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The effect of subsolvus forging temperature and strain rate on the grain size developed during
final supersolvus heat treatment (SSHT) of two powder-metallurgy, gamma—gamma prime
superalloys, IN-100 and LSHR, was established. For this purpose, isothermal, hot compression
tests were performed at temperatures ranging from 1144 K (871 °C) and 22 K (22 °C) below the
respective gamma-prime solvus temperatures (7)) and strain rates between 0.0003 and 10 s !
Deformed samples were then heat treated 20 K (20 °C) above the solvus for 1 h with selected
additional samples exposed for shorter and longer times. For both alloys, the grain size
developed during SSHT was in the range of 15 to 30 um, except for those processing conditions
consisting of pre-deformation at the highest temperature, ie., T,,—22 K (7,,—22 °C), and
strain rates in the range of ~0.001 to 0.1 s . In these latter instances, the heat-treated grain size
was approx. four times as large. The observations were interpreted in terms of the mechanisms
of deformation during hot working and their effect on the driving forces for grain-boundary

migration which controls the evolution of the gamma-grain size.
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I. INTRODUCTION

NICKEL-BASE superalloys are widely used for
high-temperature, rotating components in the aero-
space-propulsion and land-based, power-generation
industries.! The ability to obtain uniform composition
and to control microstructure via powder-metallurgy
(PM) techniques underlies the production and applica-
tion of a large number of commercial superalloys.
Typically synthesized via spray atomization, superalloy
powders are consolidated by hot isostatic pressing,
blind-die compaction, hot extrusion, or a combination
of such methods to produce billet. Billet-processing
parameters are selected to enable the development of a
uniform, two-phase microstructure with fine gamma-
grain and precipitate sizes of the order of several
microns. Such a microstructure leads to superplastic
behavior (low flow stress, high strain-rate sensitivity)
during subsequent part fabrication via isothermal forg-
ing at temperatures below the solution temperature
(solvus) of the structure-control precipitates.
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A number of investigations have been conducted to
establish the interrelation between the microstructure of
PM superalloys and the plastic-flow response at subsol-
vus temperatures and thus aid in the definition of the
processing window for isothermal forging.!? * Many of
these efforts have utilized superalloys with a microdu-
plex structure of gamma grains and gamma-prime
precipitates. Three distinct behaviors depending on the
initial gamma grain size relative to the critical grain size
characteristic of superplastic flow have been noted.
When the initial grain size is less than, equal to, or
greater than the critical value, flow-hardening, steady-
state, or flow-softening behavior is observed, respec-
tively. In turn, these three types of observations can be
ascribed to dynamic grain growth, classical superplastic
flow under nearly-constant grain-size conditions, and
dynamic recrystallization to a finer grain size. Further-
more, grain-size coarsening or refinement has been
shown to lead to transitions between so-called stage 11
(superplastic) flow largely characterized by grain/inter-
phase boundary sliding and stage III (power-law-creep)
flow primarily due to the glide and climb of dislocations
within the interior of grains.

Other research on the thermomechanical processing
(TMP) of PM superalloys has focused on the effect of
isothermal-forging conditions on the evolution of
gamma grain size during final supersolvus heat treat-
ment (SSHT), which is often used to obtain a coarser,
more creep-resistant microstructure. A number of these
efforts have concerned those forging parameters that
give rise to highly-undesirable abnormal grain growth
(AGG). For instance, Soucail, Huron, and their
coworkers!!®!"! have shown that subsolvus isothermal
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forging at strain rates near the transition from stage II
to stage III plastic flow are quite detrimental with regard
to AGG during subsequent SSHT. In addition, it has
been suggested that variables such as subsolvus expo-
sure temperature, the heating rate to the solvus (and
thus the rate at which gamma-prime pinning particles
dissolve), and the location of pinning particles relative to
larger or smaller grains in the grain-size distribution
may also ?lay an important role in the occurrence of
AGG.!"? ] Based on these fundamental investigations,
the efficacy of processing routes that impose an upper
limit on the strain rate during isothermal forging (to
maintain superplastic conditions) and the control of
carbon level (to ensure a minimum amount of various
carbide phases which are stable above the solvus and
can pin the gamma grain boundaries) on preventing
AGG has been demonstrated.['® ')

The use of a higher subsolvus forging temperature
and lower strain rate relative to typical practices (i.e., a
so-called “‘hot/slow’ approach) has been proposed as a
method to prevent AGG but still obtain a relatively
coarse, more-creep-crack-growth-resistant microstruc-
ture during SSHT.”” Recent work®!! has confirmed
such an approach for the PM superalloy LSHR.
Specifically, forging at a temperature ~20 K (20 °C)
below the solvus temperature at a rate between 0.0005
and 0.01 s ' produced an average gamma grain size
during SSHT approximately three times that obtained
via typical forging practices. This result was interpreted
in terms of the effect of forging variables on the location
of the primary gamma-prime precipitates (at gamma
grain boundaries vs grain interior locations) and the
subsequent non-uniform dissolution of these precipi-
tates and release of the associated pinning pressure
during SSHT.

The present work was undertaken to provide further
insight into the effect of standard and non-standard
forging parameters on grain structure development
during final SSHT. To this end, samples of two PM
superalloys, IN-100 and LSHR, were subjected to
isothermal hot compression testing over broad ranges
of strain rate and temperature followed by SSHT.
Backscatter-electron imaging and electron-backscatter
diffraction were used to establish the effect of forging
parameters on the details of gamma-grain and gamma-
prime-precipitate evolution and thus provide a basis for
interpreting those factors that may affect grain-structure
evolution during SSHT.

II. MATERIALS AND PROCEDURES

A. Materials

Two different PM superalloys, IN-100 and LSHR,
were used to determine the effect of isothermal forging
parameters on as-forged and forged-and-SSHT micro-
structure evolution. PM IN-100, a proprietary alloy of
Pratt and Whitney, is widely used for the manufacture
of jet-engine disks. The PM superalloy LSHR (denoting
“low-solvus, high refractory’) was developed by NASA
for jet-engine disks as well. Both alloys provide an
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attractive balance of properties at the bore and rim of
disks that have been subjected to a graded-microstruc-
ture heat treatment in which only the component rim is
exposed above the solvus temgerature to promote local
growth of the gamma grains.*>??

The IN-100 material was received from Pratt and
Whitney as 89-mm-diameter bar that had been extracted
from the center of a larger-diameter extruded billet.
Its nominal composition is given in Table I. In the
as-received condition, the microstructure consisted pri-
marily of fine gamma grains and gamma-prime precip-
itates, each of whose average diameter was ~1.5 um.
There was also ~0.35 vol pct of carbide and boride
particles whose average diameter was ~230 nm. These
particles appeared as stringers whose spacing was not
uniform but was generally in the range 20 to 40 um. The
gamma-prime solvus temperature, 7'y, of this alloy was
1458 K (1185 °C).

The LSHR material consisted of 230-mm-diameter
extruded billet produced by Special Metals (Princeton,
KY). This was the same material as that used in two
previous investigations of the TMP of LSHR.P"*¥ Tts
composition is given in Table I; its processing history is
summarized in detail in the previous papers. The micro-
structure of the as-received LSHR also comprised a fine,
microduplex structure of gamma grains and gamma-
prime precipitates, each of whose average diameter was
~2 um, and ~0.33 vol pct of carbide/boride particles with
an average diameter of 315 nm. In contrast to the
carbides and borides in IN-100, those in the LSHR
program material were more uniformly distributed in the
matrix and did not form stringers. The gamma-prime
solvus, T, of LSHR was 1430 K (1157 °C).

B. TMP Approach

Isothermal, hot compression testing and SSHT were
used to evaluate plastic flow and microstructure evolu-
tion during thermomechanical processing (TMP) of the
two PM superalloys For this purpose, cylindrical
compression samples measuring 10-mm diameter x 15-mm
height were electric-discharge machined from the two
program materials.

