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CONSTITUTIVE RESPONSE OF RENE 80 UNDER THERMAL MECHANICAL LOADS

K.S. Kim, T.S. Cook, R.L. McKnight
General Electric Company
Cincinnati, Ohio 45215

Accurate prediction of structural response in the high temperature
environment is a prerequisite for reliable 1ife prediction of hot section
components of gas turbine engines. In many situations, this involves the use
of general purpose finite element code capable of modeling nonlinear material
behavior. The constitutive models of material behavior may be either
classical, 1.e. separation of creep and plastic deformation, or unified,
wherein inelastic deformation as a whole is considered. While there is
considerable interest in the unified theories, these models require further
development of capabilities and experimental verification under realistic
loading conditions. At present, the implementation of unified theories in
numerical analysis is not widespread. The classical theories, on the other
, hand, are relatively well established and available in many finite element
|
|

codes. Therefore, the prediction of cyclic deformation in this study was made
‘ using a classical model rather than a unified theory. The objective of the
study was to examine the accuracy of a classical constitutive model when
applied to thermomechanical fatigue (TMF) of Rene' 80. Using isothermal creep
and cyclic stress-strain data, two approaches wére used to predict the half
life therma) mechanical hysteresis loops. An elastic-plastic analysis using
appropriate stress-strain-rate data was followed by an elastic-plastic-creep
analysis. This latter approach used high strain rate data for the
elastic-plastic analysis and relied on the explicit inclusion of creep to
develop the appropriate time debendent behavior. Comparison of the two
approaches provides an indication of the importance of explicitly modeling the
rate effects in the thermal mechanical cycles of Rene' 80.

395


https://core.ac.uk/display/42832762?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

MATERIAL

The material selected for this study is the conventionally cast superalloy
Rene' 80. The composition (wt. pct.) is: 3.0 pct. Al, 5.0 pct. Ti, 14.0 pct.
Cr, 3.9 pct. W, 4.0 pct. Mo, 9.8 pct. Co, 0.17 pct. C, and the balance Ni.
This nickel-base material is a typical high temperature alloy and is quite
widely used for turbine blades and nozzle vanes. The microstructure of this
alloy has been described by Antolovich and Domas [1,2], but it consists of
large (ASTM 2 to 3), irregular grains with a distribution of grain boundary
carbides and borides. There are several strengthening mechanisms but the
major one is uniformly distributed cuboidal gamma prime precipitates. These
precipitates tend to coarsen with increasing temperature and strain rate and
are at least partially responsible for the temperature dependence of cyclic
deformation. At the lowest test temperature, the deformation is largely
within the matrix leading to matrix failure when a critical dislocation
density is achieved. At the higher temperatures, the large precipitates tend
to disperse the slip, yielding more homogeneous deformation. The damage
accumulates at grain boundaries, leading to the formation of oxide spikes [1];
hence, not only the deformation but also the failure mechanisms are
temperature dependent.

MECHANICAL TESTING

Solid cylindrical specimens were cast to size and final machined using low
stress procedures. The specimens had a diameter of 6.35mm and were 92.1mm in
length. The specimen ends were threaded for attachment purposes.

A broad sequence of thermomechanical and isothermal tests were carried out
to develop and evaluate a TMF model. Isothermal cyclic stress-strain (CSS),
low cycle fatigue (LCF), creep, and relaxation tests were conducted at three
temperatures under a variety of test conditions. The CSS behavior was
examined as a function of strain rate, as was the LCF 1ife. Creep and
relaxation were examined in tension and compression; mean stress effects and
creep-plasticity interactions were investigated. A1l these results will not
be reported here; this paper will concentrate on the time dependent behavior
of Rene' 80.
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A1l testing was carried out in conventional servohydraulic fatigue
machines with extensometry. For the displacement controlled tests, total
longitudinal strain was controlled. The same test setup was used for the
creep tests so that the creep curve was obtained. Data were obtained at three
temperatures, 760, 871, and 982°C; the majority of the testing was done at
the highest temperature. Cyclic testing was done at strain rates of 10, 2,
and 1 percent/minute, with a few tests at 0.2 percent/minute. Previous
testing had established stress-strain behavior at high strain rates,
40-50%/min. [2,3]. Triangular waveforms were used in these tests with several
strain ratios (R_ = eminlemax) employed.

The cyclic stress-strain data was obtained in two ways. At a strain rate
of one percent/minute, fully reversed cyclic tests with open hysteresis loops
were conducted. By recording the loops, the material's approach to stable
behavior was observed. A loop at the estimated half 1ife was selected as
representative of the cyclic amplitude curve. Other strain rate data was
obtained from the LCF tests; the stress-strain values at 0.5 Nf were taken
as points on the cyclic curve. A summary of the cyclic behavior at the three
temperatures and four strain rates is shown in Figure 1. The data shows a
complex pattern of temperature dependent behavior. At 760C, there is very
little effect of strain rate. At 871C, the strength shows a significant
increase with rate, while the 982C stress-strain curve increases only at the
very high rate. This behavior reflects the temperature dependent deformation
mechanism of Rene' 80.

