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I. INTRODUCTION

Fatigue at elevated temperatures, also called time-dependent fatigue,
may have different meanings to each person who encounters the problem,
depending on their previous training, current interests, and professional
responsibilities. His work may involve him in a narrow part of the problem
for which he seeks highly specific answers, whether it be the understanding
of fatigue crack initiation, or the determination of the design life of
a pressure vessel. To encourage a broader appreciation of the problem and
to attempt to lower the communication barriers, it is appropriate to consider
the several physical aspects of the problem, and to examine the many
disciplines that are brought to bear either to understand the problem, to
prevent it from occurring, to design around its complexities, or to live
with it. Referring to Fig. 1, we imagine an engineering structure con-
taining a notch. The structure might be a turbine rotor, or a pressure
vessel, loaded centrifugally, or by internal pressure, and it presumably
has some temperature gradient acting in the notch region. The centrifugal,
pressure, or thermal stresses are cycled, most commonly from zero to
tension by start-stop or load-unload operation of the equipment. We then
envisage the fatigue process to occur in three stages: first, nucleation
and early growth of cracks within the plastic zone developed at the notch
root; second, crack propagation of a stable crack through the plastic zone;
third, propagation of the crack through the elastic zone, the crack
generating its own plastic zone, until fracture of the structure results,
either by sudden fracture, leakage, or by excess vibration or deformation.
These stages are shown in Fig. 1.

Also in Fig. 1 we identify some of the many disciplines which must be
brought to bear on the problem. Consider first the plastic zone. Identifi-
cation of the appropriate stresses and strains are required through
analytical tools, such as finite element analyses. This requires the
selection of appropriate material information and constitutive equations, heat
transfer analysis, etc. With the aid of appropriate failure criteria, the
conditions for the occurrence of microcracks or for nucleation and early
growth can be specified. Elastoplastic analysis further aids in the speci-
fication of conditions for crack growth through the plastic zone, again
coupled with an appropriate fracture criterion. Finally, elastic stress
analysis and fracture mechanics concepts allow the determination of crack
growth in the elastic regime.

Along the way we can identify several additional disciplines. Included
are environmental effects on nucleation and growth, manufacturing techniques
for surface preparation in the critical area, choice of material, testing
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methods for developing failure criteria, low-cycle fatigue studies, de-
velopment of high- and low-strain crack growth rules, time dependency,
fractography, etc. Groups of these and other disciplines are lumped
together into such activities as life prediction, design, code develop-
ment, etc. There is also a whole structure of disciplines directed
towards other aspects of the problem such as metal physics, corrosion
and electrochemistry, physical and process metallurgy, statistics, and
others.

To obtain some semblance of order among this confusion of disci-
plines, it is necessary to keep the physical picture of the problem in
mind. Too often, in the interest of obtaining answers, we forget that
fatigue failure is progressive, starting from a single grain or micro-
scopic flaw, gradually growing to a size where it compromises the
integrity of the structure. Our models or criteria should be continually
examined to be sure that, indeed, the physical aspects of the phenomenon
have not been lost sight of, or better yet, are the building blocks for
the model or criterion.

The concept described in Fig. 1 where a test specimen,be it a smooth
uniaxial low cycle fatigue specimen for determining fatigue initiation and
early growth or a compact tension specimen for determining crack growth, is
used to simulate the fatigue processes in the component under consideration,
provides the important connecting link between life prediction for the
component on one hand and the material's performance on the other. In the
present discussion we shall consider only the question of initiation and
early growth since this is the basis of most of the codes and design pro-
cedures in use today. In this case the concept is referred to as "smooth
specimen simulation"'15' or the "local strain approach.1" '

The local strain concept is an attractive one in that it permits the
massive body of smooth, uniaxially loaded fatigue data to be transferred to
the design of the structure, but it is not without its problems. The
assumption is made that laboratory specimen failure data are equated to crack
initiation in the actual structure. This may be valid when the plastic zone
is large relative to the specimen size, or when the strain gradient in the
notch is small. Also such factors as biaxiality of stress (plane strain),
or surface roughness represent sources of difficulty with the concept. A
recent paper by Dowling,^) however, interprets test results from an SAL,
round-robin test program with service-simulated loading applied to a notched
compact-tension specimen, using the local strain approach and finds satis-
factory predictive capability. At high temperature the method has been
employed by Mowbray and McConnelee^3) and by Coffin.™'

