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STRAINRANGE PARTITIONING - A Total Strain Range Version

by

Gary R. Halford and James F. Saltsman

NASA Lewis Research Center
21000 brookpark Road
Cleveland, Ohio 44735

ABSTRACT

Procedures are presented for expressing the
Strainrange Parititioning (SRP) method for
creep~fatigue 1ife prediction in terms of total
strain range, Inelastic and elastic strain-rangs -
life relations are summed to give total
strain-range ~ 1ife relations. The Tife components
due to inelastic strains are dealt with using
conventional SRP procedures while the life
components due to elastic strains are expressed as
families of time-dependent terms for each type of
SRP cycle. Cyclic constitutive material behavior
plays an important rele in establishing the elastic
strain-range - life relations as well as the
partitioning of the inelastic strains. To apply
the approach, however, it is not necessary to have
to determine the magnitude of the inelastic strain
range. The total strain SRP approach is evaluated
and verified using two nickel-base superalloys,
AF2-1DA and Rene' 95. Excellent agreement is
demonstrated betwesn observed and predicted cyclic
1ifetimes with 70 to 80 percent of the predicted
lives falling within a factor of two of the
observed lives.

The total strain-range SRP approach should be
of considerable practical value to designers who
are faced with creep-fatigue problems for which the
inelastic strains cannot be calculated with
sufficient accuracy to make reliable life
predictions by the conventional inelastic
strain-range SRP approach.

NOMENCLATURE

Power of time for time-dependent elastic
line coefficient

Coefficient of time for time-dependent

elastic line coefficient

Power of cyclic 1ife for elastic lines

Coefficient of cyclic Tife for elastic lines

Power of cyclic 1ife for inelastic lines

goefficient of cyclic 1life for inelastic
ines

a —

OO0 O x

F -~ Fraction of inelastic strain

N - Cyclic iife

t -~ Time

4 -~ Range of varjable

e - Strain

o ~ Stress

Subscripts

el - Elastic

f - Failure

1y - pp, Cc, Cp, Or pc

in - Inelastic

ob ~ Observed

pr - Predicted

pp - Plastic strain in tension, plastic strain in
compression

cc - Creep strain in tension, creep strain in
compression

cp ~ Creep strain in tension, plastic strain in
compression

pc - Plastic strain in tension, creep strain in
compression

T =~ Total

INTRODUCTION

The methed of Strainrange Partitioning for
predicting high-temperature, Jow-cycle fatigue
1ives pioneered a decade ago by Manson, Halford,
and Hirschberg (1) is based upon explicit knowledge
of the magnitudes of the damaging inelastic creep
and plastic strains present in a cycle of loading.
Fatigue researchers have given the method
widespread evaluation (2) and the concept has found
its way into some engineering design procedures for
high-temperature components that undergo significant
amounts of cyclic inelastic strains (3). However,
its use has been hampered in many other practical
instances because the magnitudes of the inelastic
strains cannot be calculated reliably from
nonlinear structural analysis methods. Although
progress is being made in improving the accuracy of
these analysis tools, there will always remain
problems in the computation of inelasiic strains
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because they are too small or because of unreliable
or tnadequate information such as material
properties, vemperature distribution and loading
history.

For these raasons, considerations have been
given to enhancing the manner in which Strainrange
Partitioning is applied to the prediction of the
Tifetime of structural components. The initial
approach taken by Manson and Zab {4) for treating
Tow strains and long hold times has been amplified
in the present paper.  The approach taken is
somewnat analogous to that of Manson and Hirsclherg
in developing the method of Universal Slepes (&)
for lower temperature fatigue 1ife predictiorn.

Aco| Ay * Ay * Agg

Ag, STRAIN RANGE

. ey
N,, CYCLES TO FAILURE

Figure 1, ~ Schematic total straln range relation as sum
of Inelastic and elastic components,

They deveioped the basic Manson-Coffin plastic

strain-range power law of low-cycle fatigue into a
total strain-range representation by the addition

of the elastic and plastic strain-range - life

Ee}ations as i1lustrated in Figure 1 and given
alow:

AI‘:T = Acip * Aeg) (1)

By so doing, they were able to more accuravely
caleulate cyclic lifetimes over a much broader
range of strain-ranges and cyelic lives than was
possible on the busis of either the plastie
strain-range or elastic strain-range alone. The
following section describes ih general terms the
formiation of the proposed total strain-range SRP
approach. Subsequent sections deal with detailed
aspects of the formulation and finally an
evaluation of the approach is presented using
published creep~fatigua data on two nickel-base
superalloys, AF2-10A and Reng' 95.