Since the TMF cycles had a period of less than three minutes, the creep
tests concentrated on the early part.of the creep curve. The stress levels
employed were typical of the TMF loads and the initial load was applied at
approximately the rate of the TMF tests. There was slight plasticity in a few
cases but most of the initial loading was elastic. The majority of the creep
tests lasted two to three hours, although a few were taken to failure.

The creep data was analyzed using a nonlinear regression routine and
fitted with the creep curve

C m.n r
=Kot +Qot
) q ’ (1)

where K, m, n, Q, and r are constants determined by the regression.
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Both the tensile and compressive creep data were analyzed using this
expression. It was found that the compression curves could be reasonably
predicted by the tensile data and vice versa. 1In addition, when the creep
rates were examined, at 982C (the only temperature examined at present), the
same creep rates were occurring at the same creep strain regardliess of the
sign of the load. Figure 2 shows the tensile creep data and the resulting
curve fits at 982 and 871C. Since there does not appear to be any variation
in creep associated with the sign of the load, this same fit was used to
describe both the tensile and compressive creep in the modeling.

The Rene' 80 TMF specimens were subjected to the three temperature and
strain waveforms shown in Figure 3. The general testing procedure has been
described by Embley and Russell [4] and consists of two control loops, one for
strain and one for temperature. Induction heating was employed and controlled
by calibrated thermocouples mounted on the specimen shoulders. The TMF cycle
was limited by the solid specimens; forced air cooling would induce
undesirable temperature gradients and was not employed. A strain rate of one
percent per minute was used in the TMF experiments; this resulted in a period
of 1.6 to 2.6 minutes. This consideration restricted the temperature cycle to
100-150°C. This cycle is, of course, not representative of an entire flight
cycle, but it does simulate parts of the cycle, for example, a thrust reversal

[5].

Load-displacement hysteresis loops were recorded periodically throughout
the TMF and LCF tests. Load and strain data were recorded on calibrated strip
charts and used to determine cycles to crack initiation, Ni' and failure,

Nf. The Rene' 80 softened at a constant rate for much of the fatigue test;

an acceleration in the softening rate was used to define crack initiation.
Cycles to failure was defined as 50 percent load drop. The hysteresis loop
nearest Nf/2 was used as the definition of cyclic values. Stress values and
strain ranges were obtained from this loop. The measured plastic strain range

was defined as the maximum width o° the stress-strain hysteresis loop.
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THERMAL MECHANICAL ANALYSIS

Analyses of the thermal mechanical hysteresis loops were made using the
four constant strain triangle model shown in Figure 4. The finite element
program developed by McKnight [6] was used throughout the study. Two
approaches were taken to account for the inelastic deformation at high
temperatures. In the first approach, only the elastic and plastic deformation
was considered. The creep was not explicitly included in the analysis.
Instead, the stress-strain curves at the strain rate used in the TMF tests
were input to the analysis. It may be assumed that the creep was implicitly
included in this case since the creep effects are reflected in the
rate-dependent stress-strain curves.

In the second approach, the creep deformation was explicitly included.
The stress-strain curves at high strain rates, 50%/min, along with creep
constants, were input to the analysis. It was assumed that the creep
deformation is negligible at the high strain rate. A1l the stress-strain
curves used as input in the analysis are half-life curves, as are the
hysteresis loops being calculated in this paper. From the standpoint of life
prediction, using half 1ife data is more practical than relying on the data
based on continuous changes of cyclic response, which is difficult to predict
for the classical constitutive models.

The thermal mechanical cycles analyzed in this study are (Figure 3):

(1) 760 - 8711°%, R,
(i) 81 - 982°, R,

]

1%/min; LIP, CWD, LOP
1%/min; LIP, CWD, LOP

-1, Ae= 1%, €
-1, Ae= 1%, &

For comparison purposes, isothermal cycles are also presented:

2%/min
2%/min and 10%/min

(i1i) 8m°c, R = -1, Ae= 1.0%,
(iv)  982°c, R = -1, Ae= 1.3%,

me Me
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For the elastic-plastic analysis, the six cycles in (1) and (ii) were
analyzed. For elastic-plastic-creep analysis, conditions (i1), (ii1) and (iv)
were considered. The 760-871°C cycles were not considered in the latter
approach because the creep tests were complieted only for 871%F and 982°c

at this time.