The local strain approach when applied to design assumes that fatigue
life is determined by crack initiation. As indicated above, many engineering
structures are designed in this way. An alternative approach which is
finding increasing support with the advent of fracture mechanics concepts
in design is to assume the presence of a pre-existing flaw, which negates any
contribution from crack initiation and assumes that life is a result of the
plastic or elastic crack growth cyclic life. Such procedures are warranted
when the probability of defects is high in critically strained regions.
Welded structures represent this situation. However, when the number of
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similar parts being manufactured is high, when material quality is carefully
controlled and when appropriate NDT techniques are employed to reduce the
probability of defect initiated fatigue to low levels, then crack initiation
concepts are valid.

An intermediate approach is to combine both of the above philosophies.
Every effort is taken to ensure that defects are absent from critically-
stressed regions and the structure is basically designed by crack initiation.
However, to avoid the chance situation of a defect slipping through the
inspection process a characteristic defect is assumed and the life so
calculated. This quantity serves as the basis for determining the inspec-
tion frequency for crack detection of the component.

The point of this discussion relative to the more general thesis of the
paper is that we must be concerned with all three of the elements shown in
Figure 1 if we are to develop a technical background from which sound pre-
dictive procedures can be derived for the reliable performance of real
structures subjected to complex loadings and environments.

II. PHENOMENOLOGY

In this section the rather extensive observations, obtained mostly from
elevated temperature low-cycle fatigue tests, will be reviewed as background
for treating the question of life prediction in the time dependent regime.

A. Strain Rate and Frequency
The effect of frequency and of strain rate on the low-cycle fatigue

behavior of metals at high temperatures has been extensively investigated
using tests with balanced loading (equal ramp rates in tensile going and
compressive going). The earliest work of interest was that by Eckel on
lead^ who correlated his results with frequency of cycle and failure time.

Berling and Slot^ ' studied the effect of temperature (703, 923, and
1133 K) and strain rate (4 x 10"3, 4 x 10~4, and 4 x lO^s"1) on AISI 304,
316, and 348 stainless steel, showing the progressive decrease in cyclic-
strain fatigue resistance with increasing temperature and decreasing strain
rate. Coffin has reported on the frequency effect of Nickel A,^ ' A286^)
Udimet 500.^) and Rene 8o' ' at elevated temperatures on smooth and
notched^^-' bars. From these results and those of Berling and Slot,*°' ,-,,.
Coffin developed phenomenological representations for the frequency effect,
by combining the Coffin-Manson equation with the results of Eckel•^»^°»"'

(131
Weeks et al ' give results of extensive testing of AISI 304 and 316

over a wide range of strain rates and metallurgical conditions. The general
conclusion from these test results and many others not cited here is that
progressively decreasing frequency degrades the fatigue resistance of
structural alloys at elevated temperatures under fully reversed cyclic-strain
conditions in air environments. Accompanying this decrease in life is a
change in appearance of the fracture surface from that of transgranular
fracture to intergranular as the frequency of cycling decreases.' ' ^ An
important but unanswered question is whether eventual saturation in loss of
life occurs at even lower frequencies.
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To give an example of the effect of cyclic frequency, notched bar
fatigue tests of A-286 were investigated with three specific aging heat
treatments designed to alter the y' size and the homogeneity of deforma-
tion. These heat treatments are identified rtsewhere.' '

The results of notched fatigue tests at 593°C on specimens with
K = 3 testing at Aa/2 = 414 MN/M (60,000 psi) at three frequencies are
snown in Figure 2. The dashed line for the standard treatment represents
a regression analysis of results of tests under a variety of notches and
stress levels. A strong frequency dependence of life is apparent below
about 5 cpm for all heat treatments. However, the lives are substantially
different at a given frequency for the different heat treatments. A
double aging treatment (#3) in particular shows much less frequency
sensitivity than the single lower temperature treatments.

Since for A286 failure at low frequencies was intergranular, elimina-
tion of transverse grain boundaries might be expected to increase the
life in the low-cycle regime. Accordingly, twc notched specimens with
Kt = 3.0 were prepared from remelted stock which had been directionally
solidified. Clearly a substantial improvement was obtained as seen in
Figure 2.

