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Abstract

The high temperature deformation behavior of as-HIP P/M Rene'95 as a function of powder
particle size has been examined. Compression testing of +230, -270+400, and -500 mesh
materials at temperatures of 1038°C, 1079°C, and 1121°C and constant true strain rates of
10~1, 1, and 5 571 has shown there to be virtually no difference in their flow behavior. All three
materials exhibited a rapid work-hardening to a peak flow stress, followed by a gradual flow
softening which approached a steady-state of flow stress at a true strain of 0.50. Peak flow
stress, rate of flow softening, steady-state flow sfress, and strain at the onset of steady-state flow
were all seen to increase with increased strain rate and/or decreased temperature. With
lowered temperature and increased strain rate the as-HIP materials exhibited non-uniform
deformation which was attributed to strain gradients created within the material at prior powder
particles. Deformation maps created from compression test data predict processing instability
over most of the temperature/strain rate range of this study.

Introduction

The deformation behavior of various P/M nickel-base superalloys has been studied by
several researchers (1,2,3,4). The goal of this work has been to define the processing
parameters which result in the optimum workability of these P/M materials. A new approach to
this issue was developed (5), whereby dynamic material behavior is modeled in terms of the
efficiency of energy dissipation in a workpiece during processing, as a function of temperature
and strain rate. This model, known also as a deformation map, can be utilized as an aide in
choosing optimum processing parameters, provided that metallurgical processes
coresponding to the projected efficiencies across the map are known (6).

This paper describes a study made of the high temperature deformation behavior of as-HIP
P/M Rene'95, as a function of initial powder particle size, and attempts made to generate
corresponding deformation maps. Particular attention will be given to discussing some of the
problems encountered with the creation and interpretation of such maps.
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Experimental Procedure

Argon atomized P/M Rene'95 powder (Table I) was screened into three size lots of +230,
-270 + 400, and -500 mesh. Each size lot was compacted by hot isostatic pressing (HIP) at
1121°C, 103 MPa, for three hours. Gamma prime solvus was determined by DTA to be
~1159°C.

Compression specimens measuring 1.0 cm in diameter and 1.5 cm in height were machined
from the as-HIP material. Shallow spiral grooves were made in the ends of the specimens for
lubricant retention at hot-working temperatures. The specimens were coated with a boron
nitride lubricant. Because of the limited amount of material, the test matrix consisted of only
three temperatures and three strain rates. Compression testing was conducted at temperatures
of 1036°C, 1079°C, and 1121°C and strain rates of 10°1,1, and 5571. The compression tests
were performed on a 222 kN servohydraulic Instron testing system equipped with a three-zone
ATS split-type resistance furnace. Each specimen was held at temperature for at least 15
minutes prior to compression, to allow for uniform heating throughout the specimen.

Specimens were compressed between silicon nitride flat dies mounted on Udimet 720
compression columns, to a total true strain of 0.50, and were immediately water quenched.
Constant true sftrain rate was maintained by an analog exponential function generator. Load-
time and stroke-time data were recorded on a digital oscilloscope and were plotted as load-
stroke curves on an X-Y recorder. The data were replotted in terms of stress and strain using
standerd equations, assuming uniform deformation and a constant specimen volume.

Microstructures of the three starting materials and each of the compression specimens were
examined for gamma prime distribution and prior particles using SEM . TEM was used to
determine gamma prime size distribution and morphology.

Table!. Chemi i /M Rene'd5® (in Wt. %
Ni [C [Co [Mo | W Nb | A Ti C B | Z |O(ppm)
Bal [13.15]8.44 {3.36 |3.39 |3.52 |3.37 |232 | 006 - [0.05 a3

“Rene'95 is a rademark of the General Electric Co.

Experimental Results
Flow Curves

The flow curves for the three materials tested are shown in Figures 1 and 2. As seenin
these figures, the flow behavior appears to be independent of particle size. All three materials
exhibit rapid work-hardening to a peak flow stress, followed by a gradual flow softening which
approaches a steady-state of flow stress at a true strain of 0.50. Peak flow stress, rate of flow
softening, steady-state flow stress, and strain at the onset of steady-state flow all increase with
increased strain rate and/or decreased temperature.

