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Recently, cobalt-based y-y” microstructured superalloys have attracted attention. However,
studies on their processing behavior [i.e., processing maps (the variation of strain rate sensitivity
(m) with temperature)] are limited. Thus, the high-temperature flow behavior of a y-y’
Co0-30Ni-10A1-5Mo0-2Ta-2Ti-5Cr (at. pct) superalloy was investigated using isothermal com-
pression tests between 1348 and 1498 K at strain rates from 0.001 to 10 s~ '. The m contour map
was generated using the experimental flow stress values, which were used to locate the optimum
hot workability and desired microstructural processing range. A strong dependence of m on the
deformation parameters (temperature, strain rate, and strain) was observed. A maximum m
value of around 0.3 at 1460 K to 1498 K and strain rates of 0.01 to 0.5 s~' was found. The
deformed samples show a fully recrystallized microstructure at high m. Unstable domains
showed the formation of cavities at the grain boundary triple points and cracks along the grain
boundaries at high strain rates (1 to 10 s~!), corresponding to m < 0.10. A constitutive model
was developed using an Arrhenius hyperbolic sine function, yielding an apparent activation
energy of 540 + 30 kJ mol ' for hot deformation. This study indicates reasonable formability
under certain conditions below the solvus, thus opening possibilities for further thermome-

chanical treatment.
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I. INTRODUCTION

SUPERALLOYS are high-temperature structural
materials mainly used in land-based and aircraft turbine
engine components such as discs, blades, rotating shafts,
nozzle guide vanes, and combustor liners.l'?! For the
fabrication of these critical components with the desired
microstructural and mechanical properties, the alloys
must undergo several crucial hot deformation pro-
cesses.>¥ At high temperatures, the flow behavior of
these metallic alloys is complex and sensitive to ther-
momechanical parameters such as the temperature,
strain rate, and strain.”) Thus, during high-temperature
deformation, it is essential to control the thermome-
chanical parameters to achieve the required properties.
Work hardening and softening (dynamic recovery and
recrystallization) mechanisms are the two dominant

B. NITHIN and G. PHANIKUMAR are with the Department of
Metallurgical and Materials Engineering, Indian Institute of
Technology Madras, Chennai, Tamil Nadu 600036, India. Contact
e-mail: nithinbaler@gmail.com K. CHATTOPADHYAY is with the
Department of Materials Engineering, Indian Institute of Science,
Bangalore, Karnataka 560012, India.

Manuscript submitted March 27, 2018.

Article published online July 9, 2018

METALLURGICAL AND MATERIALS TRANSACTIONS A

metallurgical phenomena that occur during the
high-temperature deformation process.!® Thus, it is
important to characterize and understand the dynamic
recrystallization behavior of these alloys, which refines
the coarse grains and affects the flow stress during hot
deformation.

