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CREEP-FATIGUE LIFE PREDICTION FOR
DIFFERENT HEATS OF TYPE 304 STAINLESS STEEL BY
LINEAR -DAMAGE RULE,
STRAIN-RANGE PARTITIONING METHOD,

AND DAMAGE -RATE APPROACH

by

P. S. Maivya

ABSTRACT

The creep-fatigue life results for five different heats
of Type 304 stainless steel at 593°C (1100°F), generated under
push-pull conditions in the axial strain-control mode, are pre-
sented. The life predictions for the various heats based on the
linear-damage rule, strain-range partitioning method, and
damage-rate approach are discussed. The appropriate mate -
rial properties required for computation of fatigue life are
also included.

I. INTRODUCTION

For the past several years, Argonne National Laboratory has been in-
volved in the generation of elevated-temperature, low-cycle creep-fatigue data
on Type 304 stainless steel. Extensive low-cycle fatigue-test results have been
generated' on one heat of Type 304 stainless steel (Ht 9T2796), which was pro-
duced as a reference heat for all liquid-metal fast-breeder -reactor (LMFBR)
structural -component design. In contrast, the data for other heats of steel are
rather limited.? This report summarizes the creep-fatigue data generated for
five heats of Type 304 stainless steel at 593°C (1100°F) under push-pull condi-
tions in the axial strain-control mode. Because the creep-fatigue properties
of different heats can depend upon the heat treatment prior to fatigue tests,
only the results obtained from heats of material with the same heat treatment
are considered. Furthermore, the experimentally observed creep-fatigue life
and the life predicted by the linear-damage rule, strain-range partitioning
method, and damage-rate approach are compared.

II. EXPERIMENTAL MATERIAL AND PROCEDURE

The chemical compositions® (Table I) of the five heats of stainless steel
included in the present report meet the ASTM specification. (Hereafter, only
the last three digits of the heat number will be used to identify each heat.)
Prior to fatigue tests, the hourglass-shape specimens were solution-annealed



in evacuated quartz tubes that were back-filled with argon for 1/2 h at 1092°C,
and aged for 1000 h at 593°C. The specimens were tested in air by means of
servocontrolled, hydraulically actuated fatigue machines, in the axial strain-

control mode.!’?
TABLE I Chemical Composition (wt %) of Various Heats
of Type 304 Stainless Steel
Heat Numbers

Elements 9T2796 346544 346845 X228072 8043813
C 0 047 0 063 0 057 0 029 0 062
N 0 031 0019 0 024 0 021 0 033
P 0 029 023 0023 0 024 0 044
B - 0 0002 0 0002 0 0005 0 0003
O 0011 0 0081 0 0092 0 01 -
H 0 0006 0 0006 0 0013 0 0012 -
S 0012 0 006 0 006 0023 0 004
Mn 122 0 99 092 126 187
S1 0 47 047 0 53 05 0 48
Mo 010 02 010 02 032
T1 0 003 0017 0 008 0 002 0022
Cu 010 012 011 011 -
Co 0 05 0 05 007 003 -
Pb 001 00l 001 001 -
Sn 0 02 001 001 0 01 -
Ta <0 0005 0 0006 <0 0005 <0 0005 <0 0005
Nb 0 008 0 005 0 01 0 0015 002
v 0 037 0 025 0 05 0012 0 022
w 0 022 0 026 0 007 002 002
Cr 18 5 18 4 18 4 18 8 178
N1 9 58 912 9 28 9 67 8 95
Fe Balance Balance Balance Balance Balance

@Type 304L stainless steel

III. CREEP-FATIGUE LIFE RESULTS

For the reference heat of steel (Ht 796), the available data'! include
extensive continuous-cycling low-cycle fatigue data at total strain ranges from
0.35 to 2% and cyclic strain rates between 4 x 10 and 4 x 107® 57!, tensile
hold -time data with hold times per cycle ranging from 1 min to 10 h, and
limited symmetric and compressive hold-time data for hold times varying
from 1 to 10 min. Recently, new creep-fatigue data have been generated for
the reference heat to establish the importance of wave -shape effects, and a
detailed analysis of these data using a damage-rate approach has been pre-
sented;* these results are included in the present report.