FORMULATION OF APPROACH

Overview

In tormulating the current total strain-range
approach for SRP, we first determine the
conventional inelastic strain-range - life
relations for the cycies invelving plasticity and
creop, i.e., PP, CP, PC and CC type cycles; then
the glastic strain-range - 1ife relationships are
determined for these same cycles. The problem is
more complex than encountered in developing the
Universal Slopes elastic strain-range - life
relationship, since, at elevated temperatures, the
elastic strain (stress) response is not only
temperature dependent, but is also time-dependent
(as shown schematically in Figure 2) and hence
waveshape-dependent. Families of time- and
temperature~depandent elastiz lines result for
every type of inelastic strain cycle and type of

Lgg {GR &as)

INELASTIC STRAINRANGE CONSTANT

tHowTIME
Flgure 2, = Trend of decreasing elastic straln range
With Increasing hold time, Stress hold cycling Nli=

ustrated, Similar trends evolve for strain hold and
slow cont’=:uous straln rate cycling,

waveshape (1.e., strain-hold, stress-hold, slow
centinuous strain rate, etc,5. Fortunately, the
slopes of these clastic 1ines have been found, as a
Jirst approximation, to be the same as the elastic
1ine slope for pure fatigue cycling with no creep,
i.@., PP type cysling. In other words, the
principal influence of temperature and time is to
shift the Nf = 1 intercepts of the elastic lines,
as sketched in Figure 3. Equations reiating these
intercepts to the temperature and time
characteristics of stress-strain cycles uf interest
could, in theory, be derived from reliable cyelic
constitutive equations of the waterial. However,
in the absence of appropriate constitutive
constants for the materials of interest in the
present study, we have had to resort to smpirical
equations and fit the constants with whatever
Hmited cyclic stress-strain-time-temperature data
were available.  The form of the equations used
will be discussed in a subsequent section.

Intercepts at Ny » 1
8‘ 1" ]

~
4 INGREASING HOLD TIME OR f,/"“ SIS
DECREASING STRAIN RATE ~3

TN, CYCLES TOFAILURE T T

Flgure 3, « Schematic representation of time-dependent
elastic lnes for zreep-fatlgue loading (CC, PC, or CP),

Having established elastic and inelastic life
relationships, they are then available for being
added to display families of total strain-range
versus 1ife relationships. Identification of the
relationships involved is required in making a
specific Tife calculation. This in turn dictates a
knowledge of the partitioning of the strain within
the cycle of intorest, i.e., the determination of
the relative ampunts of creep and plastic strains.
ConsTITUETVE behavior theory can be used to
partition the relaliive amounts of creep and plastic
strains without having to be concerned with the
magnitude or accuracy of the calculated inelastic
strain-range of the cycle. The partitioning can be
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accomplished through a knowledge only of the total
strain-range, the total strain versus time history
within the cycie, the temperature variation within
the cycle, and the documented constitutive response
characteristics of the material, The actual total
strain-rang: - 1ife relation to be used is the sum
of the specific inelastic strain-range -~ Jife
relation determined usina the interaction damage
rule in conjunction with the partitioned
strain-range fractions and the pertinent elastic
strain-range - 1ife relatjons.

Inelastic Strain Range Considerations

With the aid of Figure 4, we can follow through
the steps of the procedure more ¢ 2arly. To keep
the figure as fre: from confusion as possible, a
single temperatures is assumed, and a creep-fatigue
condition involving only PP and CP strain-range
components is considered, Thus only the PP and CP

LOG (Ag)

Ny, CYCLES 7O FAILURE

Figure 4, - Schematic total strain range SRP life relation for
fixed value of Fe, Fynand cycle shape and time, AEF detarmin-

ed from PP and CP Inelastic strainrange-life relations using
Fepand Fpp values and the interaction damage rule, DEC

determined from figure 3, ABC Is resultant sum of AEF and
DEC lines,

inelastic strain-range - 1ife relations are needed
for the example. These preferably would e
established by direct experiment following the
validity guidelines of Hirschberg and Hulford (6).
Alternatively, the ductility-normalized SRP 1ife
relations proposed by Halford and Saltsman (7)
could be calculated on the basis of plastic and
creep ductility information. For present purposes
of keeping the explanation of the procedures as
simple as possible, the inelastic 1ife relations
are assumed to be independent of high temperature
exposure time. Should conditions warrant, however,
such complexities could be dealt with in a
straightforward manner as discussed in Ref. (7) and
by Manson and Zab (8). Also for simplicity, the
inelastic SRP 1ife relations are taken to be
straight 1ines on log-log coordinates, and are
assumed to be mutually parallel, hence the form:

c
seij = CigiNgg) (2)

