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A UNIFIED AND MECHANISTIC APPROACH TO CREEP-FATIGUF DAMAGE

by

S. Majumdar and P. S. Maiya

ABSTRACT

A new creep-fatigue damage-rate equa:.ion is proposed that
:akes into account both plastic strain and strain rate. The
coefficients and exponents in the damage-rate equation are inter-
preted by means of the various damage mechanisms of the material.
The damage-rate equation has been integrated to analyze various
phenomena such as the effects of plastic strain rate on monotonic
tensile or creep rupture time, rising mean strain on the low-cycle
fatigue behavior at elevated temperature, tensile and compressive
hold times on the low-cycle fatigue life at elevated temperature,
and cvcl!- creep. The proposed approach has been successfully
applied to elevated-temperature data generated at Argonne National
Laboratory and elsewhere for Type 304 austeniric stainless steel
under various monotonic and cvclic-loa..'ng conditions.

The approach does not separate the inelastic strain into
plastic (time independent) and creep (time dependent) components.
The method recognizes that the effect of plastic strain rate on
t- damage process is of major importance and takes into account
the fact that the damage encountered in any deformation path de-
pends not only on the plastic strain accumulated but also on the
rate at which the plastic strain is accumulated. Thus, the
damage due to several loading histories of interest can be com-
puted in a simple and unified manner.

I. INTRODUCTION

Low-cycle fatigue at elevated temperature is an important consideration
in the design and operation of structural components for many nuclear and non-
nuclear applications. Fatigue failure can occur under the combined action of
creep and fatigue, which involves a complex strain-cycling pattern. This situ-
:at ion makes creep-fatigue interaction sensitive to variables such as temper."a' ,
wave-shape pattern, strain rate, and environment. Despite the active interest
and the work concerning this prablem, creep-fatigue interaction remains a ch.tl-
lenging area of research and is perhaps one of the most poorly understood
phenomena both from a fundamental and technological viewpoint.

Argonne National Laboratory (ANL) has been involved in the generatiOn
and analysis of high-temperature, low-cycle creep-fatigue Jata for Types 304
and 316 austenitic stainless steel. The present study suggests that the cur-
rently recommended methods of evaluating creep-fatigue interaction in ASME code
case 15921 should be improved.



Historically, most of the approach's developed to incItide the inter-
action between low-cycle fatigue and creep have been .an extension o the lIIow-
temperature description of low-cycle t.itigut behavior, e.g., Manson's lnavvrsal
slopes and 10% rule2 and Coffin's frequen v-modif ited fat igue 1 itt quat ions. 3,
Iht method of Universal slopes and 107. rule does not recognize t t. L f.-t s of
strain rate and hold times. Coff:n has demonstrated that frequenacv is important
in high-temperature, low-cycle fatigue. The fr:,quencv ef fect is adtnt ical ti'
the strain-rate effect only for the case of cont inuous cycling. However, for
tests involving hold times at constant total strain, the strL'ss relaxed; and the
plastic strain rate decreases cont inuously during the hold time. The detrimental
effect of tensile hold times on tat igue lives is now fairly well etstabl ished 5 -7

for most materials. This is not surprising because a lowering of the strain
rate is associated with more and more grain-boundary sliding (and other et h'cts
that may result from an active environment), and, consequent ly, more damage to
the material occurs resulting in intergranular failure. The frequency-modit led
method fails to take into account the deformation and fracture processes when
cycles with various wave shapes are applied. [Recent lv, Coff in privatee crmmtan-
ication) proposed a frequency-separation method to t.ak' into account wave-sha.pe
effects.1 The recognition of the fact that creep and plastic deformation at tect
the damage processes differently has led to the development of the strain-range-
partitioning technique. 8 -9 Although this approach considers the et feczs of wave
shapes, the rate at which the creep or plastic strain Is .accuulated is ignored.
For example, in the partitioning of the total plastic strain range into ,..
(tensile creep reversed by compressive plastic flow), it is assume-d that tht
damage due to cyclic creep and cvlic relaxat ion are dent Ica!. However, data
generated for Type 304 stainless steel hive shown'0 that the "ep" strain accum-
ulated in cyclic relaxation is more dramaaging than in cyclic creep, a resta It
which can only be rationalized in terms of strain-rate effects. Another approach
for creep-fatigue interaction often discussed is the 1lincar 1ift' traction damage
rule proposed by Robinson 1 and Taira, as discussed by Spera. 1' This met hod
has not been successful because of the inherent assumpt ion that the damage pro-
cess occurs (in a material under a creep-fat igue sit uat ion) l ineat !v with time
and cycle. In addition, all the existing methods are not readily amenable to
the incorporation of the effects associated with mere compl icated wave shapes
other than the ones used by the investigators in their experimental program.

For example, no method exists that can predict the effect of rising mean strain
in low-cycle fatigue at elevated temperatures.

The above discussion is not intended as ia criticism of the existing
approaches but rather is an attempt to appreciate the merits of and accept the
limitations inherent to the predictive tools. Furthermore, the deficiencies
cannot be removed by additional refinements. It should be pointed out that th'e
predictive methods ropose and discussed by Coffin and Manson have led other
investigators to seek new data and search for new alternative approaches which
will lead to a better understanding of creep-fatigue interaction.