Hot compression samples were first coated with glass
for lubrication. Following lubrication, the sample and
silicon—nitride compression tooling (which were
mounted in a 250 kN servo-hydraulic test system) were
induction heated using an iron-chromium-aluminum
alloy susceptor to a test temperature which lay in the
range between 1144 K (871 °C) and T,—22K
(T,—22 °C) in approximately 10 minutes. Following a
soak at temperature for an additional 10 minutes, each
sample was then compressed to an average axial (height)
strain of 0.7.* Constant true strain rates lying between

*Compressive strains, strain rates, and stresses are reported as po
sitive quantities here and throughout the balance of this work.

0.0003 and 10 s ' were used. Following compression,
each sample was forced-air cooled.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Table I. Chemical Composition (Weight Pct) of Program Materials

Material Co Cr Al Ti Mo w Nb Ta A% C B Zr Ni
IN 100* 18.5 12.4 5.0 4.3 3.2 0.8 0.07 0.02 0.06 bal.
Billet 20.4 12.3 3.5 3.5 2.7 4.3 1.5 1.5 0.045 0.027 0.05 bal.

*Composition for IN 100 is nominal; exact composition was proprietary.

True stress-true strain curves were determined from
average pressure (p,,)—axial strain (¢) plots derived
from the compression load-stroke data which were
reduced assuming uniform deformation and corrected
for the test-machine compliance. The neglect of friction
was estimated to lead to maximum errors in the flow
stress of the order of 3 pct for the sample geometry and
height reduction used in the present work.*” Sample
calculations of the effect of deformation heating on the
flow response at strain rates of 0.1s ' or greater
indicated that the qualitative flow hardening/softening
response was unchanged by such corrections.

The strain-rate sensitivity of the flow stress (m value)
was determined from the continuous flow curves at a
strain of approximately 0.02 (i.e., a strain at which
variations in microstructure with strain rate were small)
and strain-rate jump tests. The latter experiments were
performed at various temperatures to an axial height
strain of 1.1 to evaluate the evolution of the strain-rate
sensitivity with strain. Most of these tests comprised
imposing alternating strain rates, which differed by a
factor of two within the range between 0.0005 and
0.01 s ', at strain increments of ~0.1. The uncertainty in
the m values reported herein was estimated to be £0.02.

To determine the effect of SSHT on microstructure
evolution, sections of the deformed samples were
encapsulated in quartz tubes backfilled with argon and
furnace heat treated for 1 h at 1477 K (1204 °C)
(IN-100) or 1444 K (1171 °C) (LSHR), followed by air
cooling. Several sections were also given a SSHT for
shorter or longer times to obtain a broad insight into
grain-growth kinetics above the solvus. Last, several
samples deformed at 7.,,—22 K (T, —22 °C) were given
a | hour heat treatment at this temperature prior to
SSHT to assess the possible influence of subsolvus
annealing on subsequent supersolvus microstructure
response.

C. Microstructure Characterization

Following compression or compression + heat treat-
ment, samples were sectioned axially. The sections were
prepared using standard metallographic techniques,
finishing by polishing with 0.05-um colloidal silica.

Microstructures were characterized using backscat-
tered-electron (BSE) imaging and electron backscatter
diffraction (EBSD) in scanning electron microscopes
(SEMs) equipped with field-emission guns (Sirion for
BSE and XL-30 for EBSD, both manufactured by FEI,
Hillsboro, OR) and EDAX/TSL OIM™ software
(EDAX Corp., Mahwah, NJ). EBSD scans were per-
formed over areas consisting of at least ~1000 grains
using a step size between 0.2 and 5 um; the specific

METALLURGICAL AND MATERIALS TRANSACTIONS A
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parameters depended on the coarseness of the micro-
structure.

The average grain size, “‘as-large-as” (ALA) grain
size, and grain-size distribution (GSD) for each material
and set of processing conditions were determined using
the grain-delineation software in the EDAX/TSL
OIM™ system. During such evaluations, twins were
removed automatically by applying the twin-removal
(23, 29 boundary) capability in the OIM™ software. Per
the work of Wright,'*”! grains were defined for most of
the samples using a minimum boundary misorientation
of 5 deg and a minimum size of 10 pixels. The size of
each individual grain was then taken as the diameter (D)
of a circle with area equivalent to that observed in
section, and was thus an underestimate of the true
(three-dimensional) diameter.

For samples compressed at subsolvus temperatures,
the primary gamma-prime particles possessed orienta-
tions that were different from those of the adjacent
gamma grains and exhibited similar Z-contrast. Hence,
the reported grain sizes for most of these samples are
averages of both the gamma and gamma-prime phases.
For selected as-subsolvus-compressed samples, however,
the two microstructural features were segmented using
one of two different methods. The first, or simpler,
technique comprised the application of an EBSD
cleanup criterion to separate the microstructural fea-
tures for samples compressed 22 K (22 °C) below the
solvus at which temperature the sizes of the gamma-
prime precipitates and gamma grains were greatly
different. In essence, this approach comprised the
elimination of grains whose number of pixels (typically
~25 pixels for a step size of 0.5 um and ~50 pixels for a
step size of 0.3 um) just exceeded the area of the largest
gamma-prime particles noted in BSE images. Examina-
tion of resulting grain-ID-map data revealed that
approximately one-half to two-thirds of the “grains”
were thus eliminated, or a number comparable to the
BSE-image-determined ratio of the number of gamma
prime particles to the number of gamma grains +
gamma prime particles. Nevertheless, it should be
emphasized that some of the gamma grains which had
been sectioned far from their centroids may have also
been climinated by this method as well. Hence, the
cleanup-criterion method of segmentation tended to
produce an upper bound for the gamma grain size.

The second, more precise, “EBSD/EDS” segmenta-
tion method was quite time-consuming and thus applied
to only several samples. This approach was based on the
different chemical composition of the two major phases
as inferred from SEM scans in which both EBSD and
energy-dispersive-spectroscopy (EDS) composition data
were collected.*!
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The average size and location of the primary gamma-
prime precipitates relative to the gamma grain bound-
aries were also determined for samples deformed at
22 K (22 °C) below the solvus via hand painting and
analysis of BSE micrographs using FoveaPro™ (Rein-
deer Graphics, Asheville, NC) and Adobe Photoshop®
software.

For samples that were supersolvus heat treated
following hot compression, the gamma-prime precipi-
tates were very fine because of the moderately rapid final
cooling rate. There was no effect of these precipitates on
grain-size analysis because of their coherence with the
gamma-grain matrix.

III. RESULTS

The principal results from this research consisted of
the plastic-flow response in terms of stress—strain curves
and values of the strain-rate sensitivity and character-
ization of the as-deformed and deformed-and-SSHT
microstructures via BSE imaging and EBSD.

A. Plastic-Flow Response

1. Flow curves

True stress-true strain curves exhibited a range of
shapes depending on test temperature and strain rate
(Figures 1 and 2). For IN-100, the flow response at the
lowest test temperature [1144 K (871 °C)] and all strain
rates consisted of an initial strain-hardening stage which
was followed by a peak stress, flow softening, and then
near-steady-state flow at large strains (Figure 1(a));
these features are indicative of discontinuous dynamic
recrystallization (DDRX). At the intermediate hot-
working temperature of 1255 K (982 °C) (Figure 1(b)),
the flow stresses were lower, but all of the flow curves
were also typical of DDRX, except the observation for
the lowest strain rate (0.0003s ') for which flow-
softening was minimal. This latter behavior is suggestive
of near-superplastic deformation.

For deformation at 1339 K (1066 °C), a temperature
within the range often used for isothermal forging of
PM superalloys, the IN-100 flow curves exhibited near-
steady-state or steady-state flow (typical of superplas-
ticity) at the lowest strain rates and flow-softening
(suggestive of DDRX) at high strain rates (Figure 1(c),
(d)). The transition between the two regimes occurred at
a strain rate of approximately 0.001s '. A similar
transition between a DDRX-type flow response and
superplastic/steady-state flow was also found at the
highest subsolvus test temperature [1436 K (1163 °C)],
which was 22 K (22 °C) below the gamma-prime solvus
(Figure 1(e)). At this temperature, the transition
occurred at a strain rate between approximately
0.01 and 0.003 s '. At strain rates below ~0.003 s ', the
nature of the flow response changed yet again from
steady-state flow to flow hardening (Figure 1(f)), the latter
behavior typically ascribed to dynamic grain growth.?!)