It must be recognized, however, that there is
nothing inherent in the SRP framework that requires
these life relations be of the form of equation
(2). The form is selected herein for simplicity of
example and because most data can be represented
reasonably in this way.

Mean Stress Effects

Another important aspect of the inelastic
strain-range - life relations is the need for their
expression in terms of zero mean stress
conditions. This concern was first expressed by
Halford and Nachtigall (9) while attempting to
establish the inelastic strain-range SRP life
relations for the nickel-base superalloy AF2-1DA in
the low strain-range regime.

A1l the datz used in this study to establish
1ife relations were obtained from fully reversed
strain cycles with zero mean strain. However, mean
stresses developed in certain cycles due to the
imposed wave form of the cycle. PC cycles usually
exhibited tensile mean stresses, CP cycles
compressive mean stresses, and PP and CC cycles
exhibited negligibly small mean stresses. A
procedure for accounting for mean stress effects on

the SRP 1ife relations was developed by Halford and

Nachtigall (9). This procedure was developed for
the gas turbine disk alloy AF2-1DA, and it is
assumad to apply to Rene' 95 as well,

The reason for applying the procedure is to be
able to base the SRP 1ife relations on a
hypothetical zero mean stress condition. These SRP
1ife relations, especially in the Tow-strain,
nominally elastic, creep-fatigue regime of current
interest, are then more generally applicable. They
thus can be used more logjcally in situations
involving mean stresses that are significantly
different from those associated with the original
test conditions used in developing the 1ife
relations. The procedures proposed in Ref. (9)
were followed in analyzing all of the data
contained in this report.

Elastic Strain Range Considerations

The next step 15 to determine the elastic line
for zero mean stress PP cycling shown in Figure 4
as a straight line on log-log coordinates. In
equation form:

b
scel,pp = Bpp(Npp)

Again, this representation is taken for simplicity
purposes and is not an inherent requirement of

SRP. In the event experimental data are
unavailable, this line might be approximated by the
elastic 1ine component from the Method of Universal
Slopes (5). Determination of the family of
time-dependent and waveshape-dependent elastic
lines can be accomplished by several different
means: Direct experimental evaluation of
Tow~strain, long~life CP creep~fatigue tests,

CC CYCLING

PC CYCLING
CP CYCLING

106 [Ln(By,/B;]

LOG (HOLD TIME OR INVERSE STRAINING RATE)

FIglure 5. - Trend of time-dependent intercept of elastic
lines,
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direct experimental determination of the constants
in a comprehensive cyclic constitutive behavior
theory (for example, Walker's Functional Theory
(10) could h> used if extended into the small
strain regime) followed by a calculation of the
elastic strain-range response to any type of
creep-fatigue cycle of interest, or finally, as
done herein, use of an empirical equation based
upon limited creep-fatigue tes% data.

The form of the representation chosen is shown
in Figure 5 wherein a function of the elastic 1ine
intercepts for creep-fatigue (and pure fatigue, PP)
cycles is plotted versus the cycle hold time (or
inverse of strain rate for continuous slow
straining cycles) on log~log coordinates. The
;ntercept has been found empirically to be of the

orm:

Ln(Bpp/By3) = Aqj(t)° (4)

where Bpp is the N¢ = 1 intercept for PP

cycling, Bij is the time~dependent Nf = 1
fitercept for CP, PC, or CC cycling, t is the hold
time of the cycle, and Aj4 and a are constants
that in general wouid be ;unctions of temperature,
type of cycle, and type of waveshape (stress~hold,
strain-hold, slow continuous strain rate, etc.).
Hence, knowing the characteristics of the cycle of
interest (PC, CP, or CC) such as the type of
waveshape and the time per cycle, equation (4) will
yield the Byj intercept of the pertinent elastic
1ine. Appengix A describes a technique for
ascertaining the elastic line intercept for mixed
cycles (CC + PC or CC + CP).