For heats 544, 845, 807 and 813, the available low-cycle fatigue
data are rather limited. Under continuous cycling, their fatigue lives do
not differ significantly from that of the reference heat.? Similarly, under
short symmetric and compressive hold-time conditions, all five heats have
approximately the same fatigue life. However, when tensile hold times
ranging from 10 to 60 min are imposed in each cycle, the creep-fatigue
resistance of heats 845, 544, 807 and 813 exceeds that of the reference
heat by up to a factor of three (see Fig. 1). This greater strength has
been attributed to such microstructural characteristics as smaller grain
size and closer spacing of grain-boundary carbides,’ both of which result
in increased resistance to grain-boundary sliding that causes initiation
and growth of grain-boundary cavities during tensile hold times.
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IV. METHODS FOR PREDICTION OF CREEP-FATIGUE LIFE

A. Linear-damage Rule

One approach to high-temperature creep-fatigue life prediction is the
linear -damage rule,’’® based on a linear summation of cycle -dependent fatigue
and time-dependent creep. For the loading cases that involve hold times at
constant total strain, the linear-damage rule is



t

N¢ 5 at

Nt j(: tr
where

N¢ = cycles to failure,

Nf, = fatigue life under continuous-cycling conditions in the absence

of creep,

tgy = hold time per cycle,
and

ty = time to creep rupture in the absence of cyclic loading.

To compute creep damage by this method, monotonic creep -rupture
data and stress-relaxation data are required. The time to rupture, t,., and the
stress, ¢, are related by

te = M(G)-a- (2)

The parameters M and o for the reference heat and heat 845 (see
Table II) were obtained from a least-squares fit of creep-rupture data to Eq. 2,
with t,. in hours and ¢ in MPa units. The curves shown in Fig. 2 represent the
regression analysis of the above data and show that heat 845 has better resis-
tance to creep than the reference heat. The creep-rupture data for heat 845
were also used to compute life for heats 544, 807, and 813, based on the simi-
larity in creep-fatigue behavior of these four heats.’ The stress history during
hold time for each test was obtained from the stress-relaxation behavior, which
can be expressed by the equation

n(omax/o) = I lfptH'p, (3)
where

Omax - Stress at the beginning of hold time
and

B and p are parameters determined for each test (at half-life) by a
least-squares fit with time, t, in min.
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Fig. 2. Stress vs Time to Creep Rupture for Two Heats of
Type 304 Stainless Steel. ANL Neg. No. 306-77-666.

The constants B and p are listed in Tables III and IV for various heats

The continuous-cycling fatigue life required for estimation of fatigue damage is

determined from the damage-rate approach.*” The application of linear dam -
age to tests involving a sawtooth waveform is not straightforward, and for the
present purpose, we have assumed that only fatigue damage occurs in these

loadings. Note also that the linear-damage rule as applied in Code Case 1592
assumes that the compressive hold time produces as much damage as the ten-
sile hold time; this assumption is not realistic for austenitic stainless steels.

B. Strain-range Partitioning Method

The second approach considered in this report is the strain-range
partitioning method.®? In applying strain-range partitioning to several heats,
only tensile hold-time data are considered because the experimental relation-
ships for other types of loadings are not available. Also, the application of
strain-range partitioning to sawtooth waveforms is not simple and hence is
not considered. The interaction-damage rule for creep-fatigue loadings
involving tensile hold-time periods is given by

L . Fpp,Tep (4)
Nf Npp Necp
where

F _ Aecp’

PP Aein

Aecp

F = )

€P  Aejp
Be,, = Aepp + Aecp,
Aepp = component of inelastic strain range for which plasticity in ten-

sion is reversed by plasticity in compression,

.



TABLE lll. Fatigue-hfe Prediction for Type 304 Stainless Steel--Ht 796--at 593°C

Ny
. Hold Predicted by Predicted by Predicted by
Bey,  Aep, Et Op max  Oc,MaX, e Linear-damage  Strain-range Par-  Damage-rate
% % sl MPa MPa min B P Experimental Rule titioning Method Approach
egdx 10
10 0714 2141 2141 - - - 261 984 - 227
e 4x 103
£r4x 1073
10 0 695 228 2 228 2 - - - 2421 1031 - 1802
€44 x 1076
eglx 1074
10 068 2394 2394 - - - 847 2205 - 847
gf1x 107
gr1x1072
10 065 2617 2617 - - - 3025 2383 - 3506
£¢1x 104

