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SECTION I
INTRODUCTION

The design of recent jet engines entering USAF service has

emphasized high performance and high thrust/weight ratios, resulting

in higher stresses and temperatures on rotating components. Superimposed
on the performance increases are new requirements for longer service life.
Thus, the need has emerged for increased consideration of the low cycle
fatigue (LCF) behavior of the engine disks, since the high stress cycles
seen by the disks have in many instances made the LCF 1ife the limiting
design criterion for these components. Accurate prediction of LCF life
has therefore become of increasing importance, for design of new engine

disks.

The increased temperatures and stresses that a disk is likely to
see as a result of these trends in the design of the jet engine components,
has necessitated consideration of the problem of elevated temperature low
cycle fatigue deformation and also deformation under the combined effects
of LCF and creep. To meet the need for reliable life prediction that take
into account the above mentioned time dependent mechanical behavior, a
number of methods are currently being developed and evaluated. These
approaches have in common an appreciation for the time dependency of the
fatigue process at elevated temperatures. One area which has received
increased attention in recent years in this regard is the prediction of
service life of disk materials in advanced gas turbine engines. As the
cost of replacement of the advanced disks is many times more than that of

an older disk, it is extremely important that further work be done in the




area of elevated temperature LCF behavior of the advanced disk materials
and to test the validity of the various life prediction methods in real
engine situations. An improved understanding of the elevated temperature
fatigue problem should not only lead to more reliable prediction methods,
but also to improved design operating and environmental control procedures,
as well as to the development of better materials to increase fat:jue

performance capabilities at elevated temperatures.

The primary objective of the present program was the establishment of
the relevant parameters required for the application of the two current
predictive models to the LCF behavior of Rene 95 at 1200°F. These two
models have been receiving increased attention in recent years and will be
discussed in the next section. Also it was hoped that the present study
would elucidate further the mechanisms of LCF damage in Rene 95 under the

influence of time dependent deformation.




SECTION II
CURRENT PREDICTIVE MODELS

The well known "Method of Universal S]opes”1 predicts LCF life
for completely reversed, strain-controlled conditions at low temperatures
thus:

= + .
Ae Aee As:1

t n

3.50
. i u
A[_t = ___Nf

. -0.12 , 0.6, -0.6 (1)

f

where Aey 5 Beg and Be;, are total, elastic and inelastic strain ranges

o the ultimate tensile strength
= the elastic modulus
Ne = LCF life

D=1n ¢ Oé?g.A.) , the tensile ductility

R.A.

i

the % reduction in area at fracture.

The power law shown in equation 1 between cycles-to-failure and plastic

or total strain range is well established. The engineering significance of
this law lies in the fact that the fatigue life can be predicted with

engineering accuracy from the properties measured in a tensile test.

Initial attempts to use this law at elevated temperature showed in
many cases that the prediction was unconservative when compared with actual
test results. It was then recognized that time-dependent effects which
are not present at room temperature have to be considered in the prediction

techniques for elevated temperature.




In elevated temperature LCF, if the frequency of application of
stress or strain is high enough to preclude any creep effect, life may
still be predicted on the basis of the Method of Universal S]opes.]
However, a reduction in the frequency of application of the stress or
strain or introduction of a hold time in the tensile portion of the stress
or strain cycle reduces the number of cycles needed to fail the specimen.
This is because thermal activation can modify the deformation processes
at elevated temperature. For example, plastic deformation can occur more
readily and a number of diffusion controlled processes can be operative if
sufficient time is allowed. Any life prediction method which fqrms the
basis for prediction of service life under such conditions must incorpor-

ate the time dependent modification of the fatigue process, which is

often termed the creep-fatigue interaction.

Two most notable approaches that have been gaining increased attention
e
are: (1) Strain Range Partitioning Method (SRP method) by Manson et al.

4
and (2) Frequency Modified Method (FM method) by Coffin.

1. STRAIN RANGE PARTITIONING APPROACH
This method, developed by Manson and co-workers is based on the con-
cept that there are two forms of inelastic strain; plastic strain and creep
strain which may exist separately or concurrently and that their inter-
action can influence the fracture behavior of materials to a considerable
degree. An important feature of the method is that it draws a further distinction
between the manner in which tensile inelastic strain is reversed by the compressive
inelastic strain to establish a closed hysteresis loop. In the present form, there-

fore, this method is suited only for fully reversed cycling conditions.
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As shown by the hysteresis loop in Figure 1, there are four
basic strain reversal possibilities:

Ae_ @ tensile plastic flow reversed by compressive plastic
flow

Aecc: tensile creep reversed by compressive creep
Aepc: tensile plastic flow reversed by compressive creep
: Ascp: tensile creep reversed by compressive plastic flow

Having recognized the four basic components of strain that must be con-
sidered, the next step is to devise separate tests in which the major

strain component would be one of these basic types, and to determine the
f life relations associated with each one of them, i.e., relations such as

Ae.. VS N_ 3 AECC VS Ncc’ Aec vs N and Ae vs N__ where Nij represents

pp pp p cp pc pc
the life that is characteristic of the cycling loading in which the in-
elastic strain was Asij' Figure 2 shows a schematic of possible rela- 1
tionships in a hypothetical material.