The present work recognizes the fundamental importance of plans tic strain
rate in the damage process. When postulating a single damage-rate equatio; in
terms of plastic strain and strain rate (which mny be justified from a mechan-
istic viewpoint), the various processes associated with the effects of strain
rate on the time to rupture during creep or monotonic tensile loading. or the
effects of strain rate, hold times, and rising mean strain on fatigue lives.



an t'. uarint itat ivtIv ' anIdlyzed in .i srnple and unit ied manner. To dart , the
method hl.as bten app Iied successiui1y to data g nerated for Type 304 stain -,
steel it li)uOF (093( ) under a variety of loading conditions. It is aus.
war h ment ion ing t hat hot h (o f f in's t requtincy-modf iled equat Ion and Man.'
ptrtitioned strain-:.caig. * (t iions can hi derived by appI ling the propotd
damage equat ion tic sled i t i, 'lad Ing cond it ions I

I I . 8.S I C D1AMA(;: EOUAT I ON

We assume that a , Iar.ater 1st ic microcrack length a is a measure .1 t 

a umu -atied damage and the tai tare of a Iow-vyeIe fatigue specimen tars As a

rc the extension of iuc 1h preexist in,; microcr:cks or flaws of in it i.al
l to :c rit. ii length of ac. :at which point one tir more microrat k,
Ii ' rm a macroc rac k. The macrocrack. Oce formed, propagates rapidIv
t brmiui.. c ere spec imen. The t ime spent in t;at propaga t ion of a macroerack i , .
In genera!, small compared with the total t ime in a typical low-cycle fat ijuis
text. " in practice, .A might correspond to, for example, the inherent dv t.e-t
size or the size of surface irrugularity of the specimen. and ac. might corre-
vo'ndl1j to .a tew grain diamet ers. But. as will be seen. exact values of tth -

pa ramet irs are not requi red as l ong as .spec imens with i dent is al geomi t n. and
mi rostructure :re used. Furthermore. we assume that :t growth cf *ach ,i, r, -
. r.ck is governed b%- the to Io wing equate ion.

.i k ; in the presence of tensile strts.,)
d.
d t .m . , Y

.dt, m : . (in the presence of compressive strev, )

where .8, a P, and I, are the current microcrack length, plastic strain, and
plastic strain rate, respect ivelv, and t is time. T, C, m, and k are material
parameters that are fun, tions of temperature, environment, and metallurgica:
condition of the material but are constants over limited ranges of plastic
strains and strain rates. Although stress does not appear explicitly in
Eq. (1). it is implicitly involved, because th. plastic strain and the plastic
strain rate can he related to the stress by an equation-of-state theory similar
to that proposed by Hart.1' Ideally, a material structure state variable in-

stead of plastic strain should be used in Eq. (1). For the loading cases
considered in the nresent report. the plastic strain reflects the material
structure state variable.

For continuous cycling over a plastic strain range Ac at a constant
plastic strain rate cp, Eq. (1) can be integrated (Appendix A) to give the
cycles to failure as

dc [/4

.. Nf 2(T + C) lipgtm |cp| dt ,

O0

5
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2Ac
whe e T = -- e .

ep

Performing the above integration and solving for Nf,

-(m+1)

N= m + 1 __ 1-k (2)N 4A 2/ (P '

where

A C + T In a . In (2a)2 a

For tests that involve specimens with identical geometry and microstructure,

A can be considered as a material parameter. Equation (2) can be expressed in
terms of the frequency of cycling (v) instead of the plastic strain rate as

(Ac ~-(m+k)
N 1 m + 1 1-k (3)
f 4A 2

Equation (3) is identical to the frequency-modified life equation proposed by
Coffin.3

As mentioned earlier, ANL has been conducting an extensive series of

low-cycle fatigue tests at elevated temperature for Type 304 stainless steel
at a variety of total strain rates ranging from 4 x 10-6 s-1 to 4 x 10-2 s-1.
Prior to fatigue testing, all specimens were solution annealed at 1092*C for
30 min and aged at 593*C for 1000 h to achieve a fairly stable microstructure.
The material parameters A, m, and k for this particular steel at 593*C were
obtained by a least-squares fit of Eq. (2) to the generated fatigue life by
using data of at least two strain-rate levels. The plastic strain range and
strain-rate values for each test were obtained at half the fatigue life (Nf/2).
It was found that parameters A, m, and k are not constants over the entire
spectrum of strain rates. A plot of these constants versus strain rates is
shown in Fig. 1. Note that parameters A and m show an abrupt transition in
the strain-rate interval of 10-4 to 10-2 9-1. Below a strain rate of 10-5 s-1
they appear to attain constant values. Although m approaches a constant value
above a strain rate of 10-2 s-1, sufficient high strain-rate data are not
available to establish the upper plateau value of A. The parameter k. on the
other hand, shows a gradual increase as the strain rates increase over the
entire strain-rate spectrum of the tests. However, k should saturate at a
value of unity for a high strain rate beyond which the fatigue life becomes
independent of frequency or strain rate. Correlation of data for creep rupture
and low-cycle fatigue life involving hold times with predicted values (dis-
cussed in Secs. III and IV) suggests that parameter k should not decrease
indefinitely as the strain rate decreases. For the purpose of the present
discussion, k has been assumed to saturate to a constant value o' 0.525. The

exact variation of k in the low strain-rate regime is unavailable because of
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Fig. 1. Variation of
'. Parameters A, m, and k

with Plastic Strain Rate
for Type 304 Stainless

Steel at 593 C. Neg.
No. MSD-61799.

the lack of continuous-cycling fatigue data in tlis region. A good estimate

for the lower saturation value of k can be obtained from the monctonic creep-

rupture data (Sec. IV). Thus, parameters A, k, and m display an S-shape

transition behavior. This transitional behavior can be associated with a change
in the fracture mechanism observed in the low-cycle fatigue testing of the

material from a predominantly transgranular mode (with striations on the frac-
tured surface) to a predominantly intergranular mode (no striations, Fig. 2).