2T 003484 -07516
103 0709 4x103 2420 246 8 2177 122 - 2574
2C 004631 -06388

10T 00450  -07250
10 0706 4 x 1073 2199 2199 2507 766 - 924
10C 00430 -07170

2048 1638 4x1073 3047 308 2 1T 003964 -08076 378 336 189 499
204 160 4x 103 3041 300 6 15T 003139 -08335 237 87 149 307
1984 1608 4 x 1073 2813 2806 60T 002902 -07726 112 51 148 192
2005 1638 4x 107 269 6 2199 60T 003492 -06809 102 65 128 103
2024 1672 4x 1073 2882 238 6 180T 003031 -07730 63 21 11 17
2007 1662 4x1073 2420 2744 600T 003159 -07243 87 65 97 52
0997 0675 4x 103 228 2 254 4 1T 00223  -09004 1664 2889 661 2351
1021 0682 4x 103 258 6 249 6 4C 001852 -08589 2453 718 - 3511
10 0 692 4x 1073 2282 2330 10T 001938 -08555 706 122 143 1405
1004 0709 4 x 1073 218 6 2221 15T 001733 -08812 666 758 706 1283
0994 0679 4x105 2303 2413 60T 002765 -07564 305 208 501 413
1034 0773 4x103 188 2 2020 600T 00207 -07339 212 216 404 196
10 0710 4x10°3 2144 2194 600T 02111 -07889 242 2 425 194
0595 0365 4x1073 167 6 1772 15T 001429 -09011 2765 4759 2116 3553
0598 0346 4x 107 1822 1942 60T 002468 -07924 1031 1098 1465 1118
059 038 4x 1073 1524 168 9 180T 001336 -09161 1284 1782 1759 1417
055 0331 4x 1073 1543 1735 60T 0009487 -08972 1253 2219 3332 2869
0503 0272 451073 162 7 1820 10T 001249 -06754 3803 3574 6567 4705
036 013 4107 164 8 1737 10T 001243 -05113 11412 4235 16240 8629

15T 005496 -0 8265
10 0707 4 x 1073 228 2 2103 1788 1633 - 1300
5C 008408 -06772

15T 004038 -08541
20 1618 4 x 103 298 5 2130 642 172 - 390
5C 005211 -07863




TABLE |V Fatigue-life Prediction for Type 304 Stainless Steel--Heats 845, 544, 807, and 813--at 593°C

N
Predicted by

o G by m mew om0 ey Sty ecd
No % % sl MPa MPa min B P Experimental Rule Method Approach? Approach
845 1003 0 666 4x103 2534 2459 1T 002342 -0791 3034 3267 1072 2931 3117
845 1027 0702 4x 1073 2400 246 3 5T 002162 -0 8221 2222 2193 784 2054 2307
84> 099 0 683 41073 226 8 2325 10T 001667 -0 8458 1826 2864 886 2027 2315
845 10 0743 4x107 1958 1950 60T 0 02902 -0 6465 767 946 476 516 597
845 103 070 4x103 2539 2412 1C 002887 -07789 2741 3284 - 3452 3452
845 0987 0 659 4x103 244 8 2439 2C 001658 -0 8703 2659 3384 - 3 3
845 10 0677 4x1073 247 6 236 6 4c 003150 -0 7206 2997 3095 - 3494 3494
845 10 0699 4x 103 230 6 2242 10C 002083 -07851 2624 2828 - 3215 3215

17 0 06048 -0 5885
845 0994 0 666 4x103 2405 249 5 2880 3015 - 2652 2807

1s 0008191  -08985

27 004228 -0 7940
845 0% 0674 4x 103 2386 2350 2348 3402 - 2135 2735

2C 0 04247 -0 7698
544 10 0672 4103 2485 2475 17 001324 -0 9160 27112 3533 820 3035 3198
544 102 0675 4x 10 2365 2728 60T 0 02647 -0 7273 751 860 507 550 648
544 10 0 697 4x 1073 2419 2347 4C 002074 -07938 2366 2922 - 3383 3383
807 099 0698 4x1073 2233 2133 17 003728 -0 7369 2155 3461 934 2621 2801
807 101 0745 4x 1075 2130 1839 60T 002538 -0 6905 814 884 507 571 647
807 1019 6730 4x 103 216 8 2159 4C 001983 -0 8202 2603 3088 - 3127 3127
813 102 0674 4x1073 2540 264 1 17 001715 -0 8629 2529 3293 967 2864 3049
813 0993 0651 4x 1075 234 268 2 60T 002955 -0 7061 1034 872 464 559 663
% =05

=060

11
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Aecp = component of inelastic strain range for which creep in tension
is reversed by plasticity in compression,

Aej, = total inelastic strain range,
Npp = cyclic life associated with a given Aepp strain range,

and

I

NCp cyclic life associated with a given Aecp strain range.
The strain-range partitioning relationships for Npp and Ncp for the
reference heat are expressed by!°

1/2
in Npp = 16.044 - (219.2958 + 32.7858 4n Aepp) (5)

- -2.09
Nep = 1.0322 x 107 (Aejn) 0 (6)
Similar relationships for other heats are not available; therefore the relation-
ships established for the reference heat are used for all the other heats of
material. The stress-relaxation parameters listed in Tables III and IV are
used for computing "cp" strains.