Superalloys based on cobalt have applications as
critical turbine engine parts, where hot corrosion, wear,
and oxidation resistance are required.”” ! Some of the
most widely used commercial cobalt alloys such as
Haynes 188, stellite, and MAR-M are strengthened b?/
the use of solidsolutions and metallic carbides.!'®!"
These alloys possess good resistance to oxidation and
hot corrosion. The strength values at high temperatures
are inadequate compared to nickel-based superalloys,
which derive their strength from their y-y” microstruc-
ture. Recently, it was shown that the formation of a y-y’
microstructure in cobalt-based alloy systems (Co-Al-W
and Co-Al-Mo-Nb/Ta-based alloys) could overcome
this drawback, enabling the development of high--
strength, high-temperature cobalt-based superal-
loys.[">13] Significant developments have been made in
the design of new alloys by adding a solute to improve
the oxidation/corrosion resistance, thermal stability,
high-temperature mechanical properties, and reduction
of the density of the Co-Al-W base alloys."* > Various
superalloy development strategies can be used to
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improve the high-temperature properties of Co-Al-
Mo-Nb/Ta-based alloys, and some of these alloys show
superior hi%h— emperature properties to nickel-based
superalloys.”* 2% One among these is a newly developed
alloy with a base composition of Co-30Ni-10Al-5Mo-
2Ta-2Ti, which was obtained after a series of experi-
ments. With a view towards improving the properties at
high temperatures, systematic Cr addition (2, 5, 8, and
10 at. pct) to the base composition has been studied.!*”
In these alloys, the L;, ordered 7y precipitates with
stoichiometry (Co,Ni);(Al, Ta,Ti,Mo,Cr) are distributed
in a disordered face-centered cubic (FCC) cobalt matrix.
Out of these series of alloys, the alloy with a compo-
sition Co-30Ni-10Al-5Mo-2Ta-2Ti-5Cr has a solvus
temperature of 1378 K and a yield strength greater
than 560 MPa at 1143 K. This is comparable to those of
a few existing cobalt-based superalloys and commer-
cially available nickel-based superalloys. The strength-
ening of the present alloy at high temperature is mainly
due to the presence of 7" precipitates in the FCC cobalt
matrix. Conventionally, most nickel-based superalloys
are processed above the solvus temperature to avoid the
7" precipitate strengthening effect. The present alloy of
interest contains a high concentration of alloying
elements, such as Al, Cr, Ti, Ta, and Mo, which makes
hot forming challenging. Unlike nickel-based superal-
loys, the gap between the melting point and the solvus
for the cobalt-based superalloys is wide.

The generation of strain rate sensitivity contour
maps®® ¥ and processing maps using the dynamic
material model (DMM)P* 3¢ has been widely used to
optimize the processing parameters and, thus, control
the alloy microstructure during high-temperature defor-
mation. However, there are limited studies concerning
the high-temperature deformation behavior of cobalt-
based alloys,”’ %! which are strengthened by formation
of a solid solution, and none concerning y-y” cobalt-
based superalloys. In this present study, the hot defor-
mation behavior of a W-free y’-strengthened cobalt-
based superalloy has been investigated by isothermal
uniaxial compression tests over a wide range of defor-
mation temperatures and strain rates. Based on the
experimental results, a strain rate sensitivity (m) contour
map was generated, and the correlation with the
deformation microstructures has been studied in detail.

II. MATERIALS AND METHODS

The nominal chemical composition of the alloy used
in this study and the composition measured using an
energy dispersive X-ray spectroscope (EDS) attached to
a field-emission electron probe microanalyzer (EPMA,
JEOL) are given in Table I. The alloy was prepared in
the form of a slab (200 mm x 150 mm x 30 mm) using
vacuum arc melting, and subsequently, it was subjected
to hot isostatic pressing to ensure the elimination of
micro-pores. Cylindrical samples with a diameter and
height of 7 and 10.5 mm, respectively, were cut from the
slab using electrical discharge machining (EDM). Then,
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Table I. The Composition (Atomic Percentage) of Various
Elements in the Cobalt-Based Alloy Under Study

Elements Nominal Composition Actual Composition
Co 46 46.73 £+ 0.19

Ni 30 29.96 £+ 0.23

Al 10 9.54 £ 0.47
Mo 5 495+ 0.2

Ta 2 1.91 £ 0.02

Ti 2 2.13 £ 0.22

Cr 5 4.78 + 0.05

Fig. I—Optical microstructure of the Co-30Ni-10Al-5Mo-2Ta-
2Ti-5Cr alloy after solution treatment at 1523 K for 2 h air cooled.

