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HEDL-SA-2562 

FATIGUE-CRACK GROWTH CORRELATIONS 
FOR DESIGN AND ANALYSIS OF ·STAINLESS STEEL COMPONENTS 

INTRODUCTION 

Austenitic stainless steels are utilized widely in the design of structural 
components in the nuclear and petrochemical industries. Such components may be 
subjected to cyclic loadings in service which could cause flaws or cracks to extend 
if the flaws are present in the appropriate size, shape and location. The analy
tical techniques of linear-elastic fracture mechanics (LEFM) are quite useful in 
estimating the in-service extension of such flaws, and LEFM methods are presently 
included in Section XI of the ASME Boiler & Pressure Vessel Code. The Section XI 
curves, however, are presently applicable only to low-alloy ferritic pressure 
vessel steels. Since austenitic steels are also utilized in pressure vessel and 
piping applications, some 9uidance on fntigue-crack growth properties of these 
steels is needed until such curves can be included in the ASME code. 

Considerable work has been done in characterizing the effect of va~ious para
meters (e.g., temperature, environment, cyclic frequency, stress ratio, etc.) upon 
the fatigue-crack propagation behavior of austenitic stainless steels, and much 
of this work is summarized in a review paper. (l) The objective of the present paper 

is to collect much of the existing r.rar.k growth data on austenitic steels, analyze 
it in a consistent manner, and present it in a form useful for LEFM analyses of 
pressure vessel and piping components. 

DATA ANALYSIS PROCEDURES 

All of the data employed in this paper was collected from the open literature 
and was analyzed in a consistent manner. Much of the data originated in the author•s 

own laboratory, while the remainder was generously contributed by other experimenters 
(see Acknowledgements). All data was input in the original crack length versus 
cycles (a vs. N) form. Stress intensity factors (K) were calculated using the most 
accurate available formulas corresponding to the several individual specimen designs 
represented by this collection of results: 
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K _ P [ 2 + a ] [ - BM (1 -a2)1.5 0.886 + 4.64a- l3.32a2 + 14.72a3 -5.6a4] 

p [ 2 + a. ] K = BM (1 _ a.)I.s [0.8072 + 8.858a.- 30.23a2 + 41 .088a3- 24.15a4 

+ 4.95la5] 

K = :w [/ITa] [1 - O.l(a) 2 + 0.96(a) 4] [/sec na] 

3 
p 2 0 5 0.752 + 2.02(a.) + 0.37 (1 - sin 1Tt) 

K = - [/;a] [- tan 1Ta] · { ] 
BW na 2 1Ta cos 2 

K = (B x6BP~o.swr.~l.99(a.)o.s- 2.47(a)l.s + 12.97(a.)2.s- 23.17(a)3.5 
n 

+ 24.80(a) 4; 5 ] 

CT Design 
(H/~1=0.6) 
(Ref. 2) 

WOL Design 
(H/W=0.486) 
(Ref. 3) 

CCT Design 
(Ref. 4) 

SENT Design 
(Ref. 5) 

CB Design 
(Ref. 6) 

where P =applied load, B = specimen thickness, W = specimen width, a= crack length 
(except for CCT Design where it is the half-crack length) and a = a/W. 

Fatigue-crack growth rates (da/dN) were calculated using the "secant method", 
one of two differentiation schemes allowed by ASTM Standard E647-82. The other 
method, incremental polynomial differentiation, often produces less "apparent scatter" 
because of its data-smoothing tendencies, but it can introduce more error into the 
da/dN vs. ~K results. (7-9) 

The data analysis procedures of ASTM E647-82 were followed when processing the ori
ginal a vs. N data. For example, data were discarded where crack length readings 
were made too close to the machined starter notch, and data were also discarded where 
the crack growth increment ~a failed to meet either the minimum or maximum limits 
set by ASTM E647-82*. In addition, datawere alsodiscarded beyond crack lengths 
where the "flow stress criterion" for the remaining ligament (see ASTM E647-82) 
was violated. This criterion is intended to limit plasticity within the remaining 
uncracked ligament, and has been shown to be valid for strain-hardening materials 
such as the austenitic stainless steels. (lO-l 2) Hence, all of the r~sults given in 

this paper meet the requirements of ASTt~ E647-82 and are considered "valid". 