It should be emphasized that, for predictive purposes over a limited

range .f strain rates, A, k, and m can be treated as constants. For example,

over the range of strain rates from 1 0 " s-1 to 4 x 10-2 s-1, the use of
average values of A = 11.84, k = 0.81, and m = 1.19 gives reasonable predic-
tion of fatigue life, as shown in Fig. 3. Similarly, values of A = 0.45,
k = 0.62, and m = 0.93 give reasonable predictions for tests carried out at
strain rates ranging from 4 x 10-6 s-1 to 4 x 10-' s-1, as shown in Fig. 4.

Fig. 2. Series of Scanning-
electron Micrographs Showing
Effects of Strain Rate on
Appearance of Fatigue Frac-
ture Surface. Neg. No.
ANL-306-75-230.
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Fig. 3. Comparison of Experimentally Fig. 4. Comparison of Experimenta~lly

Observed Low-cycle Fatigue Lives of Observed Low-cycle Fatigue Lives of

Type 304 Stainless Steel at 593%C Type 304 Stainless Steel at 593*C

during Continuous Cycling with Cal- during Continuous Cycling with Cal-

culated Values using Average Mater ial culated Values using Average Material

Parameters A - 11.84, k - 0.81, and Parameters A = 0.45, k - 0.62, and

m - 1.19. Neg. No. MSD-61792. m - 0.93. Neg. No. MSD-61793.

Although these tests were performed at constant total strain rate rather than

at constant plastic strain rate, the error in assuming a constant plastic

strain rate can be shown to be small. as discussed in Appendix B.

III. HOLD-TIME EFFECTS IN LOW-CYCLE FATIGUE

Consider a fatigue test in which a predetermined period of hold time

at constant total strain is imposed both at the maximum tensile strain and the

maximum compressive strain limits in addition to cycling at a given strain

range with zero mean strain. When the hold times in tension and compression

are equal, the tests will be referred to as tests with symmetric hold times.

On the other hand, fatigue tests can be run where only tensile hold time is

applied with zero compressive hold time or vice versa. These three types of

tests that involve hold-time periods ranging from 1 min/cycle to 600 min/cycle

have been carried out at ANL for Type 304 stainless steel at 593*C. In the

majority of these tests, the stress relaxes rapidly at the beginning of the

hold time, and the relaxation data show an instantaneous drop in stress be-

cause the recording instrument does not have adequate response time. Part of

the drop in stress is due to anelastic effects and should be nondamaging. In

any case, the rapid drop in stress implies a high plastic strain rate over a

short period of time and consequently causes little damage. Beyond the initial

drop in stress, the stress-relaxation behavior can be described by the follow-

ing equation:
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o -o 0 - B In t, for t > tl, (4)

where oo, B, and t1 are constants for a particular test. It should be noted
that Carofalo 1 5 and Conway et al. 1 6 have also observed similar stress-relaxat ion
behavior for many materials including Type 304 stainless steel. For shorter
times during the hold-time period, Eq. (4) has been extrapolated by means of
the following equation:

o - oo' - B' In (t + to), for t < tl, (5)

such that the initial condition of stress is satisfied. However, the damage
in the short and intermediate time periods in all cases is found to be small
compared with the damage accumulated at large t where Eq. (4) is valid.

When computing the damage during a hold-time fatigue experiment. we
note that the plastic strain rate is constant and the plastic strain changes
during the cyclic part of the loading, whereas the plastic strain is approxi-
mately constant and the plastic strain rate varies during the hold-time periods.
Thus, integrating Eq. '1) with respect to time and crack length,

ac t/4

- Nf 2(T + C) |i tim . k dt + (Ep m

ao0

H T l.1 k dt + |cEPfint H C Pl |k dt].

0 0

Using Lq. (2a) the above equation can 'e reduced to

1 4A_ (jAE ~ -l*Z
U .- )k-1c~ + Ice IM 1 2A Ik dt pk ++ |c2P max I+ C/T p

0

+ Lmin H 1 4T Ik dt, (6)

where r pmax is the plastic strain a. the beginning of the tensile hold time,

Ci is the plastic strain at the beginning of compressive hold time, and tH

is hold time. We define the first term on the right-hand side of Eq. (6) as
the cyclic damage per cycle and the second and third terms as the hold-time
damage par cycle. It should be mentioned that the above approach does not

imply that the damage per cycle. i.e., the crack-growth per cycle, is constant

throughout life. Also, it should be noted that the cyclic damage is computed
using the appropriate values for parameters A, k, and m, depending on the

plastic strain rate during cycling. The hold-time damage, on the other hand,
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is calculated by numerical integration using the appropriate values of the
parameters that correspond to the plastic strain rata, which varies cont inu-
ously during the hold time.

Table I shows a representative sample of hold-time fatigue data to-
gwther with the lives that have been computed using Eq. (4) and the various
stress-relaxation data at half life from each of these tests, as shown in
Figs. 5-11. The maximum stress at which relaxation begins, the total stress
relaxation, and the plastic strain rates at the midpoint ;ind end of the hold-
time period are also reported in Table I. The plastic strain rates are
obtained by fitting the stress-relaxation data to Ejs. (4) and (5) and then
differentiating and dividing by Young's modulus, taken to be 150 x 103 MPa.17
When computing the damage during hold time, the value of T is assumed to be
four times greater than the value of C. This assumption seems to predict
the compressive and symmetric hold-time data reasonably well. However, it
should be pointed out that fatigue data with compressive hold times are not
extensive, and the compressive hold times used are not of sufficient length
to firmly establish that T - 4C. Note that compressive relaxation behavior
is quite similar to the tensile relaxation behavior for the test with sym-
metric hold time (Fig. 10). However, the stress-relaxation curve for the test
with symmetric hold time is significantly different from that of the test with
tensile hold only. The less detrimental effect of symmetric hold time com-
pared with tensile hold time can thus be explained for Type 304 stainless
steel in terms of the different stress-relaxation behavior The last two
tests in Table I refer to cyclic creep tests in tension hold only. i.e.. the
tensile stress was held constant during the hold-time period of each cycle,
and the specimen was allowed to creep until a predetermined amount of total
strain was reached. Because the maximum stress during hold time could not be
controlled exactly at the same value in each cycle. th% creep rate and, con-
sequently, the hold-time period varied significantly from cycle to cycle.
The creep rates and hold times used for calculating fatigue life were obtained
by averaging over ten cycles at approximately the half life of each test.
Note that in all cases the predicted life differs b% less than a factor of
two from the experimentally observed life.