If the transverse grain boundaries are retained but the environment
is eliminated in A286, the high vacuum test point shown on Figure 2 at
v = 1.6 x 10 Hz indicates a further improvement. This confirms that m«_3t
of the frequency dependence observed in air tests is related to the in-
fluence of oxidation processes at the crack tip. The failure of the
directionally solidified specimens tested in air to last as long as the
vacuum test may be attributed in part to the cast structure in which
transverse dendrite boundaries become preferred crack propagation sites.

Tests were also performed at higher frequencies (up to 30cpm). From
the view that, at high frequencies, there would be little time for environ-
mental attack, curves were constructed to indicate a common convergence
point at 1000 cpm. Above this frequency the material can be expected to
be environmentally insensitive and independent of frequency. For frequen-
cies approaching this convergence point the fracture surfaces would be
expected to be largely transgranular. Fractographs of the 30 cpm test
supported this view.

B. Environment
Recognition of the important role of environment on fatigue damage is

evidenced by the early work of Achter et al.^*' and of White.'"' McMahon
and Coffin,*16) in examining the fatigue resultsof Udimet 500 in air, found
strong evidence that localized oxidation was critically important to the
failure process and concluded that life degradation was more a result of
"oxidation" fatigue (analogous to corrosion fatigue) than of creep damage
processes. This work was followed by investigations of comparative
effects^8'17) in air and in vacuum [1.33 Pa(10~8 torr)] in which testing
was conducted under fully reversed strains and equal ramp rates on a variety
of materials. From these experiments it was concluded that the degrada-
tion processes were mostly environmental, since room temperature (time-
independent) behavior could be produced by testing in vacuum rather than
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in air at elevated temperature. Evidence for this conclusion was seen by
the occurrence of transgranular fracture, and by fatigue lives comparable to
those found at room temperature (based on plastic strain considerations),
and independent of frequency and temperature. Figure 3' is an example pf
this behavior for A286. Further work was done on the effect of low frequen-
cies on AISI 304 stainless steel'*-7' to show that in high vacuum lives were
unaffected by decreasing frequencies and fracture was still transgranular
at 923 K at frequencies of 166 Hz (0.01 cpm). Other investigators have
reported that inert environments significantly improve the.fatigue life
over that in air, as reported, for example, by Andrews and Kirschler on
2 1/4 Cr - 1 Mo steel in sodium.<18>

C. Waveshapes
Laboratory tests can be carried out using a variety of waveshapes and

the findings from these experiments are extremely important to the present
discussion. Some typical waveshapes are shown in Figs. 4 and 5 and include
tensile strain hold [Fig. 4(b)]; stress-hold and strain limit, the so-
called CP cycle [Fig. 4(e)]; equal-equal slow-fast and fast-slow (Fig. 5).
Over the years, a large amount of testing experience has shown that de-
creasing frequency of the cycle degraded the life,(19»20) and that waveshape
had an important influence on life. Strain-hold time studies on austenitic
stainless steels'21) and materials of similar strength and ductility reveal
that tensile strain holds are the most damaging mode for equivalent periods.
On tiie other hand, for the cast nickel-based superalloys, compressive strain-
hold tests are most damaging.^ ^ Tests, on carbon and low-alloy steels
show that frequency, but not waveshape, influences the life.^ * A dis-
cussion of these waveshape effects is given elsewhere.(12,25)

In tensile strain-hold time tests on AISI 304 stainless steel,
significant differences in fracture morphology and in life are found when
compared to combined tensile and compressive holds. Fractures for the
former were largely intergranular while additions of compression hold times
of shorter duration cause largely transgranular fracture and increased lif
Similar findings have been reported recently for AISI 304 stainless steel.
Internal cavities have also been noted in 20Cr/25Ni/0.7Nb stainless steel at
1023 K<28> and on a 1 CrMoV steel at 838 K.<29>

Other types of unbalanced loop tests reveal similar degradation on
life and changes in fracture morphology. These include fully reversed
creep at constant stress'30'31' of AISI 316 stainless steel at 977 Retrain
range partitioning waveshapes such as CP loops,'*••*' thermal mechanical
tests on A286 (32j a t 868 K. The common feature of all of the above tests
was the significant decrease in life and the appearance of intergranular
cracking and interior cracking and cavity formation when the time for
which tensile stresses were applied exceeded the time spent under com-
pressive stress in a given cycle.

