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A B S T R A C T   

Recent reports on γ0-L12 strengthened cobalt base superalloys showed the potential of this class of alloys to 
replace nickel-base superalloys for high-temperature applications. The studies on thermo-mechanical processing 
behavior of these new class of alloys are limited. Thus, the present study investigates the thermo-mechanical 
processing behavior of Co-30Ni-10Al-2Nb-4Ti-12Cr (all in at. %, referred to as Co10Al2Nb) γˈ strengthened 
cobalt base superalloy at different conditions of temperature and strain rates. The high temperature uniaxial 
compression tests were carried out using Gleeble 3800® in the temperature range of 1298–1448 K and the strain 
rate range of 0.001 to 10 s-1. The flow curves exhibited three distinct flow behavior characteristics: work 
hardening, softening, and steady state. Microstructures of deformed samples revealed the presence of fine strain- 
free dynamic recrystallization (DRX) grains in lower strain rate regime (0.001 to 0.1 s-1) and flow localization 
features like shear bands, cracks along the grain boundary in high strain rate regime (especially at 10 s-1) for all 
the temperatures. The strain rate sensitivity (m) map along with instability ( ξð _εÞ) map revealed two distinct 
domains, one with m ~0.15 to 0.3 (0.001 to 1 s-1), and other domain with m < 0.13 ( >1 s-1) for the temperature 
range studied. DRX was observed to be the main restoration process at m ~ 0.15 to 0.3, whereas the flow 
localization was dominant at m < 0.13. The microstructure at different strain levels revealed that discontinuous 
dynamic recrystallization (DDRX) was the prevalent deformation mechanism for the present alloy. The strain 
field distribution obtained from the FEM simulation for different deformation conditions correlated with DRX 
microstructure evolution was also presented.   

1. Introduction 

The γ/γˈ strengthened nickel base superalloys are employed in the 
manufacturing of most of the parts in gas turbine engine [1]. The 
presence of γˈ L12 ordered coherent precipitates provides the required 
properties in nickel base superalloys at high temperature ( >1073 K) [2]. 
However, at present with the advancement of technology and a desire to 
increase efficiency, the temperature in the turbine engines is increasing 
steadily. Thus, the working environment in the turbines is fast reaching 
the limit of capability of nickel base superalloys. In order to accommo-
date the increase in temperature, there are a lot of studies that are going 
on in the area of high temperature materials alternative to nickel base 
superalloys [3]. Cobalt base superalloys are one such high temperature 
materials that have a potential to replace the conventional nickel base 

superalloys in some parts in gas turbine engines [4,5]. Recent research 
on high temperature properties on γˈ strengthened cobalt base superal-
loys that exhibits properties comparable and higher than the 1st gen-
eration nickel base superalloys [6–8]. In addition to high temperature 
properties, γˈ strengthened cobalt base superalloys shows higher solidus 
and liquidus temperatures (50 to 100 �C), less segregation during so-
lidification, and better sulfidation resistance than nickel base superal-
loys [9–11]. 

Most of the gas turbine engine parts are manufactured in either cast 
or wrought form. The turbine engine blades and vanes are usually pro-
duced by casting routes to provide a higher creep resistance at high 
temperatures. On the other hand, turbine discs and shafts are produced 
by wrought form, to provide higher tensile strength and low cycle fa-
tigue resistance [12]. The wrought form involves the thermomechanical 
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processing of cast ingots, which involves breaking of dendrites, 
removing the segregation and formation of new grains. The formation of 
new grains mainly depends on the restoration processes operating dur-
ing high temperature deformation. 

The hot deformation behavior and microstructure evolution of nickel 
base superalloys are extensively studied [13–16]. Most of these studies 
reported dynamic recrystallization (DRX) is the dominant restoration 
process that occurs during the high temperature deformation. There are 
few reports available on hot deformation behavior and associated dy-
namic recrystallization (DRX) mechanism of various cobalt based alloys. 
The influence of different temperatures and strain rates on the micro-
structural evolution of the Co20Cr15W10Ni cobalt base superalloy has 
been investigated [17]. It is observed that dynamic recrystallization 
(DRX) is the major softening mechanism, where dynamic recrystalliza-
tion (DRX) grains nucleate along the original grain boundaries. Favre 
et al. [18] reported that during high temperature deformation, the 
nucleation of dynamic recrystallization (DRX) grains in L-605 cobalt 
based alloys is a result of the bulging of original boundaries. Yamanaka 
et al. [19,20]reported the formation of ultra-fine grains in 
Co–28Cr–9W–1Si-0.05C cobalt base alloy is mainly due to the dynamic 
recrystallization (DRX) restoration process nucleated along the 
pre-existing grain boundaries. 