the machined samples were solutionized at 1523 K for
2 hours. Isothermal uniaxial compression tests were
carried out at temperatures of 1348 K, 1398 K, 1448 K,
and 1498 K and strain rates of 0.001, 0.01, 0.1, 1, and 10
s ! in a thermomechanical simulator (Gleeble 3800).
Nickel paste and graphite foils were used at the interface
between the sample and tungsten carbide anvils to
minimize friction. All specimens were heated to defor-
mation temperature at a rate 5 K s~ ' and soaked for 600
seconds. After achieving a required true strain of 0.7, the
samples were quenched in water to arrest the deforma-
tion of the microstructure. The deformed samples were
cut parallel to the compression axis for microstructural
studies. For optical microscopy, the cut surface was
mechanically polished and etched for 60 seconds in a
solution of 10 g CuSO,, 50 mL HCI, and 50 mL distilled
water at room temperature (303 K). For electron
backscatter diffraction (EBSD) analysis, the cut samples
were electropolished with a solution consisting of 10 pct
perchloric acid in ethanol. A scanning electron micro-
scope (SEM, Sirion XL30 FEG" FEI) equipped with an
EBSD detector was used for characterization. Figure 1
shows the optical microstructure of the studied alloy
after solution treatment. The microstructure consists of
coarse equiaxed grains with an average grain size of
400 + 50 um.
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Fig. 2—True-stress-strain curves obtained at different deformation temperatures and strain rates (a) 1348, (b) 1398, (c) 1448, (d) 1498 K.

III. RESULTS

A. True-Stress-Strain Curves

The shape of the flow curves during high-temperature
deformation depends on the microstructural evolution
and is influenced by the temperature, strain rate, and
strain. There are three stages in the flow curve: (1) work
hardening to the peak stress, (2) softening, where the
stress value decreases continuously, and (3) a steady
state, where the stress value becomes constant with
strain. The first stage, work hardening, is usually seen
under all conditions. Depending on the deformation
condition (7, &), the critical strain corresponds to the
peak stress will change and is directly attributed to
dislocation density. The second stage involves the
formation of subgrains by rearrangement and the
annihilation of dislocations (polygonization). This pro-
cess is typically observed in materials with high stacking
fault energies. In the third stage, the rate of dislocation
density increases and the elimination of dislocations
(softening) reaches equilibrium.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Figure 2 shows the true-stress-strain curves for the
alloy deformed to a true strain of 0.7 at temperatures
1348 K, 1398 K, 1448 K, and 1498 K and strain rates of
0.001 to 10 s~'. The flow stress is sensitive to both the
deformation temperature and the strain rate. For a given
temperature, the value of the flow stress increases with
increasing strain rate. Similarly, the value of the flow
stress increases with decreasing temperature at a constant
strain rate. Two types of behavior can be observed in the
true-stress-strain curve. The flow stress value reaches a
peak at the initial stage of deformation, decreases
gradually, and becomes stable with further deformation.
This feature resembles the behavior of an alloy with low
stacking fault energy and indicates the formation of
dynamic recrystallization (DRX) grains.[0-40-4!]

B. Kinetic Analysis

Hot deformation is a thermally activated process. The
combination of temperature and strain rate affects the
deformation behavior of the material. Sellars and
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Fig. 3—(a) and (b) show variation of flow stress with strain rate at different test temperatures for the Co-30Ni-10Al-5Mo-2Ta-2Ti-5Cr alloy. The

alloy was solutionized at 1523 K for 2 h and air cooled prior to test.

Tegart!*?! proposed an equation to relate the dependence
of the flow stress on the temperature and strain rate
during hot deformation, shown in Eq. [1].

i = Af(G)exp (%) 1]

Depending on the peak stress value, f (¢) can be
expressed as power law equation, exponential equation,
or hyperbolic sine law, as shown in Egs. [2] through [4].

flo) =a" [for 0o <0.8] 2]

flo) =exp(fo) [for ac>1.2] [3]

flo) = [sinh(aa)]"  [for all ac] 4]

Here, nl, A, 8, o, and n are the material constants,
where o = f/nl, and ¢ is flow stress, which is taken as
the peak stress for analysis. For deformation at higher
strain rates or lower temperatures, a large strain is
required to reach steady state stress. In general, the peak
stress is considered for kinetic analysis. The present
alloy exhibits a DRX type of flow curve, where the peak
stress (0p,) can be easily attained. The peak stress in the
flow curve indicates the critical condition for DRX
initiation.[**** Q is activation energy for the process (kJ
mol™!) and R is universal gas constant 8.314
Jmol 'K~

To determine the material constants, the natural
logarithm was taken on both sides after substituting
Egs. [2] and [3] into Eq. [1].
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o 0
Iné=InAd+nllne RT [5]
. 0
Iné=InA+ fo — =
né=InA4d+ fo RT [6]

By taking the logarithm after substituting Eq. [4] into
Eqgs. [1], [7] was obtained.