Except for slightly higher flow stresses, the flow
response for the LSHR in terms of its dependence on
temperature and strain rate was similar to the observa-
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tions for IN-100. A few measurements are shown in
Figure 2; more detailed discussion of the flow behavior
of LSHR can be found in Reference 21. In brief, the
transition from DDRX to superplastic behavior ap-
peared to occur at a strain rate of ~0.01 s ' at both
1339 K and 1408 K (1066 °C and 1135 °C), the latter
temperature lying 22 K (22 °C) below the solvus. The
stress—strain curves for deformation just below the
solvus also indicated flow hardening at a strain rate of
0.0005 s '

2. Strain-rate-sensitivity data

Somewhat more quantitative insight into plastic-flow
behavior and pertinent deformation mechanisms was
obtained from measurements of the strain rate sensitiv-
ity of the flow stress (m values) determined from
continuous flow curves at a true strain of 0.02 (Figure 3)
and strain-rate jump tests over large ranges of strain
(Tables II, III, and IV).

For IN-100, the continuous flow curves revealed
relatively low m values (£0.3) at 1144 K (871 °C) over
the entire strain rate range (Table II); these m’s are
typical of deformation controlled by intragranular
dislocation glide/climb processes that can give rise to
DDRX at hot-working temperatures. For the next
highest temperature, 1255 K (982 °C), the m values
were slightly higher (£0.4), except for the lowest strain
rate (~0.0002 s ') at which m was equal to 0.6. These
observations indicate a transition from dislocation glide/
climb processes at the higher strain rates to superplastic
flow (characterized by m > 0.5) at the lowest strain rate.
Similar transitions from high m (superplastic) to low m
(dislocation glide/climb) behavior were also seen in
the rate sensitivity results from the continuous flow
curves at 1339 K and 1436 K (1066 °C and 1163 °C)
(Table II). At these temperatures, the transition strain
rates were approximately 0.01 and 0.003 s ', respec-
tively. These transition strain rates were slightly higher
or comparable to those deduced from the shape of the
flow curves at the respective temperatures.

The small differences between the transition strain
rate deduced from the shape of the flow curves and the
low-strain m-values were partially clarified by analysis
of the dependence of the rate sensitivity on strain, as
determined from the strain-rate-jump tests (Table III).
The data for 1339 K (1066 °C) showed a relatively
constant m value (i.e., 0.64 to 0.68) over the entire strain
range between 0.1 and 0.85 for the jumP test involving
the strain-rate range of 0.001 to 0.002 s . In light of the
continuous-flow-curve results, the transition strain rate
at this temperature for large strains is thus likely
between 0.002 and 0.01' s '

The plastic-flow behavior exhibited by the
IN-100 jump tests at 1436 K (1163 °C) was somewhat
more complex. The results for the ranges of 0.0002 to
0.0004 s ' and 0.001 to 0.002s ' both showed a
superplastic value of m at low strains, but a decrease
in m to values less than 0.5 with increasing strain. These
strain rate regimes are also those for which flow-
hardening response, indicative of dynamic grain growth,
was noted in the stress—strain curves (Figure 1(f)). Thus,
it may be deduced that superplastic behavior was lost

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 1 Constant strain rate flow curves for IN 100 determined at test temperatures of (a) 1144 K (871 °C), (b) 1255 K (982 °C), (¢, d) 1339 K

(1066 °C), or (e, f) 1436 K (1163 °C).

with increasing strain due to grain growth. For the
strain-rate ranges of 0.003 to 0.006s ' and 0.01 to
0.02's !, the m values at 1436 K (1163 °C) were all in
the range of 0.2 to 0.35 over the entire range of imposed
strain and thus suggested that deformation was con-
trolled by dislocation glide/climb and comprised a major
component of DDRX.

The strain-rate sensitivity for LSHR showed similar
trends. At the typical temperature for isothermal forg-
ing, 1339 K (1066 °C), and that lying 22 K (22 °C)
below the gamma-prime solvus, m values from the
continuous flow curves were typical of superplasticity at
strain rates below 0.01 s ' and DDRX for strain rates of
0.01 s ' or greater (Table IV). Similar to the observa-
tions for IN-100, jump-test results over the strain-rate
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range of 0.0005 to 0.001, which were reported in prior
work,"*! showed a retention of superplastic values of m
at 1339 K (1066 °C) to large strains, but a gradual loss
with increasing strain of such characteristics at
T,—22 K (T',—22 °C).

B. Microstructure Characterization

1. As-deformed condition

Observations from BSE images and EBSD average
grain/precipitate-size measurements for IN-100 verified
and expanded upon hypotheses regarding microstruc-
ture evolution during deformation deduced from the
plastic-flow response described in Section III.A. For test
temperatures of 1144 K and 1255 K (871 °C and
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Fig. 2 Constant strain rate flow curves for LSHR determined at
test temperatures of (a) 1339 K (1066 °C) or (b) 1408 K (1135 °C).
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Fig. 3 Log stress vs log strain rate plots for (a) IN 100 and (b)
LSHR. The stress corresponds to a true strain of 0.02.

982 °C), for example, comparison of the as-preheated
microstructures to those developed during deformation
revealed grain refinement as a result of DDRX
(Table V; Figure 4).
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For samples deformed at 1339 K (1066 °C), the
average sizes (and size distributions) of the gamma
grains and the gamma-prime precipitates (as determined
by the EBSD/EDS analysis to segment the two phases)
were similar. However, the EBSD-determined average
grain/precipitate size did show a measurable dependence
on strain rate (Table V; Figure 5). At the two lower
strain rates (0.0003 and 0.001 s '), the grain size after
deformation was comparable to or slightly coarser than
the as-preheated one, thus supporting the earlier con-
clusions regarding superplastic flow with perhaps a
small amount of dynamic grain growth. At strain rates
of 0.01 s ' and greater, grain refinement whose degree
increased with increasing strain rate was observed, most
likely as a result of DDRX. Little change in grain size
was noted for the intermediate strain rate, 0.003 s '.
Based on the grain size trend for the higher strain rates,
the appearance of retained work in the microstructure
(Figure 6(c)), and flow softening for the corresponding
stress—strain curve (Figure 1(d)), it appears that an
element of DDRX had thus also occurred at 0.003 s '.

The EBSD-determined average grain/precipitate size
developed during deformation 22 K (22 °C) below the
gamma-prime solvus temperature (ie., 1436 K, or
1163 °C) showed a more complex behavior (Table V;
Figure 6) than that observed at the lower test temper-
atures. At this temperature, the average gamma-prime-
precipitate size, i.e., ~1.5 to 2 um, was considerably
smaller than the average gamma-grain size in the
as-deformed conditions (Tables V and VI) as well as
after preheating alone. Hence, the EBSD values for the
average gamma/gamma-prime size for these conditions
(Table V) were underestimates of the actual gamma
grain size. Based on the cleanup-criterion and EBSD/
EDS methods, the gamma grain sizes (in um) were
estimated as 6.7 in the as-preheated condition and,
following deformation at the various strain rates, to be
approximately 8.7 (0.0003s '), 83 (0.001s '), 6.4
0.003s "), 6.9 (0.01s "), 11 (0.1s '), 12.8 (1s "),
and 8.1 um (10 s '). Grain-coarsening thus appears to
have occurred for the two lowest strain rates (0.0003 and
0.001 s '); this coarsening was as expected based on the
flow hardening observed in the corresponding stress—
strain data (Figure 1(f)). The small change in gamma-
grain size at the two intermediate strain rates (0.003 and
0.01 s ') mirrored the borderline superplastic’DDRX
trend postulated based on the plastic-flow response.