There are two aspects of equation (4) that
merit discussion: The definition of the hold time
factor, t, and the alteration of a material's
elastic strain-range response as a result of
thermal aging or of other nonrepetitive features
such as variable loading levels.

Obviously, the hold time, t, of a cycle, or
jts frequency, does not sufficiently capture the
details of a cycle that are known to influence
subsequent stress-strain response and damage per
cycle. For example, a given hold time could be
interjected either early or late within a cycle and
the resultant hysteresis loop would appear quite
different. The elastic strain-range would be
altered, and the associated damage per cycle would
also be affected. With the aid of comprehensive
constitutive theories that are currently under
development, we should be able to calculate these
details with considerably more accuracy than now
possible. Furthermore, if the constitutive
theories have history-dependent modeliing
capabilities, then complexities such as thermal
aging, large overstrains, and cyclic softening and
hardening can also be taken into account when
establishing the elastic strain-range response
characteristics needed by the total strain-range
SRP approach.

An extremely significant advantage of the
proposed total strain-range SRP approach is that
the cyclic time factor can be dealt with in a
rational manner in that the aforementioned detaijls
of the time-dependencies within the cycle can be
considered explicitly.

Bounding Life
AT this stage, the 1ife relations are

bounded, The upper bound, of course, is the PP
1ife relation for both inelastic and elastic

strain—ran?e components, The sum of these two life
relations 1s the total strain-range versus life
curve for pure fatigue (PP) cycling. The lower
bound for CP stratning 1s given by the inelastic CP
1ifeline and ths elastic CP 1ifeline for the
longest conceivable time per cycle involved in a
problem of interest. Sumwing these two lower bound
curves gives the Tower bound total strain-range -
Tife relation. From a first-cut design point of
view, 1ife bounds for a given total strain-range
may be as far as the analysis has to proceed.
However, if more precise calculations of life
become necessary, a more refined analysis must be
made of the cycle of interest for the purpose of
identifying the specific inelastic and elastic
Tines for summing.

Partitionin
In going beyond the bounding problem, the

first requirement is the partitioning of inelastic
strains into creep and plastic components in
tension and compression. A variety of experimental
partitioning techniques have bzen proposed and
discussed by Manson, Halford, and Nachtigall (11)
for performing this task. In addition, most cyclic
constitutive behavior theories can be adapted to a
form for making the needed calculations. To date,
constitutive equations have not been developed and
evaluated specifically to deal with the very low
inelastic strain, nominally elastic, condition
being addressed in this paper. It is of special
interest, however, to point out that the need
herein is only to be able to determine the relative
amount of creep and plastic strain, i.e., in the
curvent example, the strain-range fractions Fep

and Fpp. It is not necessary to determine the
actuaq magnitudes of the inelastic strains. To
gain an appreciation of this point, consider that
the interaction damage rule (12),

I/Npr = Fpp/Npp + Fcp/Ncp (5)

can bhe applied to the PP and CP inelastic

strain-range - 1ife relations from a knowledge only

of Fpy and Fcp. For the case in Figure 4 where

the BB and CP' lines are parallel, a fixed value of

Fpp and F (= 1-Fp ) in equation (5) aleng

w1%h the 58 and CP ?ife relations of equation (2)

results in a fixed Tifeline AEF that is between and

Kg;a]]e] to the PP and CP 1ines. The equation of
is

bejp = C'(Nf)c (6)

1
where C' = [Fcp(Ccp) /c + (l—Fcp)(Cpp)llcjc (7)

Calculating Life

By adding the inelastic 1ine AEF to the
elastic 1ine DEC for the specific cycle of
interest, the total strain-range versus life curve,
ABC, 1is obtained. The predicted cyclic lifetime
for zero mean stress is then determined directly
from ABC by entering with the known value of the
total strain-range, AeT . The procedures of

Ref. (9) are then applied to account for mean
stresses present in the cycle under consideration.
The proposed total strain-range SRP approach
is intended primarily for extrapolation into the
low-strain, long-life, creep-fatigue regime where,
because of economic considerations, creep-fatigue
testing, to determine the constants in the 1ife
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relations 1s nearly prohibitive, Any significant
amount of creep-fatigue testing can only be
acc?mplished in a higher-strain, shorter-life
regime,

EVALUATION OF APPROACH

In this paper we have evaluated the total
strain-range SRP approach using ex’sting
creep-fatigue data for two high-st, angth
nickel-base gas turbine disk alloys, Rene’ 95
(13, 14) and AF2-1DA (9, 15, 16). The bulk of
these data are in the relatively high-strain region
with 1ives of about 10,000 cycles or less. In the
evaluation, a series of baseline data is used to
determine the necessary material constants, then
predictions are made of test results not used in
deriving the constants. The results of the
evaluation are presented below.

