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A UNIFLED AND MECHANISTIC APPROACH Tu CREEP-FATIGUE DAMAGE
by

S. Majumdar and P. S, Maivya

ABSTRACT

A new creep-fatipue damage-rate equaiion i{s proposed that
takes {into account both plastic strain and strafin rate., The
coefficients and exponents in the damage-rate equation are inter-
preted by means of the various damage mechanisme of the materfal,
The damage-rate equation has been Integrated to analvze various
phenomena such as the offects of plastic strain rate on monotonic
teasile or creep rupture time, rising mean strain on the low-cycle
fatf{pue behavior at elevated temperature, tensile and compressive
hold times on the low-cvele fatigue life at clevated temperature,
ond cvcllr crevep. The proposed approach has been successfully
applied to elevated-temperature data generated at Argonne National
lLaboratory and clscewhere for Type 304 austeniric stainless steel
under varlous monotonic and cvelic-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
th» 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 18 accumulated. Thus, the
damage due to several loading historfes of interest can be com-
puted in a simple and unified manner.

1. IN{RODUCTION

Low-cycle fatipgue ot elevated temperature {8 an {mportant comsideration
in the design and operation of structural components for many nuclear and non-
nuc lear applicatfons. Fatigue failure can occur under the combined action of
creep and fautigue, which involves a complex strain-cycling pattern. This situ-

atlon makes creep-fatigue interaction sensitive to variables such as temperiiuic

wave-shape pattern, strain rate, and cnvironment. Despite the active interest
and the work concerning thisn pioblem, creep-fatigue interzction remains a chal-
lenging arca of research and is perhaps one of the most poorly underatood
phenomena both from a fundamental and technological viewpoint.

Argonne National Laboratory (ANL) has been {nvolved in the generation
and annlysis of high-temperature, low-cycle creep-fatigue data for Types 304
and 116 austenitic stainlesa satecl. The present study suggests that the cur-
rently recommended methods of evaluating creep-fatigue interaction in ASME code
cane 1592! ghould be lmproved.
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Historically, most of the approachkes developed to include the (nter-
actlon between low-cycle fatipue and creep bave been an extension ol the low-
temperiture description of low-cycle tatlgue behavior, ¢.ope., Manson's Universal
slopes and 10% rule and Coffin's frequeniy=-modifiled fatigue life rqualiuns.]*“
The method of Universal slopes and 102 rule does not recognize the offcts of
strain rate and hold times. Coftin has demonstrated thar frequency is (mportant
in high-temperature, low-cycle fatigue. The frequency et tect Is adentlceal to
the strain-rate effect only for the case of continuous cyrling., However, tor
tests involving hold times at constant total strain, the stress relaxes and the
plastic strain rate decreases continuovsly during the hold time.  The detrimental
effect of tensile hold times on fatigue lives is now tairly well established®=7?
for most materials. This is not surprising hecausde o lowering of the strain
rate is associated with more and more grain-boundary sliding (and other ettocts
that may result from an active environment), and, consequently, more damage o
the materfal occurs resulting in intergranular faflure. The trequency-moditfed
method fa{ls tu take Into account the deformation and fracture processes when
cvcles with various wave shapes are applied. [Recently, Coffin (private commun-
ication) propused a frequency-separation method to take into account wave=shape
effects.] The recognition uf the fact that creep and plastic deformation attect
the damage processes differently has led to the development of the strain-range-
partitioning technlquc.a'9 Although this approach considers the etfects of wave
shapes, the rate at which the creep or plastic strain = acrumulated §s ignored.
For example, in the partitioning of the total plastic straln range Into Sen
(tensile creep reversed by compressive plastic flow), it is assumed that the
damage due to cyclic creep and cvelie relaxation are [dentical, However, data
generated for Type 304 stainless steel hive shown!? that the "op" strailn accum-
ulated in cyclic relaxation f{s morce domaging than in cvelic creep, a result
which can only be raticnalized In terms of strain-rate offects.  Another approach
for creep~-fatigue Interaction often discussed is the linear 1fe traction damage
rule proposed by Robinson!! and Taira, as discussed by Spera.!'  This method
has not been successful because of the inherent assumption that the damage pro-
cess occurs (in a material under a creep-fatigue situation) lincarlv with time
and cycle. 1In additfon, all the extsting methods are not readily amenable to
the incorporation of the effects associated with mere complicated wave shapes
other than the ones used by the Investigators in thelr 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 a criticism of the ex{sting
approaches but rather is an attempt to appreciate the merits of and accept the
limitations inherent to the predifctive tools. Furthermore, the deflclencies
cannot be removed by additional refinements., 1t should he polnted out that the
predictive methods roposed and discussed by Coffin and Manson have led other
fnvestigators to svek new data and search for new alternative approaches which
will lead to a better understanding of crecp=fatigue interaction,