IV. TENSILE AND CREEP RU PTU1RE

During a monotonic tensile or creep "st, we assume a crack-growth
(or void-growth) law similar to Eq. (1) as follows:

da/dt a a T' L pi k . (7)

where T', in general, is different than T. but k and m are identical with those
used in Eq. (1). [Correlation of measured time to tensile and creep-rupture
data with predicted values for Type 304 stainless steel at 593*C suggests that
parameters k and m which determine the slope of the plot cif rupture time versus
strain rate, Eq. (8), are the same under both monotonic and cyclic loading
conditions for this particular material.I With the assumption that Jp is the
constant total strain rate during a tensile test and is the steady-state creep
rate during a creep test. integration of Fq. (7) leads to
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Fig. 8. Cyclic Stress Relaxation
of Type 304 Stainless Steel at
593C for a Tensile Hold Time
of 180 min/cycle. Neg. No.
MSD-61798.
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Fig. 9. Cyclic Stress Relaxation
of Type 304 Stainless Steel at
593*C for Tensile Hold Times
of 1, 10, 15, and 600 min/cycle.
Neg. No. MSD-61796.
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f +1 InAc
T 

a)/+ .)1-k/+m
(9)

where tf is the time to failure, and Cf is approximately the ductility. Equa-
tion (8) is identical to the well-known Monkuan-Grant relationshiple between
the steady-state creep rate and time to rupture in creep experiments. A plot
of Eq. (8) using values of the parameter from Fig. I together with some ten-
sile and creep-rupture datal' "1- for Type 304 stainless steel at 593*C is
displayed in Fig. 12. Note that the data for the solution-annealed and aged
material agree remarkably with the predicted values. However, data for the
solution-annealed material fall below the predicted curve. This is to be ex-
pected because the predictions are based on material parameters that were
determined for the solution-annealed and aged material. The long-time creep-
rupture data for the solution-annealed material tend to approach the predicted
curve, as would be expected. The sharp change in the slope of the predicted
line (Fig. 12) corresponds to a transition from the intergranular to trans-
granular failure mode. The results demonstrate that parameters k and m derived
from the low-cycle fatigue data are applicable to a monotonic loading situation.
In addition, the results permit a comparison of cyclic and monotonic loading
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damage. For example, the value of T' required to achieve the proper level of
time to rupture indicates that the damage or crack-growth rate under completely
reversed cyclic loading is '15 times higher than that under monotonic loading
(i.e., T 15T') at the same plastic strain, strain rate, and crack length for
this particular steel at 593*C.

V. EFFECTS OF RISING MEAN STRAIN ON LOW-CYCLE FATIGUE LIFE

Consider a fatigue test in which a constantly rising mean strain rate

em is superimposed on a constant cycling at a plastic strain range of Ac .
Integration of Eq. (1) for this particular situation leads cc, :he following
equation for cycles to failure (Appendix C):

Nf* V- Nf -3

a2 Nf + 3Nf - 3N f 0
0

41

Q *.--" ,

At I (l4U)
N[ e +

for NfQ (10)

(108)

(1) 1-k (10b)

Since the mean plastic strain in a rising mean strain fatigue test increases
continuously, the material never cyclically saturates completely. Consequently,
the value of A * Aef I used to compute Nfo in Eq. (10b) should be approximately
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between the value of A for the cyclically saturated material and A', the value
of A for a virgin material. Analysis of the creep-rupture data in Sec. IV
showed that the cyclic parameter T was 15 times greater than t 1K monotonic
parameter T'. Since C for Type 304 stainless steel is much smaller than T. it
is reasonable to assume th it A, def ined by Eq. (2a). ISA'. Since the material
cyclically saturates to a greater extent under a slower rising mean strain test
than under n higher rising mean strain rate test, the value of Acgf should be
closer to A for a slower rising mean strain test than for the higher rising
mean strain test.

A plot of the calculated cycles to failure, using Eqs. (10a) and (10b),
versus the rising mean strain rate together with some test data for Type 304
austenitic stainless steel at 593*C are shown in Fig. 13 for two values of
strain ranges. The solid lines in the
figure refer to the lives corresponding
to Aeff - A and Aeff - A'. However, At %

the rising mean strain rates in All "E dt

the tests are sufficiently high so that - *
the calculated lives that correspond e

to Aeff - A' are close to the test data. 1
Note that the lower strain range tests !

are more suscept ible to reduction in
life than the higher strain range tests
carried out at the same rising mean a

strain rate.

P
Although few test data are a

available to bear out the predicted
lives over a broad range of rising
mean strain rates, the general trend .0 90 o' o' o' .0

in the test data is in close agreement " IN& IMA maI I"I

with the predicted values. Fig. 13. (:alcuilated and Observed
Variation of Cycles to Failure of
Type 304 Stainless Steel at 593'C
with kRi-ing Mean Str.ain Rate.
Neg. No. MSD-6.2106.

VI. MECHANISTIC CONSIIDER)ATIONS

The sechanist i basis for the proposed approach to damage analysis
will be discussed. The approach is appl icable to spe- imens of microscopic
size (i.e.. much larger than grain size) and to cases for which severe plastic
instability is absent during a major portion of the life.