The introduction of γˈ precipitates in Co–Al–W, and Co–Al–Mo–Nb/ 
Ta system, and subsequent research on these alloys showed the high 
temperature properties are similar to nickel based superalloys [21–26]. 
The majority of the research in Co–Al–W alloys has been carried out in 
cast alloys [27–34]. Studies on the wrought form or thermomechanical 
processing behavior of Co-based superalloy are limited. Neumaier et al. 
[35,36] have reported the γˈ strengthened CoAlW alloy produced in 
wrought form exhibited a better creep and oxidation resistance 
compared to Udimet 720Li® and waspaloy®. McDevitt has demon-
strated the ingot metallurgy route for the production of cast and 
wrought form of γˈ strengthened cobalt base superalloys [37]. Recently, 
the influence of different temperature and strain rate on the micro-
structure evolution of Co-9.8Al-7.4W-2.7Ti-20.4Ni-0.4C-0.1B (at.%) γˈ 
strengthened cobalt based superalloy has been investigated by Sani et al. 
[38]. They have reported that discontinuous dynamic recrystallization 
(DDRX) is a major restoration mechanism. 

In Co–Al–Mo–Nb/Ta base alloy, Makineni et al. showed uniform 
distribution of the Co3(Al, Mo, Nb/Ta) L12 ordered γˈ precipitates in the 
FCC cobalt matrix [5]. The reported cuboidal γ/γˈ microstructure is akin 
to conventional nickel base superalloys. However, these alloys suffer 
from lack of thermal stability due to lower solvus temperature [39]. In 
order to improve the solvus temperature, long term stability, and high 
temperature properties, alloying addition such as Ni, Ti, Re, Cr, and W 
was made to base Co–10Al–5Mo–2Nb/Ta alloy [24,26,40–44]. The 
studies have shown that these alloys exhibit higher solvus temperature 
and comparable high temperature properties with some of nickel base 
superalloys. The most of the research in this class of alloys (including 
Co–Al–W) was focused more on improving the solvus temperature 
through alloying addition, high temperature stability, high temperature 
properties, and behavior of these alloys under different environments. 
The thermomechanical processing of this class of alloys (including 
Co–Al–W alloys) is not explored in detail [45]. 

In the present study, the high temperature deformation behavior of 
newly developed Co-30Ni-10Al-2Nb-4Ti-12Cr (all in at. %, referred to as 
Co10Al2Nb) γˈ strengthened cobalt base superalloy were studied. The 
present alloy exhibit a higher solvus temperature of 1362 K, and low 
density of 7.84 gcm-3 [46,47]. The uniaxial compression tests were 
carried out at different combinations of temperatures and strain rates. 
The different thermomechanical parameters were used to simulate the 
experimental processing conditions for newly developed γˈ strengthened 
cobalt base superalloy. The deformation mechanisms were identified 
from flow curves and validated with the microstructure evolution of the 
deformed samples, and strain rate sensitivity (m) map. The degree of 
deformation was varied by controlling the amount of strain given to the 

sample to identify the associated restoration process. The detailed 
microstructure characterization was carried out using optical micro-
scopy (OM), scanning electron microscope-electron backscattered 
diffraction (SEM-EBSD), and transmission electron microscope (TEM). 
Finite element method (FEM) simulations were performed for the 
experimentally studied deformation conditions. The strain field distri-
bution obtained using Finite element method (FEM) simulations was 
correlated with dynamic recrystallization (DRX) microstructural evo-
lution in detail. 

