state has essentially 
been reached at time x » 1. 

Computed steady-state values of C* are in good agreement 
with those given by Kumar et al 9 for the compact tension specimen 
and Shih and Needleman13 for the single edge notched geometries. 
Graphic representation of C(t) is given in Fig. 54 for the compact 
tension specimens and for the single edge notch geometry under 
tension and bending. Results in Fig. 54 are compared with the 
estimate of Ehlers and Riedel1 4 

C(t) = C * ( l + 7 - V > ( 3 7 ) 

which is the sum of tha Song-time limit and the short-time limit of 
Riedel and Rice 1 5 . Also shown is the more recent estimate of 
Ainsworth and Budden1 6 

n+1 

G(T) = C * ( 1 * ^ , (38) 
(1 + t) - 1 

which is based on summation of long- and short-time limits of J. 

Although Eqn. (38) appears to be more complex than Eqn. (37), 
it is more convenient to integrate and results in the approximate 
estimate 

) C t t ) ' "d t=C* n " t 
0 

1+ '•• 
EeL(T) ft 

(39) 

The integral in Eqn. (39) is proportional to the creep strain near the 
crack tip. Thus Eqn. (39) shows that this creep strain is increased 
above that which would have been accumulated under steady state 
creep by the factor of [1+elastic strain at the reference stress / 
creep strain at the reference stress]. Since the power of C* in Eqns. 
(1, 2) is approximately n/(n+1), this same factor may be used to 
incorporate the effects of transient creep on creep crack growth. 

For the compact tension specimen, the parameter Ct developed 
by Saxena 1 7 has been calculated from the computed load-line 
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displacement rate and is compared to C(t) in Fig. 55. It can be seen 
that C t«C(t) for x « 1 , similar to the results reported by Leung et 
a l 1 8 . Indeed Saxena 1 7 showed that Ct does not have the 1/t 
dependence which C(t) has as t ->0 (see Eqns. 37 and 38). 

4.1.5 Finite Element Analysis of 
Surface Crack Growth — CRIEPI 

It was shown in Section 4.1.2 that AJf can be calculated using 
the finite element solutions and the material cyclic stress-strain 
curve for through-wall cracks. To examine the applicability of this 
method to surface crack problems, an analytical study of the test 
described in Section 3.1.2 was conducted. 

The fully plastic solutions for surface cracks, which have so 
far appeared in the literature19, are generally limited as regards the 
geometric parameters and loading conditions. Thus elastic-plastic 
finite element analyses were used to estimate AJf for the surface 
crack growth test performed in this study. A finite element model, 
consisting of 20-noded isoparametric elements, is shown in Fig. 56. 
Due to the symmetry of the geometry and loading, one quarter of the 
plate was modeled. Three different crack sizes were analyzed, 
corresponding finite element meshes are shown in Fig. 57. All three 
cracks were semi-elliptical with the same aspect ratio and 
resembled crack B in the test specimen. Elastic-plastic analysis 
employed a semi-cyclic stress-strain curve, representing relation 
between half strain range and half stress range in the cyclically 
saturated condition. The J-integral was calculated with the virtual 
crack extension method 2 0 along the evaluation paths shown in Fig. 
58. Since the semi-cyclic stress-strain relation was emoloyed, the 
AJf was calculated by multiplying the J-integral by four. 

Distribution of AJf along the crack front is presented in Fig. 59 
for five different load levels as a function of nominal bending strain. 
The AJf shows two peaks along the crack front, one at 90° and the 
other at 10° measured counter clockwise from the surface of the 
plate. Crack growth rate at the 90° station was determined from the 
beachmarks on the fracture surface and then plotted vs the AJf 
values obtained by a linear interpolation of the calculated results 
against crack depth (see Fig. 60). Resulting data points fall within 
the data band produced in the fundamental crack growth tests for 
the through-wall cracks. Thus data obtained in the through-wall 
crack tests can be used to analyze surface crack behavior. 
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5. EXPLORATORY FAILURE TESTS — EPRI 

5.1 INTERNAL PRESSURIZATION TESTS OF PREFLAWED PIPES 
— EPRI 

Exploratory failure tests on preflawed pipes are designed to 
investigate development of critical crack growth and/or ligament 
instability. Material used is AISI type 304 stainless steel, reference 
heat 9T2796. A thin-walled pipe specimen is shown in Fig. 61. A 
small axial flaw is manufactured in the middle of the gauge section 
on the outer surface of each specimen with the electric discharge 
method. Two flaw geometries, schematically depicted in Fig. 62, are 
used in order to assess the effect of the flaw shape on the critical 
crack growth. 

In preparation for testing, four specimens have been machined 
and preflawed (see Fig. 63). Shadowgraphs of the flaw replicas are 
shown in Fig. 64 (a-d). Crack opening displacement is measured with 
capacitance strain gages. A detail of the specimen with tne strain 
gage is shown in Fig. 65. 

A testing facility, consisting of the furnace and pressurization 
unit, has been constructed. The pressurized pipe specimen assembly 
includes a filler plug and blast shield to minimize the consequence 
of "dynamic" failure. A schematic of the specimen with filler plug 
and core is given h Fig. 66. Furnace and pressurization unit are 
presented in Figs. 67-68. Internal pressurization is accomplished 
with nitrogen under manual control. Specimens are to be subjected 
to stepwise loading (see in Fig. 69) at room temperature and at 
538°C. 