We ausume that three major types of damage are produced by detormat ion,
whether monotonic or cyclic.I''' 1 Thlse are schematically represented in
Fig. 14. Type A damage usually occurs at low homologous temperatures and/or
at high strain rates where the deformation of the spIcimen is controlled by

grain-matrix deformat ion processes. This type of drnage generally leads to
tranagranular failure of the material. The rate of crack propagation in thIw
type of fracture is controlled by crack geometry and applied stress.
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TYPE A
Fig. 14. Schematic Representation

of Transgranular (Type A) and In-
tergranular (Types B and C) Damage
Mechanisms during Creep-fatigue
Loading Condition. Meg. No. MSD-
61789.

TYPE e

TYPE C

Type B damage, in the form of wedge cracks at grain-boundary inter-
suctions, usually occurs at higher temperatures and/or lower strain rates
.Ompared with the conditions that favor type A damage. Type B damage leads
to interg;anular failure tt the material. Grain-boundary sliding plays an
important role in both the initiation and propagation of this type of crack.,-
At temperatures and strain rates where the wedge-type crack predominates, grain-
boundary sliding contributes significantly to the deformation of the specimen.
The incompatibility between the grain-boundary sliding and the grain-matrix
deformation is the main cause of this type of crack. This type of crack can he
easily initiated, particularly in the presence of cyclic loading. The extent
of grain-boundary sliding also controls the rate of crack propagation. It has
been shown experiment lly-' that, at a given temperature and strain rate, the
contribution of grain-boundary sliding to plastic deformation depends upon the
magnitude of the applied stress.

Type C damage, in the forn of grain-boundary cavities, usually occurs
at higher temperatures and/or lower strain rates than those favoring wedge-type
cracks. This type of damage also leads to intergranular failure of the material.
The initiation of cavities is associate) with grain-boundary sliding and occurs
early in life. However, its growth has been shown to be controlled by stress-
induced mass transport.i''- ' The growth of these cavities eventually leads to
link-up and results in failure. The driving force for the stress-induced mass
transport is the normal stress at the grain boundary. The grain boundary serves
is the source of vacancies and the cavities serve as sinks.

During the tensile hold time, the cavity growth will continue, although
significant plastic deformation is absent. Since the cavity growth rate de-
creases as the applied tensile stress decreases, the growth rate will diminish
as the stress relaxes during hold time. Under compressive stresses, cavities
have been observed to shrink with time.l 5 This possibility is consistent with
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the experimental observation that compressive hold time is less damiaging than
tensile hold time in many materials, and, in fact, compressive hold time would
be beneficial if cavity growth by diffusion were the only damaging process.

The rate of damage due to cavity growth will depend on the cavity den-
sity. The increase in number density should result in reduced life. Irvins,'
and Evans and Skelton 27 have measured the number density of grain-houndary
cavities produced by both monotonic creep and cyclic deformation in a magnesium
alloy. They have found that the cavity density is less by a factor of '20
under monotonic creep than under the cyclic-lading condition. Similar obser-
vations have been made by Gittus2 8 for copper. In addition, HilF2 9 has noted
that grain-boundary cracking in 1% Cr-Mo-V steel occurs to a greater extent in
fatigue tests with hold times than in creep-rupture tests with the same time
to failure.

These observations are consistent with our results, suggesting that
cyclic deformation is more damaging than monotonic deformation even for the

case where grain-boundary cavitation is the predominant damage mechanism.

It should be noted that, in any test, various combinations of the three
types of damaging processes are possible. However, depending on the tempera-
ture and strain rate, one of the processes will te more important than the other
two. The transition from one damaging process to another can he correlatLA with
the transition in the rate-controlling processes for plastic deformation. 30 .
It is suggested that the mode of plastic deformation forms an important physical
basis for the approach proposed in the present paper.

Based on the damage processes discussed previously, it is seen that the
rate of damage accumulation in all cases is a function of the applied stress.
According to the recent development in the plastic equation of state, 30 the
magnitude of the applied stress is defined at a given temperature by the state
of hardness, i.e., material structure state and plastic strain rate. Since an
analytically convenient material-structure-state variable is not currently
available, the plastic strain, at a given strain rate and temperature and in
the absence of large thermal aging effects, is assumed to reflect the structure
state of the material. Thus, together with the plastic strain rate and temper-
ature, the plastic strain defined the applied streets.

A typical stress versus plastic strain-rate plot for a Type 316 stain-
less steel 3Z at iOO*C is shown in Fig. 15. According to the plastic equation-
of-state theory,3 0 the high strain-rate portion of the curve is identified as
being controlled by grain-matrix deformation. As the strain rate is lowered,
the contribution of grain-boundary sliding becomes important, resulting in an
increase in the slope of the curve. At the low strain-rate end of the S-shape
curve, the grain boundary offers little resistance to deformation such that
the slope of the curve is controlled by grain-matrix deformation processes
again. Similar effects of plastic strain rate on the damage processes have
been discussed. The transition in the damage parameter shown in Fig. 1 occurs
roughly at the same strain rates as the transition in Fig. 15. Additional de-
velopment is required, however, to Letter understand the physical significance
of the parameters used in the data analysis and also to incorporate into Eq. (1)
a better measure of material-structure state than plastic strait.
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VII. DISCUSSION OF RESULTS

In the present investigation, a creep-fatigue damage-rate eqguation,
in terms of a current characteristic crack length, plastic strain, aitd plastic
strain rate, has been proposed. The phenomenological theory has been used to
quantitatively describe and analyze the damage phenomena encountered in mono-
tonic creep and creep-fatigue interaction. Inherent in this approach is the
recognition that the accumulated plastic strain over a deformation path as
well as the rate at which the strain accumulation occurs over th. path are

important. The method has been used successfully to explain a representative
sample of the extensive elevated-temperature data generated for austenitic
Type 304 stainless stee' under a variety of loading conditions, both monotonic
and cyclic.