D. Waveshape - Environment Interactions
An uncertainty would appear to exist between the degrading effects

found for unbalanced loop tests conducted in air and the insensitivity to
time-dependent damage when balanced loop tests are conducted in high
vacuum. For this reason, unequal strain-rate tests were carried out both
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on A286 and AISI 304 stainless steel in high vacuum. Results, shown in
Fig. 8 for A286, reveal a pronounced waveshape effect on life in this en-
vironment. Sheffler^3 ' also noted this behavior, but his results were
somewhat obscured by the thermomechanical nature of his tests. Looking
particularly at the stainless steel results at 923°K in Table I, note that
the slow-fast test carried out in vacuum is nearly as damaging as the
corresponding air test, while for balanced loops (equal times in tensile
and compressive going) the vacuum environment produces a nearly sevenfold
increase in life over that in air. Fractography reveals that both the air
and vacuum slow-fast tests failed by intergranular fracture, and, in
addition, extensive interior grain boundary cracking is observed. This
indicates that interior damage processes are unaffected by the external
environment, but appear to be strongly influenced by the waveshape. Support
of this position is found in the results of the air vs vacuum equal strain-
rate tests where no interior damage was observed. On the other hand,
fatigue cracks originated at the surface and were transgranular in vacuum
but intergranular in air, showing environmental involvement. Of particular
interest were the fast-slow test results on AISI 304 stainless steel at
both 923 and 1083°K. Failures occurred away from the diametral control
position from a ratchettins-instability process. Details of this behavior
are discussed elsewhere.' '

Unequal strain rate testing has also been performed on two copper-
based alloys at 811°K.(3^ Alloys were examined, identified as 1/2 hard
AMZIRC and NARloy Z. Rates considered were 10"2/4 x lO^s"1 (tensile
going/compressive going) 4 x 10~Vl x 10"2s~1 for the AMZIRC copper, and
10-2/4 x 10-4s-1, 4 x 10-Vl x lO^s"1, 4 x 10-5/1 x 10"2, and 7 x 10-6/1 x
10-2S"1 for the NARloy Z alloy. Results obtained for this alloy are re-
produced in Fig. 9 and reveal the striking degradation in fatigue life with
increasing strain rate unbalance in slow-fast testing. Mean stresses were
noted in the hysteresis loop, a behavior commonly found in unbalanced loop
tests.(25>33)

III. PREDICTIVE METHODOLOGY

A wide variety of predictive approaches have been developed over the
years, for application to designs for high temperature service. Many of
these have been reviewed from time to time.^ » ) Because of the evolving
physical understanding and phenomenology, the state of predictive metho-
dology is one of change and improvement. Here we will discuss the current
procedure and five of the newer methods currently under active study and
evaluation.

A. Present ASME Creep-Fatigue Rules and Procedures
The present Code rules established in Case 1592 of the ASME Boiler and

Pressure Vessel are predicated on a linear damage summation between fatigue
damage and creep. In the case of creep, time for stress to rupture is used.
The procedures are outlined in more detail in Figures 10 and 11. The pre-
dictive criterion used here, namely the linear summation of damage introduced
by fatigue and by monotonic creep, is far removed from the actual damage
processes encountered in time-dependent fatigue, as discussed above. For
this reason, other life prediction approaches have been developed. Some of
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them are described below.

B. Frequency Modified Fatigue Equations and Their Applications
It is difficult in the space allotted to this topic to adequately

describe the complex phenomenology developed for the cyclic stress-strain
and fatigue processes at elevated temperatures. One attempt was to
formalize this complex behavior through the use of the so-called frequency-
modified fatigue equations, which represent the material behavior through
the use of the plastic (inelastic) strain range and the frequency of the
cycle. These equations are:

Aep = C ^ v * "
1 ) (1)

Ae = — = A AE v x (2)
e E p

Aee = — = A'Nf
 p v 1 (3)

The coefficients for these equations are determined from regression
analysis procedures utilizing available test data from smooth, uniaxially
loaded specimens tested at specific temperatures, strain ranges and
frequencies. Specific features and applicability of these equations are
described elsewhere.(1»^) Examples of material behavior, described in
more detail in reference fl], can be cited, including the cyclic stress-
strain behavior as a function of temperature for AISI 304 stainless steel,
Figure 12. Note that the frequency is accounted for by transferring it to
the left hand side of equation (2) and plotting this parameter as the
ordinate in Figure 12. Of interest is the decrease in stress range and
cyclic strain hardening exponent with increasing temperature, and the
increasing influence of the frequency of cycling on the resistance to cyclic
deformation. Equation (2) can also be expressed in terms of the strain
rate for cases of equal and constant ramp rates for each leg of the loop.
Here

« n,' m

where B = A/2k., n' = n'-k.. and m = k. . Equation (2) or (4) may be useful in
analytical procedures for elasto-plastic cyclic stress-strain solutions.