The present work recognizes the fundamental importance of plastic strain
rate In the damage process. When postulating a single damage-rate equatlon in
terms of plantic straln and atrain rate (which may be justified from o mechan-
Istic viewpoint), the various processes associasted with the ¢ffects of strain
rate on the time to rupture durfing creep or monotonic tensile luading, or the
effects of strain rate, heold timesa, and rising mean strain on fatigue lives,



cary be ogquantitatively analyzed in g wiople and uniticed manner. To date, the
method has been applied successturly to data gonerated for Type 304 stainleas
stecl ot FIOO°F (99370 ) under a variety of loading conditions. It is also
worth ment{oning that both Coffin's trequency-modified cquation and Man-on'-
partitioned strain-tange quations can be derived by applving the propo-.od
damage cquatlon to specitic loading coadit fons,

IT. BASIC DAMAGE EOUATION

We assume that a dharacteristlic microcrack length a s & measurc ot U
a umutated damage and the tallure of a low-cvele fatigue specimen vovurs as .

re ' the extension ol such areex{istin, microcracks or flaws of initia’
le toooa o oritdo 1l length of ae. at which polnt one or more microcra ks
li - Cormoa mactecfack. The macrocrack, once formed, propagites rapidlvy

throu,.. ooe specimen. The time spent In the propagation of a macrocrack i-,

in general, small compared with the total time in a typical low=cvele fativu
test.*?  in practice, g, might correspond to, for example, the inherent defoect
size or the size of surface lrregularity of the specimen, and a. might corre-
soomd te g tew graln diameters, But, as will be seen, exact values of these
Farameters 4re not required as Lang as specimens with ident{cal geomten and
mi- rostructure re used.,  burthermore, we assume that the growth of cach »i 1 -
crack s pgoverned by the tollewing cquation,

m .!k

Al p Cp

{in the presence of tensile stroess)

i .k
at ‘p {(ln the preseace of compresslive stross)
(i)

wiwere ay o, and ©, are the current microcrack length, plastic strain, and
plastic straln rate, respectively, apnd t is time, T, €, m, and k are miaterial
parameters that are fun. tions ot temperature, environment, and metallurgical
condition of the material hut are constants over limited ranges of plastic
strains and strain rates. Although stress does not appear explicitly in

Fq. (1), [t is implicitly involved, because thr 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.'" Ideally, a material structure state variable in-
stead of plastic strain should be used in Eq. (1). For the loading cases
considered in the present report. the plastic strain reflects the material
structure state variable,

For continuousd cycling over a plastic strain range A¢, at a constant
plastic straln rate EP. Eq. (1) can be integrated (Appendix Ag to give the
cycles to failure as

4 /4
Bonfare o liget™ ¢ 1% ae



2A¢
where T = —;
€p

Performing the above integration and solving for Nes

e -{m+1)
_m+1 P . 1=k
Nf = TuA ( 3 ) (cp) , (2)
where
a
C+T c
A= 2 1n a, (2a)

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)
m+1 __2) 1-k
Ne » %A |\ 73 SRR (3)

Equation (3) is ldentical 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 » 107® s~! to 4 x 1072 §7!,
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
straln-rate values for each test were obtained at half the fatigue life (Ng/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°% to 10~2 s~!. Below a strain rate of 107° g~}
they appear to attain constant values. Although m approaches a constant value
above a strain rate of 10-2 s~!, sufficient high strain-rate data are not
avallable to establish the upper plateau value of A. The parameter k, on the
Jther 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 sirain 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. LIT and IV) suggests that parameter k should not decrecase
indefinitely as the strain rate decreases. For the purpose of the nresent
discussion, k has been assumed to saturate to a constant value of 0.525. The
exact varfation of k in the low s:rain-rate regime is unavailable hecause of
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the lack of continuous-cycling fatipue data in this reglon, 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 interpranular mode (no striations, Fig. ).

It should be emphasized that, for predictive purposes over a limited
range »>f straln rates, A, k, and m can be treated as constants. For e¢xample,
over the range of straln rates from 10~" s~ to 4 %« 1072 =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 107% 57! to 4 x 107> 571, as shown in Fig. 4.