The results obtained in the present study clearly demonstrate the im-
portance of plastic strain rate on the damage-accumulation processes. Thus,
for example, in a low-cycle fatigue test with tensile hold time only, the
damage accumulated during the hold time will be greater for a cyclic relaxa-
tion test than for a cyclic creep test with the same creep strain increment
during the hold time. This is contrary to one of the basic postulates of the
strain-range partitioning technique where the damage in cyclic creep is assumed
to be identical to the damage in cyclic relaxation provided the accumulated
creep strains are equal. The strain-range partitioning technique implicitly
assumes that predictions for cyclic-relaxation tests with long hold times can
be made by obtaining data from cyclic creep tests which can be run in the
laboratory in much shorter times. The present analysis suggests that such a
procedure can be highly unconservative, particularly for cyclic-relaxation
tests at small strain ranges with long hold times which are of great interest
to designers. To demonstrate this, first consider a cyclic creep test with
creep strain Atc accumulated during the hold time of each cycle. Hanson
et al. 8 had originally proposed a linear damage rule according to which the
damage during the holJ time, denoted by 1/Ncp, was related to Accp by a power
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law and was determined by best fit from test data. The damage can be calcu-
lated by the present method by integrating Eq. (1) over the hold-time period
as

( 

-m tH dk

N T (2~m~t .k d t
cp

or

1- T k tA
N 2 p H
cp

Noting that ep tH t Accp, the above reduces to

1 AE m

N = T - .pk-1 AE (11)
cp ~ 2 p cp (1

or

N 1 A-kp -1-. (12)
cp T 2 p cp

Using the values T = 0.64, m = 0.92, and k = 0.525 for Type 304 stainless
steel at 593 C from Fig. 1 and approximately relating Ep to the plastic strain
range AEp (from the last two tests in Table I) by

(AE 0.44

C -2.75 x 10-6 p..
p2

Eq. (12) can be reduced to

11C 
-1.7

N = 3.57 x 10-3 Ac -1. (13)
cp 2cp

Equation (13) shows that Ncp is not uniquely related to Accp because it also
depends on the plastic strain range.

Subsequently, to obtain a bctter prediction of fatigue life, Kanson9

proposed the interaction d age rule that stated the damage during the hold
time is given by (Ac /AE/N . Replacing the left-hand side of Eq. (11) by
(Accp/Atp)/ Ncp and prgcee$ ng is before, the following can be derived:

AE -1.71

N - 1.784 x 10-3 -_ 1 (14)
cp 121
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Thus, the interaction damage rule provides a power-law relationship between
Nc and AE , independent of AE cp, for the cyclic creep tests. Equations (12)
and (14) also explain why the interaction damage rule was favored over the
linear damage rule. A plot of Eq. (14) is shown in Fig. 16, and it is close

to the N p versus AEp plot reported by
Diercksl who obtained the plot directly
from cyclic creep data. However, the
relationship between Ncp and Acp for
cyclic-relaxation tests is not as simple
as Eq. (14) because it ii volves A c '

CYCLC CREEP This is due to the fact that, unlike the
OT ~T cyclic creep tests, the plastic strain

001 rate during the hold-time period of
600, cyclic-relaxation tests decreases con-

tinuously with time. Values of Ncp, for

the cyclic-relaxation tests given in
Table I, can be calculated by equating
the hold-time damage reported in Table I
with (AEcp/E )/Ncn. Eight such values

ao . are shown in Ng. 16, which also includes
N(V.CYCLES the duration of hold time in minutes per

cycle of each test. Note that the Ncp
Fig. 16. Calculated AE vs Ncp values computed from the cyclic-relaxation
Values for Type 304 Stainless tests are smaller than those computed from
Steel at 593*C Using Cyclic the cyclic creep tests, and the difference
Creep and Cyclic Relaxation is larger the larger the hold time and
Lives. Neg. No. MSD-61843. smaller the plastic strain range. Thus,

the use of the Ncp versus Ac curve ob-

tained from cyclic creep tests carried
out at large strain ranges to calculate lives of specimens subjected to cyclic
relaxation at small strain ranges with long hold times by the strain-range
partitioning method could result in highly unconservative estimates. It is
interesting to note that Diercks. 1 0 in his analysis of Type 304 stainless steel
fatigue data by the strain-range partitioning technique, observed that a better
prediction for cyclic-relaxation tests could be made by a AE versus Nc curve,
which lies to the left of the curve derived from cyclic creep data.

Another topic that is of considerable interest to the designers in low-
cycle fatigue is "saturation," i.e., whether the cycles to failure reach a
lower limit for a sufficiently long hold-time period beyond which an additional

increase in hold time does not affect the cyclic life. According to the present
approach, saturation will occur only if the plastic strain rate becomes zero,
i.e., no additional stress relaxation during the hold time. Figure 15 shows
that the stress versus plastic strain-rate plot obtained from a stress-relaxation
test tends to level off at a strain rate of 10-9 s-l. However, insufficient
data points exist at slower strain rates with which to establish that no addi-

tional stress relaxation occurs. A similar trend is also exhibited in the

stress-relaxation plot of test 528 (Fig. 9) at a hold time of 600 min. If the

slope of the stress-relaxation curve rerzhes zero or close to zero, then,
according to the present analysis, saturation will occur for all practical

purposes. This, however, cannot be concluded at the present time without per-
forminj additional tests that involve a longer hold time than 600 min. In
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addition, the hold time to saturation, if it occurs, will also depend on the

strain range and temperature. Furthermore, the effects of aging and an active
environment will become important in long hold-time tests. These effects can-
not be fully evaluated by means of short-term tests in the laboratory.