2. Materials and methods 

2.1. Alloy preparation 

Table 1 shows the nominal and measured composition (at. %) of the 
cobalt base superalloy used for this study. All the elements used for the 
preparation of the alloy were 99.99 % pure and melted and cast in the 
form of buttons in a vacuum arc-melting unit. A tungsten electrode and a 
water-cooled copper hearth were used for arc melting in a partial argon 
atmosphere. The button was repeatedly melted for 6-8 times by flipping 
after each melting to achieve a homogeneous distribution of alloying 
elements. The alloy button was then cast in the form of a cylindrical rod 
(ø 6 mm in diameter and 70 mm in height) using a water-cooled split 
copper mould in a vacuum suction casting unit under a partial argon 
atmosphere. The cast rods were solutionized at 1443 K for 15 h in a tube 
furnace operating under a vacuum of 10-5 Pa followed by argon 
quenching. The composition of the solution treated sample was 
measured using scanning electron microscope (SEM)-energy dispersive 
X-ray spectroscopy (EDS), and it is given in Table 1. 

2.2. Hot compression tests 

The standard compression samples with a diameter and height of 6 
and 9 mm (aspect ratio 1:1.5), respectively, were cut from the solution 
treated cast rods using wire electrical discharge machining (EDM). 
Isothermal uniaxial compression tests were carried out at temperatures 
of 1298, 1348, 1398, and 1448 K and strain rates of 0.001, 0.01, 0.1, 1, 
and 10 s-1 in a thermomechanical simulator (Gleeble 3800®). A com-
bination of nickel paste and graphite foils was used as a lubricant be-
tween the tungsten carbide anvil and the sample to minimize the 
frictional effect. A K-type thermocouple was spot welded to the sample 
to control the temperature. All the specimens were heated to the test 
temperature at a heating rate of 5 K s-1 and soaked for 300 s to achieve a 
uniform temperature throughout the sample. Samples were water 
quenched immediately after reaching a true strain of 0.7 (50 % defor-
mation). Here, the water quenching was done mainly to arrest the 
deformed microstructure. The deformed samples were cut at the centre 
parallel to the compression axis for microstructural characterization. 

2.3. Microstructure characterization 

The microstructure of the deformed samples was characterized using 
an optical microscope, scanning electron microscope-electron back-
scattered diffraction (SEM-EBSD), and transmission electron microscope 
(TEM). The longitudinal section of the deformed samples was polished 
using 800 to 3000 grit Silicon Carbide papers. The final polishing was 

Table 1 
Nominal and measured composition (in atomic %) of studied alloy as measured 
by energy dispersive X-ray spectroscopy (EDS) in scanning electron microscopy 
(SEM).  

Nomenclature Nominal Composition Measured Composition 

Co10Al2Nb Co–30Ni–10Al–2Nb–4Ti–12Cr Co-29.5�0.2Ni-9.6�0.2Al- 
1.9�0.1Nb-4.5�0.1Ti- 
12.7�0.3Cr  
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carried out using a 3 to 0.5-μm size diamond paste. The polished samples 
were etched using Marble’s reagent (20 mL HCl, 20 mL distilled water, 
and 4 g CuSO4) for 240 s and observed under the optical microscope. 
Selected samples were prepared for electron backscattered diffraction 
(EBSD) characterization. The standard metallographic polishing tech-
nique was followed for EBSD sample preparation. The electro polishing 
was carried out using a Struers Lectropol-5® electro polishing machine 
using a standard A2 solution. The electron backscattered diffraction 
(EBSD) scans were performed with a step size of 1 μm in FIB (Helios G4 
UX®) equipped with an electron backscattered diffraction (EBSD) de-
tector. TSL-OIM® software (version 7.3) was used to analyze the data 
obtained from the electron backscattered diffraction (EBSD) scan. A 
transmission electron microscope (TEM) (Tecnai T20), operating at 200 
kV was used to characterize the dynamic recrystallization (DRX) grains 
in deformed samples. For transmission electron microscope (TEM) 
analysis, the deformed samples were polished up to 100 μm thickness 
using emery paper followed by punching to 3 mm diameter discs. The 
discs were then thinned down to 40 μm using fine emery paper. The final 
thinning down to <150 nm (electron transparent) was done in argon ion 
milling (Gatan PIPS®) operating at an accelerating voltage of 5 kV and 
5� incident angle. 

2.4. Grain orientation spread (GOS) 

Grain orientation spread (GOS) criteria was employed to separate the 
recrystallized grains from deformed grains in the inverse pole figure 
(IPF) map. Grain orientation spread (GOS) is calculated by averaging the 
orientation change between each pixel in a given grain and the average 
orientation of that grain. Large orientation change in the deformed 
grains due to a higher degree of accumulation of dislocation leads to a 
higher Grain orientation spread (GOS) value, whereas the dynamic 
recrystallization (DRX)/strain-free grain will have lesser Grain orienta-
tion spread (GOS) value. In the present study, the Grain orientation 
spread (GOS) cut off < 2� is used to separate recrystallized grains from 
deformed grains. 