»
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Effects of Strain Rate on - A1
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Fig. 3. Comparison of Experimentally Fig. 4. Comparison of Experimentzlly

Observed Low-cycle Fatigue Lives of
Typc 304 Stainless Steel at 593°C
during Continuous Cycling with Cal-

culated Values using Average Material

Parameters A = 11.84, k = C.81, and

Observed Low-c¢ycle Fatigue Lives of
Type 304 Stainlcas Steel at 593°C
during Continucus Cycling with Cal-

culated Values using Average Material

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 straln rate rather than
at constant plastic strain rate, the error in assuming a constant plastic
strain rate can be chown to be small, as discussed in Appendix B.

I11. HOLD-TIME EFFECTS IN LOW-CYCLE FATIGUE

Conaider 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 additlon to cycling at a given strain
range with zero mean strain. When the hold %imes 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 tenaile 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 amin/cycle
have been carried out at ANL for Type 304 stainless ateel at 593°C. In the
majority of these tests, the siress relaxes rapidly at the beginning of the
hold time, and the relaxation data show an instantaneous drop in stress be-
cause the recording {nstrument does not have adequate response time. Part of
the drop in stress lo due to anelastic effects and should be nondamaging. In
any case, the rapid drvop in stress implies a high plastic strain rate over a
short period of time and consequently cauies little damage. Beyond the initial
drop in stress, the stress-~relaxation behavior can be described by the follow-
ing equation:



o =0, -BlIlnet, for t > tys (4)

where ag, B, and t, are constants for a particular test. It should be noted
that Garofalol!® an Conway et al.!® have also observed similar stress-relaxation
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 + t,), for t < t,, {5)

such that the initial condition of stress is satisfied. However, thc 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, wc
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, integrati-; Eq. ‘1) with respect to time and crack length,

a

c 1/4
da . (M s Kk m
s " N2+ 0O |cpt| |cp| de + lcpmaxl
a, o
H " tu Y
. n .
T |cp| de + |£Pminl C ]rpl dt
o o
Using Fq. (2a) the above equation can “e reduced to
o t
Ae H
1 4A . k=1 o 2A k
— o me—— +
Ne @+ ( ) (€p) IchaxI Tror 6l e
H
m 2A . 1k
+ o
Itpmin' T+ T7c ]cpl de, (6)
o
where p is the plastic strain a. the beginning of the tensile hold time,
max
cpnin is the plastic strain at the beginning of compressive hold time, and t,

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 per cycle. It should be mentioned that the above approach docs not
imply that the damage per cycle, {.c., the crack-growth per cycle, is consatant
throughout life. Also, it should be noted that the cyclic damage is computed
using the appropriate values for parameters A, k, and », depending on the
plastic strain rate during cycling. The hold-time damage, on the other hand,



is calculated by numerical integration using the appropriate values of the
parametcers that correspond to the plastic strain rate, which varies continu-
ously during the hold time.

Table 1 shows a representative sample of hold-time fatigue data to-
wether with the lives that have been computed using Eq. (4) and the varlous
stress-relaxation data at half life from cach of these tests, as shown In
Figa. 5-11. The maximum stress at which relaxation begins, the total stress
relaxation, and the plastic strain rates at the midpoint and end of the hold-
time perlod are also reported in Table I. The plastic strain rates are
ohtajned by fitting the stress-relaxation data to Ege. (4) and (3) and then
differentiating and dividing by Young's modulus, taken to be 150 «x 103 Mpa.!’
When computing the damage during hold time, the value of T s assumed to bhe
four times greater than the value of C. This assumptlon scems tu 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 sufficlent length
to firmly establish that T = 4C. Note that compressive relaxation beliavior
is quite similar to the tenaile relaxation behavior for the teat with sym-
metric hold time (Fig. 10). However, the stress-relaxation curve for the test
with svmmetric hold time 1s significantly different from that of the test with
tensile hold only., The less detrimental effect of symmetric hold time com-
pured with tensile hold time can thus be explained for Type 304 stailnless
steel in terms of the different streas-relaxation behavior  The last two
teats in Table [ refer to cyclic creep tests in tendlon hold only, L.e., the
tensile atress was held constant during the hold-time period of each cyele,
and the specimen was allowed to creep until a predetermined amount of total
strain was reached. Because the maximum atress during hold time could not be
controlled exactly at the aame value in cach cycle, the creep rate and, von-
sequently, the hold-time period varled significantly irom cycle to cycle,

The creep rates and hold times used for calculating fatligue 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 by luss than a factor of

two from the experimentally observed life.