To study the effects of vario-s wave shapes, four hypothetical tests
(at 593*C) with tensile hold times only were selected for Type 304 stainless
steel. Each case was analyzed for a constant plastic strain range of 1.7%
with tensile hold times ranging from 1 to 180 min. In al cases, an average
time of 10 s was allowed for the cyclic part of each cycle. This cycle,
referred to as the trapezoidal case, was, in turn, replaced by continuous
triangular, parabolic, and Finusoidal wave forms (Appendix B, Fig. B.1) with
the same strain range and time period as the trapezoidal case. The damage
for the trapezoidal case was analyzed by using relaxation data obtained from

ANL tests. The damage for the continuous cycling was calculated by using
Eqs. (B.7)-(B.9), dcoending on whether the equivalent plastic strain rate
corresponded to the intergranular, mixed mode, or transgranular failure mode.
The results displayed in Table II show that replacement of a trapezoidal strain
cycle by a triangular, parabolic, or sinusoidal wave shape does not influence
the fatigue life significantly. The implication of the above exercise is that,
in tensile hold-time tests, wave-shape effects are not significant, at least
for the wave shapes and time periods considered. Because of the weak depen-
dence of fatigue lives on wave-shape effects, Coffin's frequency-modified life
equation can be extended to predict the influence of tensile hold times on
fatigue life with some success. 33

TABLE II. L-ffect of Wave Shapes on Low-cycle Fatigue Life
of Type 304 Stainless Steel at 593*C

Predicted Nf Predicted Nf

Trapezoidal . _ Triangular Parabolic Sinusoidal
A ~p, y T, s Case pave 9 Case Case Case

1.7 70 440 4.79x10-4 410 378 369

1.7 910 220 3.73x10-5 184 191 183

1.7 3610 141 9.42x10-6 118 123 118

1.7 10810 75 3.14x10-6 57 59 57

However, the preceeding conclusions are not valid for cycles with com-
pressive or symmetric hold time or for cycles with a highly asymmetric shape,

such as in the case of sawtooth cycling (Fig. 17) where a cycle may consist of

a slow rate of loading followed by a last rate of unloading (slow-Last) or

vice versa (fast-slow). Although these types of tests have not been performed
at ANL, it may be shown by the present approach that, for Type 304 stainless
steel, slow-fast cycling would be more damaging than fast-slow cycling. Coffin

has experimentally observed ePch a behavior for Type 304 stainless steel.
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Fig. 17. Schematic of Variations
of Stress and Plastic Strain with

To show this, first note that, accord-
ing the present analysis, the damage
incurred during the high strain-rate
portion of the cycle is small compared
with that incurred during the slow
strain-rate part of the cycle and may
be ignored in the present discussion.
Also, during a slow rate of straining,
approximately four times more damage is
accumulated in the presence of tensile
stress than in the presence of compres-
sive stress. Figure 17a shows that the
majority of the time spent in the slow
part of a slow-fast cycle is under ten-
sioa, whereas Fig. 17b shows that the
majority of the time spent in the slow
part of a fast-slow cycle is under com-
pression. Consequently, the slow-fast
cycling would be more damaging than the
fast-slow cycling, although a mean com-
pressive stress is present in the former
case and a mean tensilL stress is pres-
ent in the latter.

Time during Sawtooth Cycling.

Neg. No. MSD-623]1. In addition to wave shape, other

variables must be considered, such as
surface roughness 34,3 5 and environmental

effects. 36 ,37 It is important to note that the values of the material param-
eters used in calculating creep fatigue damage in the present report are based
on fatigue test results obtained in air. These parameters may be different for
different environments. In addition, these parameters will be functions of
temperature -- a subject that is currently under investigation at ANL. Tests
with different strain rates and hold times conducted under ultrahigh vacuum
conditions (<10-8 Torr) with known impurity levels in the environment chamber
should clarify the role of the environment in creep-fatigue interaction. Such
tests are currently in progress at ANL.

VIII. CONCLUSIONS

A creep fatigue-damage-rate equation in terms of current plastic st ain,
strain rate, and a characteristic crack length has been presented. Although
the basic approach is phenomenological, it can be justified qualitatively from
a mechanistic viewpoint. The method so far has been successfully applied to
compute damage and analyze the failure behavior of Type 304 stainless steel at
593*C under various monotonic and cyclic loading conditions. Since the basic
damage equation is of an incremental type, it has a potential use for analyzing
damage due to several deformation paths that are of interest to designers of
structural components which operate at elevated temperatures. Additional
tests involving different materials and temperatures and more complicated
loading histories are required to verify the present approach.
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Addendum

H. D. Solomon, Met. Trans. 4, 341-347 (1973).

After the present report was completed, the authors were informed of the
publication by Solomon in which he proposed an equation similar to our
Eq. (1). However, he used frequency instead of plastic strain rate to
study macroscopic crack propagation.
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APPENDIX A

Damage Due to Continuous Cycling at Constant Plastic Strain Rate

Figure A.1 contains the typical stress response for a constant plastic
strain-rate fatigue test with strain range Acp and tim,: period T. Note that
the stress and plastic strain do not simultaneously achieve zero values.
Assuming the hysteresis loop shape is symmetric, the damage during the tension
half of the cycle, DI, is obtained from integrating q. (1) as

/2

DT U Dab + Dbc + Dcd - T

0

Dab * T

0

I(pI lk dt

|E t - i T k dt

- T (T - t)] &, k dt

0

- T f Etm jk dt

0

T1 +T/4

Dbc - jt - p T 1m I k dt

T1

T1+T/4
m

ST] [(t - 1)

T /4

- T |Tptim kIk dt
0

T/2

Dcd - T

T 1/4

k
Ic k dtp

(A.2)

2- Ep(t - tl - T/4) I~Ik dt .

(A.1)
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Fig. A.!. Schematic of Variations
of Stress and Strain with Time

during Continuous Cycling. Neg.