As has been noted, any general loading cycle is considered to be made up
of these four basic types by establishing the fraction of the total inelastic strain

range, fij’ for each, the expected life, Nf, can be computed by noting the

life Nij from the basic Acij VS Nij relations for each strain range and using

the relation: |
fop , Tpc, fep, Tec 1 ;
B TN AR (2) |

pp pc cp cc f



Strain range partitioning approach which recognizes that cyclic

life is governed by the capacity of a material to absorb inelastic strain
is indeed a useful concept. In isothermal, continuous strain cycling
lives for the Type 316 stainless steel over a wide range of temperatures
and frequencies, the above approach has been able to provide upper and
lower bounds on cyclic Hves.3 Also the partitioned strain range-cyclic
life relationships were found to be insensitive to test temperature to
within a factor of two on cyclic life. Where such temperature independent
correlations have been obtained, it has been observed that the monotonic
tensile (plastic) and rupture (creep) ductilities are also insensitive to
temperature within a factor of two. Variation of tensile and rupture
ductilities with temperature is believed to affect the partitioned strain
range-cyclic life relationships in the same manner as in the Coffin-

p 3
Manson equation for low temperatures.

2. FREQUENCY MODIFIED APPROACH

This approach is due to Coffinaand is essentially an extension of
the Tow temperature fatigue equation of Manson and Coffin. In the Manson-
Coffin approach the basic governing equation is

B
Beg, = CyNg (3)

where Nf is the number of cycles to failure and8 and C] are constants.
There is no frequency or time factor in the equation, which is appropriate
for low temperature fatigue. To extend the equation for use at elevated

temperatures, Coffin introduced a frequency term, v, to give
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K-
Bes = Gy (Ng v h (4)

K is a constant and C2 is regarded as a measure of ductility. Another
equation that is similarly modified for the effect of frequency relates
the stress range, Ao, and the inelastic strain range

a0 = A e " (5)
where A, n' and K] are coefficients determined from test data by regression
analysis. Be eliminating Ae; from equations (4) and (5), a relation be-

tween the elastic strain range, begs and fatigue life, Nf, results in

_fo A8 K
AEe = E = E Nf v ] (5)
where A' = Acgl
g' =8n'
Ki=-sn (K-1)+K1
The total strain range, Aey, can be found analytically be combining
equations (4) and (6)
e K-T,-8 A n'y -8n' i
bey = Cz(Nf" Y ECZ Ne L8N (K-1) + K (7)

The total strain range is considered to be the sum of an inelastic

contribution and an elastic contribution. Material properties enter via

Cz, a ductility value, and A, a measure of strength. K and K] are constants

for a given situation which reflect the extent to which frequency is important.
Introduction of frequency terms in the above fatigue equation in effect modifies
the strength and ductility coefficients of the first equation proposed for com- 4
pletely reversed, strain-controlled conditions for low temperatures.

7j
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The general fatigue curve is idealized as being the sum of the two terms,
each represented by straight lines in Figure 3. As stated earlier, increasing
the temperature or decreasing the frequency shifts the "inelastic" curve and moves
it to the left; the effect of increasing temperature on the elastic curve is less
but the curve moves downwards. The point of intersection of the elastic and
the inelastic curves is called transition fatigue life, NT’ which moves to a
lower number of cycles. Coffin considers NT to be critical in determining the
method of testing and analytical procedures to be adopted. If the design life
is less than N_, LCF data and elastoplastic solutions are required for design;

T

if the design life is higher than N_, high cycle fatigue data and linear elastic

T°

stress analysis are more relevant.
Once the various constants are evaluated from LCF tests for different

strain ranges and a set of frequencies, equation 7 can be employed to

determine the LCF life under other sets of conditions. The hold time behavior

can also be predicted from equation 7 by assuming that

where tr is the time for strain reversal

th is the hold period for each cycle.