2.5. Local misorientation 

Kernel Average Misorientation (KAM) map was used to measure the 
local misorientation changes in the deformed samples. Kernel Average 
Misorientation (KAM) map is based on the average orientation changes 
between each kernel, and it’s nearest neighbouring kernels, except those 
kernels which are having orientation changes > 5�. Kernel Average 
Misorientation (KAM) value also gives an approximation of the dislo-
cation accumulation and restoration process in a deformed material. 

2.6. Finite element method (FEM) simulation 

The uniaxial hot compression tests were simulated by using a com-
mercial Finite element method (FEM) based software (SIMUFACT®) 
using an upsetting module with a hydraulic press. Here, the average 
strain rate was controlled by controlling stroke velocity and deformation 
time (s). A quadrilateral element with a size of 0.025 mm, 42840 ele-
ments, and 2D-axisymmetric conditions were used for simulation. The 
flow curves obtained from the hot compression tests at different defor-
mation conditions were used as an input to the material database for 
Finite element method (FEM) simulation. Thermo-physical material 
properties required for simulation were measured using differential 
scanning calorimeter (DSC). An optimum frictional factor of 0.5 was 
used for the frictional condition between the die and material. The 
boundary conditions were kept in such a way that to attain the 
isothermal condition by keeping the convective heat transfer and radi-
ative effects from the sample as low as possible. The strain field distri-
bution at different locations during the deformation was used to explain 
the inhomogeneity in recrystallization behavior in detail. 

3. Results 

3.1. Microstructure 

Fig. 1 shows the as-cast and solutionized microstructures of the 
Co10Al2Nb alloy. Typical dendritic structure with the segregation of 
alloying elements along the interdendritic regions was observed in the 
as-cast sample (Fig. 1(a)). The coarse grains with annealing twins can be 
observed in the solutionized sample (Fig. 1(b)). The average grain size of 
the solutionized sample was around 450�50 μm. Fig. 1(c) shows the 
presence of fine γˈ precipitates with an average size of 75�5 nm in the 
solutionized sample. 

3.2. Flow behavior 

Fig. 2 shows the true stress-true strain curves of the Co10Al2Nb alloy 
deformed in the temperature range of 1298–1448 K and the strain rate 
range of 0.001–10 s-1. The flow curves exhibited an initial work hard-
ening followed by softening and/or steady-state depending on the 
temperature and strain rate. At a strain rate >1 s-1, after work hardening 
flow stress decreases continuously with strain, whereas at a strain rate 
<1 s-1 softening and steady-state can be observed at all temperatures. 
The variation of the flow stress with respect to temperature and strain 
rate is shown in Fig. 3. It was observed that there is a strong dependence 
of flow stress value on the temperature and strain rate. The value of flow 
stress increases with the increase in strain rate (Fig. 3(a)) and decreases 
with an increase in temperature for all the strain (Fig. 3(b)). 

3.3. Strain rate sensitivity 

The strain rate sensitivity (m) values for different deformation con-
ditions were calculated by using the following equation [48]. 

m¼
∂lnσ
∂ln _ε [1] 

In this study, the flow stress value at 0.65 true strain at different 
conditions of temperature and strain rate was used to calculate the strain 
rate sensitivity parameter (m). The flow stress value at different strain 
rates was interpolated to finely spaced data by using a cubic spline 
function. The m value was then calculated, and which is equal to the first 
derivative of the cubic spline fit. Fig. 4 shows the iso-strain rate sensi-
tivity contour map generated at 0.65 strain in the logarithmic strain rate 