The frequency-modified Coffin-Manson equation, equation (1) is useful
in characterizing high temperature low-cycle fatigue behavior. It has been
found convenient again to transfer the frequency term to the left side in
equation (1) and define this parameter as the frequency-modified plastic
strain range. Equation (3), called the frequency-modified Basquin
equation, can be similarly treated. Application of equation (1) and (3) are
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shown In Figure 13 for test data on AIS1 304 stainless steel continuously
cycled at three strain rates and at three temperatures.'^'

Several features arising from the effect of increasing temperature on
fatigue phenomenology are observed in this figure. We see the increasingly
negative slope and the decreasing life of the plastic strain-cycles to
failure representation. Increasing temperature and concomitant softening
causes a progressive decrease in the elastic strain (or stress range/elastic
modulus). With increasing temperature the transition fatigue life N (the
life where the elastic and plastic strain ranges are equal) shifts to lower
values of life. The role of the transition fatigue life in distinguishing
between low-cycle and high-cycle fatigue is treated elsewhere.™' Also
note that increasing temperature has a small effect on the exponent B'
which defines the slope of the elastic strain-cycle life line. From an
engineering design viewpoint the total strain range Ac is a more commonly
used quantity since from it is derived the pseudo-stress EAe. This can be
found by combining equation (1) and (3). Combining the elastic and plastic
lines of Figure 13 for two specific frequencies, 0.16 and 0.16 x 10"^ Hz
(10 and 10~^CPM), and the three temperatures Figure 14 results. Note the
increasingly strong frequency effects as the temperature is raised and the
large differences in life as the total strain range is decreased. For
example, at a strain range of 0.003, the life at 0.16 Hz decreases from
5 x 10^ cycles to 7 x 10-* a 70 fold decrease for a change in temperature
from 450 to 816°C. At 0.16 x 10~3Hz on the other hand the lives are
5 x 10^ cycles and 260, a 1900 fold decrease. At this same strain range,
changing the frequency by a factor of a 1000 causes a 27 fold decrease in
life. It should be pointed out that these comparisons are based on an
extrapolation of the test data to lower frequencies on the assumption that
the frequency exponents of equations (1-3) are independent of frequency.

The frequency-modified fatigue equation can be used to predict hold
times. It has been suggested,' ' that holdtime behavior could be pre-
dicted from Eq. 1-3 by assuming that

v =

where t' is the time for strain reversal and t, is the hold period for each
cycle. Using the appropriate coefficients given in Ref. 1 good agreement
with a format proposed by Conway et al(21) representation of which is
shown in Fig. 15.

C. Strain range partitioning
This approaches, 31) is built around a series of experiments to

establish inelastic strain-cycle life relationships for a given material
and temperature. Four sets of cyclic life experiments are required
identified as PP, CC, CP and PC tests (Fig. 16) where P symbolizes
plasticity and implies a rapid, constant ramp rate tests, while C sym-
bolizes creep and implies testing at constant load. Thus a PP test is one
which is fast, balanced and continuously cycled, while a CC test is conducted
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under reversed creep conditions at fixed tensile and compressive loads. It
too, is balanced. The CF and PC tests are mixed, consisting of one leg (C)
of a hysteresis loop at constant load, the reversed leg (P) at a rapid
constant ramp rate. These two loops bring in the element of loop unbalance.

A procedure is involved whereby a given complex hysteresis loop is
broken down into components of the four basic loops. Then using an
approximate linear damage rule, called the interaction damage rule, a
prediction of the life for the complex loop is made from the lives of the
component loops. The procedure is shown in Fig. 17. The method is assumed
to have broader applicability than to isothermal conditions, based on tests
performed at various temperatures in which the CC, CP and PC baseline
failure data show an insensitivity to temperature. The assumption is then
made that the baseline data are temperature independent, such that thermo-
mechanical loading conditions can be included in the predictive scheme.
The method has been used for life prediction in a large number of cases.