IV. TENSILE AND CREFP RUPTURE

During a monotonic tensile or creep yvo8L, We assume a crack-growth
(or void-growth) law similar to Eq. (1) as fol.ows:
LIP Ik
p

- L]
da/dt = a T |LP|

' )
where T', in general, In different than T. but k and a are i{dentical with thuse
used in Eq. (1). [Correlation of measured time to tenslle and creep-rupture
datn with predicted values [or Type 304 atainlesn ateel at 593°C suggesnts that
paramcicras k and m which determine the slope of the plot of rupture time versus
strain rate, Eq. (8), are the same under both monotonic and cvelic loading
conditions for this particular material.] With the assumption that i, is the
constant total strain rate during a tenunile tent and is the nteady-state creep
rote during a creep test, Integration of ¥q. (7) leads to
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o
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a 1/mt1
. +
(¢ )k+"l+‘ t¢ (!—1—1 In —E) = constant, {8)
P T a,
and defining c; = EP tg
a 1/m#1
m+ ] c + y1-k/14m
€¢ (‘?T— In ao) (tl) ' )

vhere tg is the time to fallure, and ¢, is approximutely the ductility. Equa-
tion (8) {s identical to the well-known Monkman-Crant relationship!?® between
the steady-state creep rate and time to rupture in creep experiments. A plot
of Eq. (8) using values of the garn-cter from Fig. 1 together with some ten-
nile and creep-rupture datal7+13=72 fqr Type 104 ntalnless steel at 993°C is
displayed in Fig. 12. Note that the data for the sclution-annealed and aged
saterial agree remarkably with the predicted values, However, data for the
solut lon-annealed material fall below (e predicted curve. This in to be ex-
pected because the predictions are based on material paramcters that wvere
determined for the solution-annealed and aged material. The long«time creep-
rupture data for the solution-anncaled material tend to approach the predicted
curve, an would be expected. The sharp change in the slope of the predicted
line (Fig. 12) corresponds to a transition from the intergranular to trans-
granulsr failure mode. The results demonstrate that parmmeters k and » derived
from the low-cycle fatigue data are app)icable to a wonotonic loading situation.
In addition, the results permit a comparison of cyclic and monotonic loading
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domage. 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
reverded cyclic loading is ~15 times higher than that under monotonic loading
(i.¢e., T % J5T") 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 conatantly rising mean strain rate
tm 18 superimposed on a constant cycling at a plastic strain range of Ac

Integration of Eq. (1) for this particular situation leads tv the follou?ng
equation for cycles to failure {(Appendix C):

1 1 1
Nf-;$ufo-3 forllf>;

2

a? N ¢ Mg - W =0 for Ny < 2, (10)
wvhere
4¢
aw -TJ! . {10a)
‘P
and
At =(14m)
e+ 1| p .« 1=k
Ng = ( ) (c,) A (10b)
° &Aeff 2 P

Since the mean plastic strain in a rising wean strain fatigue test increases
continuously, the material never cyciically saturates completely. Connequently,
the value of A = Agr¢ used to compute N¢_ in Eq. (10b) should be appronimately

13
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between the value of A for the cyclically saturated material and A', the value
of A for a virgin materlal. Analyvsis of the creep-rupture data In Sec, IV
showed that the cvcllc parameter T was 15 times greater than the monotonic
parameter T'. Since C for Type 304 stalnless stecl {8 much smaller than T, it
{s reasonable to assume that A, defined by Eq. (2a), ¥ 15A'. Since the material
cyclically saturates to a greater extent undet a slower rislng mean strafn test
than under a higher rising mean strain rate test, the value of Ay #hould be
closer to A for a slower rising mean strain tesat than for the higher rising
mean straln test.

A plot of the calculated cycles to fallure, using Fqu. (10a) and (10b},
versua the rising mean strain rate together with some test data for Type 304
austenitic stainless steel at 593°C are shown in Flg. 13 for two values of
strain ranges. The solid lines {n the ) } . . .- s
figure refer to the lives corrasponding r

-~

to Agfg = A and A.gp " A'. However, I i LY TR S
the rising mean strain rates (n oll s-o; , . Mo
the tents are sufficiently high so that 2 < ‘\(\' “"'“""‘
the calculated lives that correspond £ 3 i 8 Q\‘L
to Aggs = A' are close to the test data, § | . %
Note that the lower atrailn range tests : .
are more susceptible to reduction in “
life than the higher strain range tests o~
carried vut at the same rising mean v e Sy s ‘
strain rate. ; L _ v !
e -, Yas

Although few test diata are E a . .
available to bear out the predicted 3
lives over a broad range of rising “ ) ) . ‘ \ ‘
mean strain rates, the general trend 40' ot o ot ot o’ ot
in the teat data s In close agreement VHSE TRG AR g
with the predicted values. Fig. 13. cCalculated and Obscrved

Varfation of Cyclen to Fallure of
Type 304 Statinlens Steel at 591°C
with Rising Mean Straln Rate,
Negp., No, MSD-62106,

VI. MECHANISTIC CONSIDERATIONS

The mechaniat lc basis for the proposed approach to domage analysis
wil! be discussed. The approach [s applicable to specimens of macroscopic
size (l.e., much larger than grain size) and to canes for which severe plastic
fnstability {8 absent during a major portion of the life.