Peak flow stress data were obtained from the flow curves and are plotted versus strain rate
and as a function of temperature in Figure 2. These data were utilized to calculate strain rate
sensitivity, m, defined as:

ding
dint (1)

In order to calculate m, the logarithm of the peak flow stress versus the logarithm of strain rate
was plotted based on a polynomial regression fit. The equation of the curve corresponding to

m
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Figure 1. o - Curves as a function of temperature.
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the polynomial fit was differentiated to give the equation for the slope of the curve at any given
point. Thus, m could be calculated at each strain rate. Table |l lists the strain rate sensitivities
calculated in this manner for a second order polynomial fit, all of which have values of m < 0.3.
Superplastic behavior is typified by strain rate sensitivities in the range of 0.3 - 0.8,
corresponding to stage Il on the sigmoidal In o - In £ curve, where deformation occurs by grain
boundary or interphase boundary sliding. The values presented in Table Il are characteristic of
stage Il on the In 6 - In € curve, where deformation occurs by intragranular flow, and
conventional hot-working mechanisms such as dynamic recovery and dynamic recrystallization
operate (2). As seen in Table Il, there does not appear to be a transition to stage || deformation
over the range of strain rates tested.

Teble I| Strain Rate Sensitivity at Peak Stress As a Function of Temperature and Strain Rate

Powder Size | Temperature ('C) Strain Rate (s~1)
10-1 1 5

+230 1038 0.18 0.16 0.14
1079 0.22 0.16 0.12

1121 0.22 0.21 0.20

-270+400 1038 0.23 0.13 0.06
1079 0.21 0.16 0.13

1121 0.22 0.22 0.22

-500 1038 0.18 0.14 0.12
1079 0.23 0.16 0.12

1121 0.21 0.22 0.23

There was a tendency for some of the test specimens to deform non-uniformly — i.e. the
geometry of a right circular cylinder with parallel sides was not maintained. This tendency was
seen to increase with increased strain rate or decreased temperature. Non-uniformity was in
most cases accompanied by edge-cracking of the specimens.

Deformation Maps

A deformation map is a plot of the calculated efficiency of power dissipated during plastic
deformation, as a function of temperature and strain rate, for a given strain. Efficiency is
defined (5) as:

__2m
N=me+1) )

where m = strain rate sensitivity.

Deformation maps coresponding to a frue strain of 0.50 were generated. Flow sfress data
carresponding to 0.50 strain were used to calculate m values in the same manner as cited
previously. As there were only three strain rates involved, a second-order polynomial
regression fit of the data was initially chosen, and was subsequently compared to a linear fit.

Values of m calculated from a linear regression curve fit of the data indicate no
superplasticity (m < 0.3), and constant strain rate sensitivity. A second-order polynomial fit
indicates that the materials were deforming superplastically (at true strain = 0.50) at the highest
strain rate and highest temperature of this study (m >= 0.3). The possibility of superplasticity
occurring at a strain rate of 5 s~1 appears unlikely. Curve fitting of log flow stress vs. log strain
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rate data based on only three data points (three sirain rates) is assumed to be the basis for this
discrepancy. Efficiency values calculated from these strain rate sensitivities are shown in
Table lil.

Detormation maps generated from the polynomial fit data are shown in Figure 3. Maps
based on a second-order polynomial fit, in general, indicate an increase in efficiency with
increased strain rate. A linear fit would force the maps to have a constant efficiency over the
range of strain rates at each temperature. In either case, efficiency increases with increased
temperature. It is obvious that the generation of deformation maps can be sensitive to the
method of data manipulation chosen.

In addition to predicting conditions of high processing efficiency, deformation maps
delineate regions of “stable” processing for a workpiece, Stability of a workpiece under a given
set of conditions is a concept which implies that "safe” processing may result — that no
unfavorable processes which produce defects, fracture, or plastic instability will occur. Stability
is represented in two parts, which are defined as follows (7):

. ” dn
Mechanical Stability diogt (3)
. - ds
Material Stability dlogt (4)
where
.n %{dlo?‘o} (5)
dT
and T = absolute temperature.

In order for a process to be considered stable, equations 3 and 4 must be negative. Based
on these criteria, the deformation maps shown in Figure 3 predict processing instability over
most of the temperature - strain rate range used for this study.