5.2 THERMAL SHOCK TESTS OF PREFLAWED THIN-WALLED 
CYLINDERS — EPRI 

Crack growth tests under combined thermal shock and axial 
loading described in Section 3.2.1. will be performed on thin-walled 
preflawed cylindrical specimens. Specimens are similar to those 
shown in Fig. 24, except in this case the inside diameter is 1.625 in. 
All other dimensions remain unchanged. Unstable crack growth is 
expected to occur. To promote critical crack growth, the 
circumferential flaw, machined in the middle of the gauge section, 
has an aspect ratio » 1. Flaw geometry is shown schematically in 
Fig. 70. 
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Table 1. Fundamental characteristics of the test material 

Chemical Compositions (wt %) 

Si Mn P S Nl Cr N 

0.05 0.78 I.2I 0.02 0.00 I 9.5 I8.7 0.04 

Mechanical Property 

Proof 
Stress 

Tensile 
Strenath 

Elongation Hardeness 

Room 
Temp. 

275MPa 608MPa 6 4 % I63HV 

550 C )27MPa 382MPa 3 9 % 
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Table 2. Cyclic deformation test conditions 

T m \ 0. 3 0. 5 0. 7 1. 0 1. 4 2. 0 

200 0 O O O O O 
400 0 O O O O O 
550 0 O O O O O 
650 0 O O O O O 

^ C T I T T 100 200 300 400 N 

T:Tempe ra t u re 
Ae:Total Strain Range 

« 
e=0 . I V s e c 

Table 3. Creep deformation test conditions 

T ccr"^^ 1 1 0 1 30 240 280 

550 
650 O O 

O O 

T :Tempe r a t u r e 

a:St r e s s 
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Table 4. Cyclic crack growth test conditions 

T ccr\^ 240 300 400 500 
200 o 
400 O 
550 O O O o 
650 o 

T : Tempe ra t u re 
Ac:Nomina I Stress Range 
(Fully Reverse Loading) 
Frequency 0. 5Hz 

Table 5. Creep crack growth test conditions 

T ccr**^ TBD TBD 200 250 

550 
650 O O 

O O 

T:Tempe ra t u re 
a:Nominal Stress 
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Table 6. Schematic representation of the through-wall crack 
growth tests under stress-controlled creep-fatigue loading 

^ - - 4 K (hr) 
T ccr\^ 1/6 1 5 

550 O o O 

T : T e m p e r a t u r e 
t „ :Ho I d T ime 
Acr=5 0 OMPa (Fu I I y R e v e r s e 

L o a d i ng) 

Table 7. Schematic representation of the through-wall crack 
growth tests under displacement-controlled creep-fatigue loading 

^€*<X/sec) 
T r c T ^ ^ 

0 . 1 0.00167 0.000167 

5 5 0 o o 
1 

O 

T:Tempe ra t u re 
£i:Strain Rate for 

Tension-Going 
e e =0. I V s e c : St ra i n Rate 

for Compression-Going 
Ae = 0. 8% 
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Fig. 1. Strain range step-up procedure used for construction of 
cyclic stress-strain curve. 
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Fig. 4. Creep curves at 650°C. 
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Fig. 5. Creep crack growth response of aged type 321 stainless 
Steel and HAZ at 650°C. Ccmparison of cyclic and static data. 
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6. Creep crack growth response of type 316 stainless steel 
for CT specimens of various thickness. 
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Fig. 7. Crack growth test specimen (unit: 1 mm). 
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Fig. 8. Correlation between crack growth rate and elastic J-
integral range. 
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Fig. 9. Experimental determination of elastic-plastic fatigue 
J-integral range. 
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Fig. 12. Experimental determination of creep J-integral range. 
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Fig. 15. Test apparatus for surface crack growth tests under 
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Fig. 16. Surface crack growth test specimen (unit: 1 mm). 
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Fig. 17. Loading sequence for surface crack growth tests. 
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Fig. 18. Status of crack B observed on specimen surface. 
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Fig. 23. EPRI thermal shock cycle. 
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Fig. 24. Thick-walled cylindrical thermal shock specimen. 
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Fig. 28. Testing system for thermal shock tests of preflawed 
cylinders. 
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Fig. 29. Thermal loading applied to the outer surface of the 
cylindrical specimen near preflawed planes. 
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Fig. 31. Dimensions of flaws in two circumferential planes 
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least depth in section B-B. 
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Fig. 35. Peak loads vs cycles behavior, experimental results, 
(a) "Cantilever "specimen C5, (b) "wishbone" specimens W9 and W10. 
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Fig. 46. Definition of the parameter q 0 used to define AKeff in 
Eqn. (18). 
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Fig. 50. Comparison of value of C* predicted by Eqn. (12), C*ref, 
with that deduced from experimental data, C*exp. for an austenitic 
type 321 stainless steel (after Gladwin et al 1). 
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Fig. 54. Variation of C(t) for the compact tension and for the 
single edge notch geometry under tension and bending. 
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Fig. 57. Finite element meshes for the three crack sizes. 
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Fig. 61. Thin-walled pressurized pipe specimen. 
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Fig. 62. Schematic of the two types of axial flaws used for 
thin-walled pressurized pipe specimens. 
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Fig. 64 (a-d). Shadowgraphs of the axial flaws machined in the 
thin-walled pressurized pipe specimens. 
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Fig. 66. Schematic of the thin-walled pressurized pipe 
specimen willi the II!!GI y'iog a i i j core-. 
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Fig. 69. Stepwise internal pressure loading. 
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Fig. 70. Schematic of a circumferential flaw used for thin-
walled thermal shock specimens. 
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