Iné =1InA+ nlinfsinh (o * )] — [7]

RT

By differentiating the above equation with respect to
temperature (7) at a constant strain rate, Eq. [§] was
obtained, which can be used to calculate apparent
activation energy of the process.

| OIn[sinh (o * 7;,)]
Q—nR[—a[lT] ] 8]

At a constant deformation temperature, the values of
nl and f can be obtained by using the slopes of the Iné vs
Ing,, and Iné vs g, curves shown in Figure 3. The average
values of nl and f were found to be 5.01 and 0.03,
respectively. The value of o can be calculated using the
relationship o = % and was found to be 0.006.

The stress exponent ‘n” can be obtained from the slope
of the Iné vs In[sinh(« * o;,)]curve shown in Figure 4. The
average value of n is determined t(1> be 3.57.

The plots ofln[sinh (e * )] vs [£] at each strain rate

are shown in Figure 5. Q was obtained by calculating
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the slope of the In[sinh(xxa,)] vs [+ curve and
substituting it into Eq. [8]. The apparent activation
energy was found to be 540 4+ 30 kJ mol™'. The
calculated apparent activation energy for the studied
alloy is higher than the self-diffusion of pure cobalt (250
kJ mol~").*5 This indicates that DRX is the dominant
softening mechanism. This is similar to the case of some
titanium alloys and nickel-based superalloys.[***”]

Based on the experimental results, a constitutive
equation describing the dependence of the flow stress
with the strain rate and deformation temperature of the
alloy was determined (see Eq. [9]).

. —540 % 10°
i = 3.75 % 10"8[sinh (0.006 * o) Pexp [
RT
[9]
4
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Fig. 4—The relation between flow stress and strain rate at different
temperatures for the Co-30Ni-10Al-5SMo-2Ta-2Ti-5Cr alloy.
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Fig. 5—Variation of flow stress with deformation temperature at
different strain rates for the Co-30Ni-10Al-5Mo-2Ta-2Ti-5Cr alloy.
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The strain rate and deformation temperature can be
expressed by the Zener—Hollomon parameter,’ which
can be used to evaluate the validity of the developed
constitutive equation; this is expressed by Eq. [10]

Z = éexp (RQT> = A[sinh(a * g)]" [10]

The variation of Zener—Hollomon parameter (Z) with
peak stress (op,) is shown in Figure 6. The correlation
coefficient for linear regression is 0.967. It can be seen
that peak stress increases with increasing Zener—
Hollomon parameter.

C. Strain Rate Sensitivity

The strain rate sensitivity is an important parameter
to identify the safe working domain during hot working.
To correlate the microstructure developed after 50 pct
deformation with the strain rate sensitivity map, the
stress values at 0.6 strain at different temperatures and
strain rates were used to calculate the strain rate
sensitivity values. In contrast, in kinetic analysis, the
peak stress is used. For deformation at higher strain
rates or lower temperatures, a large strain is required to
reach steady state stress; thus, the peak stress represents
the critical condition for DRX nucleation. The stress
values at different strain rates were interpolated using a
cubic spline. The derivative of the spline fit gives the
strain rate sensitivity parameter (/).

Jlno
"= (aln8> T [11]

Figure 7(a) shows the contours of the strain rate
sensitivity at a different temperatures and strain rates.
Two separate regimes can be seen in the map, one with
m < 0.1 at strain rate > 1 s~' at all temperatures and
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Fig. 6—The relation between hot deformation peak stress and Z
parameter of the studied alloy.
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other with m > 0.2, which indicate that the mechanism
varies with deformation conditions.