SECTION III
MATERIAL

1. INTRODUCTION

Rene 95 is a high strength nickel-base superalloy developed by the

General Electric Company and primarily used for compressor and turbine

disks in advanced gas turbine engines. In addition to the conventional
strengthening mechanisms involving precipitation of a high volume fraction

of ordered gamma-prime and, to a smaller degree solid solution hardening,

Rene 95 derives part of its strength from the residual dislocation sub-
structure introduced into the alloy during a thermomechanical processing

(TMP) treatment. Also, TMP is responsible for the duplex structure of

Rene 95, often called the "necklace structure”, in which Targe warm worked
grains are surrounded by a necklace of very small recrystallized grains.

The net result of TMP and conventional hardening treatments is a large improve-

ment in tensile and rupture strength at temperatures to about 1200°F (922°K).

2, PROCESSING AND HEAT TREATMENT

The composition of Rene 95 is given in Table 1. The processing
starts with vacuum induction melted and vacuum arc remelted ingot, approxi-
mately 9 in. in diameter. This ingot is given a homogenization anneal in
the range 21250F = 21750F for 3 hours and then furnace cooled. It is
subsequently reheated to 2000°F ~ 2080°F and the primary processing reduction
is applied to bring the thickness to 40 to 50% above the final value. This

3 Tty 2 il . 2 SR o
is followed by a recrystallization anneal at 2125 F425°F for an hour, which




results in a uniform grain size of ASTM 3-5. The forging is cooled from
the recrystallization temperature at a rate greater than 150°F per hour to
1650°F and then air cooled or taken to final processing. The forging is
reheated to 1975°F-2025°F and the final reduction is applied resulting in
a 40 to 507% decrease in thickness. This imparts residual warm work into
the material and allows the grain boundary regions to recrystallize into
a necklace of very small grains.

Heat treatment after forging consists of a ZOOOOF partial solutioning

treatment, oil quench to a temperature 59000F and a IAOOOF, 16 hr. aging.

3. MICROSTRUCTURE

Figure 4 shows an optical micrograph of one of the Rene 95 pancakes
with the necklace microstructure. The warm worked grains (WW) have a uniform
distribution of intermediate-sized gamma prime precipitates, which give a
darker shade to these grains in the optical. Surrounding the warm worked
grains are the necklaces of very fine recrystallized grains, whose boundaries
are decorated with overaged gamma prime that are larger than the intermediate-
sized. Figure 5 shows the residual dislocation substructure in a warm worked
grain which was introduced during the finish forging and which is anchored
around and stabilized by the intermediate-sized gamma prime. The finest gamma
prime which is responsible for the major part of the strength of Rene 95
appear as small spots in the background of the transmission electron micro-

graph (Figure 5).

10




TABLE 1

COMPOSITION OF RENE 95

C Cr Co Fe Mo W Ti Al

0.15 13.8 8.0 0.13 3.50 3.57 2.50 3.55 |
Nb B Zr Mn Si S P N

3. 20 0.012 0.04 <0.10 <0.10 0.002 <0.01 0.003

0] Ag Pb Bi Ni

7ppm <5ppm <0.00£ <lppm Balance




The fine recrystallized grains of the necklace do not contain any
substructure. Strewn mostly in the necklace regions, however, are the

MC carbides which are high in Ti, Cb and W and low in Ni and Cr.

Observations made in the radial direction of the forging revealed
no significant variation of either the size of the warm worked grains or
the degree of recrystallization. Since the pancake was approximately
1 1/2 inches thick (and 15 inches in diameter), two specimens each were
obtained through the thickness of the forging for tensile and fatigue

testing.

4. TENSILE BEHAVIOR

A. Experimental

Tensile tests were conducted in an Instron machine using

specimens that were 0.25 inch in diameter with a reduced gage length of
1.272 inches. The extensometer was attached to specimen shoulders. For
elevated temperature testing, a resistance furnace was used. The room
temperature test was run at a ramp rate of 0.05 inch per minute whereas,
the tests at 1200°F were run using two ramp rates, 0.05 and 0.005 inch

per minute.

The tensile data for Rene 95 at 75°F and 1200F are given in
Table 2. The following equations describe the flow stress versus strain

relationships for monotonic deformation:

(5)0’022

219.33

a

0.052

240.94(¢)

g




where o is the flow stress in KSI (engineering stress) and

¢ is the corresponding strain (engineering strain).

At the low strain ranges, the strain-rate sensitivity of the flow
stress at 1200°F was found to be negligible in that lowering of the ramp
rate from 0.05 inch per minute to 0.005 inch per minute did not alter the
magnitude of the flow stress versus strain relationship. The data for
both rates of straining have been used for determining the coefficients

in the equation 10.

The stress rupture properties were measured using Arcweld Creep and
Stress Rupture Testing equipment at 1200°F under an initial load equivalent
to a stress of 150 KSI. The creep rate along with other measured values

are reported in Figure 6.