Alloy AF2-1DA at 760° C

The high-temperature, low-cycle, creep~fatigue
used to establish the total strain-range SRP
relations for the alloy AF2-1DA at 7609 C
taken from the work of Halford and Nachtigal)
A1l of the creep~fatigue data from Ref. ?9)

data
1ife
?ese
9).
were generate! at the NASA Lewis Research Center
using completely reversed strain tests, Those
tests involving creep (CP, PC, and CC) were
conducted under stress~hold, strain-limited
conditions. Only the completely reversed PP tests
used to establish the elastic strain-range versus
1ife relation for PP cycling were performed under
strain-controlled conditions.

Since the validity rules for establishing the
inelastic strain-range versus life relations were
follewed in Ref. (9) and since the life relations
had been established for a zero mean stress
condition, no further analysis was required

herein. The 1ife relations given by equations (9)
to (12) of Ref, (9) are used directly, i.e.,
-1 ~] —
. - 0,61 -
!,.Aepp 0,083 (Npy) g *0.063 Nyl 0.61
' !
2l w2 fom
T,
Iy g
8 g
-3 - _3 -
A
5o}
qla | | l L g (- | | | |
0 1 2 3 4 0 1 2 3 4 5
-1 L0G (Npy) ol — LOG (N
e =0.083 ()™ 0.61 rAecy 0,049 (N = 0-61
! i
U
2= 2
-1 “a
o o
g g
-3 S _3 S
o
v
N N N
4 -
0 1 4 5 4 1 4 5

2 3
LOG Ngg)

{a) PP Inelastic Iii s,
{b} PC inelastic Iine,
{c} CC Inelastic [Ine,
(d} CP inelastic line,

Figure 6ia.( ;;wlastlc SRP life relations for zero mean stress conditions, AF2-1DA, 760° C, Halford and Nachti-

gall da
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Aepp = 0.083(tpp) "% (8)
bee = 0.083(1e) ™" (5
depe = o.oss(Npc)'o'60 {10)
Becp = 0.049(Nc,,)“0‘60 (11)

These relations are shown in Figure 6 along with
the individual data points used in their
establishment.

The elastic strajn-range - 1ife relation for
PP cycling 1s shown in Figure 7 and is given by:

-0.10 .
ACe]’pp = 0.019(Npp) (lld)

The CP, PC, and CC elastic strain-range - life
relations are assumed to haye the same -0.10 siope,
and the intercept values at N{ = 1 are

represented as a function of the hold time per
cycle in these stress-hold tests.

=010

Beql pp ” 009Ny,

g o ’
g

R | i | | |
3 ] 2 3 4
LG Ny

Flgure 7, - Elastic straln range - life re!ation for
PP, AF2-1DA, 760° C, Halford and i»achtigall
data {9),

Using the form given by equation (4), the
constants Ajj and a were evaluated by fitting
the availab]e data plotted in Figure . Since only
Timited information was available for the
evaluation, the straight line curve fit was

oL -

106 [Ln(B,, /8]

O cC: LnisyB )=0.084 (1 V4
PP o< V4

B PC: LBy Boch=0.046 0

v CP: Ln(By/By!=0.040 () V4

2 | I 1
0 1 2 3 4 5
LOG (t, HOLD TIME, sec)

Flgure 8, - Time-dependent Intercepts for elastic strain range life
relations, AF2-1DA, 760° C, Halford and Nachilgall data (9),

accomp]ished by visual fit and forcing of the three
1ines to be parallel., A value of a = 1/4 fits the
common slope reasonahly well, and the values of

A&j are 0,040, 0.046, and 0.084 for CP, PC, and

CCy respectively.

Having obtained the constants for the total
strain-range SRP approach for AF2-1DA at 7600 C,
we can predict the 1ifetimes of any strain cycle
imposed on this alloy at this temperature.