C. Damage-rate Approach

The third approach used for the analysis of creep-fatigue data from
all five heats of Type 304 stainless steel is the damage-rate approach. As, this
method has been discussed in detail in Ref. 4, only its essential ingredients are
outlined below.

The damage-rate approach addresses two major types of damage in
materials subjected to creep, fatigue, and creep-fatigue loadings: namely,
crack damage and cavity damage. Crack damage contributes to failure through
crack initiation at the surface and its subsequent propagation. Cavity damage
contributes to failure through grain-boundary cavity initiation and growth.
Thus, creep-fatigue failure depends on the relative amounts of these two types
of damage and their interaction, and is significantly influenced by the type of
creep-fatigue loadings and the microstructural characteristics of the material.

The basic damage equations® are

da Tleplmléplk for tension -
dt -
C|ep| |

© =

é for compression

ol



and
m,- |k
G'ep| lep‘ € for tension
1 dc
2. (®)
c dt m K
-G'epl lepl € for compression,
where
a = current crack size,
¢ = current cavity size,
|ep|, |ep| = absolute values of current plastic strain and strain rate,
respectively,
and

T, C, G, m, k, and k., are material parameters that are functions of
temperature, environment, and microstructure.

The interaction between crack and cavity damage is assumed® to be of the
form

in(a/ag) . An(c/co)

in(ag/ae)  an(cy/co) - (©)
where
ag, Co = initial crack size and cavity size, respectively,
af = final crack size in a specimen free of cavities,
and
cg = final cavity size in a specimen free of cracks (related to

spacing of cavities).

Whenever ¢ < ¢, it is assumed that the cavities anneal out, so that
c > cy. Thus, negative net cavity damage is not allowed, although the incre-
mental cavity damage can be negative. The damage -rate equations can be

integrated® to compute life for various loading paths such as continuous cycling,

monotonic creep rupture, and loadings that involve sawtooth waveforms and
hold times; the results are givenin the appendix. The damage-rate parameters,

T +C /[, (3 G
A[A = — /{,n(a-;)], k, m, Cg (Cg = m), k., and T/C (see Eqs. 7-9)

are established without the use of any hold -time data and are shown in Table V.%:*

13
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TABLE V. Material Parameters of the Damage-rate Approach

Heat No. A m k Cg ke T/C
796 2.52 1 0.74 0.73 0.55 4

544, 807,

845, 813 2.52 1 0.74 0.73 0.60 4

Unlike the strain-range partitioning method, the damage-rate approach

incorporates the rate effect in the damage -accumulation process; it does so
without separating the total inelastic strain into different components, and it
does not resort to back-fitting of hold-time fatigue data. The relationship be-
tween the damage -rate approach and other methods, such as Coffin's frequency-
modified approach!!'!? and the strain-range partitioning method, is shown by the
fact that both the frequency-modified life and strain-range partitioning relation-
ships can be derived from the damage-rate approach.” Also, the damage-rate
approach can take into account the loading-sequence effects where the cavity
damage incurred during the part of the fatigue life with tensile hold times can
anneal out during subsequent loadings involving compressive hold times.!?
Some of the fundamental differences among the various approaches to creep-
fatigue life prediction have important practical implications, especially in the
extrapolation of the existing data base to regions where experimental data do
not exist.'*

V. COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS

The fatigue-life prediction results for various heats of Type 304 stain-
less steel at 593°C (1100°F) obtained by the linear-damage rule, strain-range
partitioning method, and damage-rate approach are shown in Tables III and IV
and Figs. 3-5. The dashed lines in Figs. 3-5 indicate deviation of the predicted
life from the experimental life by a factor of two. Ignoring the accuracy of fit-
ting, most of the available experimental data are predicted reasonably well,
from a design viewpoint, by all three methods. The linear-damage rule (see
Fig. 3) yields nonconservative results for loading cases that involve a sawtooth
waveform. Also, in Fig. 4, where only the tensile hold-time fatigue data are
considered and the microstructural effects of different heats are ignored, the
calculated life for heats 845, 544, 807, and 813 (based on material-property
data for the reference heat) underpredicts the experimentally observed life.
This is also true if the damage -rate approach is used.?