B. Deformation Substructure at 1200°F

Figure 7 shows the deformation substructure in the warm worked grains
of Rene 95 samples that were tensile tested at 1200°F. In examining these
foils, the most significant observation, as has been reported previous]y;‘
was the absence of any intense slip bands that are commonly found in deformed
superalloys that are conventionally processed. The accumulation of de-

formation substructure was gencrally uniform and homogencous.

Figure 8 shows the process of stacking fault and microtwin formation
in the warm worked grains of necklace Rene 95 under creep conditions in

accordance with the mechanisms proposed by Leverant et.al.” In addition,

3




1200°F

TABLE 2

TENSILE DATA OF RENE 95

0.1% offset yield strength :

0.2% offset yield strength :

U.T.S.
Elongation

R.A. at fracture

0.1% offset yield strength :
0.2% offset yield strength :

3 % 88
Elongation

R.A. at fracture

Gage length

Ramp rate

14

189.
192.
237.
LEl.
12.

167.
173,
217
13.
14.

06 KSI
61 KSI
20 KSI
76%
88%

77 KSI
34 KSI
95 KSI
10%
96%

.272 inches

.05 inch/min.




the examination also revealed substructure accumulation by ordinary slip

of %<110> pairs of dislocations. Thus, at 1200°F and 150 KSI, Rene 95
deforms by a combination of viscous slip of partial dislocations con-
tributing to the formation of microtwins and stacking faults, and ordinary
s1ip movement of perfect dislocations which results in a general accumu-

lation of tensile deformation substructure.

15
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SECTION IV
LOW CYCLE FATIGUE BEHAVIOR

1. EXPERIMENTAL

Low cycle fatigue tests were conducted using standard hour glass
button-head specimens. The minimum section was heated by means of an in-
duction coil. A diametral extensometer along with a computer developed
by Mar-Test Inc., Cincinnati, was used to monitor and control the strains
developed in low cycle fatigue. The computer was calibrated to provide

the axial strain and to control by the computed axial strain.

The following three modes of testing were employed in generating
data for the present program:

(1) Continuous cycling under total computed axial strain
control for various total axial strain ranges at a frequency
of 20 cycles per minute (cpm).
(2) Continuous cycling under computed inelastic axial strain
control for various computed axial inelastic strain ranges
at a frequency of 0.05 cpm.
(3) Cycling under total computed axial strain control with a

hold at the peak tensile strain, compressive strain or both.

A1l the tests were conducted at 1200°F. A triangular cyclic mode was
chosen for (1) and (2) whereby the strain varied linearly between two equal
and opposite limits (zero mean strain). The same linear mode was used for
the continuous cycling part of the tests with hold times in which
the rate of straining in the continuous part corresponded to a frequency

of 20 cpm. In the above mentioned classification, total strain range refers

16




to the sum of the elastic and the inelastic components. The three modes of
fatigue cycling are further illustrated in Figure 9. Although the diametral
extensometry used in the present testing limited the highest frequency at which ‘
the closed loop hydraulic testing machine could be used for fatigue cycling to

20 cpm, this is believed to be a high enough frequency for precluding all

time depeadent deformation in Rene 95 at 12000F, as discussed below.

2. RESULTS ’
Figure 10 shows the plot of the strain range versus cyclic life to

failure relationships obtained for the 20 cpm and 0.05 cpm tests at 1200°F. %

AT 20 cpm, there is negligible time dependent deformation introduced in low '

cycle fatigue because of the high rate of straining. This is also evidenced

by the appearance in these tests of Stage I type of crack initiation. Conse-

quently, the inelastic strain range (Aein) versus cyclic life (NF) relation-

ship at 20 cpm will also be referred to as Aepp versus Npp’ in accordance

with the definition following the SRP approach, and can be modeled along the

lines of classical Coffin-Manson equation.

The following equations describe the different strain range life
relationships shown in Figure 10.

20 cpm Continuous Cycling

Elastic strain range, Aee = 2.7240 x 10_2 Nf‘_o'116 9)

=0.998

Inelastic strain range, Acin = 1.3874 Nf (10)

0.05 cpm Continuous Cycling

<0.113
£
2. =0.641

= 8.6557 x 10 °N (12)
n f

Elastic strain range, Ae_ = 2.4289 x 1072 n (11)

Inelastic strain range, Aci

The equations describing 20 cpm cycling may be rewritten as:

O




< o ~0.116
Ae, 3.1745 5 Mg (1:3)

he, = @.5647 g, 2998 (14)
in i

where ou, E and D are respectively the ultimate tensile strength the Young's

modulus and the tensile ductility (as defined by D = 1n ( L0

o
Tooopa)) at 1200°F.