For completeness of presentation, the constitutive model used herein is
outlined in the following:

(I) Time-Independent Deformation

The strain component can be written as the sum of the elastic, plastic and
thermal parts:

€..=¢c8 + P 9, 2
i i e f; + e'IJ . (2)

The elastic and thermal strains are given by:

3)
E-eo = 1+\) - _\)_ (
ij E %ij E S5 %k,

o (4)
E.ij = GsijAT 9

where E is the Young's modulus, v is the Poisson ratio, « is the thermal
i is the Kronecker delta and AT is the relative
temperature. For the plastic deformation, the classical incremental
plasticity theory which utilizes the Prandt1-Reuss flow rule, Von Mises yield
criteria and the kinematic hardening rule in the strain space, has been used
in this study. The Besseling's subvolume method [7] is used within this
constitutive framework. In the subvolume method a strain-hardening material
is considered as a composition of several subvolumes, each of which is an
elastic-ideally plastic material. The subvolumes have identical elastic
constants but different yield stresses. The yield function for the k-th
subvolume is given by

expansion coefficient, §

_ _p 2
fio= (egy -~ ey (ogy - ey - Ry (5)
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where eij is the strain deviator, e?jkis the plastic component of e1j
for the k-th subvolume and Pk is the radius of the k-th subvolume yield
surface (P] <P, < ...). Notice that the kinematic hardening rule in the

2
strain space is used in Eg. (5). The plastic deformation for each subvolume

N . N N . - N N -p =-p
is assumed to be isochoric, i.e., €54k 0 , which implies ik ik - The
plastic strain rate of the k-th subvolume is given by
. .- el - &P ) e
e?jk = (e13k e13k) ;emn emnk) “mn , (6a)
Py
if
- _eP
and
P - , otherwise. (6b)
eijk 0

The total plastic strain can be written as the weighted sum of the plastic
strains of the subvolumes satisfying Eq. (6a):

b p (7)
e’ . L ¥y eijk

The determination of . ¥ and also Pk in Eq. (5), can be done by considering
the uniaxial stress-strain curves. For details, the reader is referred to

Besseling [7].

The elastic properties and the stress-strain curves are input at several
temperatures. In a time-varying temperature field, for example, the
thermomechanical process under consideration, the material data,E,v,a,Pk anq
Wk' are linearly interpolated using the input data at nearest temperatures. ¢
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(II) Time-Dependent Deformation
The total strain in the presence of creep is given by
F.). +€(.:. +ge.. (8)

c .
where €ij is the creep strain and others are as given in equation (2). The

creep strain components are given by
. c .
ij ij (9)

where S1 is the stress dgviator. x» is a function of the history of creep
deformation. Oefining ¢ such that

. C

- _ {2 +C - C
e 7[3 sH; s (103
it can be shown that
. C
=3 e
>\ - 2 __
(o}
()
where
—- 3
°'/2 Si5 543
(12)
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The constancy of the volume in creep deformation éﬁk = 0 , Is again
assumed here. The effective creep stra1n.'€c. {s determined by the primary
creep term of the Bailey-Norton type and a steady state creep term;

E- = K.O'-mtn“'Q-U-rt ’ (13)

where the constants are those from (1) and

_c t .c
g = _[ e dt

o]

(14)

Differentiating (13) with respect to time and using equations (9), (11) and
(12), one can show that

S - % S. .kng M 1¢n-1 (15)

for small times where the primary creep dominates. In terms of accumulated
creep strain, equation (15) can be written as

%—Lnn"l—-c 1-?11_
Sin no (e ©)

(16)

®
[
Nf w

Equation (15) is called "the time-hardening formulation" and equation (16) is
called the "strain-hardening formulation" in the context of the creep analysis
under time-varying stress field. In. this study, the strain-hardening
formulation was used simply because it is somewhat favored over the
time-hardening relation from the standpoint of correlating test data. In the
case where the steady state creep is not negligible, the creep time for a
given creep strain must be determined numerically. Then, the creep strain
rate is determined from Eq. (15) with an additional term for the steady state
creep. In this study, the secondary creep was included even though the
primary creep was dominant.
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The stress reversal was assumed to occur if

o * 0
(€1j -Eij)°1j< (17)

where eig is the strain origin which is updated, if necessary, after each
stress reversal. Further explanation of the stress reversal and also the
algorithm of application of the strain-hardening rule can be found in Kraus

[8].
In the finite element analysis, the creep constants K, m, n, Q, and r are

input at a number of temperatures. The creep constants at an intermediate
temperature are linearly interpolated using the data at nearest temperatures.