We assume that three major types of dumage are produced by deformat {on,
vhether monotonic or cvelle V%Y Thene are schematically represented (n
FiR. 14. Type A damage unually occurs at low homologous temperatures and/or
at high strain rates where the deformation of the specimen in controlled by
graln-matrix deformation processcs. This type of dimage generally leadw to
tranngranular failure of the material. The rate of crack propagation in thin
type of fracture Is controlled by crack geometry and applicd strens.
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Fig. l4. Schematic Representatlion
of Transgranular (Type A) and In-
tergranular (Types B and C) Damage
o Mechanisms during Creep-fatigue
) Loading Condition, MNeg. No. MSD-
)3-“"—‘—' 61789.
TYPE H©

e —> T e —
TYPE C

Tvpe B damage, in the form of wedge cracks at grain-boundary [nter-
sections, usually occurn at higher temperatures and/or lower strain rates
compared with the conditions that faver type A damage. Type B damage leads
to Intergranular failure ot the material. Grain-boundary sliding plays an
Important role in both the initiation and propagation of this type of crack.i s~
At tvmperatures and straln 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
deformition ia the main cause of this type of crack. This type of crack can be
canily Inftiated, particularly In the presence of cyclic loading. The extent
of grain-boundary sliding also controls the rate of crack propagation, [t has
been shown experimentally:* that, at a given temperature and straln rate, the
contribution of grain-boundary sliding to plastic deformatlon depends upon the
magnltude of the applicd ntress.

Type C damage, In the form of grain-boundary cavities, usually occurs

at higher temperatures and/or lower strain rates than those favoriag wedge-type
cracks, Thisn type of Jamage also lends to intergranular failure of the material.
The initlation of cavitien is amsociated with grain-bhoundary sliding and occurs
carly in Llife. However, its growth has been shown to be controlled by stress-
induced mans transport.'! 7" The growth of these cavities eventually leads tv
link-up and results in failure. The driving force for the stress-induced maus
tranuport In the normal siress at the grain boundary. The grain boundary serves
an the source of vacancles and the cavities serve as sinks.

During the tenafle hold time, the cavity growth will continue, although
significant plastic deformation is absent. Since the cavity growth rate de-
croasen as Lhe applicd tennile stiess decresses, the growth rate will diminish
an the stress relaxes during hold time. Under compressive stresses, cavitics
have beon obacrved to shrink with time.!® This posaibility {s consistent with
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the experimental obscervation that compressive hold time {s less damaging than
tensile hold time in many materials, and, In fact, compressive hold time would
be beneficial if cavity growth by ditfusion were the only damaging process.

The rate of damage due to cavity growth will depend on the cavity den-
sity. The {ncrease In number density should result in reduced life, Evans®
and Evans and Skelton®’ have measured the number density of prain-houndary
cavities produced by both monotonic crecp 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-loading condition. Similar obser-
vations have been made by Gittus?® for copper. In addition, Hi11°? 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 comhinations of the three
tvpes of damaging processes are possible. However, depending on the tempera-
ture and strain rate, onc of the processes Wwill ve more {mportant than the other
two. The transition from »nne damaging nrocess to another can be correlaved with
the tranaition in the rate-controlling processes for plastic deformation, 931
It i8 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, {t {s secen that the
rate of damage accumulation In all cases Is a function of the applfied stiruvss.
According to the recent development {n the plastic cquation of state,’? the
magnitude of the applled stress is defined at a given temperature by the state
uf hardness, {.e., matcerial structure state and plastic straln rate. Since an
analvtically convenient material-structurc-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 materiai. Thus, together with the plastic strailn rate and temper-
ature, the plastic strain defines the applled stress,

A typlca) stress versus plastic straln-rate plot for a Type 316 stain-
less steel?? at 300°C {s shown in Fig. 15. According to the plastic equation-
of-state thc’.'ory.'-'o the high atrain-rate portion of the curve |s identified as
heing controlled by grain-matrix deformation. As Liw strain rate is lowered,
the contribution of grain-boundary sliding becomes {mportant, vresulting in an
increase in the siope 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 nlope of the curve is controlled by grain-matrix deformation processes
again, Similar effecitn of plastic atrain rate on the damage processes have
been discussed. The transition {n the damage parameter shown in Fig. | 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 dand alse to {ncorporate into Eq. (1)
a hetter measure of material-structure state than plastic strain,