A~a increments sat1sfied the criteria of ASIM ~64/-H~, but no attempt was made to 
optimize ~a to achieve the smallest possible error as outlined in Reference 9. 
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Types 304 and 316 stainless steels in either the mill-annealed or solution
annealed conditions are considered in this paper at five different temperatures. 
In addition, Type 308 weldments are also considered at one temperature. Linear 
least-squares regression analyses were performed on each material/temperature set. 
Confidence intervals of 95%* were also calculated for each material/temperature 
set, and overlap of the confidence intervals was used as one measure of whether. 
the different materials (In this case Types 304, 308 and 316) should be separated 
into discrete sets. 

RESULTS 

Data was collected at five different test temperatures (75, 600, 800, 1000 and 
1200°F)**, and results for each temperature were treated separately. -In some cases 
for temperatures of 800°F or below, temperatures were grouped over a relatively 
narrow range, e.g., 500-600°F, 700-800°F, etc. This is justified by the fact that 
thermal effects are not as pronounced .at these lower temperatures as they are at the 
higher temperatures. In a similar fashion, cyclic frequencies were generally 40 
cpm, except at tt1e lower temperatures where frequency effects are not as pronounced. 

Stress ratios (R = Pmin/Pmax) were in the range 0 < R < 0.05 in all cases. The. 
test environment was air in all cases. 

Linear least-squares regression techniques were employed to fit a line through 
the results corresponding to the power law first proposed by Paris and Erdogan:(l 3) 

da/dN = C(~K)n 
or 

log (da/dN) = log C + n log (~K) 

*If a set of experiments were repeated 100 times, the mean value of log (da/dN) 
at a given value of log (~K) for a given experiment predicted by the regression 
equation for that experiment should fall within the confidence intervals at that 
value of log (~K) 95 out of the 100 times. 

**All measurements in the laboratory were made using the American Customary System 
(e.g., inches, pounds, °F, etc.). In addition, the data was processed and stored 
in the computer files in terms of these units and the cpmputer-generated plots 
were produced using the data in the storage files. For this reason, the original 
units ar·e em~loyed in th1s paper, and conversions to the SI system are given with 
the regression results in Table I. 
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where C and n are functions of the material and test conditions. The regression 
analyses were performed on the logarithms of da/dN and ~K, and hence the computer 
plots were also in this format. The units employed in the plots shown in this 

paper are log (psi/inch) on the abscissa, and log (inch/cycle) on the ordinate. 

In general, most of the material/temperature data sets involve more than one 
heat of the material. Heat-to-heat variations have been found to have little 
influence on the fatigue-crack propagation behavior of austenitic stainless steels(l 4-l 5) 

and hence, all available results from different heats of the same alloy tested under 
the same conditions are analyzed together. Similarly, the results. for Type 304 con-
tain data for the wrought version (SA-240 Type 304) as well as the cast version 
(SA-351 Grade CF8) at all temperatures. The results for Type 316 are generally for 
the wrought form (SA-240 Type 316) except at 600°F where results are also included 
for the cast version (SA-351 Grade CF8M). Data for the cast versions is included with 
that for .the wrought material because, in general, the crack growth behavior of the 
two forms is similar. Results for wrought Type 304 at temperatures of 800°F and 
1000°F include data for specimens irradiated to fast-neutron fluences of 9 x 1021 

n/cm2 (E > 0.1 MeV) and less, because it has been shown(lG) that irradiation to 

this fluence generally does not have an effect on the crack growth behavior of 
annealed Type 304 tested under conditions of continuous cycling (i.e., no hold times). 
·rn addition, the results for Types 304 and 316 at 1000°F include results for ther
mally-aged as well as unaged materials since thermal aging has been shown(l 6) to 
have a negligible effect on the continuous cycling crack growth behavior of annealed 
Types 304 and 316. 

The results for annealed Types 304 and 316 at room temperature are given in 
Figures 1 and 2, respectively. The results for Type 304 include both the wrought 
version as well as the cast version. The wrought Type 304 was tested in both the 
thermally-aged and unaged conditions. The results for Type 316 are for the wrought 
form only. Note that the results for Type 316 appear to diverge slightly from the 
regression line at the lower values of ~K. This is not considered significant 
since results( 23 ) for Type 316 at room temperature show a continuation of the single 

straight-line relationship down to much lower values of ~K.* 

*The results of RefP.rP.nCP. 23 could not be included in this analysis because the 
original a vs. N data were not available. 
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The results for Types 304 and 316 at a nominal temperature of 800°F are given 
in Figures 5 and 6,· respectively. Both i~radiated and unirradiated results are 
included for Type 304. 