DISCUSSION OF RESULTS

(I) Elastic-Plastic Analysis

The stress-strain curves at the 1%/min strain rate which were input to the
analysis are shown in Figure 1. Note in the figure that the strain rate
effects below the rate of 10%/min are rather small at 982°C, but they were
considerably larger at 871°C. The analysis results obtained are shown in
Figures 5 and 6 for 760-871°C in-phase and 871-982°c 90° out-of -phase
cycles, respectively. The point "P" on the curves designates the point where
plasticity develops. For further details of the results, the reader is
referred to Cook, et al. [9]. In general, the agreement between the computed
and the experimental hysteresis loops was very good. In particular, excellent
correlation between analysis and test results was found for 871—982°C cycles
for all three phases. The 760-871°C results were satisfactory but not as
good as the 871-982°¢ results. This could reflect the changing inelastic
deformation mechanisms over the 760—871°C temperature range as discussed by
Antolovich, et al. [1,10]. It should be possible to improve the correlation
by incorporating more stress-strain curves between the two temperatures.
Unfortunately, such data are unavailable at this time.
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(II) Elastic-Plastic-Creep Analysis

The material data base for this model, the high strain rate CSS curves and
the creep curves, are those in Figures 1 and 2. Using these data, the
elastic-plastic-creep analysis modeled the cycle using linear strain ramps;
the cycle was divided into 38 identical time steps. For each step, the
elastic-plastic stress analysis was done for the strain increment; then the
stress was relaxed in the strain hold over the time increment. The average
values of the stress in the strain hold were used in the hysteresis loop
plots. The maximum stress relaxation in a step was approximately 70 MPa.

The temperature in the strain hold was set equal to the temperature at the
midpoint of the time step.

First, the isothermal temperature hysteresis loops were obtained at 2%/min
and 10%/min strain rates. The 2%/min hysteresis loops at a71°c and 982°C
are shown in Figures 7 and 8. The correlation between prediction and
observation is excellent for both temperatures.

The 871-982°C thermal mechanica) cycles were reanalyzed for the three
phases. The hysteresis loops are presented in Figures 9, 10 and 11 and are
compared to the experimental curves and the elastic-plastic results. The
shapes of the hysteresis loops agree very well; in particular note the
flattening of the loops in the region of the maximum temperature. The genera1/
features of the CWD loop are accurately reproduced but note that the loop
bears more resemblance to the in-phase than the out-of-phase cycle. This
qualitative observation is supported by the TMF 1ife prediction model work of
Reference 9. That investigation showed that, in terms of 1ife modeling, the
CWD cycle was similar to the LIP cycle and the same stress/temperature
parameters could be used in both.

A comparison of the three 871-982C cycles predicted by the elastic-plastic
and elastic-plastic-creep models shows that there is not much difference in
the results of the two models. 'The elastic-plastic model is marginally better
at predicting the hysteresis loop of the CWD cycle but the results are quite
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similar for the other two cycles. The plastic strain range agreement is
excellent; the time dependence of the load shows some variation among the two
models and the experimental results. The discrepancies in hysteresis loop
prediction seem to be associated with temperature increasing from 871 to 982C
and indicate too high a strength level in this regime. It has not been
determined whether this is due to the material data or the constitutive model
jtself. It must be pointed out that the predicted versus observed loops were
not as good for the lower temperature cycle, 760-871°C, in Reference 9. The
generation of creep data at 760C is presently underway and it will be very
interesting to see whether the inclusion of explicit time dependence improves
the prediction. The results for this one temperature cycle suggest that the
use of high strain rate and creep data can produce hysteretic behavior that is
nearly as good as an analysis based on the correct strain rate.

CONCLUSIONS

This paper examines the applicability of a classical constitutive model
for stress-strain analysis of a nickel-base superalloy, Rene' 80, in the gas
turbine TMF environment. A variety of tests were conducted to generate basic
material data and to investigate the material response under cyclic
thermomechanical loading. Isothermal stress-strain data were acquired at a
variety of strain rates over the TMF temperature range. Creep curves were
also generated over the same temperature regime. Three TMF cycles were
examined at two temperature ranges, 871-982C and 760-871C. Only the former
temperature cycle was modeled in this paper as some of the 760C creep data had
to be regenerated.

Two approaches were taken to analytically predict the hysteresis loops.
In the first approach, the elastic-plastic deformation was considered with
rate-dependent stress-strain curves. In the second approach, the creep
deformation was explicitly included and the stress-strain curves at high
strain rates were input to the analysis. The results indicate that both
approaches provide accurate hysteretic behavior of Rene' 80 under the TMF
loading. The correlation of the predicted and observed hysteresis loops was
excellent over 871—982°C for all three cycles using both approaches. The
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elastic-plastic model predictions did not compare with experiment as well for
the temperature range 760-871%C [9]. As soon as the appropriate data is
available, this cycle will be examined with the elastic-plastic creep model.
For the cycles examined, either model approach can be employed depending on
the material data available.

The results of this paper provide optimism on the ability of the classical
constitutive model for high temperature applications, at least for the
material under consideration. Further efforts with wider range of temperature

cycles and more general loading, including the effects of hold time, mean
stress and strain, would be worthwhile.
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Figure 4. - Finite Element Model Used in TMF Modeling
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