Fig. 1. (a,&b) optical micrograph of Co10Al2Nb alloy: a) as cast microstruc-
ture, b) after solution treatment at 1443 K for 15 h followed by Ar quenching, c) 
dark field image was taken in [001] zone axis after subjecting solution treat-
ment revealing fine γˈ precipitates in γ matrix. 
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vs. temperature scale. The contours represent the strain rate sensitivity 
(m) value, which varies from 0.01 to 0.3 depending on the deformation 
condition. Strain rate sensitivity map reveals the two domains. The first 
domain with m value < 0.13, and at strain rate >1 s-1. The other domain, 
where the m value varies from 0.15 to 0.3, and a strain rate of 0.001 to 
0.1 s-1. Since the obtained m values at different deformation conditions 
for the present alloy is greater than zero (m > 0), the deformed sample is 
not expected to show flow instability. Generally a higher m value 
domain is considered safe for hot working. However, at strain rate near 
to 10 s-1, the m value is close to zero, there may be possibility occurrence 
of flow instability. The strain rate sensitivity map alone is not sufficient 
to differentiate safe and unsafe hot working domain. The instability 
criterion developed by Ziegler was used in the present study to identify 
the flow instability during hot deformation [49], which is given by the 
following equation 

ξ _ðεÞ¼
∂ln
h

m
ðmþ1Þ

i

∂ln _ε þm < 0 [2] 

The deformation condition satisfy the above condition are consider 
to be unsafe for hot working. The unsafe domain ((ξð _εÞ < 0)) are rep-
resented in a hashed lines on the strain rate sensitivity map (Fig. 4). 

Fig. 2. True stress-strain curves obtained at different temperatures and strain rate a) 1298 K, b) 1348 K, c) 1398 K, and d) 1448 K.  

Fig.3. (a,&b) Dependence of flow stress with temperature and strain rate at 0.65 strain.  

Fig. 4. Strain rate sensitivity (m) contour map plotted considering stress value 
at 0.65 true strain. Instability regions are shaded in the map. 
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3.4. Microstructural characterization of deformed samples 

Fig. 5(a-t) shows the optical microstructures of deformed samples at 
different temperatures and strain rates. Deformation at a strain rate of 
0.001 s-1 for all temperatures (except 1298 K) exhibited a fully recrys-
tallized microstructure, and the dynamic recrystallization (DRX) grain 
size increased with an increase in deformation temperature as shown in 
Fig. 5(a, f, & k). At a strain rate of 0.01–1 s-1, microstructures consisted 
of partially recrystallized grains, as shown in Fig. 5(b-d, g-i, & l-n) for all 
deformation temperatures (except for 1298 K). Here, the dynamic 
recrystallization (DRX) area fraction and size decrease with an increase 
in strain rates and increase with the increase in temperature. At a strain 
rate of 10 s-1 and for all test temperatures, microstructure revealed flow 

instability features like grain boundary cracking, shear bands, and 
cavities, as shown in Fig. 5(e, j, o, & t). At 1298 K, and a strain rate of 
0.001 s-1, the sample exhibited a partially recrystallized microstructure 
(Fig. 5p). As the strain rate increased further (0.01 s-1), the partial 
recrystallized microstructure consisted of fine dynamic recrystallization 
(DRX) grains and deformed grains (Fig. 5q). At a strain rate of 0.1 s-1, 
microstructure mostly showed deformed grains and finer DRX grains 
along the grain boundary, as shown in Fig. 5 (r). In Fig. 5(s) micro-
structure consisted of deformed original grains, and no sign of dynamic 
recrystallization (DRX) activity was observed at a strain rate of 1 s-1. 

Fig. 6 shows the TEM micrograph of deformed samples at different 
temperature and strain rate conditions. At 1348 K and strain rate of 0.1 s- 

1, the presence of new strain-free DRX grains was observed shown in 

Fig. 5. (a–t) Optical micrograph of Co10Al2Nb alloy deformed to a 0.7 true strain followed by water quenching at different temperatures and strain rates.  

Fig. 6. TEM bright field images of deformed sample at different temperature and strain rate, a, & b) deformed at strain rate of 0.1 and 1 s-1, and at temperature 1348 
K, c), & d)deformed at strain rate of 0.1 and 1 s-1, and at temperature 1398 K, and e), & f) deformed at strain rate of 0.1 and 1 s-1, and at temperature 1448 K. 
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Fig. 6(a). At 1348, 1398 K, and a strain rate of 0.1 and 1 s-1, micro-
structure consisted of features such as grain boundary bulging and 
dislocation forest (Fig. 6(b, & c)). Fig. 6(d) shows the formation of new 
strain-free dynamic recrystallization (DRX) grains along with twins at 
1398 K and a strain rate of 1 s-1. Deformation at 1348 K, and strain rate 
of 0.1, and 1 s-1, dynamic recrystallization (DRX) grain formation at the 
triple junction was revealed (Fig. 6(e & f)). In addition, the variation of 
dynamic recrystallization (DRX) grain size at different conditions was 
measured using the linear intercept method and plotted as shown in 
Fig. 7. It is observed that the dynamic recrystallization (DRX) grain size 
increases with an increase in temperature, and increases with a decrease 
in strain rate. 