Two sets of data are available for this
purpose: Thakker and Cowles (15) under contract to
NASA have recently published low-strain, long-life
creep~-fatigue data for the same heat of AF2-1DA as
used to establish the constants in the total
strain-range SRP equations, and Hyzak (16) has
published data for a different heat of AF2-1DA.

A1l tests were conducted at 7600 C and many were
strain-hold tests in contrast to the stress-hold
tests used to estahlish the 1ife relations. All of
the stress~hold and strain-hold test results were
partitioned by visual inspection of the hysteresis
loops. Thus, any anelastic strain is lumped with
creep rather than with plasticity. In addition, a
few continuous slow strain rate cycling test

6 per
5
4
3 [«
2
4
2
[&]
"
é 0
[=
2 °r
(=]
Bl FACTORS
z OF TWO
2 A pe
4.—-1
3_.
- 4 SOLID SYMBOLS-
A O  CC  HYZAK DATA {16)
(i & PC OPEN SYMBOLS-
1= v CP  THAKKER AND COWLES
DATA (15)
Nl [ I —
1 2 3 4 5
LOG {Nyy, PREDICTED LIFE, CYCLES)

{a) Total strain range approach,
{b} Inelastic strain range approach,

Flgure 9. - Predictability of SRP for AF2-1DA, 760° C,
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(0.0033-Hz) results were reported in Ref. (16)., We
have approximated the partitioning of these tests
by assuming equal Fee and Fpy values as would

have been obtained ?n a stress-hold test

(CC plus PP) of equal cycle duration. Using the
NASA baseline tests (9) for the AF2-1DA,

.054
Fee = 0.51(t)" %

(50¢t<1500 sec, and 0.7<Ac_.¢1.8 percent) (13)

T

For a 300 second cycie timg, Fee = G.09 and
hence, Fpp = 0.31 (since E;qujs = 1.0, and

Fep = Fpe = 0 for this test condition).

Results of the life prediction calculations by the
total strain-range SRP approach are presented in
Figure 9(a) wherein excellent agreement is
Jemonstrated (73 percent of the predicted 1ives are

-1 [_.
" - 0,
',rAe,,p 0,800 (N, ~ .93
U

w b=
g
g

-3 —

el
a4l | I | [ho |
0 1 2 3 4 5
“l— LOG (Npp)
[ Aeeg ™ 0.220 (g " 09
/

@ -
3
2
g

3

-4 {c) | I [ | J

0 1 2 3 4 5

LG (Nge)

within a factor of two of the observed cyclic
1ives)., The results are particularly satisfying
because the dati being predicted involved types of
tests and a heat of material that were not used in
estahlishing the baseline constants in the
prediction equations, Furthermore, the data shown
in Figure 9(a) were obtained in a different
laboratoyy utjlizing different experimental
equipment and test prucedures, This may explain
why the CC data of Hyzak {16) systematically fall
above those of Thakker and Cowles (15).

As a check against how we would have fared in
predicting the 1ifetimes of the same data using the
conventional inelastic strain-range SRP approach,
Figure 9(b) was prepared. Mot too suprisingly, our
ability to predict is nearly as good as shown in
Figure 9(a) using the total strain-range SRP
approach, This is because the vast majority of the
data are for strain-ranges with large enough
inelastic components that the inherent Timitations
(very low strains) of the inelastic SRP approach

’/hAEW 0,09 ‘Npc) =0,91
-2
..3 e A
A
de N
0 2 3 5
-1 106 (Npc)
{hegp 0.110 ey * 0.91
) .
-3 — v
a1 N
0 1 2 3 4 5
L0G (Ncp)

(@) PP Inelastic line,
ib) PC inelastic line,
(c} CC inelastic line,
(d} CP Inelastic line,

Figure 20. - Inelastic SRP Ilfe relations for zero mean stress conditions, Rene' 95, 650° C, H Bern-
steln (13) and Bernsteln (14) data, e + Fyzakand Bern