Results for Type 304 (including Type 304L) and Type 316 (including Type 316H), 
and Type 308 weldments in Type 304 are shown in Figures 7, 8 and 9, respectively. 
Both thermally-aged as well as unaged materials are included in the plots for Types 
304, 308 and 316, while irradiated results are also included in the plot for Type 
304. Results for Type 308 weldments include the gas-tungsten-arc, submerged-arc, 
and shielded-metal-arc processes. Only results for cracks propagating parallel to 
the direction of welding in the 11 BA ... orientation (see Reference 30 for orientation 
system) are included in this analysis. 

Finally, results for Types 304_ and 316 at a temperature of 1200°F are given 
in Figures 10 and 11, respectively. Relatively little data is available at this 
temperature because: (1) fewer specimens were tested, and (2) the greatly reduced 
mechanical properties at this temperature limit the amount of valid data that may 
be obtained before the flow stress criterion for the remaining ligament is violated. 

Discussion· 

Ninety-five percent confidence' intervals for the various material/temperature 
combinations are shown in Figures 12 through 16. A visual inspection of these 
confidence intervals suggests that there are two temperatures (600°, 1200°F) where 
the intervals for Types 304 and 316 do not overlap to any significant degree; two 
temperature (800°, 1000°F) where there is considerably more overlap, and one 
temperature (75°F) where the degree of overlap is less definite. Remembering the 
previous definition of the confidence intervals, it is tempting to use the overlap 
(or lack thereof) of these intervals as a criterion for determining whether Types 
304 and 316 should be treated together as d single generic class of material. For 
reasons of simplicity, it is desirable to treat them together if at all possible, 
and in fact, this has been done for the S-N fatigue curves for Types 304 and 316 in 
Section III of the ASME Boiler & Pressure Vessel Code. Therefore, using the over-
lap of confidence intervals as a criterion, one might conclude (somewhat subjectively) 
that the two alloys behave differently at two temperatures, behave essentially the 
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same at two temperatures, and with uncertainty as to the degree of sameness at one 
temperature. Unfortunately, there is no consistent trend of overlap as temperatures 

increase. 

More rigorous statistical procedures exist for determining whether two linear 
regressions are different or not (e.g., see Reference 31). These procedures, 
however, are most readily applied to comparisons where there are equal numbers 
and values of the independent variable (in this case, log ~K) in each line. 
This is a situation that obviously does not occur in most collections of fatigue
crack growth rate data. Other methods which are statistically less satisfying are 
available to compare two lines with differing numbers and values of the independent 
variable (e.g., see again Reference 31), but these require judgements and assump
tions to be made that may compromise the rigor. In addition, even if these pro
cedures were applied to a collection of data at different temperature ranges, how 
would one handle the cases for those temperatures where no appreciable differences 
exist, and those for temperatures where there are diff~rences? A system employing 
separate curves for Types 304 and 316 'at s~me temperatures, and the same curves at 
other temperatures might be confusing. 

It ~ill be noted in Table I that, at a given temperature, Types 304 and 316 
generally have somewhat_ different values of 11 n11

, which is the slope of the log 
(da/dN) vs. log (~K) curves. It is felt that these differences are significant 
and, in large measure, are responsible for the lack of overlap between the con
fidence intervals. T_here is also a general tendency for 11 n11 to decrease with 
increas1ng temperature. 