D. Method of Ostergren
Ostergren (35) has recently proposed that hold time and frequency

effects at elevated temperature can be accounted for by a damage function
based on the net tensile hysteresis energy. This damage measure is approxi-
mated by the quantity otAep where ot is the maximum stress in the cycle and
At is the inelastic strain range. The tensile hysteresis energy is
employed to account for the fact that low cycle fatigue is essentially a
crack growth process, and that crack growth and damage occurs only during
the tensile part of the cycle. The use of the tensile stress quantity in
conjunction with the plastic strain range provides a means for accounting
for loop unbalance, since, for the same inelastic strain, a positive mean
stress gives a greater tensile hysteresis energy than a compressive mean
stress.

In order to determine fatigue life, the method requires the substitution
of otAe_ *-

n equation (1). Additionally, two cases are treated, one where
time-dependent damage is independent of wave shape, the other where damage
is dependent on wave shape. The cast nickel base superalloys are considered
to be in the former class since in general k = 1 for this class of materials
(48), indicating no frequency effect in equation (1). For most other
materials the criterion becomes

•' - C (6)

where

v = 1/(TQ + Tt - TC) for tt > xc (7)

and

v = 1/TO for T t< T C (8)
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where x_ is the time per cycle of continuous cycling, xt is the tension hold
time and xc is the compression hold time. Figure 18 shows the correlation
of equation (6) with test data on AISI 304 stainless steel.

The method is quite new and untested for wave shapes such as those pro-
duced by CP or PC procedures or by fast-slow or slow-fast testing.

E. Frequency separation
Frequency separation is another recently developed approach for predicting

high temperature fatigue (36,37). It is an extension of the frequency-modified
fatigue approach described earlier. The frequency-modified fatigue equations have
been used as a basis for life prediction (1) by assuming that the period of the
cycle but not the wave shape influences fatigue life. Sufficient evidence has
been presented here and elsewhere to show that the assumption of wave shape
independence on fatigue behavior is unsatisfactory. Accordingly two procedures
have been introduced to correct for this inadequacy. Each are built around the
concept expressed above that fatigue damage arises from the tension going (i.e.
where e > 0) part of the hysteresis loop, and hence separation of each leg of
the hysteresis loop into tension going and compression going was required.

The first of these procedures is very simple, requiring only that the
frequency term in equation (1) is replaced by that associated with damage, i.e.
the tension-going frequency. Actually, it is more straightforward to deal
with time quantities rather than frequencies. Thus in equation (1),
x = 1/v = xt + xc where xt and xc are the tension and compression going times.
Since the coefficients in equations (1-3) have been determined for balanced
loop conditions, then xt = xc. By definition xfc = l/vt, x « l/vc. Thus for
balanced loop conditions 1/v = 2/vt or, equation (1), v = vt/2. For any other
loop, the tension going time xt is found, such that v = 1/(2 xt) and this is
used in equation (1).

The second procedure is more involved since the first procedure does not
adequately predict severely unbalanced loop shapes. Reference is made to the
loops and nomenclature show in Figure 5. It is assumed that the actual stress
range for loops of unequal but constant ramp rates can be determined from the
mean of the stress range for each leg of the loop. Thus A ©sp • A ops =

(Aag + Aop)/2, where the subscript refers to slow and fast. Applying
equation (2) of the frequency-modified fatigue equations to obtain the stress
range for each frequency, one gets

Ae n . (9)
P

It is next assumed that, if the stress range is known, the life can be
determined, using equation (3). Substituting equation (9) into equation (3)
to determine the fatigue life, one finds

Nf - liSr-1 I ô J do)
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Note that the coefficients A', k£ and 3e are obtained from smooth bar,
equal ramp rate tests as indicated earlier.

The applicability of the method to a variety of experiments on wave shape
effects at high temperature is reported elsewhere (36). Shown in Figure 19
is a comparison of the method with hold time data of Jaske et al.