LOG STRESS by

17

S LI 1 H e 1 s | —]
s b ﬁ 268
{260
[ 4
! 1288 o
170 b~ g
. Fig. 15. Typlical Stress vs Plasti.
es b {230 2 Strain-rate Plot for Type 31¢
A Stainless Steel at 600°C. Nug.
ol {248 § No. MSD-61804.
| 4280
ETRS
-25%
150+
1 4% — i e ol Lo ﬁ_L,ﬁj?m
10 9 -8 -7 -6 -5 -a

LOG PLASTIC STRAIN RATE 4
VII. DISCUSSION OF RESULTS

In the present investigation, a creep-fatigue damage-rate equation,
in terms of a current characteristic crack length, plastic strain, and plastic
strain rate, has been proposed. The phenomenological theory has been used to
quantitatively describe and analyze the damage phenomena encountcred in mono-
tonic creep and crecp-fatigue Interaction. Inherent in this appiroach is the
recognition that the accumulated plastic strain over a deformati n path as
well as che 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 clevated-temperature data generated for austenitic
Type 304 stainless stee' under a variety of loading conditions, both monotonlic
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
damige 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 cobtaining 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
testa at small strain ranges with long hold times which are of great interest
to designers. To demonstrate this, firat consider a cyclic creep test with
creep strain Ae., accumulated during the hold time of each cycle. Manson
et al.? had orlggnally proposed a linear damage rule according to vhich the
damage during the hold vime, denoted by 1/ucp. was related to deep 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 t
Ag H
e : kg
N 2 p
cp

(8]

or

Ae i
—1—=T(—E)ékt.
N 2 p H

cp

Noting that ép ty Y Aecps the above reduces to

1 se \" Ly
N_=T|-B] ¢ Ae (11)

cp 2 p cp

or
-m
Ae
1 _p_) . 1-k -1
cp T ( ) g BEg, - (12)

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 ép to the plastic strain
range Asp {from the last two tests in Table I) by

Ae

ép = 2,75 x 1076 (—P-

0.644
2 )

L]

Eq. (12) can be reduced to

(]

)—0.71

A
N = 3.57 x 1073 (——B Ae ) (13)
cp 2

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

Subsequently, to obtain a bctter prediction of fatigue life, Manson?®
proposed the interaction damage rule that stated the damage during the hold
time is given by (Ae. /Ae )/N. . Replacing the left-hand side of Eq. (11) by
(Accplﬂcp%/Ncp and pr ceeg ng gs before, the following can be derived:

pe \71-71
N, = 1.784 x 10-3 (—-52) ) (14)



19

Thua. the interaction damage rule provides a power-law relationship between
and Ae independent of B¢ cpo for the cyclic creep tests. Equatiouns (12)
and (14) agso explain why the interaction damage rule was favored over the
linear damage rule. A plot of Eq. (l4) is shown in Fig. 16, and it is close
to the N., versus Ac, plot reported by
o e C e Diercks‘ﬁ who obtained the plot directly
from cyclic creep data. However, the
relationship between N., and Ac, for
cyclic-relaxation tests 18 not as simple

S as Eq. (14) because it involves Accp.
f it R This {8 due to the fact that, unlike the
} mo:;j\k}\*\ cyclic creep tests, the plastic strain
ooy . e rate during the hold-time period of
L éu|o:\\\ cyclic-relaxation tests decreases con-
. tinuously with time. Values of N.,, for
. the cyclic~relaxation tests given gn
| Es Table I, can be calculated by equating
= the hold-time damage reported in Table 1
J with (Acc /Ae »/N Eight such values
agol L ek T are shown in gig. » which also includes
Nep. CTOLES the duration of hold time in minutes per
cycle of each test. Note that the N.