The above equations were obtained by linear regression of the AE—Nf data

on log-log coordinates. Based on Aiin-Nf plot, the equations predict higher
lives at 0.05 cpm than at 20 cpm for low strain ranges. This prediction could
not be tested out in the present program, as the inelastic strains are very
difficult to control at such low values during testing. Also the times involved
would have been too long. It must be noted that the above prediction is based
on the assumption of a linear relationship, and more importantly on limited data.

Figure 11 shows the plot of the peak tensile and compressive stresses at
Nf o
> developed in fatigue cycling of Rene 95 at 1200 F and 20 <pm. The compressive
stress is found to be approximately 10 ksi higher than the tensile stress. This
difference is generally attributed to the increased true strain (he material
will be subjected to in compression, when cycled between tuo c¢qual and opposite
nominal strain limits. On a log-log plot, the best fit for Ot versus Atin for
20 cpm tests would give:

o, = 339.86 (ac, )12 (15)

Figures 12 and 13 depict the change in the peak tensile and compressive stresses
respectively of the hysteresis loop at half life as the frequency of cycling is
lowered to 0.05 cpm from 20 cpm. Whereas the tensile stress drops with decrease
in frequency, the compressive stress is found to remain unchanged. Even for the
tensile part, the drop in stress is not large in view of the magnitude of the

change in frequency.




The relationships between the inelastic strain range (measured at half
life) and the cyclic life to failure obtained from hold-time tests involving
symmetrical holds (i.e., equal hold times at both peak tensile and compressive
strains) are presented in Figure l4. Also shown in the figure are the Agin Vs
Nf relationships for 0.05 cpm and 20 cpm continuous cycling tests., It is inter-
esting to note that the 10/10 hold (i.e. 10 minutes in tension and 10 minutes
in compression) was not any more damaging than the 1/1 hold in the higher
strain ranges, when compared on the basis of the Aein vs Nf type of relation-

ship. Consequently, only 1/1 hold tests were employed in determining the strain-

life relationships at lower strain ranges.

The variation of cyclic life with inelastic strain range under unequal
hold-time conditions is shown in Figure 15. The compressive holds are seen to be
more damaging, than the tensile holds. Also shown is the line for the equal hold

period tests which falls in between the 1/0 and the 0/1 hold lines.

An interesting observation involving the hold time tests is that the hysteresis

loop shifts along the stress axis when unequal times were introduced. Figures 16
and 17 compare the shifts in peak tensile and compressive stresses respectively in
reference to the peak values observed in 20 cpm and 0.05 cpm tests. The 0/1 type
of hold tests shifts the peak tensile stress to a higher value (magnitude) while
lowering the peak compressive stress thus displacing the whole hysteresis loop
towards a mean stress value that offsets the mean compressive stress associated
with the 20 cpm tests, with the result that an absolute mean tensile stress is
produced. The reverse is found to be true for the 1/0 type of hold tests, in
which the mean stress for the hysteresis loop is even more compressive than what
is found in the 20 cpm tests. It is also interesting to note that for not too

large inelastic strain ranges, 0/1 hold tests are associated with lower lives than
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that observed for 1/0 type of hold tests (Figure 15). In addition, the 0/1
and the 1/0 lines are also found to cross near a Nf value of 100, indicating
that at lives lower than 100 cycles (or equivalently at inelastic strain ranges

greater than approximately 0.5 percent), the 1/0 hold would be more damaging

to Rene 95 at 1200°F.

The observations of hysteresis loop shifts associated with unequal hold
time tests in Rene 95 are similar to that found by Lord and Coffin7 in fatigue
cycling of Rene 80 with unequal hold times at 1600°F. In their study, tensile
hold tests showed a compressive mean stress shift and the compressive hold tests
showed a tensile mean stress shift. These shifts were explained in terms of the
times spent in tensile and compressive loading. Qualitatively, the shorter lives
found in the compressive hold tests could be explained on the basis of the increased
tensile peak stress that the material would be subjected to and vice versa. It
was also noted that the above mentioned behavior occurred in the life range above
the transition fatigue life, which was taken to be an indicator of the mean stress
capability of the material. From the present data, the transition fatigue life
of Rene 95 at 12000F is observed to be approximately 80 cycles (Figure 10), which
is also close to the cross-over value of N_ for 0/1 and 1/0 hold test data

£
(Figure 15).