D. Instability Map

The instability parameter as per the Ziegler instability
criterion*® is calculated by using the value of m. It is
based on the principle of the maximum rate of entropy
production during plastic flow, which is given by the
following equation.

B Jln [ﬁ}

£E) = —— Tm=<0 [12]

The variation of &(¢) plotted as a function of
temperature and strain rate gives the instability map.
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The region where (&) is negative represents the flow
instabilities or inhomogeneous deformation (material
flow). Adiabatic shear bands, wedge cracking, intercrys-
talline cracking, cavitation, and flow localization are the
characteristic features of the flow instabilities observed
in the microstructures. The instability map at a true
strain of 0.6 is shown in Figure 7(b).

E. Processing Map

Use of a processing map based on the DMM is
another way to identify the optimum regime for carrying
out thermomechanical processing. The specific principle
has been discussed elsewhere.** A processing map gives
the response of a material and associated mechanism
during deformation. The map for the Co-30Ni-10Al-
5Mo-2Ta-2Ti-5Cr alloy was generated at a true strain of
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Fig. 7—(a) Strain rate sensitivity contour map at 0.6 strain, () instability map, (¢) different domains in the strain rate sensitivity map. The maps
are generated for solution treated at 1523 K for 2 h and air cooled alloy having a composition Co-30Ni-10Al-5Mo-2Ta-2Ti-5Cr (at. pct).
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0.6 by superimposing the power dissipation map and
instability map on the temperature and logarithmic
strain rate frame. The contours in the map represent the
efficiency of power dissipation and its dependency on the
deformation parameters such as temperature and strain
rate, as shown in Figure 8. The bold dark line divides
the map into a stable (¢(¢)>0) and unstable domains
(¢(2) <0). In the stable domain, softening mechanisms,
such as dynamic recovery and dynamic recrystallization,
will occur. Thus, hot deformation should be carried out
in this domain. In unstable or unsafe domains, flow
instabilities, such as grain boundary cracking, shear
bands, and cavities, will occur during processing. This
region should be avoided during deformation. The
optimum hot workability is determined in the
stable (safe) domain with the highest power dissipation
efficiency, where nearly fully dynamic recrystallization
can be identified.

IV. DISCUSSION
A. Flow Behavior

The characteristics of the flow curve shown in
Figure 2 are related to the competing phenomena of
work hardening and softening. In the initial stages of
deformation, there is an increase in the flow stress which
can be attributed to dislocation interaction and multi-
plication. Here, work hardening is the dominant phe-
nomena. With further deformation, the dislocation
density starts to increase and reaches a threshold that
results in the nucleation of DRX grains. This phe-
nomenon (softening) can be seen from the decrease in
the stress value in the flow curve. At larger strains, the
flow stress stabilizes, which reflects the dynamic equi-
librium between the work hardening and softening.

1.0
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y Stable region |5
-1.5 ; 4340
/ ¥

Log (strain rate)

-3.0 -—r——i——r——T
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Fig. 8—Processing map at 0.6 strain. The map is generated for
solution treated at 1523 K for 2 h and air cooled alloy having a
composition Co-30Ni-10A1-5SMo-2Ta-2Ti-5Cr (at. pct).
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B. Deformation-Induced Microstructural Evolution

The strain rate sensitivity map is consistent with the
processing map, conveying essentially the same infor-
mation. Depending on the microstructural evolution
and m value, the contours of strain rate sensitivity map
can be divided into four domains as shown in
Figure 7(c).