Flg. 16, Calculated Ae, vs N values computed from the cyclic-relaxation
Values for Type 304 Sgainless tests are swmaller 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
l.Lives. Neg. No, MSD-61843, smaller the plastic strain range. Thus,

the use of the N., versus Ae, curve ob-

tained from cyclic creen tesgs carried
out at large strain ranges to calculate lives of specimens subjected to cyclic
relaxation at small atrain ranges with long hold times by the strain-range
partitioning method could result in highly unconservative estimates. It is
interesting to note that Diercks.!? in his analysis of Type 304 stainless steel
fatigu. data by the strain-range partitioning technique, observed that a better
prediction for cyclic-relaxation tests could be made by a Ae, versus NCP curve,
which lies to the left of the curve derived from cyclic creep data.
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Another topic that is of considerable interest to the designers in low-
cycle fatigue is "saturation," f.e., whether the cycles to fallure reach a
lower limit for a sufficiently long hold-time period beyond which an additijonal
Increase in hold time does not affect the cyclic life. According to the present
approach, saturation will occur only if the plastic sirain rate bhecomes zero,
i.c., 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~ 71, However, insufficient
data points exist at slower strain rates with which to establish that no addi-
tional stress relaxatica 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 rerches 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-
forming additional tests that involve a longer hold time than 600 min. In
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addition, the hold time to saturation, {f it occurs, will also depend on the
strain range and temperature. Furthermore, the effects of aging aund 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 srudy the effects of varfcvs wave shapes, four hypothetical tests
{at 593°C) with tensile hold times only were relected 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 a.l 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 sinusoidal wave forms (.\ppendix B, Fig. B.l) with
the same strain range ond 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), devending 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 atrain
cycle by a triangular, parabolic, or sinusoidal wave shape does not influence
the fatigue 1ife significantly. The implication of the above exercise is that,
in tensile hold-time tests, wave-shape effects are not sipnificant, 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 I1. cffect of Wave Shapes on Low-cycle Fatigue Life
of Type 304 Stainless Steel at 593°C

Predicted Ng Predicted Ng¢
Trapezoidal | =] Triangular Parabolic Sinuscidal
begy % Ta B Case St Case Case Case
1.7 70 440 4.79x1074 410 378 369
1.7 910 220 3.73x107°3 184 191 183
1.7 3610 141 9.42x10~6 118 123 118
1.7 10810 75 3.14x10~% 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,
asuch as in the case of sawtooth cycling (Fig. 17) where a cycle may consist of
a slow rate of loading followed by a rast rate of unloading (slow-.ast) 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 g ch a behavior for Type 304 stainless steel.
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To show this, first note that, uccord-
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
1 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-
i sive stress, Figure 17a shows that the
' majority of the time spent in the slow
# | part of a slow-fast cycle is under ten-
sioan, whereas Fig. 17b shows that the

o
majoritv of the time spent in the slow
part of a fast-slow cycle is under com-
\\‘“~5~‘ ! 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 tensile stress is pres-
ent in the latter.

B
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Fig. 17. Schematic of Variations
of Stress and Plastic Strain with
Time during Sawtooth Cycling.

Neg. No. MSD-62311. In additicn to wave shape, other

variables must be considered, such as
surface roughness3“'35 and environmental
effects,.36237 1t 1{s tmportant 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 {8 currently under investigation at ANL. Tests
with differeat strain rates and hold times conducted under ultrahigh vacuun
conditions (<108 Torr) with known impurity levels in the environment chamber
should clarify the role of the environment in creep-fatigue interaction. Such
teats are currently in progress at ANL.

VIILI. 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 waterials and temperatures and more complicated
loading histories are required to verify the present approach.
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APPENDIX A

Damage Due to Continuous Cycling at Comstant Plastic Strain Rate

Figure A.l contains the typical stress response for a constant plastic

strain-rate fatigue test with strain range Ac, and tim: period t.

Note that
the stress and plaatic strain do not simultaneously achieve zero values.

Assuming the hysteresis loop shape is symmetric, the damage during the tension

half of the cycle, Dy, is obtained from integrating Zq. (1) as

12
@ ., 1 k
Dp * D, + D +Dy=T |Lp| ]cpl dt
[4)
'1 m k
Dy ™ T Icpt - ¢ tll l[é | de
o
l o L
=T [cp(rl - t)] e |" dte
[s]
»
1
--r[ le e|™ |& |¥ de
p P
o
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D =T : et =& 1,]® [ |¥ de
be “p p L p
T
11+1l&
=T [ (t -t )] dt
¢ i |£P|
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- T le e|™ Je_|* de
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o
t/2 [Efg o .
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Fig. A.1. Schematic of Variatlons
of Stress and Strain with Time
during Continuous Cycling. Neg.
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Adding Eqs. (A.1)-(A.3),

t/4
. m . 1k
Dp = 2T |cpt| |cp[ de .
o]

Similarly, the damage for the compression half of the cycie, D., is given by

/4
P B . |k
D, = 2 Icptl |cp| de .