F. Damage rate equation
Another very recent addition to the growing family of high temperature

fatigue prediction approaches is that of Majumdar and Maiya (39)• The
basis for the approach is crack growth and the separation of the growth
processes into two distinct relations, depending on whether the externally
applied stress is tension or compression. These relations are:

a | e | | e I for tensile stress

dt = ^ (11)
I 1 ra I • | k

C ' p' ' p' for compression stress

For continuous cycling, equation (11) is integrated over a given plastic
strain range. When £ is constant, equation (11) and equation (1) are found
to be identical. The^method has been used to predict fatigue lives for
Type 304 stainless steel under various monotonic and cyclic loading con-
ditions. A refinement of the raethod has recently been introduced to include
the additional effects of bulk cavity damage under unbalanced hysteresis
loop cycling.

IV. SUMMARY

In this paper the time-dependent fatigue behavior of materials used or consid-
ered for use in present and advanced systems for power generation is outlined. A
picture is first presented to show how basic mechanisms and phenomenological
information relate to the performance of the component under consideration
through the so-called local strain approach. By this means life prediction
criteria and design rules can be formulated utilizing laboratory test infor-
mation which is directly translated to predicting the performance of a
component. The body of phenomenological information relative to time-
dependent fatigue is reviewed. Included are effects of strain range, strain
rate and frequency, environment and wave shape, all of which are shown to be
Important in developing both an understanding of and design base for time
dependent fatigue. Using this body of information, some of the current methods
being considered for the life prediction of components are review. These
include the current ASME code case, frequency-modified fatigue equations,
strain range partitioning, the damage function method, frequency separation
and damage rate equations. From this review, it is hoped that a better
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perspective on future directions for basic material science at high temperature
can be achieved.
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TABLE I
FMtyiency-wpvatton ttdt (A286 at 5»5OC)

"p

0.01
0.01
0.01
0.005
0.005
0.005

0.01
0.01
0.01
0.01

»t
<cpm)

10
0.2
0.101

10
0.2
0.101

0.2
0.1
0.1
10

(epm)

Air

0.101
0.2
10
0.101
0.2

10

Vacuum

0.2
10
10
0.1

500
280
192
940
683
320

849
296
284

1129

Type

Fast-slow
Equal
Slow-fast
Fast-stow
Equal
Slow-fast

Equal
Slow-fast
Slow-fast
Fast-slow

Fraqueacyaeparation tests (AISI 304 stainlest steel)

't 'c JVr Type
<min) (min) ' "^

Air, btp ' 0.02. T» 810°C. v * 0.132 cpm

0.075 7.5 >374d Fast-slow
3.75 3.75 162 Equal
IS 0.075 52 Slow-fast

0.1
5.0
9.9

10
10

Air, &tp* 0.02. T>

9.9
5.0
0.1

Vacuum, Ae."

0.1
10

'Failed off center.

«650C,v*0.1 cpm

>198"
215
106

0.02, T' 650° C

148
1407

Fast-slow
Equal
Slow-fast

Slow-fast
Equal
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CTCLIC STRESS STRAIN BEHAVIOR
FATIGUE CHUCK INITIATION

MECHANISMS
TIME DEPENDENT DAMAGE

PROCESSES

( A V I SHAPE EFFECTS

tREOUENCT AW STRAIN RATE

EFFECTS

•ETALLURGICAL INSTABILITIES

DISLOCATION SUBSTRUCTURE

PERSISTENT SLIP BANDS

GRAIN BOUNDARY DAMAGE

MANUFACTURING
METHODS -

CRACK MOUTH TESTMG
METHODS

lUSTic CRACK GROWTH
'RACTuRE MECHANICS

FRACTURE TOUGHNESS
SHORT CRACK FRACTURE

MKHAWCS

STRAW OUCH GROWTH
•J-INTEGRAl APPROACHES

TESTING METHODS
J SIMULATED SMOOTH
I BAR TESTING
IIOW CYCLE FATIGUE

ELASTIC REGIME

FAILURE CRITERIA
LIFE PREDICTION

Fig. 1 - Schematic view of high-
temperature fatigue problem showing
physical stages in failure process
and relevant disciplines.
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Fig. 2 - Effectof frequency on life
of notched fatigue bars of A286 at
593°C in air and vacuum.^11)

593*C
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iCUUB 2O*C

0.0001'
KT I05 I06

CYCLES TO FAILURE
elCOHTIKUOUS ME»« STRESS CTCLim

MECHANICAL-THERMAL

Fig. 3 - Plastic strain range vs
fatigue life for A286 in air and
vacuum at 866°K; equal strain rates;
numbers adjacent to test points
indicate frequency (cpm) . '•°'