For the three highest strain rates at 1436 K (1163 °C),
DDRX was evident from the flow curves (Figure 1(e)).
The observed increase in grain size (Figures 6(e) and (f))
may be hypothesized to have resulted from the high flow
stresses and thus high driving forces for boundary
migration, an effect discussed further in Section IV.
Furthermore, segmentation of the microstructures
resulted in substantially lower values of the ALA:aver-
age grain-size ratios for the two highest strain rates in
comparison to the un-segmented results, ie., ~3.3 and
~6.5. These latter values are comparable to those for the
lower-temperature test conditions listed in Table V for
which segmentation was not necessary because of the
similarity in the sizes of the two microstructural con-
stituents. In addition, these ratios were similar to or
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Table II. Strain-Rate-Sensitivity Results from IN-100 Continuous Flow Curves (¢ = 0.02)

Strain Rate Range (s ) 1144 K (871 °C) 1255 K (982 °C) 1339 K (1066 °C) 1436 K (1163 °C)

0.0003 to 0.001 0.315 0.60 0.575 0.645
0.001 to 0.003 0.36 0.50 0.58
0.003 to 0.01 0.40 0.465 0.35
0.01 to 0.1 0.11 0.275 0.35 0.285
0.1to1 0.045 0.13 0.305 0.215

Table III. Strain-Rate-Sensitivity Results from IN-100 Jump Tests

Temp [K (°O)] Strain Rate Range (s’l) m (e ~0.1) m (e ~0.2) m (¢ ~ 0.85)
1255 (982) 0.001 to 0.002 0.465 0.595 0.57
1339 (1066) 0.001 to 0.002 0.685 0.64 0.645
1436 (1163) 0.0002 to 0.0004 0.540 0.405 0.225
1436 (1163) 0.001 to 0.002 0.70 0.555 0.44
1436 (1163) 0.003 to 0.006 0.325 0.29 0.225
1436 (1163) 0.01 to 0.02 0.27 0.26 0.215

Table IV. Strain-Rate-Sensitivity Results from LSHR Continuous Flow Curves (¢ = 0.02)

Strain Rate Range (s ) 1339 K (1066 °C) 1436 K (1163 °C)

0.0005 to 0.01 0.565 0.515
0.01 to 0.1 0.41 0.315
0.1to1 0.255 0.275
1to 10 0.12 0.22

Table V. EBSD Grain-Size Data for IN-100 Samples
As Preheated Avg/

Temp [K (°C)]/ As Compressed Avg/ Compressed + SSHT

Strain Rate (s™') ALA GS (um) ALA GS (um) Avg/ALA GS (um)
(As Rec’d) (~1.5) (20.5/91.8)
1144 (871)/0.001 ~1.5 0.97/5.23 24.4/74.2
1255 (982)/0.001 1.79/7.55 1.50/5.16 24.9/69.5
1339 (1066)/0.0003 1.80/7.11 2.09/7.94 28.6/106.1
1339 (1066)/0.001 1.80/7.11 1.87/7.91 26.3/77.9
1339 (1066)/0.003 1.80/7.11 1.90/8.37 23.6/87.9
1339 (1066)/0.01 1.80/7.11 1.65/6.92 21.8/84.2
1339 (1066)/0.1 1.80/7.11 1.35/7.17 23.4/93.1
1339 (1066)/1 1.80/7.11 1.09/5.30 23.3/87.9
1436 (1163)/0.0003 4.93/20.8 6.97/29.9 35.6/224.0
1436 (1163)/0.001 4.93/20.8 6.32/23.8 79.0/399.9
1436 (1163)/0.003 4.93/20.8 4.8/23.5 90.3/309.6
1436 (1163)/0.01 4.93/20.8 4.85/31.8 86.8/305.8
1436 (1163)/0.1 4.93/20.8 5.36/36.4 41.6/137.6
1436 (1163)/1 4.93/20.8 5.19/83.1 21.8/72.7
1436 (1163)/10 4.93/20.8 3.99/27.2 21.3/73.3
1436 (1163)* 4.93/20.8 22.8/76.7

Grain tolerance angle 5 deg, cleanup 10 pixels, SSHT 1477 K (1204 °C)/1 h.

*Preheated at 1436 K (1163 °C) prior to SSHT.

slightly higher than those reported previously for
annealed PM superalloys.”*

Additional examination of BSE images, segmented
EBSD/EDS data, and EBSD grain ID maps provided
insight into the effect of test temperature on the location
of the gamma-prime precipitates relative to the gamma
grain boundaries (Table VI) and gamma-grain topol-
ogy. As discussed below, the location of the primary
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gamma-prime precipitates appeared to be important
with regard to the uniformity of their dissolution and
concomitant migration of gamma grain boundaries
during SSHT. Specifically, for deformation tempera-
tures of 1339 K (1066 °C) and below, almost all of the
gamma-prime precipitates were located at the gamma
grain boundaries; that is to say, very few precipitates
(<5 pct) were located totally within the gamma grains.
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Fig. 4 BSE images illustrating the microstructure developed in IN 100 during preheating at (2) 1144 K (871 °C) or (b) 1255 K (982 °C) and via
preheating and compression using a strain rate of 0.001 s ' at (¢) 1144 K (871 °C) or (d) 1255 K (982 °C).

By contrast, a modest-to-large fraction of gamma-prime
particles was located within the gamma grains for
samples deformed at 1436 K (1163 °C), ie., 22K
(22 °C) below the solvus temperature. Specifically, for
a strain rate of 0.0003 s ' (as well as material that was
preheated but not deformed at this temperature), the
fraction was ~30 pet. For strain rates in the range of
0.001 to 0.01 s ', the fraction was lower, ~10 to 25 pet.
By contrast, at strain rates of 0.1 and 1 s ', the fraction
increased substantially to ~50 or 70 pct, respectively.
These high fractions are likely attributable to the higher
flow stresses and dislocation densities at these strain
rates, which in turn provide a large enough driving force
to overcome gamma-prime pinning and thus enable
gamma-grain-boundary migration. These observations
are interpreted further in Section IV.

ALA grain sizes and gamma-grain-size histograms
based on the EBSD data for IN-100 also revealed
important differences between the microstructures of
samples deformed at 1339 K (1066 °C) and those tested
at 1436 K (1163 °C). For the former samples, the
ALA grain sizes were all less than 10 gm (Table V;
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Figure 7(a)). For the samples deformed 22 K (22 °C)
below the solvus temperature, the ALA (gamma) grain
sizes were noticeably larger, ie., of the order of 23 to
30 um for strain rates of 0.0003 to 0.01 s ' and >30 ym
for strain rates of 0.1 and 1 s ' (Table V; Figure 7(b)). As
will be shown in Section 1II-B-2, these sizes are respec-
tively comparable to or greater than the apparent Zener
limiting grain size of ~25 um developed during SSHT.

Inspection of the EBSD grain ID maps for IN-100
samples deformed 22 K (22 °C) below the solvus tem-
perature (e.g., Figure 8) also revealed that relatively-
equiaxed grain shapes were developed during plastic
flow at strain rates of ~0.1 s ' and greater, but that a
small number of irregularly-shaped grains (indicated by
arrows in Figures 8(a), (b)) were produced at the lower
strain rates.

Microstructure evolution results for as-deformed
LSHR were similar to those for IN-100 (Table VII).
At temperatures of 1339 K (1066 °C) and below, the
average grain sizes (1 to 2.5 pm) were similar to that of
the as-received material (~2 um) and can be attributed
to DDRX and/or limited dynamic grain growth. During
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Fig. 5 BSE images illustrating the microstructures developed in IN 100 at 1339 K (1066 °C) (a) during preheating or during preheating and
compression to a 2:1 height reduction at a strain rate (s ') of (5) 0.001, (c) 0.003, (d) 0.01, (¢) 0.1, or (f) 1.

testing at 22 K (22 °C) below the solvus temperature
(ie., 1408 K, or 1135 °C), deformation gave rise to
microstructure coarsening due to dynamic grain growth
(low strain rates) or DDRX and the migration of grain
boundaries past gamma-prime precipitates (high strain
rates).