From the above results, the partitioned strain range relationships were
obtained in the following way. The data from the equal hold time tests
were used to obtain the A'cc vs Ncc plot. The increment in the in-
elastic strain accompanying the hold at the peak strain was treated as

a creep component, the remainder of the inelastic strain of the loop

being then the plastic component. It was found that in equal hold tests,

20
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the creep components (and hence also the plastic components) were equal

in both compression and tension. Therefore, the inelastic deformation

in these hysteresis loops could be analyzed in terms of cc + pp components.
The Ncc life for each of the data point was computed using the interaction
rule (Equation 2). The Be . VS NCC relationship thus derived is shown

in Figure 18 and is best represented by the following equation:

-0.806

Ae . = 0.1375 Moo (16)

Similarly, Ae c Vs Npc relationship was derived from the 0/1 hold

p
time data using the interaction rule involving pp and pc components.

In these tests, the creep component in the compressive cycle was assumed

to be equal to the increment in the inelastic strain during the compressive
hold. That would also equal the pc component in the cycle, the remainder
being the pp type. The Aepc Vs Npc relationship is shown in Figure 19

and follows the equation:

-0.806

b (17)

. -2
Aepc = 8.2854 x 10 = N

Ascp VS Ncp relationship may be derived, likewise, from the 1/0 hold time
tests. The triangles in Figure 19 represent the Aecp/NCp points, which
involve an inordinate amount of Scatter as compared to that associated

with the original /\s'in--Nf results from which these points were derived.

Tests conducted under inelastic strain control at 0.05 cpm are also
amenable to analysis by the strain range partitioning method. As these
tests involve continuous cycling, the extent of creep strain that is intro-

duced into the fatigue deformation is calculated using the drop in the peak

stresses of the hysteresis loop as an indicator.




As discussed in Reference 3, when fatigue cycling is conducted at a high
enough frequency to preclude all time dependent deformation, the corresponding
hysteresis loops show the largest peak tensile or compressive stresses. During
a continuous cycling test, when frequency is lowered from this high value, time
dependent deformation sets in, which resuits in lowered peak stresses for the
loops. For each frequency, a unique ot(oc) versus A(in curve may be drawn. As
the curve obtained at the highest frequency indicates the exact amount of time
independent inelastic strain involved at a certain o value, any excess inelastic
strain observed for a test with the same o value is believed to be the result of
the time dependent deformation. For example, Figure 12 shows that decreasing
the frequency from 20 cpm to 0.05 cpm lowers the peak tensile stress for the
same inelastic strain range. In the absence of any differences in the mechanical
behavior in the compressive and tensile directions, the same stress drop would
be normally expected in the compressive peak stress also. However Rene 95 does
exhibit a lower creep rate in the compressive direction, as a consequence of
which, the oc vs Aein plot for 0.05 cpm shows very little shift from that for the
20 cpm plot (Figure 13). Following the manner in which the creep and plastic
components are to be separated,3 the 0.05 cpm hysteresis loops can be said to
involve cp plus pp components rather than cc plus pp components which are normally
expected. The cp points thus computed from the 0.05 cpm data are shown in
Figure 19. The cp data were considered too scattered to obtain a representative

relationship for a cp line in the form of an equation.




SECTION V
DISCUSSION

1. STRAIN RANGE PARTITIONING APPROACH

A. Some General Comments

Strain range partitioning approach which separates the total
damage in low cycle fatigue into plastic (i.e., time independent inelastic)
and creep (i.e., time dependent inelastic) components is indeed a useful
concept. Generally, transgranular stage I type of crack initiation in
smooth specimen cycling is associated with time independent inelastic
damage whereas intergranular type of crack initiation is associated with
time dependent inelastic damage. Any interaction between these two types
of damage is then believed to influence the nature of the crack initiation
in an actual test. In the present study, crack initiation Tives, which
were determined by the change in compliance of the test set-up, were found
to be equal to or greater than 90 percent of the total cycles to failure
(Nf). Hence, only Nf values were used for all the plots representing

various strain range vs life relationships.

In fatigue cycling involving components other than pp, the most pre-
ferred cycle for introducing creep strain seems to be the one involving a
constant tensile or compressive creep stress. However, this type of cycling could
not be employed in the present study for two reasons. Firstly, during
fatigue cycling of Rene 95 at equal and constant stresses, the average com-
pressive creep rate was found to be approximately an order of magnitude
smaller than the average creep rate in tension. This would have meant

a prohibitively large amount of time for obtalning a given amount of compressive

e ——————
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creep strain if a value of tensile stress was used which would give the required
tensile creep strain in a reasonable length of time. On the other hand, increasing
the stress level in order to accelerate the compressive creep rate would have result-
ed in too short a time for tensile creep. One way to circumvent this problem would
have been to bias the stress in the compressive direction. This method, however,

was not followed, as it was found that the creep rates did not remain

constant during continued cycling. In addition, the proportion of pp

to cc strain was observed to change drastically during the course of

fatigue cycling with a biased stress situation. Therefore, constant stress

hold cycles were not employed; instead, constant strain hold cycles were

used.