ORIGINAL PAGE [
OF POCR QUALITY

are not encountered, It is expected that as
inelastic strain-ranges become too sinall to
accurately calculate or measure, the 1life
predictability by the conventjonal approach will
suffer significantly. This, in fact, is the case
in point for the CC tust result pIgtted in Figure
9(b) at an observed life of 2.6x10% cycles and a
predicted 1ife of 4,4x106 cycles. This test had
an extremely small inelastic strain-range estimated
to be 0,07001 mm/mm, and because of this, the
predicted 11fe is highly questionable, If the
constants in the total strain approach are
carefully established, more accurate Jife
predictions naturally will be expected:, In this
case, the predicted 1ife based on the total
strain-range of 0,005 mn/mm was 1.8x10% cycles,

in much better agreement with the observed 1ife.
However, as pointed out by Manson and Zab (4), it
wil) be difficult, if not impossible, to generate
an appropriate data set for fully verifying the
total strain-range version of SRP, This is bucause
of the prohibitive expense involved in conducting
nominally elastic, low-strz:.n, long-life,
creep~fatigue experiments on engineering materials.

Rene' 95 at 6500 C

The creep~-fatigue resuits generated by the Air
Force on Rene' 95 at 6509C and reported by Hyzak
and Bernstein (13) and Bernstein (14) include just
enough data meeting the stringent Validity
requirement of Ref. (8) to establish the inelastic
SRP 1ife relations. However, because the CC, CP,
and PC data were somewhat sparse, the slopess of
these inelastic lines were forced to be equal to
the slope of the PP inelastic strain-range - life
relation. This appears to be a reasonable
assumption as seen in Figure 10 wherein the four
1ife relations and their supporting data are
presanted, The plotted points have been corrected
for any mean stresses present in the original
tests, and hence represent & zero mean stress
condition. Procedures established for AF2-1DA in
Ref. (9) were followed in making the mean stress
calcuTations for Rene' 95,

The elastic strain-range - life relation for
PP is displayed in Figure 11 and the equations for
the N¢ = 1 intercepts of the time-dependent
elastic lines for CC, PC, and CP are shown in
Figure 12. Interestingly, the 1/4 slope used in
Fiqure 12 for Rene' 95 is the same as the slope for
the AF2-1DA results of Figure 8. A1l of the
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results used in establishing the constants in the
inelastic and elastic )ife relations for Rene' 95
were obtained from strain-controlled tests
invalving hold periods at the peak tensile strain
(cP), al the peak compressive strain (PC), at both
the peak tensile and compressive strains (CC), or
no hold periods (PP),

Three sets of data for Rene' 95 are available
for use in verifying the predictability of the
total strain-range SRP method: 1. The strain-hold
results of Hyzak and Bernstein (13) and Bernstein
(14) that were rot used in the establishment of the
baseline constants, 2. the verification
experimental results from Refs. (13) and (14) for a
variety of test cycles (strain-huTd, slow
continuous strain rate cycling, and dual strain
rates, and 3, the stress-hold tests conducted on
the same heat of Rene' 95 at NASA and reported by
Hyzak and Bernstein (13).

Partitioning of the slow continuous
strain-rate cycling tests and the dual strain-rate
tests was accomplished by an equation similar to
equation (13). However, the partitioning into
creep and plastic strain fractions, Fg and Fp,
was done on a half-cycle basis (so the dual rate
tests could be partitioned properly within each
half-cycle), uiing constants obtained from the
stress-hold and strain-hold experiments for which
partitioning was self evident from the recorded
hysteresis loops.

0.18
Fc = Onlsl(t) 8

(250<t<4000 sec, and 1.2<A=T<2.5 percent) (14)

In the 0.00083-Hz continuous strain cycling tests,
t = 600 sec, and Fc = 0.44. Therefore, Fp =
0.56. Hence, in this case, Fee = Fe = 0.44 and
Fpp = Fp = 0.56. For the dual rate

exBeriments, Fc in tension would be different
from Fc in compression. To determine the values
of Fee, Fep (or F ¢) and Fpp, the rules of
Strainrange Parti%ioning ou%]ined in Ref. (1) are
to be followed.

Life predictions of the Rene' 95 data are
compared with the observed 1ives in Figure 13(a)
for the total strain-range SRP version and in
Figure 13(b) for the conventional inelastic
approach. Again, the agreement of the predictions
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with the observed 1ives is quite good for the total
strain-range SRP version with 81 percent of the
data being predicted to within factors of two.
Predictions by the conventional inelastic SRP
version are still quite reasonable, but with only
70 percent of the data falling within a band of
factors of two of the observed lijves.