2. Deformed-and-SSHT condition
The grain sizes developed in IN-100 during subse-

quent SSHT showed a marked dependence on previous
hot-working conditions. All of the samples deformed at
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9

1339 K (1066 °C) and below developed equiaxed
gamma grain sizes in the range of 20 to 30 um (Table V,
Figures 9 and 10); this was also true of an as-received
billet sample given the same SSHT. In addition, the
ALA:average grain size ratios were all ~3 to 4 for these
deformation conditions, similar to previous observa-
tions for SSHT samples of LSHR billet and pancake
forgings >

Microstructure  evolution  during SSHT  of
IN-100 samples pre-deformed 22 K (22 °C) below the
solvus temperature (i.e., 1436 K, or 1163 °C) contrasted
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Fig. 6 BSE images illustrating the microstructures developed in IN 100 at 1436 K (1163 °C) (a) during preheating or during preheating and
compression to a 2:1 height reduction at a strain rate (s ') of (b) 0.001, (¢) 0.003, (&) 0.01, (¢) 0.1, or () 1.

sharply with the observations for the other test condi-
tions. Specifically, the average gamma grain size follow-
ing SSHT for 1 hour exhibited low values (20 to 40 um)
for the lowest (0.0003s ') and highest (1, 10s ")
imposed strain rates (as well as for a sample exposed
but not deformed at this temperature) and higher values
(~80 to 90 um) for the intermediate strain rates (0.001
to 0.1s ') (Table V). Examination of BSE images
(Figures 11 and 12), EBSD grain ID maps (not shown),
and the ALA results suggested however, that the
observations were better binned into three groups

6240 VOLUME 45A, DECEMBER 2014

corresponding to near-solvus deformation at very low,
intermediate, or very high strain rates.

At the lowest strain rate (0.0003 s '), an apparently
bimodal microstructure with both fine and coarse
gamma grains was developed during the SSHT for | h.
Although the average grain size was relatively small
(35.6 um), the ALA size was very large (224 um)
(Table V; Figure 11(a)). SSHT for different times of
material deformed at this lowest rtate (Table VIII)
further indicated an unusual behavior suggesting peri-
ods of slower and faster increase of the average grain
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size. Moreover, BSE micrographs for these various heat-
treatment times (Figures 12(a), (¢) and (e)) and mea-
surements of the ALA grain size (Table VIII) showed a
variety of unusual, non-equiaxed grain shapes and
apparently erratic changes in the ALA grain size. Such
observations were suggestive of an abnormal-like behav-
ior (in which a relatively small fraction of “rogue”

grains grow rapidly at the expense of surrounding
grains) that had not become catastrophic.

The grain structures developed during SSHT of
IN-100 deformed at the intermediate strain rates of
0.001, 0.003, and 0.01 s ' were similar to each other. In
each case, a variety of equiaxed and non-equiaxed
shapes were observed for the 1h heat treatments

Table VI. Gamma-Prime-Precipitate Data for As-Compressed IN-100 Samples
Temp [K (°C)]/Strain Avg 7' Dia (um) Avg 9" Dia (yan) Pct Interior §’ Pct Interior '
Rate (s7") EDS/EBSD FoveaPro™ EBSD/EDS FoveaPro™
1255 (982)/0.001 2.6 <1
1339 (1066)/0.0003 2.7 38
1339 (1066)/0.001 2.6 2.5
1436 (1163)/ * 1.3 293
1436 (1163)/0.0003 2.6 1.5 25.8 29.1
1436 (1163)/0.001 24 1.6 15.6 18.1
1436 (1163)/0.003 3.1 14 9.2 19.3
1436 (1163)/0.01 1.8 239
1436 (1163)/0.1 1.8 48.7
1436 (1163)/1 1.8 69.3
*As preheated sample.
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Fig. 7 Grain ID maps and grain size histograms derived from unsegmented EBSD data for TN 100 samples compressed to a 2:1 height reduc
tion at a strain rate of 0.001 s ! and a test temperature of (a) 1339 K (1066 °C) or () 1436 K (1163 °C).
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Fig. 8 EBSD grain ID maps for IN 100 samples compressed to a 2:1 height reduction at 1436 K (1163 °C) and a strain rate (s ') of (a) 0.001,

(k) 0.01, or () 0.1.

Table VII. EBSD Grain-Size Data for LSHR Samples

Temp (K, °C)/ As Compressed Compressed +
Strain Rate Avg/ALA SSHT Avg/
™ GS (um)* ALA GS (um)**
(As Rec'd) (13.6/48.0)
1339 (1066)/0.0005 2.1/1.3 15.5/67.9
1339 (1066)/0.01 1.7/6.4 12.8/48.9
1339 (1066)/1 1.1/15.4 13.6/48.6
1408 (1135)/0.0005 5.9/17.1 31.5/269.7
1408 (1135)/0.01 2.8/13.1 55.5/246.8
1408 (1135)/0.1 2.92/17.8 25.5/94.4
1408 (1135)/1 3.09/22.3 13.4/46.4
1408 (1135)/10 3.07/14.1 13.3/51.9

*Per segmented EBSD data, average as compressed gamma grain
sizes for samples deformed at 1408 K (1135 °C) were 5.1 ym
0015 1,51 um(0.18 ", 64 m(1s "), or54um(10s".

**SSHT 1444 K (1171 °C)/1 h.

(Figures 11(b) through (d)) as well as for the shorter and
longer exposure times (Figures 12(b), (d), (f) and 13).
Even though there was some irregularity in the trends,
by and large, these process parameters gave rise to an
average grain size of ~80 to 110 yum and ALA:average
grain size ratios of 3 to 5:1 (Tables V and VIII).
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The grain structure developed during SSHT of IN-100
following pre-deformation at the highest strain rates
(1, 10s ), as well as a sample exposed 22 K (22 °C)
below the solvus but not deformed, mirrored those
developed in samples forged at lower temperatures. The
grain structures were equiaxed (e.g., Figure 11(f)), the
average sizes were relatively small (22 pym), and the
ALA:average grain-size ratios (~3.5) (Table V) was com-
parable to that of the other normal-growth-like behaviors.

The grain structure developed during SSHT following
pre-deformation at a strain rate of 0.1 s ' had some
aspects of the behaviors found for both the intermediate
and highest strain rate regimes in terms of grain shapes
(Figure 11(e)), average grain size (41.6 yum), and
ALAc:average grain-size ratio (3.3) (Table V).

Gamma-grain-size results for SSHT LSHR samples
were similar to those for IN-100 (Table VII). For the as-
received material and samples pre-deformed at a tem-
perature of 1339 K (1066 °C), SSHT gave rise to a
structure that was equiaxed and had a relatively fine
grain size of ~15 ym in all cases. On the other hand, pre-
deformation at 22 K (22 °C) below the solvus temper-
ature [ie., at 1408 K (1135 °C)] gave rise to coarser
gamma grain sizes. As for IN-100, the average size and
ALA:average ratios for these latter LSHR samples
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Fig. 9 BSE images illustrating the gamma grain structures devel
oped in IN 100 during a 1 h SSHT of (g) an as received sample or
samples pre deformed to a 2:1 height reduction at a strain rate of
0.001 s " and subsolvus temperature of (b) 1144 K (871 °C) or (c)
1255 K (982 °C).

could be separated into three regimes for pre-deforma-
tion strain rates which were low (0.0005 s "), interme-
diate (0.01 to 0.1 s ), and high (=1 s ).

The inclusion of an additional subsolvus heat treat-
ment prior to SSHT of LSHR samples pre-deformed at
1339 K (1066 °C) and a strain rate of 0.01, 0.1, or
10 s ' had a minor effect on the final grain structure and
size (Table IX).
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1IV. DISCUSSION

The key findings of this work can be interpreted in
terms of the mechanisms of the hot deformation of the
two PM superalloy program materials, IN-100 and
LSHR, the associated driving forces for microstructure
evolution during subsolvus hot working, and the effect
of the subsolvus microstructure on subsequent super-
solvus heat treatment (SSHT) response.