No. MSD-61839.

Noting that Ac /2 - P /, then

Dcd T /2

+1/4
1

t/4

. T

1

?k dt

|iptm 1Epk d .

Adding Eqs. (A.1)-(A.3),

f /4

DT * 2T
0

I tm I Ik dt .

Similarly, the damage for the compression half of the cycle, DC, is given by

/T/4D 2C

0

| ti pk dt.

Thus, the total damage per cycle is

DT +Dc 2(T+C) /0
11 im tIk dt .
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APPENDIX B

Wave-shape Effects

Consider three types of su:ain cycling, each with the same plastic

strain range Ac and time period t but one with constant plastic strain rate
so that (IFig. B.1)

AL
c (t) -- - o = t 1 1/2. (B.1)

A second follows a parabolic law so that

C (t) -2 - l , o :i t< 11t2, (B.2)

and the third follows a sinusoidal form so that

e
(t) - - cos (2w t/) . (B.3)

p 2

The cycles to failure for the first case is given by Eq. (2) as

(A -C 2A \1-k

f 4A 2 1 l

or

( 

1 Ac -(m+k) 41-k -- B4

f 4A 2 (B.4)

- TRIANGULAR
- -- SINUSOIDAL
-"-- PARABOLIC

/, . F
.. . . .j

. - .. 't

Fig. B.1. Schematic of Various Wave Shapes.
Neg. No. NSD-61788.
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P'.arabolic Case

For the second case integrating Eq. (1) and using Eq. (B.2),

a
in

a
0

1/2 8Ac t k 4Ac t 2  AI 1
- N f (T + C) - -- - - 2 dt.

2 L2 2 2

Using Eq. (2a),

'+k

- 2A e (T)1-k 
I

p'/2
r- , 16t)kth mI

Since m is close to unity in all cases (Fig. 1), the integral above is evalu-
ated approximately by putting m * 1 to give

1 'k+2 2_____ k+1 ____ 2 __4___+3_- 2 k +1 f k+1 +3 k+3

(A m+k 1-k(B)

Sinusoidal Case

For the third case integrating Eq. (1) and using Eq. (B.3),

a
In ac

0

!;+m

- Nf 2(T + C) / 2y- p

-sin 2t/tk dt
I I

(cos 2wt/t)m

or, using Eq. (2a),

* 4A k+m k t/4

4 A -I 1 0

Making the approximation m a 1, the above can be reduced to

4A AC k+

k + 1 ~2

1

Nf2
dt .

1

Nf3

1

Nf3
(B.6)(1 /2w) 1-k

cos 2i t sin dt .
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"Intergranular" Case

In the "intergranular" case (ep < 10-6 s~-)
m - 0.92. Putting these values in Eqs. (B.4)-(B.6)

I -1.445
N - 2.318

IE A-1.445
N - 2.396

f2

I Ac-1.445
Nf - 2.282

3

A - 0.4, k * 0.525, and

(1/T)0.475

(1/T)0.475

(1/T)0.475 (B.7)

"Mixed-mode" Case

In the "mixed-mode" case (10-6 s-1 < < 104 s), A - 0.45, k = 0.62,
and m - 0.93. Putting these values in Eqs. (B?4)-(B.6),

Nf
1

Nf
2

Nf
3

AE -1.55

- 1.834 ( )

AE -1. 55

- 1.907 (Ac

. A )1.55

-1.928 -

(1/T)0.38

(1/T)0 .38

(1/T)0.38 (B.8)

"Transgranular" Case

In the "transgranular" case (EP > 10-4 s-1), A - 11.84, k - 0.81, and
m - 1.19. Putting these values in Eqs. (B.4)-(B.6),

Nf
AE -2

-0.0605 -2

-2

N - 0.0558

(E -2Nf w 0.0544
3

(T)0.19

(1/T)0.19

(1/T)0.19 (B.9)
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APPENDIX C

Ri.ing Mean Strain-rate Tests

Consider a constant rising mean strain rate (im) superimposed on
cycles with constant plastic strain range AEp at a plastic strain rate

ip >> cm) such that after N cycles the mean strain is N Em (2Acp)/mp
(Fig. C.1).

Fig. C.l. Plastic Strain vs
Time Plot for a Typical
Rising Mean Strain Rate
Test. Neg. No. MSD-61790.

The crack growth per cycle after N cycles is then given by integrating
Eq. (1) over one cycle [time period T - (lA p)/EpI as

d/4

-ln (T + C)

-T/4

2NAc + m
-p + El t Ep(dt .

I,

Defining

4E

p

the above can be reduced to

dlna - (T + C) |I |k+-m
t/4

-t/4

M
I a T t)dt .

Taking into account that the integrand within the absolute sign changes sign
at N - 1/a. the above integral can be evaluated as

(T + C) 2J

1-k (1 - uN)m + (0 + aN)ts+l for N <a

1 kp d lna -
C

dN
(aN 1) - (N - 1) for N >

N r20"p )

tont
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Integrating the above equation from a - ao to a = ac and N = 0 to N = Nf and
transposing,

(1 + aNf) - (1 - aNf)m+2 for Nf <-a

2a(m + 2)Nf -

(aNf + 1) - (aNf - 1) for Nf > 1,a

where
-(m+1)

m+1 a dAt
N -m + 1 In ace
f 2(T + C) a 2
0

(C.1)

I I1-kp

Using Eq. (2a), the above equation can be rewritten as

m+- +1
N = m + 1 1
f 4A 2e
0

Since m is close to unity in all cases
able one to simplify Eq. (C.1) to

Nf- a Nf- 1

and

(Fig. 1), the assumption of m - 1 en-

forNf >

for N3 < -a2 N 3 + 3 Nf - 3N f= 00 (C.2)

.I1-k
p