It is, therefor~, the opinion of this author that separate fatigue-crack 
growth curves be constructed for· Types 304 and 316 because, at least at some tem
peratures, the differences in the behavior appear to be real. Reference 32 has 
also suggested (based on.visual observation) that Types 304 and 316 behave dif
ferently over a wide range of temperatures. The regression constants for each 
material/temperature set are given in Table I, along with the range of ~K values 
over which the regressions were obtained. Extrapolation of the equations beyond 
these bounds is not recommended. Figure 15 also suggests that Type 308 weldments 
in Type 304 behave di rren~11 L ly Llldll e i Lher Ty!Jes 304 ur 316 at 1000°1", and hence, 
a separate regression equation for Type 308 is·also provided in Table I. 
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Another reason for treating Types 304 and 316 separately is that their responses 
to other parameters may be different. For example, there are indications that 
annealed Type 304 may respond differently to tensile hold-times than does annealed 
Type 316. References 33 and 34 suggest little or no effect of hold-time upon the 
fatigue-crack growth behavior of annealed Type 304, while References 35 and 36 sug
gest that hold-time does have an effect upon annealed Type 316*. Separate 

treatment for the two alloys would obviously facilitate any future design correla
tions that one might wish to make for hold-time effects. 

Relative frequency effects for continuous cycling of Types 304 and 316 appear 
to be quite similar, at least over the range of temperatures and frequencies 
investigated to date. (27) The "standard frequency" of 40 cpm employed in the pre
sent study is compatible with the standard frequency employed in Reference 27. 
Hence, one may use the temperature effects curves ~rom the present study, coupled 
with the frequency effects curves from Reference 27 to estimate crack growth 
behavior over a range of temperatures .and frequencies. Stress ratio effects may 
be estimated using the scheme given in Reference 37, or with any of several other 

equally effective schemes. 

The regression equations presented in this paper represent mean or nominal 
behavior for these alloys. They do not contain "safety factors" nor~are they 
statistically-derived "upper bounds" (see Reference 38 for one example of a sta
tistical bounding procedure). Although the safety factors and bounding procedures 
may be important considerations when formulating design and analysis procedures, 
they are beyond the scope of the present paper. Sufficient statistical informa
tion is provided in Table I such that one may calculate confidence intervals or 
tolerance limits if desired. 

--------- ·---- --------- --------- .. ··-··· ------------.-----------
*Comparisons between References 33 and 34 on one hand, and References 35 and 36 on 

the other are complicated by the fact that the Type 304 was tested over the range 
900-1100°F, while the Type 316 was tested over the range 1100-1157°F. In addition, 
References 33 and 34 compared tests at the same cyclic frequency with and without 
hold-times, while References 35 and 36 did not compare continuous cycling tests 
at the same frequency as the hold-time tests. Nevertheless, in spite of thes~ . 
differences, there is reason to believe that the two alloys may behave differently; 
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·suMMARY AND CONCLUSIONS 

A relatively large collection of fatigue-crack growth results for annealed 
Types 304 and 316 stainless steels over a wide range of temperature was processed 
and analyzed in a consistent .. Only data that satisfied the criteria of ASTM 
E647-82 was retained and used in the statistical treatments that followed. Linear 
least-squares regression equations and 95% confidence intervals were fitted through 
the results for each material/temperature set. The regression results (and their 
associated limits of validity) provide useful equations for the analysis of struc
tural components. Overlap (or the lack of overlap) of the confidence intervals 
was ·employed as a criterion as to whether the results for Types 304 and 316 should 
be separated into discrete sets, and on this basis it was concluded that.the two 
allows should be treated separately. 
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TABLE I 

CRJ!.CK GROWTH EQUATION CONSTANTS (a) 

da/dN = C(dK)~ or log {da/dN) = log C + n log (liK) 

Nominal No. of Standtr1 Carr. (c) -(d) sxx 
(e) 

Alloy Temp (°F) log C n D:1ta Pairs(N) Error b Coeff. X Data Range 

Type 304 75 -20.1005 3.3489 376 0.1675 0.9821 4.3812 25.4463 8,970 < liK < 96,790 
Ty!Je 316 75 -22.4931 3. 9Co25" 89 0.1991 0. 93.67 4.4672 1. 6213 17,700 < liK < 61,900 

Ty!Je 304 600 -21 . 2861 3.6E04 117 0.214:3 0.9478 4.3476 3.5012 9,550 < liK < 55,730 
Ty!Je 316 600 -22.8917 4.0737 67 0.1930 0.9658 4.4467 2.0259 13,110 < liK < 52,370. 