Domain A lies in the temperature and strain rate range
of 1460 K to 1498 K and 0.01 to 0.5 s™", respectively.
The strain rate sensitivity value is ca. 0.3 in this domain.
The deformed microstructure of this domain is shown in
Figures 9(a) and (b). It can be seen that prior grains are
almost fully replaced by uniform equiaxed grains. The
presence of curved or serrated grain boundaries in the
deformed microstructure indicates the formation of
DRX grains, and the high value of m indicates that
DRX is the dominant mechanism. Alloys of cobalt with
nickel are known to exhibit lower stacking fault ener-
gies.® Thus, the studied alloy behaves like a low
stacking fault energy material. The DRX grains form
mainly along the pre-existing grain boundaries by the
grain boundary bulging mechanism. This occurs because
of the difference in the dislocation density along the
adjacent grain. Thus, the nucleation mechanism of DRX
for the present alloy during hot deformation belongs to
the discontinuous dynamic recrystallization (DDRX)
process. 231

Domain B lies in a wide temperature range of 1345 K
to 1448 K and a strain rate range of 0.001 to 1 s~' with a
strain rate sensitivity of 0.2 to 0.25. The microstructure
in this domain consists of coarse deformed grains that
are elongated perpendicular to the compression axis. A
small fraction of DRX grains nucleated along the
pre-existing grain boundaries, exhibiting a typical neck-
lace-like structure, as shown in Figure 9(c). Because of
the lower deformation temperature, partial dynamic
recrystallization has occurred in this domain. At a
particular strain rate, m increases with increasing
deformation temperature. Because of the coarse initial
grains, a larger true strain is necessary to complete the
DRX process.

Domain C lies in the temperature range of 1470 K to
1498 K at a strain rate of 0.001 s~' with an m value of
0.1 to 0.13. The microstructure consists of the coarse
equiaxed DRX grains shown in the Figure 9(d). Because
this domain covers a high temperature (1470 to 1498 K)
and low strain rate (0.001 to 0.005 s™') range where
solute drag effects are negligible, there is higher grain
boundary migration, where grain %rowth is the domi-
nant mechanism in this region.[sz’5

Domain D falls in the unstable region of the instability
map. This region can be seen at high strain rates (> 1
s~ ") and a temperature range of 1398 K to 1498 K, i.e., m
< 0.1. Grain boundary cracking, cavity, adiabatic shear
bands, and localized plastic flow are the characteristic
features observed in the unstable domain. For valida-
tion, microstructural analysis of the deformed samples
in this region is carried out. Figures 9(e) and (f) show
the optical microstructure of the flow instability of the
studied alloy deformed at 1398 K and 1498 K and a
strain rate of 10 s~'. The microstructure clearly shows

VOLUME 49A, OCTOBER 2018—4901



100pm

Fig. 9—The figure shows representative optical microstructure of deformed samples obtained from the different domains of the strain rate
sensitivity map (a) and (b) Domain A, (¢) Domain B, (d) Domain C, (¢) and (f) Domain D as shown in the map.

the formation of cavities or cracks at the grain boundary
triple points, and the occurrence of cracks along the
grain boundaries indicates the inhomogeneous flow
behavior of the material. The observed cracks likely
arise from incipient melting and intergranular embrit-
tlement. Some studies have reported similar observa-
tions in commercially available superalloys.*®>! This
region should be avoided during hot working.
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It is essential to compare the processing map of the
present alloy and associated mechanisms with commer-
cially available cobalt-based superalloys such as Haynes
188, Co-Cr-Mo-N, and some of the nickel-based super-
alloys. The hot deformation behavior of the present
alloy is different from the current cobalt-based superal-
loys. The stable regime for processing the present alloy
was found below a strain rate of 1 s™' at all
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Fig. 10—Map of the inverse pole figure (IPF) of the present alloy deformed to a true strain 0.7 and strain rate 0.1 s~

(a) 1348, (b) 1398, (c) 1448, (d) 1498 K.