o
Thus, the total damage per cycle is

/4
] k
DL +D_ = 2(T+C) j Ieptl Itpl de . (A.4)
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APPEND!X B

Wave-shape Effects

Consider three types of sicain cycling, each with the same plantic
strain range Ac_ and time period 1 but one with constant plastic strain rate
so that (Fig. BP1)

Zp (a

] — - <

cp(t) 3 (‘ l). ost ft/2, (B.1)
A second follows a parabolic law so that

Ac 2
¢ (t) = e %‘2— - 1), o £ s/, (B.2)

and the third follows a sinusoidal form so that

At

P(t) - - —32 cos (2% t/t) . (8.3)

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

-(m+l) 1-k
2

'fl LA ) S |
or
=(mrék)
Ac 1-k
., ntl ___p_) 4
Nf 4A ( 2 (1) : (B.4)

—— TRIANGULAR
- -~ SINUSOIDAL
—.—- PARABOLIC

Fig. B.l. Schematic of Various Wave Shapes.
Neg. No. MSD-61788.



Parabolic Case

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

a_ 1/2 (Shcpt)k IIoAtPl:2 AEB &
In— =N (T + C) - — dt
a fz 12 12 2
o
Using Eq. (2a),
ntk 1/2
1 Ao e 1 7% ey a2 |°
— = 2A|— (1) - —_— - - 1 de .
Nfz 2 1 1 1

o

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

RTS8 U S D 0 S W TR W B 1) e
N, ke 1 {5 K+1 kK+3 k+3l|/

-

1-k

2e) ) .5

Sinusoidal Case

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

5 t/4 & '.-Hn
In =< = Nf 2(T + C) / (—2 (cos ZHtIT)m
a 3 2

o

('— sin Znt/t) dt

or, using Eq. (2a),

ae k1O K /4 2t
vl T [ e

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

, (Ac )kﬂn
NEJ » k+l (1/21!) (B.6)
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"Intergranular’ Case

In the "intergranular” case (¢, < 1076 87!), A = 0.4, k = 0.525, and
m = 0.92, Putting these values in Eqs. (B.4)-(R.6),

Ac =1.445
N . 2.318(—22) Py

(/1) . (B.7)

"Mixed-mode" Case

In the "mixed-mode" case (107% s7! < ¢ < 107™% s71), A = 0.45, k = 0.62,

and m = 0.93, Putting these values in Eqs. (BP&)-(B.6).

-1.55
] (1/1)0.38

LUD
Nl

N, = 1.834 (
3

~1.55
) (1/1)0'38

L,D
|l ™

N = 1.907 (
£,

-1.55
) Fifpyl (B.8)

L,D
'S )

N = 1.828 (
£y

"Transgranular"” Case

In the “transgranular" case (¢, > 10°“ s”}), A = 11,84, k = 0.81, and
m=1.19., Putting these values in Eqs. {B.4)-(B.6),

-2
N, = 0.0605 (—-2-2) e s bk

-2
= 0.0544 (—ZP-) /01, (8.9)
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APPENDIX C

Ri:.. ing Mean Strain-rate Tests

Consider a constant rising mean strain rate (¢p) superimposed on
cycles with constant plastic strain range A¢_ at a plastic strain rate
>> {n) such that after N cycles the mean strain is N €m (chp)lip

€, (¢
(Eig.PC.l).

‘o

Fig. C.1. Plastic Strain vs
Time Plot for a Typical
Rising Mean Straln 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 1 = (dﬁcp)/ip] as

1/4 o
2NAe €
dlna p_m i . 1K
— =(T+¢C —t— it dt .
an ) ' ; £ &
-1/4 P

the above can be reduced to

Defining

/4
IE lk-hn I aNt R
p

dlna + tI dt .

dN

= (T + C) p

-1/4

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

A-a)®™ 4+ +a)™ for N < %

~(mr+l)

m+ ! (EEE) Ié |l-k dlna
(T+0C) \ 2 i aN

N ¢ D™ 2 an - D™ for v > i .
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Integrating the above equation from a = a
transposing,

o toa=a.and N =0 to N = N¢ and

mi2 m+2 1
(1 + GNf) - (l - GNf) for Nf < ;

2a(m + Z)Nfo =

(aNg + D™ - (@ang - D™ for g > S, (€.1)
where
m o+ 1 a, fae (o) 1-k
N, = Bl e (TP TR
£, 2(T + C) a 2 P

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

A - (m+1)
o m+1(_‘2) e |k
f LA 2 “p g

Since m is close to unity in all cases (Fig. 1), the assumption of m = 1 en-
ables one to simplify Eq. (C.l) to

-
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and
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