Ty!Je 304 800 -19.8233 3.3795 94 0.1483 0.9287 4.2790 l. 1179 12,270 < ~K < 37,350 
Ty!Je 316 800 -21.2807 3.7135 50 0.1814 0.9362 4.4115 0.8134 15,250 < liK < 47,020 

Ty!Je 304 1000 -19.7082 3.4183 250 0.1289 0.9065 4.2433 1.6258 11,400 < liK < 28,510 
Twe 308 1000 -19.3872 3. 2t62 85 0.1276 0.9254 4.2938 0.7464 12,520 < liK < 31,040 
Ty!Je 316 1000 -16.4973 2.6778 133 0.1167 0.8980 4.2820 1.0355 13,170 < liK < 29,290 

Ty!Je 304 1200 -14.7202 2.2S77 18 0.0882 0.7844 4.2376 0.0377 13,620 < liK < 20,170 
Tn•e 316 1200 -15.7631 2.5S60 28 0.0892 0.8851 4.2732 0.1109 13,880 < liK < 24,710 

(a)Units: da/dtl = ·inch/cycle, l!K = psinn 
(c)Correlation coefficient (r) Conversion to SI Units: (inc~cle)(25.4) = mm/cycle 

(psi in)( 1 . 099 x 1 O- 3) = MPa /ii1 
(d)x = rx/N where x = log (liK) °C = (uF ~ 32)/~.8 

(blstandard error of estimate on log (da/dN) 
(els 

·XX = r.x 2 - (l:x) 2/N 
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FIGURE l . Fatigue-crack growth behavior of 
Type 304 plate, sheet and castings 
at room temperature, incorporating 
results from References 17-21 (376 
data pairs from 21 specimens). 
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FIGURE 2. Fatigue-crack growth behavior of Type 316 
plate at room temperature, incorporating. 

. resu lts·--rrom· References 14 -and -22 . 
(89 data pairs from 4 specimens). 
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F:GURE 3. Fatigue-c,·ack growth behavior of .Type· 
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results from References 12, 17, 18, 20 
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FIGURE 4. Fatigue-crack growth behavior of Type 
316 plate and castings at a nominal 
temperature of 600°F, incorporating 
results from References 22, 24 and 25 
(67 data pairs from 4 specimens). 
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FIGURE 5. Fatigue-crack growth behavior of Type 
304 plate and castings at 800°F, incor
porating results form References 10, 20, 
26 and 27 (94 data pairs from 11 specimens). 
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FIGURE 6. Fatigue-crack growth behavior of Type 
316 plate at a nominal temperature of 
800°F, incorporating results from 
References 10, 24 and 28 (50 data 
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FIGURE ? . Fatigue-crack grmAJth behavior of Type 
304 plate and castings at l000°F, 
incorporating results from References 
15, 19, 20, 26, 27 and 29 (250 data 
pairs from 27 specimens). 
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FIGURE 10. Fatigue-crack growth behavior of Type 
304 plate and castings at 1200°F, 
incorporating results from References 
20 and 27 (18 data pairs from 3 specimens). 
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FIGURE 12. 95% confidence intervals for Types 
304 and 316 at room temperature. 
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304 and 316 at 800°F. 
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FIGURE ] 5. 95% confidence intervals for Types 
304, 306 and 316 at 1000°F. 

z 
"'0 

' Ill 
"'0 

m 
0 

-3.0 

-4.0 

_J -5.0 

TYPE 316 

T .. 1200 F 

-6.0 ~~--~~--~~~~~~--~~ 
4.0 4.5 5.0 

Log (delta k) 

FIGURE 16. 95% confidence intervals for Types 
304 and 316 at 1200°F. 



. . 
CATEGORIES 

EDB ~ ·INS~ TTR:~ 1. 30 6[ 0-3 
ERA . RIP D DOE 2. 

EPA D GAP D D 3. 

WOAD CRF 0 0 4. 

Dfo~-t_k 5. 

AUGMENTATION: 

SPLIT DESCRIPTORS FLAGS 

Sfa~LL.d_ ~feeL- 304- n .-----'0 \ 

3-&0A~- s6f~- 3/t 
,.;)..-

_:p 

FJl.~ . 0--/-.2- ._p 

~!IP~~N 
&/{;U/7~ ~ w b o..:Ca -b' 

1 uJa__ C?/nA'j fAA/.2,1~-
e-c~f!a~~ 

~A-AJp~ ~~~o~~ _j)j)~ 

!l1~11Y~-T~ 
1/~bA To~-> 

I I 

..... 

Form Tl-70 (EDB)(S-81) 