The differences in creep-fatigue behavior between the reference
heat 796 and the other heats (845, 544, 807, and 813) cannot be explained on the
basis of stress-relaxation behavior, as all the heats are characterized by the
same plastic-strain history during hold times. Figure 6 is based on the strain-
range partitioning method and shows the importance of strain-rate effects. If
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Fig. 6. Plot of Agjp vs Nep for Reference Heat of Type 304 Stainless Steel.
The solid line is generated from cyclic-creep data; the symbols
represent cyclic-relaxation data. ANL Neg. No. 306-77-664,

strain-range partitioning relationships based on cyclic-creep data are used

to predict cyclic-relaxation fatigue lives, the results tend to be nonconserva-
tive. Similar conclusions have been reached using the damage -rate approach.’
The prediction of fatigue life for different heats by the damage-rate approach
partially takes into account the microstructural effects, which result in differ -
ent values of k. for the reference heat and the other heats.

More accurate life predictions can be achieved by establishing the
value of the "cavity-damage parameter" C_ for the heats that exhibit superior
creep-fatigue strength. Since heats 845, 544, 807, and 813 are more resistant
to intergranular fracture than the reference heat, the value of Cg for these
heats is expected to be smaller than that of the reference heat. The present
report uses the value of Cg established for the reference heat for the other
heats. Finally, the interaction between crack and cavity damage is described*
in a simple form (Eq. 9) and requires further investigation.

VI. CONCLUSIONS

A study of three methods for creep-fatigue life prediction, using the
available data for five different heats of Type 304 stainless steel, shows that
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the greatest divergence between the experimental and calculated life results
when the linear-damage rule is used. The available short tensile hold-time
data for different heats can be predicted reasonably well by the strain-range
partitioning method and the damage-rate approach. However, strain-range
partitioning, unlike the damage-rate approach, depends heavily on the hold-
time data for life prediction. Furthermore, the application of the linear-
damage rule and strain-range partitioning to sawtooth waveforms is not
straightforward. The damage-rate approach treats tensile, creep, and creep-
fatigue deformation in a unified manner.

The creep-fatigue and material -property data included in the present
report should serve as a guide for the critical examination of existing and new
creep-fatigue interaction models as they develop with further understanding
of creep-fatigue damage. Also, the long-term cyclic-relaxation tests (espe-
cially those at low strain ranges) initiated at Argonne National Laboratory
should facilitate evaluation of the existing models for use in the design of
structural components.
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APPENDIX*

Equations for Computing Life for Various Loading Paths
Using Damage-rate Approach

1. Continuous-cycling Case

_m n 1<A€p>-(m+1)
N¢ = —Z& 2

1-k
el k, (A.1)

where the parameters A, m, and k can be determined from a least-squares
fit of continuous-cycling data to Eq. A.l.

2. Monotonic Creep Rupture

‘. - (;?:é)l/(mﬂ)éI;(kCer)/(Hm)' (A.2)
where

ty = time to rupture,

f; = (T'/m;ﬁ)ég'kc,

G!

%7 in(Ce/Co)
and

T'and G' = the parameters in the damage-rate equations. (The

prime is used to distinguish from the cyclic case.)

For creep tests at low stress or strain rate, f, >> f;, so that
o é—(kc+m)/(1+m)'
r P

Therefore, on a log-log plot, the slope of time-to-rupture versus plastic
strain rate is -(kc + m)/(l + m); thus k. can be determined from the creep-
rupture data.

3. Sawtooth Waveform: Fast-Slow

- k-1 k- -1
Ne = 2+l 1<_A€P) (m+l)< it SN s ) (A.3)
£ 4A \ 2 1+¢c/T 1+71/c/)




where

ef = fast tensile plastic strain rate

and

€5

slow compressive plastic strain rate.

The T/C ratio can be determined from the above equation by correla-
tion with the results of fast-slow fatigue tests. The cavity damage for this

case is zero.

4. Sawtooth Waveform: Slow-Fast

A m+i k-1 ek-l
Nf = 4A (ﬁ) ¢s + £
m+ 1\ 2 1+C/T 1+T/C

m-+i
2‘cg <A_912> (.kc-l ) .kc"l>

+ €
m + 1\ 2 s £
where
és = slow tensile plastic strain rate,
¢y = fast compressive plastic strain rate,
and

C G
g &n(Cf/Co).

5. Hold-time Fatigue

1
Ny = ———,
dyp +d¢
where
Ae m+i te
_4A p> k-1 2A m. |k
dr ‘m+1<T o *rycorr  leel el
2A te k
d ’
1+T/C[ lep! ™ lépl dt
tt tC
m,. Kc m,. Kc
ac =cg[ lep! |ep1 dt - Cg lep! |ep| dt,
0
ty = tensile hold time,
and

t. = compressive hold time.

(A.4)

(A.5)

(A.6)

A7)
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