A. Mechanisms of Hot Deformation

The effect of strain rate and temperature on the
mechanisms that controlled the deformation of the two
program superalloys was similar to that observed in
prior investigations 2 % in which more restricted ranges
of processing parameters were investigated. At relatively
low temperatures (i.e., T'~1144 K (871 °C), hot working
over a wide range of strain rates (e.g., 0.0003—10s ')
generally led to discontinuous dynamic recrystallization
(DDRX). Similar behavior was found for hot working
at intermediate temperatures [~1255 K (982 °C)], except
for the lowest strain rate (0.0003 s ') at which super-
plastic flow was activated. DDRX generally resulted in
similar refinement of the sizes of the gamma grains and
the gamma-prime precipitates.

At 1339 K (1066 °C), a temperature comparable to
that commonly used for isothermal forging of PM
superalloys, there were also two discrete regimes of
deformation: (1) low strain rates characterized by
superplastic flow and near-constant grain size and (2)
higher strain rates characterized by DDRX and gamma
grain-size refinement. In all cases, coarse gamma-prime
precipitates were preferentially located at the gamma
grain boundaries for samples deformed at this temper-
ature.

The broad aspects of plastic flow at 22 K (22 °C)
below the gamma-prime solvus were similar to the
findings for 1339 K (1066 °C) in that there appeared to
be a transition in behavior as the strain rate was
increased. However, there were some notable differences.
First, marked flow hardening was observed at the lowest
strain rates (<0.003 s '); this behavior was correlated to
dynamic grain growth and led to the gradual loss of
superplasticity with increasing strain. The grain growth
was also accompanied by a tendency for the primary
gamma-prime precipitates to separate from the gamma
grain boundaries, such that approximately one-fourth of
these particles lay within the gamma grains at the end of
deformation. As the strain rate was increased, evidence of
migration of the gamma grain boundaries, which was
suggestive of DDRX, was noted. Such boundary migra-
tion and DDRX resulted however in gamma-grain-size
coarsening and an increase with strain rate of the fraction
of primary gamma precipitates lying away from the
gamma grain boundaries.

B. Subsolvus Hot Working: Driving Forces and
Microstructure Evolution

To interpret the observed wvariations of the
as-deformed microstructures and their impact on SSHT
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Fig. 10 BSE images illustrating the gamma grain structures developed in IN 100 during a 1 h SSHT of samples pre deformed to a 2:1 height
reduction at 1339 K (1066 °C) and a strain rate (s ') of () 0.0003, () 0.001, (c) 0.003, (d) 0.01, () 0.1, or (f) 1.

response, the magnitude of the forces retarding or cipal forces were (1) the pinning pressure associated with

driving the migration of gamma grain boundaries at gamma-prime precipitates, (2) the driving pressure

subtransus temperatures was estimated. The three prin- associated with gamma grain growth and the reduction
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Fig. 11 BSE images illustrating the gamma grain structures developed in IN 100 during a 1 h SSHT of samples pre deformed to a 2:1 height
reduction at 1436 K (1163 °C) and a strain rate (s ') of {a) 0.0003, (b) 0.001, (¢) 0.003, (d) 0.01, (¢) 0.1, or () 1.
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Fig. 12 BSE images illustrating the effect of SSHT tune on the gamma grain structures developed in IN 100 pre deformed to a 2:1
lmghtj)redu;tlon at 1436 K (1163 °C) and a strain rate (s ) of (a, ¢, €) 0.0003 or (b, d, f) 0.003. The SSHT times (h) were (a, b) 0.25, (c, d) 1,
or (e, f) 2
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Table VIIL.

Effect of Supersolvus Heat Treatment Time on EBSD Avg/ALA Grain Size (um) in IN-100 Samples Pre-deformed

at 1436 K (1163 °C)

Strain Rate (s™) 0.05h 0.25h lh 2h

0.0003 30.6/361.8 35.6/224.0 59.4/537.1

0.001 84.7/414.1 79.0/399.9

0.003 108.9/493.2 90.3/309.6 101.9/489.3
Grain tolerance angle 5 deg, cleanup 10 pixels, SSHT temp 1477 K (1204 °C).

Fig. 13 BSE image illustrating the gamma grain microstructure
developed during a 3 min SSHT in an IN 100 sample pre deformed
to a 2:1I height reduction at 1436 K (1163 °C) and a strain rate
0.001s .

in grain-boundary surface energy, and (3) the driving
pressure associated with the generation of dislocation
substructure.

1. Pinning pressure

The pinning pressure, P,, for a random distribution of
precipitates whose volume f racnon f§ is small is given by
the classic Zener-Smith relation:

P, = 3f;'rb/’2rp= [1]

in which I'y and r, denote the matrix-precipitate
interface energy and gamma-prime precipitate radius,
respectively.

When there is a large fraction (>0.01) of pinning
particles, the particles tend to be highly correlated to the
grain boundaries, and Eq. [1] no longer applies. In such
cases, the particle spacing L is given by the approximate
expression:

L = (4nr/3£,)"°. 2]

At 1339 K (1066 °C), r, ~1 ym and f, ~0.20 for
IN-100. Equation [2] thus yields L =~ 2.8 um, or a value
comparable to the as-preheated gamma grain size. In

this case a maximum pinning pressure, PJ** is gener-
ated.”?

METALLURGICAL AND MATERIALS TRANSACTIONS A

17

Table IX. EBSD Grain-Size Data for LSHR Samples
Deformed at 1408 K (1135 °C) and Subjected to Various Heat

Treatments

Strain Heat Treatment Avg/ALA
Rate (s71) K (°C)] GS (pm)
0.01 1408 (1135)/1 h 4.6/19.3
0.01 1444 (1171)/1 h 55.5/246.8
0.01 1408 (1135)/1 h 39.9/183.0

+ 1444 (1171)/1 h
0.1 1408 (1135)/1 h 4.0/38.5
0.1 1444 (1171)/1 h 25.5/94.4
0.1 1408 (1135)/1 h 21.0/66.0

+ 1444 (1171)/1 h
10 1408 (1135)/1 h 4.4/178
10 1444 (1171)/1 h 13.3/51.9
10 1408 (1135)/1 h 12.8/65.4

+ 1444 (1171)/1 h

P = 120 /2 /s, 3]

Taking Ty, = 1 J/m? as representative of the interface
energy for an incoherent gamma-prime precipitate in a
gamma maltrix, the pinning pressure was thus approx-
imately 410,000 N/m".

At 1436 K (1163 °C), rp~1 ym and f£,~0.05 for
IN-100. Equation [2] yields L ~ 4.4 ym, a value some-
what less than the as-preheated gamma grain size,
6.7 yum. In this instance, the pinning pressure lies
between the values calculated from Eq. [1] (75,000 N/
m?) and Eq. [3] (163,000 N/m?).

2. Driving pressure associated with grain-boundary
energy

The driving pressure P, associated with gamma grain
growth and the reduction in grain-boundary surface
energy is al'gp/R,, in which « is a constant with a value
in the range of 0.5 to 1, I'yp denotes the gamma grain-
boundary energy, taken to be ~1 J/m” also, and R, is the
average gamma-grain radius.*® Taking « = 0. 5, this
drmng pressure was equal to approximately 500,000
N/m* when R, ~1 ym [for IN-100 at 7 = 1339 K
(1066 °C)] or 153 000 N,’m when R, = 3.25 um [for
IN-100 at T = 1436 K (1163 °C)]. Thus in the absence
of deformation, the magnitudes of the pinning pressure
and the driving pressure at each specific temperature
were comparable, thereby providing a plausible expla-
nation for the as-preheated grain sizes for IN-100
(Table V) as well as LSHR.
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During near-superplastic deformation at 1436 K
(1163 °C) and strain rates of 0.0003 and 0.001 s ', the
gamma grains grew dynamically from ~6.7 to ~8.5 um.
In addition, flow hardening resulted in flow stress
increases of the order of 50 percent during the imposed
reduction. The increase in grain size (26 pct) was thus
somewhat smaller than that which would be expected if
both the grain-size and stress exponents of the strain
rate were comparable, i.e., ~2, as is common during
superplastic flow. Although it was not easily measured,
dynamic coarsening of gamma-prime precipitates was
likely responsible for dynamic grain growth. Further-
more, the smaller gamma-prime particles that would
have dissolved during the coarsening process would
have allowed unpinning of some segments of the gamma
grain boundaries, thus possibly producing some irreg-
ular grain shapes (prior to SSHT) due to grain-bound-
ary migration.