Fig. 4 - Waveshapes produced in
closed loop testing for life pre-
diction.'
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Fig. 5 - Waveshapes and resulting
hysteresis loops for equal and
unequal forward and reverse strain
rates.^25)
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Fig. 6 - Effect of hold time on
life of 304 stainless steel at
650oC. .After Berling and
Conway.Ui;

I00O;

I O OL EFFECT OF HOLD
f PERIOD AND WAVE

SHAPE
i RENE' 80

FOUR CYCLE . e
A6p» 3200 X K)

A CONTINUOUS

K.0 PERHJDSjtrtP

h 0 COMPRESSION _1_JL_JL0 HOLD JULJL1
I 10

CYCLE PERIOD-MINUTES

Fig. 7 - Effect of hold period and
wave shape on fatigue life of cast
Rene 80 at 1600°F, AeP = 3200 x
10-6.(22?
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Fig. 8 - Effect of equal and unequal
forward and reverse strain rates on
A286 at 866°K in air and vacuum at
constant frequency.'^)
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N i - F . - C r , ALLOY 8O0H

304 a 316 STAINLESS STEELS

Fig. 9 - Slow-fast and fast-slow
strain-rate rests on copper alloy
-NARloy Z at 811°K, after Conway
et al.<34)

F19. T - I41&Z. Cieopf jtigui dam ag* envalop*

Fig. 10 - Creep-fatigue damage
envelope specified by ASME pressure
vessel code for use in linear
damage creep-fatigue analysis.

10*

Code Case 1592 equation 15)

where

S x total creep-fatigue damage (see FI9. T-1420-2.)

n = number of applied cycles of loading condition.J

N. = number of design allowable cycles of loading condition, j ,
from the fatigue curves corresponding to the maximum
metal temperature daring the cycles for the equivalent
strain range.

t • t ine duration of the load condition, k

Td * allowable time at a given stress intensity (for elastic analysis)
or at a given effective stress (for inelastic analysis) from
load, '*.. T(j values are obtained by entering the stress-to-rupture
curve at a stress value equal to the calculated stress (from load k)
divided oy the factor K' > 0.9.

Fig. 11 - Linear cumulative creep
and fatigue damage relation used in
Code Case 1592, ASME Boiler and
Pressure Vessel Code.

Aft* = A AfJ »'' AISI 304 STAINLESS STKL

TEMP A n t ,

430'C 944,000 0.486 -0.03SI

650'C 214,000 0.259 0.0S3I

8I6'C 63,000 0.106 0.0934

430*1

6S0*C

«K*C

I04

0.001 0.1
PLASTIC STRAIN RANGE-Af,

Fig. 12 - Representation of data of
Berling and Slot^21' for 304 stain-
less steel by equation (2) showing
interaction of frequency and stress
range in plastic strain range for
several temperatures.W
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id' AISI 304 STAINLESS STEEL
• 430'C
• 650'C
• 8I6*C

V I03 I04 I05 I06

CYCLES TO FAILURE

Fig. 13 - Representation of data of
Berling and Slot^21) for 304 stain-
less steel by equations (1) and (3),
showing frequency-modified elastic
and plastic strain range at several
temperatures in air., N^ is transi-
tion fatigue life.

No3

K)CPH

I02 I03 I0"
CYCLES TO FAILURE

Fig. 14 - Representation of data of
Berling and Slot^21) for 304 stain-
less steel showing total strain
range vs. cycles to failure for two
frequencies at several temperatures
in air.
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0.1 I 10 100

TIME FOR ONE CYCLE, MINUTES
1000

Fig. 15 - Comparison of period of
cycle versus time to failure for
holdtime tests with analytical
results derived from Eq. 5.^ '
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Fig. 16 - Idealized hysteresis
loops for the four basic types of
inelastic strainrange.^)
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Fig. 17 - Relationships for
determining life when two or more
strainrange components are
present. From Ref. 25.

CVCLCS TO nULUKE, N

Fig. 18 - Ostergren's damage
relationship for AISI 304 at
1200°F.(35>
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Fig. 19 - Comparison of Jaske et
al. hold-time results with fre-
quency separation (AISI 316
stainless steel, 566°C).
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