temperatures, whereas, for other cobalt-based superal-
loys, such as Co-28Cr—-6Mo—-0.16N and Co-30N-
i—21Cr-10Mo, the stable regimes occur at strain rates
greater than 1 s~1.%%% The processing map of Haynes
288 shows the unstable regime in the high strain rate
(> 1 s7") region and the DRX regime at lower strain
rates and higher temperatures.®” This is similar to the
processing map reported by us. For both alloys, fine
equiaxed DRX grains were identified, corresponding to
deformation at a strain rate of 0.05-0.5 s~' and
temperature range of 1448 K to 1498 K. However, the
hot deformation map of Inconel 690 is different from
that of the present alloy.*® The deformation map of
Inconel 690 contains two stable domains: one in the
temperature range 1243 K to 1393 K at strain rates of
0.03 to 3.3 s~' and the other in the temperature range of
1423 to 1473 K at strain rates of 0.003 to 0.1 s~'. The
unstable deformation domain was found at tempera-
tures lower than 1313 K and strain rates higher than
0.56 s~'. Complete DRX was seen in the sample
deformed in the two stable regions, whereas flow
instabilities, such as shear bands and inhomogeneous
flow, were identified in the unstable domain. The
difference in behavior is due to the different alloying
elements and initial microstructure.
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101

at different temperatures

C. Effect of Deformation Temperature
on Microstructure Evolution

Figure 10 shows the EBSD maps of the grain struc-
tures of the sample deformed at a true strain of 0.7 at a
constant strain rate and different temperatures. The
deformed microstructures are dependent on the pro-
cessing temperature. Figure 10(a) shows the microstruc-
ture of the sample deformed at low temperature (1348
K). It consists of heavily deformed original grains and a
small fraction of new grains with an average grain size of
1.5 pm, which are nucleated along the initial grain
boundaries. The curved or wavy structure indicates the
formation of DRX grains. When the deformation
temperature was increased to 1398 K to 1448 K,
equiaxed DRX grains with an average grain size of 3
um at 1398 K and 26 um at 1448 K started to form.
These, along with deformed initial grains, are shown in
Figures 10(b) and (c). A necklace-like structure under
these conditions was also observed. Material with low
stacking fault energies usually shows this type of
behavior, where the dynamic recovery is slow, hindering
dislocation climb and cross-slip.”” As a result of the
slow recovery process, the dislocation density increases
to a critical value. This is necessary for the initiation of
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the dynamic recrystallization process, where DRX
grains form along the pre-existing grain boundaries.
Thus, the original grains were completely replaced by
the uniform equiaxed DRX grains with an average grain
size of 60 um on deformation at 1498 K, as shown in
Figure 10(d). The above observations indicate that the
fraction of DRX grains increases with increasing defor-
mation temperature. The high temperature reduces the
critical density of dislocation required for dynamic
recrystallization nucleation. The DRX grains are also
larger at higher temperatures because the grain bound-
ary mobility increases with increasing deformation
temperature.

V. CONCLUSION

The present work establishes the hot workability of
a new W-free cobalt-based y-y” strengthened superalloy
containing molybdenum and tantalum. Isothermal hot
compression tests of the Co-30Ni-10Al-5Mo-2Ta-
2Ti-5Cr alloy were carried out in the temperature
range of 1348 K to 1498 K and at strain rates of
0.001 to 10 s~'. A strain rate sensitivity map was
generated, and the corresponding microstructures were
investigated. The conclusions can be summarized as
follows:

(1) The optimum hot working regime (high m value
of ca. 0.3) was found between 1460 K and 1498 K
at strain rates of 0.001 to 0.5 s~'. The deformed
microstructure in this domain contains dynami-
cally recrystallized grains.

(2) Unstable regions were found at high strain rates
(> 1 s7"), which were characterized by the
formation of cavities and the occurrence of grain
boundary cracking in the deformed samples. This
region should be avoided during the hot defor-
mation process.

(3) A constitutive equation was developed using the
peak stress, and the calculated apparent activa-
tion energy, 540 + 30 kJ mol ' is consistent with
those of some existing nickel and cobalt-based
super alloys. The equation is as follows:

—540 % 103)

: = 3.75 % 10"¥sinh 3369
& * sinh(a * 0;,)] ™™ exp RT
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