CONCLUDING REMARKS

Following up o he pioneering low-strain,
tong hold time SRP work of Manson and Zab (4), we
have developed a set of workable and generally
applicable procedures for casting the SRP method of
creep-fatigue 1ife prediction in terms of total
strain-range versus cyclic 1ife. In this form, the
approach should be of much greater value in the
prediction of the cyclic lifetime of engineering
structures that operate in severe high temperature
environments. This enhanced capability of the SRP
method quite naturally requires a greater degree of
material characterization than with the
conventional inelastic strain-range version.
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However, the added muaterial constants are, in
theory, derivable from cyclic constitutive response
behavior. Such behavior is attainable
experimentally even for Jong times per cycle,
whereas cycles-to-fajlure data based on the same
cycle times would be nearly prohibitively eitpensive
to obtain. The approach we have taken permits the
realistic calculation of long 1ives without having
to conduct long-time, creep~fatigue tests to
fatlure,

_Although a thorough calibration and
verification of the total strain-range SRP approach
may be difficult, and extrapolations in time and
cycles must be relied upon, it is important to keep
in mind that the rationale used in evolving the
approach is realistic and qualitatively consistent
¥1t21how most materials behave during creep-fatigue

0ading.,

To date, very few creep-fatigue data have been
generated that could be used in a critical
evaluation of the proposed approach. Obviously, a
true verification must await the availability of
additional, expensive, long-time, low-strain
creep-fatigue data, Partial verification,
nevertheless, has been provided by data available
in the literature for the gas turbine disk alloys,
AF2-1DA and Rene' 95,

An extremely desirabla aspect of any
high-temperature, creep-fatigue 1ife prediction
approach is 1ts applicability to the problem of
thermal-mechanical strain cycling. Because of the
manner in which the total strain-range SRP version
has been cast (1.e., inelastic strain and 1ts
type~--plastic or creep--essentiaiiy dictates
failure behavior, whereas the amount of each type

of strain and the amount of the elastic strais are

cuantities dictated by the flow behavior), it can
be applied to any generalized thermal-mechanical
cycle that could have been handled via the
conventional inelastic strain-range SRP version.

To date, there have been but Timited aitempts to
adiress thermal-mechanical fatigue using
conventional SRP methodology. In the first attempt
(17), we dealt with a material (Type 316 stainless
steel) whose inelastic SRP 1ife relations were
independent of temperature, and thus the problem
was greatly simplified, In the most recent attempt
(18), a realistic thermal fatigue cycle for a gas
turbine blade was addressed. The material, Rene’
80, exhibited complex behavior, and it was
necessary to consider how the inelastic SRP life
relations varied with temperature. In both cases,
the procedures employed for predicting 1ife were
straightforward, and the use of the current total
strain-range SRP version would present no known
difficulties provided the constitutive response
characteristics were known for the temperature
ranges studied. In fact, when dealing with a
variable temperature problem, it should be
necessary to determine the elastic strain-range -
1ife relations only for the temperatures
coriesponding to the two extremes of strains of the
cycle. Specific procedures for analyzing thermal
fatigue cycles, however, are beyond the scope of
the present paper, which has addressed isothermal
conditions.
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APPENDIX A

Elastic Line Intercept for Mixed CC + CP or
CC + PG Cycles

In the approach outlined in the body of this
paper, we have modeled the tine-dependency of the
elastic lines associated with either CP, PC, or
CC type loading cycles. An important question
arises as to how to model the elastic line when
gither CC + CP or CC + PC type loadings are
present. If the constitutive relations and their
constants are known, this question can be answered
in the same manner as it was in estab¥ishing the
CP, PC, or CC elastic Tinas usrectly from
constitutive behavior. The question is pertinent
primarily when the elastic 1ines have been
established empirically from individual CP, PC, or
CC type tests.

As a first approximation, we have assumed the
two elastic 1ines {CC + CP or PC) of interest are
weighted in accordance with the amount of time per
cycle that can be associated with the CC and CP or
PC strain-ranges, tge and tep or tpe,
respectively. For example, if a tensile hold time
exceeds the compressive hold time by four to one,
i.e., 4 minutes in tensjon and 1 in compression,
then we would associate 2 minutes of time with CC
(1 minute each in tension and compression) and the
remaining 3 minutes of time in tension with CP.
Once the two appropriate intercepts, Bee and
Bep, are thusly determined, the intercept value
to use in the 1ife prediction is the weighted
average of the two, i.e.,

B = [{teelBee * (teplBepl/(tec * tep) (15)
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