3.5. Effect of deformation parameter on microstructure evolution 

3.5.1. Effect of strain rate on microstructure evolution 
The effect of strain rate on the evolution of the dynamic recrystal-

lization (DRX) microstructure was studied by deforming samples to a 
true strain of 0.7 at a constant temperature of 1348 K and at a strain rate 
of 0.001–10 s-1. The IPF map of deformed samples at different strain 
rates is shown in Fig. 8. At lowest strain rate (0.001 s-1) deformed sample 
exhibited a fully recrystallized microstructure consisted of fine dynamic 
recrystallization (DRX) grains and annealing twins (Ʃ3 boundaries), as 
shown in Fig. 8(a). As the strain rates increased further to 0.01 s-1, 0.1 s- 

1, and 1 s-1, deformed samples exhibited a typical necklace type of 
structure (partial recrystallized) with a decrease in the fraction of dy-
namic recrystallization (DRX) grains and annealing twins (Ʃ3 bound-
aries) shown in Fig. 8 (b, c, & d). At the highest strain rate of 10 s� 1, the 
microstructure consisted mostly of deformed grains (Fig. 8(e)). The plot 
is shown in Fig. 8, illustrates the variation of dynamic recrystallization 
(DRX) grain size (μm), twin boundary (Ʃ3 boundaries) fraction (%), and 
dynamic recrystallization (DRX) area fraction (%) at different strain 
rates (s-1). The complete recrystallized microstructure with dynamic 
recrystallization (DRX) fraction of 98.5 %, dynamic recrystallization 
(DRX) grain size of 42�15 μm, and twin boundary (Ʃ3 boundaries) 
fraction of 40.5 % can be observed in the sample deformed at the lowest 
strain rate of 0.001 s-1. At strain rate 0.01 s-1, the dynamic recrystalli-
zation (DRX) fraction, grain size, and twin boundary (Ʃ3 boundaries) 
fraction reduced to 88.7 %, 19 � 9 μm and 37 %, respectively. With a 
further increase in the strain rate of 0.1 s-1, DRX grains with a size of 
13�2 μm, the area fraction of 42 %, and twin boundary (Ʃ3 boundaries) 
fraction of 22 % were observed. At a strain rate of 1 s-1, fine dynamic 
recrystallization (DRX) grains with size 7�3 μm, and fraction 36 %, and 
twin boundary (Ʃ3 boundaries) fraction of 16 % was observed. There is 
no sign of dynamic recrystallization (DRX) grains evolution at a strain 
rate of 10 s-1 as shown in the inverse pole figure (IPF) map (Fig. 8(e)). 

3.5.2. Effect of temperature on microstructure evolution 
High temperature deformation is a thermally activated process 

where temperature plays a major role in refining the microstructure. In 
order to study the temperature dependence of microstructure evolution, 
samples were deformed at four different temperatures (1298, 1348, 
1398, and 1448 K) and at 0.1 s-1 strain rate. Fig. 9 shows an inverse pole 
figure (IPF) map of sample deformed at temperature of 1298, 1348, 
1398, and 1448 K and a strain rate of 0.1 s-1. At the lowest temperature 

Fig. 7. Dynamic recrystallization (DRX) grain size evolution at different tem-
perature and strain rate. 

Fig. 8. The inverse pole figure (IPF) map (a–e) of Co10Al2Nb alloy deformed at temperature 1348 K and strain rate ranging from 0.001-10 s-1. The graph plot shows 
the variation of dynamic recrystallization (DRX) grain size, twin boundary fraction, and dynamic recrystallization (DRX) grain fraction. 
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1298 K, the microstructure primarily consisted of deformed grains and 
fine dynamic recrystallization (DRX) grains at the grain boundary, as 
shown in Fig. 9(a). As the temperature further increased to 1348 K and 
1398 K, the deformed sample exhibited a partially recrystallized 

microstructure consisted of deformed grains, dynamic recrystallization 
(DRX) grains, and twin boundary (Ʃ3 boundaries), as shown in Fig. 9 (b 
& c). At the highest temperature of 1448 K, the deformed sample 
exhibited a partially recrystallized microstructure with a higher fraction 

Fig. 9. The IPF map (a–d) of Co10Al2Nb alloy deformed at strain rate 0.1 s -1 and temperature ranging from 1298-1448 K. The graph plot shows the variation of 
dynamic recrystallization (DRX) grain size, twin boundary fraction, and dynamic recrystallization (DRX) grain fraction. 