3. Driving pressure associated with deformation

The balance between the particle-pinning and grain-
growth driving pressures can be upset by deformation.
Under low-strain-rate, superplastic conditions, imposed
deformation is largely accommodated by boundary/
interphase interface sliding; a relatively small amount of
dislocation glide/climb within the matrix is activated to
relieve stress concentrations generated at triple junc-
tions.

When DDRX is activated under higher-strain-rate
(and/or low temperature) conditions or as a result of
dynamic grain growth, substantial dislocation densities
and associated driving pressures are generated. In such
cases, the flow stress g and average dislocation density p
are related as follows:**

o = ayiby/p, 4

in which o again is a constant between 0.5 and 1, u is
the shear modulus, and b is the length of the burgers
vector. For grain boundary migration during DDRX,
the maximum driving force is generated at the interface
between a nascent nucleus (in which the dislocation
density is zero) and the worked grain (with a disloca-
tion density of ~p) into which it grows. The driving
force Py is then given by the following relation:**

Py = aub’p. [5]

For the PM superalloys of interest here, o is assumed to
be 0.5, u = 44 GPa at s ~ 1400 K (1127 °C),”*” and b
~2.5x 10 " m. For a flow stress of 50 MPa, the
average dislocation density is thus obtained from
Eq. [4] to be 1.14 x 10" m 2, and the driving pressure
from Eq. [5] is 157,000 N/m?. During DDRX at the
high strains at which a steady-state flow stress is
obtained, the dislocation density can vary from one
grain to another depending on when the grain was most
recently recrystallized. Hence, this estimate of the
driving pressure must be considered as a spatial average.

The value of P4 can be interpreted in the context of
the measured values of flow stress and microstructures
developed in IN-100. At 1339 K (1066 °C), DDRX
occurred at strain rates of ~0.01 s ' and greater. The
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steady-state flow stress within this regime was 50 to
400 MPa, which would give rise to Py between 157,000
and 1,256,000 N/m?, or values approximately one-third
to three times the pinning pressure associated with
gamma-prime precipitates. Thus, the driving pressure
associated with deformation would enhance the ten-
dency for boundary migration a moderate amount or a
great deal. However, the measured recrystallized grain
sizes following deformation were /less than the as-
preheated size (Table V), suggesting that the rate of
nucleation of new grains was very high and thus
controlled the final grain size.

For deformation of IN-100 at 1436 K (1163 °C),
gross DDRX started to occur at strain rates of 0.1 s '
and greater at which flow stresses of the order of 75 to
150 MPa were developed, thus resulting in P4 of 236,000
to 471,000 N/m?, or values much greater than the
pinning pressure associated with the gamma-prime
precipitates. Furthermore, deformation heating would
have raised the sample temperature at the higher strain
rates. Under adiabatic conditions, the temperature
increase for a strain of 0.7 was estimated to be 9 K or
18 K (9 °C or 18 °C) for average flow stresses of 75 or
150 MPa. Because quantitative metallography revealed
little change in the average size and volume fraction of
the primary gamma-prime precipitates in the higher-rate
samples, it may be concluded that deformation-induced
temperature increases occurred over too short a time to
lead to dissolution of the particles, however.

The strain-rate dependence of the microstructure
developed in IN-100 (and LSHR) after deformation at
a temperature 22 K (22 °C) below the solvus, and in
particular the location of the gamma-prime precipitates
relative to the gamma grain boundaries, can thus be
rationalized on the basis of two competing effects,
dynamic coarsening and DDRX. At low strain rates,
dynamic coarsening would lead to a small increase in
average gamma-prime precipitate size via the dissolution
of the finer particles and growth of the coarser ones.
This could lead to local unpinning of some gamma grain
boundaries and their migration relative to the remaining
precipitates as mentioned above. At high strain rates,
the migration of all of the gamma grain boundaries
would be enhanced due to DDRX and the associated
moderate to high values of Py relative to the pinning
pressure. Thus, DDRX conditions would have tended to
produce a microstructure in which most of the gamma
grain boundaries had been able to break away from the
precipitates and led to a recrystallized grain size which
was greater than the as-preheated one. For intermediate
strain rates, dynamic growth of some grains may have
may have contributed to spatially non-uniform DDRX
and the generation of dislocation-based driving pres-
sures in the coarser grains, thus contributing to irregular
grain shape and non-uniform distribution of gamma-
prime precipitates relative to the gamma grain bound-
aries.

C. Supersolvus Heat Treatment (SSHT) Response

The SSHT response of IN-100 and LSHR can now be
interpreted in terms of the microstructures developed
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during prior-subsolvus deformation. In particular, the
location of the gamma-prime precipitates relative to the
gamma grain boundaries and sporadically-spaced, irreg-
ular grain shapes generated during the pre-deformation
appeared to be the key factors which differentiated the
evolution of the grain structure during subsequent
SSHT.

For deformation temperatures of 1339 K (1066 °C)
and below, the sizes of the gamma grains and gamma-
prime precipitates were similar and, therefore, the pre-
cipitates were highly correlated to gamma grain bound-
aries. Thus, during the early stages of SSHT, the
precipitates would be expected to dissolve (and relieve
the pinning pressure associated with them) in a relatively
uniform fashion. The gamma grains would then grow in a
normal-like manner until they were pinned by the stable
carbide and boride particles producing a microstructure
of equiaxed grains (e.g., Figures 9 and 10). Although
both IN-100 and LSHR had comparable volume frac-
tions and sizes of these stable minor phases, the pinned
SSHT grain sizes differed by almost a factor of two, ie.,
~25 ym for IN-100 and ~15 pum for LSHR. This differ-
ence may lie with the nature of the distribution of the
carbide/boride particles; i.e., they lay in stringers for
IN-100, but were uniformly distributed for LSHR.

By contrast to the results for the lower temperatures,
pre-deformation at 22 K (22 °C) below the solvus
resulted in a noticeable strain-rate dependence of (1) the
location of the gamma-prime precipitates relative to the
gamma grain boundaries and (2) the uniformity of grain
shape. Deformation at low-to-intermediate strain rates
led to approximately 10 to 25 pct of the precipitates lying
within the gamma grains and some non-equiaxed grains,
while deformation at higher strain rates led to DDRX, an
equiaxed grain structure, and the majority (=70 pct) of
the precipitates lying within the grains.

SSHT of samples pre-deformed near the solvus at
low-to-intermediate strain rates led to large average
grain sizes and grain structures that were noticeably
irregular and non-equiaxed (Tables V and VII; Fig-
ures 11(a) through (e)). As suggested partiall?r _b?;
previous experimental and theoretical work,!'?>2!
these observations may be attributable to the non-
uniform dissolution of the gamma-prime precipitates
and the irregular shape of a small fraction of the gamma
grains (e.g., with concave portions of grain boundary),
possibly leading to subsequent non-uniform growth of
the gamma grains during SSHT. For IN-100 pre-
deformed 22 K (22 °C) below the solvus and a strain
rate of 0.001s ', the fact that essentially-identical
coarse and non-equiaxed grain structures were devel-
oped after SSHTs for 3 minutes and 1 hours (Fig-
ures 11(b) and 13) suggests very rapid, abnormal-like
behavior. Moreover, the short heat treatment time of
3 minutes above the solvus is comparable to that found
experimentally for the dissolution of primary gamma-
prime precipitates.[?’m Furthermore, it may be hypoth-
esized that the shapes of the irregular grains generated
during subsolvus deformation, which appear to be a
major factor in controlling the abnormal-like behavior,
may be related to the distribution of gamma-prime
precipitates. Future work could thus be beneficial in
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delineating the three-dimensional nature of such grains
and gamma-prime precipitates and the influence of their
irregular topology on abnormal-like behavior.