M | Analysi

Microstructural analysis of the starting materials and the compressed specimens was
conducted to correlate predicted processing stability with microstructure. Microstructures of the
three starting materials, shown in Figure 4, indicate the presence of prior powder particles after
HIP. Prior powder particle areas are characterized by a globular, interdendritic distribution of
gamma prime and are outfined by a course gamma prime precipitate. Areas surrounding prior
perticles contein a random distribution of gamma prime of varying size fractions. Examination
of the microstructures at all test conditions after deformation to a frue strain of 0.50 showed the
three materials to be microstructurally similar. Each sample had undergone grain refinement
via dynamic recrystallization, and exhibited a more homogeneous microduplex gamma +
gamma prime structure. Gamma prime was seen to have coarsened with increased
temperature, resulting in a larger recrystaliized grain size at higher temperatures. Prior powder
perticles were noted to be present after deformation in all three materials, under all test
conditions. The microstructure of the prior powder particles was noticeably different from that of
the regions surrounding them, as illustrated in Figure 5. The interdendritic powder particle
areas contained a high dislocation density which had not been present in the as-HIP material
prior to compression, and showed no signs of having undergone rearystallization. The regions
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1121 246 3%.6 38.9 %.6 476 %.6

-270+400 | 1038 39.3 273 245 2713 124 27.3
1079 29.8 326 33.2 326 355 326

1121 231 353 376 353 4.5 353

-500 1038 204 219 29.4 279 35.2 279
1079 29.9 33.0 336 33.0 36.2 33.0

1121 21.3 3.8 38.7 3%6.8 458 36.8

Figure 4. SEM micrographs of as-HIP materials: (a) +230 mesh, (b) -270+400 mesh,
(c) -500 mesh.

From the data presented in this study, it is apparent that little discernable difference exists
between the flow behavior of as-HIP P/M Rene'95 as a function of starting powder particle size.
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Figue 5. TEM microstructural comparison of (a) prior powder particle and (b) surounding
recrystallized area

Observed deformation behavior of the as-HIP materials is consistent with the findings of others
(1,2,3,4). Corelation of strain rate sensitivities and microstructural observations leads to the
conclusion that deformation over the given range of temperatures and strain rates is of the
stage ||| type, characterized by infragranular flow, dynamic recovery and dynamic
recrystallization. The tendency toward non-uniform flow behavior of all three materials with
increased strain rate or decreased temperature is thought to be due to the inhomogeneous
nature of the matenal itseff. Specifically, the presence of dendritic prior powder particles
infroduces strain gradients in the material which cannot be accommodated at high strain rates
and low temperatures, resulting in cracks and decohesion at prior particle boundaries. In
general, prior particles undergo relatively little deformation, while the material surrounding
them flows and dynamically recrystallizes.

Interpretation of the generated deformation maps in terms of the observations made above is
unclear. Maps based on a second order polynomial fit of stress-strain data in some instances
imply superplasticity, while those based on a linear fit do not. The latter case may seem to be a
more realistic model, yet a polynomial fit is cited (8) as being the carect method for creating
gqicrmaﬁ?jn maps. Maps based on more than three strain rates would provide more insight in

is regard.

Both types of maps predict processing instability for the three materials over most, if not all of
the temperature-strain rate range of this study. Because both parts of the stability criterion must
be frue in order for a map region to be deemed “unstable”, the specific component that causes
system instability may not be discernable. It is therefore difficult to know the nature of the
instability predicted in the deformation maps. The non-uniform fiow behavior observed could
be assumed to be the predicted instability, yet two of the most severe cases occurred under
conditions which were within stable regions of the deformation maps

Microstructural analysis showed that all of the compressed specimens had undergone
substantial grain refinement, with some prior powder particle refinement, and a phase
redistribution that resuited in a more homogeneous structure. Such microstructural change is
generally considered favorable, yet the maps designate such processing to be unstable. It is
unclear whether stability should be interpreted as being desirable for processing, especially
since it does not seem to comelate with microstructure.
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Based on this study, future work in the deformation mapping area should include the use of
substantially more data points for the creation of deformation maps, and compression tests to
total true strains which are less than that associated with the onset of steady-state for more
dicect observation of microstructural evolution. Such an approach may lead the development
of a more realistic model of hot-working processes.

Summary

1. There is no discernable difference between the flow behavior of as-HIP P/M Rene'95 as a
function of particle size. The flow curves of the three materials exhibit a rapid work
hardening followed by a gradual flow softening due to dynamic recrystallization. Strain rate
sensitivities calculated for peak flow stress indicate stage /Il deformation over the range of
temperatures and strain rates in this study.

2." The three as-HIP materials are microstructurally similer after deformation to a true strain of
0.50. Prior powder particles are still present, having undergone relatively little deformation
while areas surrounding them dynamically recrystallized. Strain. gradients created between
prior powder particles and areas surounding them are believed to be the cause of non-
uniform deformation behavior at low temperatures and high strain rates.

3. Deformation maps based on efficiency values derived from only three strain rates offer
inconsistent carelation with observed flow behavior and resultant microstructure. Future
work in this area should incorporate larger test matrices with a caresponding increase in
microstructural analysis, so as to generate more meaningful hot-working models.
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