Rene 95 was found to be a cyclically softening material at 1200°F
in that the stress range continuously decreased and the inelastic strain
range continuously increased during the course of the test. This was
true even for the 20 cpm cycling. As a result, the creep component in
the hold time tests varied slightly during the tests. Therefore, stress
or strain values at half the cyclic 1ife was taken as representative of
the hysteresis loop and were used in all the calculations and in determining

the various life relationships.

A1l the test points, except two, were used in determining

A vs N.. relationships for the SRP model. The two test points which

g i
could not be used were those corresponding to the 1 percent total strain

range tests with unequal hold times (i.e., 1/0 and 0/1 hold tests).




Although the total inelastic strain range could be measured, the creep

component could not be separated from the total value because of the

extremely small value of the inelastic strain range to begin with.

The calculation of the cp components from 0.05 cpm tests involved
first drawing a smooth curve through the tensile stress versus inelastic
strain range data points from the 0.05 cpm and 20 cpm tests. For selected
values of total inelastic strain ranges (0.1, 0.2, 0-3 and 0-4%), the
tensile creep component was computed using the method described in

Reference 3. At these same strain ranges, the N values were com-

observed
puted based on the best fit of all the five 0.05 cpm test points (i.e.,
equation 12). Equation 10 was used to calculate the corresponding Npp
values. Consequently, the computed cp points from the 0.05 cpm tests do
not show much scatter (Figure 19). Had the individual test points rather

than the smoothed-out values been used for calculations however, the scatter

would have been much larger.

B. Validity of Test Points

A criterion that must be met for each test point to be
used in the establishment of the 1ife relationships was put forward in
Reference 8. The critericn to be used is that at least one half of the
damage ¢ in a test with an observed life Nobs must be due to the strain
range component of interest (e.g., ¢ = Fij (Nobs/Nij) >0.5 for an ij cycle).
An examination of the present data reveals that this criterion is met

for all the test points except the following:

rS
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(i) Equal hold test (1/1 hold); total strain range =
1-2%; inelastic strain range = 0-:12%.

(ii) Unequal hold tests (all 1/0 hold); total strain ranges =
1-8%, 1-4% and 1-2%; inelastic strain ranges = 0.52%,

0-3% and 0-21% respectively .

The cc point computed from (i) is, however, quite close to the cc
line in Figure 18, and shows one of the lowest amount of deviation. On
the other hand, the cp points computed from (ii) represent a large amount
of scatter as shown in Figure 19. Instead of discounting the importance of
these three test points, it is more beneficial to look at the basis

of the criterion itself.

In all the tests, the value of Fij was between 0-1 and 0-4. Hence,
whether or not the above criterion is met for each test point depends
largely on the Nobs/Nij ratio. As mentioned in the previous section,

1/0 type of hold tests show a shift of the hysteresis loop in the compressive
direction, thus lowering the peak tensile stress. Probably because of the
lowered tensile stresses, for equivalent inelastic strains, 1/0 hold

tests show lives close to those of the 20 cpm tests, the latter being the
basis for the pp relationship. NobS/Ncp ratio could then be expected to
become smaller, which leads to the breakdown of the damage criterion.

The loop shifts accompanying unequal hold tests seem to be a general
phenomenon associated with fatigue cycling of high strength nickel base
supcrallnys7 and its importance in being able to influence the fatigue

lives must not be discounted. Therefore, the present results reflect




upon the damage criterion itself, which is actually the basis for the SRP
rule. It is felt that the use of the damage criterion and thus the SRP
may have to be reevaluated from the point of view of its applicability to

nickel base superalloys.

2. FREQUENCY MODIFIED APPROACH

A. Results without Frequency Modification

Figures 20 and 21 show all the test points when plotted in terms
of inelastic and elastic strain ranges respectively versus cyclic life. The
following equations represent the above relationships on the basis of a least

squares fit:

-0.815

Inelastic strain range = Aein = 0.3147 Nf

(18)

-0.082

£ (19)

Elastic strain range = Ae_ = 2.0106 x 1072
Figure 20 represents a difference of a factor of 8 between the extreme values
in cyclic lives for a certain value of inelastic strain range. This difference
is more than two orders of magnitude for the elastic strain range plot. On

the basis of these results, a lower bound life for the conditions similar to

,s where N

those employed in this program may be estimated to be equal to Nf/}

f

is that life computed from the equation 18.