A related factor that may be pertinent to the SSHT
response of samples forged near the solvus at low-to-
intermediate strain rates 1s the nature of stored work. In
this regard, plots of EBSD grain-reference-orientation-
deviation (GROD) have been deduced to correlate
qualitatively with dislocation substructure observed
during transmission-electron microscopy of PM super-
alloys."? In prior work,”'! the levels and spatial
distribution of GROD were found to be similar in

8

16

Fig. 14 EBSD grain reference orientation deviation (GROD) maps
for IN 100 samples compressed at various strain rates and a temper
ature (a) 1339 K (1066 °C) or (b) 1436 K (1163 °C).
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Table X. EBSD GROD Data (in Pct) for As-Compressed IN-100 Samples
Temp [K (°C)]/Strain Rate (s 1) 0 to 2 deg 2 to 4 deg 4 to 6 deg 6 to 8 deg 8 to 16 deg
1339 (1066)/0.0003 93.1 5.9 0.8 0.1 0.0
1339 (1066)/0.001 93.1 5.5 1.1 0.1 0.1
1339 (1066)/0.003 93.6 5.4 0.8 0.1 0.1
1339 (1066)/0.01 90.6 7.1 1.7 0.5 0.1
1339 (1066)/0.1 85.6 10.5 2.7 0.8 0.4
1339 (1066)/1 79.4 14.3 4.1 1.4 0.8
1436 (1163)/0.0003 97.8 1.8 0.3 0.0 0.0
1436 (1163)/0.001 95.7 3.6 0.7 0.1 0.0
1436 (1163)/0.003 90.6 7.6 1.5 0.4 0.0
1436 (1163)/0.01 87.8 10.0 1.9 0.3 0.0
1436 (1163)/0.1 98.4 1.3 0.3 0.0 0.0
1436 (1163)/1 93.6 4.8 1.2 0.3 0.1

samples which did and did not exhibit abnormal-like
grain-growth behavior during SSHT. GROD plots from
the present work (Figure 14; Table X for IN-100)
revealed similar, moderate levels (GROD <4 deg) and
spatial uniformity of stored work for as-compressed
samples deformed at a given strain rate and tempera-
tures of 1339 K (1066 °C) or 1436 K (1163 °C) for
which subsequent SSHT did not or did give rise to
abnormal-like grain-growth behavior.

EBSD also revealed that the as-forged GROD values
were largely unchanged during intermediate subsolvus
heat treatment at the same temperature as the forging
temperature. Payton'”! has shown that such residual
stored work is eliminated only after heating above the
gamma-prime solvus. The times required for this are
comparable to or less than those required for the
dissolution of gamma prime. Hence, the annihilation
of dislocations and the dissolution of gamma-prime may
interact in controlling the rate of release of the pinning
force acting on the gamma grains, and certainly merits
further investigation.

During SSHT, samples that had undergone DDRX
during higher strain-rate, near-solvus pre-deformation
developed relatively uniform, equiaxed-grain structures
with an average size similar to those developed for
lower-temperature pre-deformation (Tables V and VII;
Figure 11(f)). Thus, it may be surmised that gamma-
prime dissolution occurred relatively uniformly for these
samples, and normal growth occurred until the gamma
grains were pinned by the stable minor phases.

Last, prior theoretical work!'”! has suggested that the
development of abnormal-like grain structures such as
those described herein is enhanced by the development
of a small population of grains whose size exceeds the
Zener-Smith limit prescribed by the minor phases which
are stable above the solvus. The present results revealed
that this may not be a necessary condition, however. For
example, IN-100 samples deformed at 1436 K (1163 °C)
and a strain rate of either 0.001 or 0.003s ' each
developed a grain structure during deformation having
ALA grains whose size (~24 um) was almost identical to
that developed during SSHT of samples pre-deformed at
lower temperatures (Table V). The SSHT of these near-
solvus-deformed samples gave rise to very coarse aver-
age grain sizes of the order of 90 to 100 um. On the
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other hand, samples pre-deformed at this same temper-
ature, but with a strain rate of 1's ', gave rise to ALA
grains which were much larger (~80 um), but whose
average grain size following SSHT was relatively fine
(~22 pm).

V. SUMMARY AND CONCLUSIONS

Samples of two powder-metallurgy (PM) superalloys,
IN-100 and LSHR, were isothermally compressed over a
wide range of subsolvus temperatures and strain rates
and then supersolvus heat treated (SSHT) to establish
the effect of process variables on microstructure evolu-
tion. The principal findings of this work are summarized
as follows:

1. Deformation at low hot working temperatures
[200 K to 300 K, or (200 °C to 300 °C), below the
gamma-prime solvus], or those below the tempera-
ture typically used to consolidate PM superalloy
billet products, generally gives rise to discontinuous
dynamic recrystallization (DDRX), thereby produc-
ing finer sizes of both the gamma grains and the
gamma-prime precipitates. During subsequent
SSHT, material thus pre-deformed develops an
equiaxed structure with a gamma grain size of
~25 pm (IN-100) or ~15 um (LSHR).

2. Subsolvus deformation at a temperature compara-
ble to that at which isothermal forging of parts is
typically conducted gives rise to superplastic flow
and a nearly-constant size of the gamma grains and
gamma-prime precipitates at low strain rates
(~0.0003 to 0.01s '). At higher strain rates
(>0.01 s '), DDRX with concomitant microstruc-
ture refinement occurs. Despite the dependence of
deformation mechanism on strain rate, subsequent
SSHT gives rise to similar gamma grain sizes whose
magnitude is essentially the same as that produced
during SSHT of samples deformed in the low tem-
perature range. Such a finding can be ascribed to
the high degree of correlation of the gamma-prime
precipitates with the gamma grain boundaries prior
to and following deformation. Hence, the precipi-
tates dissolve and the corresponding pinning pres-
sure is released relatively uniformly during SSHT.
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3. Deformation and microstructure evolution at a tem-
perature 22 K (22 °C) below the gamma-prime sol-
vus shows a strong dependence on strain rate. At
low strain rates (of the order of 10 *s '), super-
plastic flow at low strains is moderated by dynamic
grain growth which results in reductions in the
strain-rate sensitivity with increasing strain. Concur-
rently, a microstructure exhibiting a moderate frac-
tion (~0.10 to 0.25) of gamma-prime precipitates
lying within the gamma grains and some noticeably
irregular grain shapes is developed. At intermediate
strain rates (between approximately 3 x 10 * and
0.1 s 1), plastic flow characterized by a transition
to DDRX behavior and similar as-deformed micro-
structural features is observed. During SSHT of
samples pre-deformed within either the low- or
intermediate-strain-rate regimes at 22 K (22 °C) be-
low the solvus, microstructure development is char-
acterized by gamma grains whose size is much
larger than that produced using other subsolvus
forging parameters. Such SSHT behavior appears
to be abnormal-like in view of the very short times
over which the microstructure is formed and the
irregular shapes of the resulting gamma grains. It
appears that this phenomenon may be related to
the non-uniform dissolution of gamma-prime above
the solvus and/or an irregular topology of the gam-
ma grain structure produced during subsolvus
deformation prior to SSHT.

4. Deformation at a temperature 22 K (22 °C) below
the gamma-prime solvus and high strain rates
(=1 s ') is characterized by DDRX and a large dis-
location-related driving force which enhances grain-
boundary migration. Such a driving force results in
an as-deformed microstructure of coarser gamma
grains in which the majority of the gamma-prime
precipitates lie away from the gamma grain bound-
aries. During SSHT of such material, uniform, equi-
axed gamma grain structures with moderate grain
sizes similar to those produced during the SSHT of
samples pre-deformed at lower temperatures are
developed. This behavior can also be ascribed to
the uniformity of the dissolution of gamma-prime
precipitates, which, in this case, lie primarily within
the gamma grains prior to SSHT.
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