B. Results with Frequency Modification

Figure 22 represents the frequency modified relationship, in

which [Aiin X (f% ™ is plotted versus Nf on log-log coordinates. It can
be represented by the equation:
v .=0.10 _ . .. -0.882 A
be gy X Gg) = 0.6507 N (20)




Here, m = 8 (1-K) - -.10 and

B = 0.882
The least square method gives an average K value for all the test points at
0.887. The frequency modified elastic plot is shown in Figure 23. Tt

follows the equation

= =
= 2.5002 x 10 ~ (N.) s (21)

v ,-0.03
) )7

ALe - (20

The coefficients for the frequency modified approach are, therefore, the

following:
B = 0.882 g' = 0.103
K = 0.887 Ki = 0.03
A' =2
C, = 0.6507 - 2.5002 x 10

The complete frequency modified equation for Rene 95 at 1200°F is

=0.103 v 0403 ~0.882.v < 0.10
¢ (20) + 0.6507 Nf (20) (22)

Ae, = 2.5002x107% N
Using the FM approach to model the inelastic strain range versus life data results
in a scatter band of a factor of 7. This, however, can be further reduced to a
factor of 4 if the data are plotted in the manner proposed by Ostorgron,9 in
which the cyclic life is correlated with the tensile part of the hysterectic
energy and which is frequency modified for the time dependent effects. The
damage function proposed by Ostergren is given by

=m

)

nt X Akiin X (E%
where Oy is the peak tensile stress of the hysteresis loop at half life.
The function represents an approximate value of the energy spent in the
tensile part of the hysteresis loop. The relationship between the damage
function and the cyclic life for Rene 95 is given by the equation:

v (=0.125 -1034

e 4
o, X B¢ Xk = 2.7212 = 10" N

t in 20 f i




and is plotted in Figure 24. Figure 25 shows the plot of total strain
range versus life for all the data. Also shown in this figure are bey
VS. Nf curves obtained from the frequency modified equation (23) for

frequencies of 20, 0.95283, 0.4878 and 0.05 cpm.

3. CONCLUSIONS

On the basis of the limited data that are presented in this study,
it may be concluded that the effect of creep damage on the low cycle
fatigue behavior of Rene 95 at 1200°F is not very severe. This is
probably because of the good stress rupture properties of the material
at this temperature. As a result of this limited plastic flow, Strain
Range Partitioning approach does not seem to hold much promise for analy-
zing, and, therefore, for predicting strain controlled Tow cycle fatigue
behavior of Rene 95 under creep-fatigue conditions at 1200°F. When com-
pared to the SRP approach, the Frequency Modified approach appears less
cumbersome and, hence, more advantageous. The present study indicates,
however, that the FM approach using the frequencies calculated on the
basis of the actual cycles holds only a slight edge over that involving
unmodified inelastic strain range versus cyclic life representation. At
present, the damage approach proposed by Ostergren seems to offer more
potential as it takes into account the aspect of loop shift that accom-

panies fatigue cycling of Rene 95.

A
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Most of the present data have been generated in the very low cycle

range which may not be of interest to the designers who are concerned

about fatigue lives representative of the conditions of actual service
in an engine. Because Rene 95 is a high strength, Tow ductility alloy,
the inelastic strain ranges encountered in fatigue cycling are small.

It becomes difficult to measure them experimentally when the lives are

in the range 10,000 to 50,000, not to mention any attempt at separation

of components. In this regard, SRP approach is clearly at a disadvantage;
FM approach based solely on the inelastic strain range, and the damage
apprcach are probably less so. Between the latter two methods, FM approach
is less sophisticated as it does not involve determination of the peak

tensile stresses.

Therefore, considering life prediction from the point of view of
total strain range (elastic plus inelastic) - cycles to failure instead
of elastic or inelastic strain range alone may be the best approach suited
to Rene 95 at this temperature. Here, the FM approach is still applicable.
As the field measurements of strain are in terms of total strain, total iH
strain range-life representation is also more advantageous from a design

point of view.
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For AC>DB; ) AC: Tensile plastic strain
Ae = DB CD: Tensile creep strain
PP DB: Compressive plastic strain
Ae . = CD BA: Compressive creep strain
Aepc = AC-DB=BA-CD
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Figure 1. Hysteresis loop describing strain reversal possibilities.
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Magnification: 165 X

Figure 4. Three-dimensional optical micrograph of Rene 35 pancake.
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Magnification: 14000 X

Figure 5. Dislocation substructure in the warm worked grains.
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Figure 7.

Magnification: 16500 X

TEM of foils prepared from a tensile-tested sample.




Magnification: 14000X i

Figure 8. Deformation substructure from a stress rupture tested sample.
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Figure 9. Examples of the different modes of fatigue cycling used in the

isothermal tests.
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Figure 20. Plot of inelastic strain range vs cyclic life from all the tests.
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Figure 22. Plot of frequency modified inelastic strain range vs cyclic
life from all the tests.
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