Fig. 10. Optical micrograph (a–d), corresponding inverse pole figure (IPF) map (a1-d1), and kernel average misorientation (KAM) map (a2-d2) of Co10Al2Nb alloy 
deformed at strain rate 0.1 s -1 and temperature 1348 K to a strain of a) 0.14, b) 0.28, c) 0.48, and d) 0.7. 
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of dynamic recrystallization (DRX) grains (Fig. 9(d)). The plot is shown 
in Fig. 9, demonstrates the variation of dynamic recrystallization (DRX) 
grain size (μm), twin boundary (Ʃ3 boundaries) fraction (%), and dy-
namic recrystallization (DRX) area fraction (%) with respect to different 
temperatures. Deformation at the lowest temperature of 1298 K pro-
duced an inhomogeneous microstructure with a dynamic recrystalliza-
tion (DRX) grain size of 4 � 1 μm, the area fraction of 6 %, and twin 
boundary (Ʃ3 boundaries) fraction of 5 %. At temperature 1348 K, dy-
namic recrystallization (DRX) grain size, area fraction, and twin 
boundary (Ʃ3 boundaries) fraction increased to 13�2 μm, 42 %, and 22 
%, respectively. With further increase in temperature to 1398 K, the 
dynamic recrystallization (DRX) grain size, and area fraction increased 
to 19 � 3 μm, and 55 %, and twin boundary (Ʃ3 boundaries) fraction 
reduced to 11 %. At temperature 1448 K, the dynamic recrystallization 
(DRX) grain size, and area fraction increased to 32�7 μm, and 75 %, 
twin boundary (Ʃ3 boundaries) fraction reduced to 4 %. It was observed 
that the fraction and size of dynamic recrystallization (DRX) grains in-
crease with an increase in temperature. 

3.5.3. Effect of strain-level on microstructure evolution 
Strain level influences the final microstructure during high temper-

ature deformation. To study the microstructure evolution at different 
strain levels, samples were deformed to various strains (ε1¼ 0.14, ε2 ¼

0.28, ε3 ¼ 0.48, and ε4 ¼ 0.7), at a constant temperature of 1348 K, and 
a strain rate of 0.1 s-1. The details of the optical microstructure and the 
corresponding inverse pole figure (IPF) and kernel average misorienta-
tion (KAM) maps at different strain levels are shown in Fig. 10(a-d, a1- 
d1, and a2-d2). A serrated/wavy type grain boundary and fine dynamic 
recrystallization (DRX) grains along the original grain boundary were 
observed for the samples subjected to a true strain of 0.14 and 0.28, 
respectively. At further strain up to ~ 0.48, the sample showed fine 
dynamic recrystallization (DRX) grains with a size of 4�1 μm, and an 
area fraction of 20 % along with deformed grains shown in Fig. 10(c, & 
c1). Here, the deformed grains were found to be elongated perpendicular 
to the compression axis. The inset in Fig. 10(c), confirmed the discon-
tinuous dynamic recrystallization (DDRX) mechanism is dominant for 
the Co10Al2Nb alloy. The dynamic recrystallization (DRX) fraction of 
42 % with a dynamic recrystallization (DRX) grain size of 13�2 μm was 
observed for the sample deformed to a true strain of 0.7, as shown in 
Fig. 10(d & d1). 

4. Discussion 

4.1. Flow behavior 

Generation, multiplication, and annihilation of dislocations are 
thermally activated processes, which occur during high temperature 
deformation. The increase in stress value with the strain in the initial 
stages of flow curves, shown in Fig. 2, is due to work hardening, where 
the generation and multiplication of dislocations dominate over the 
annihilation. For Co10Al2Nb alloy, after reaching the peak, the flow 
stress decreasing continuously with strain especially at higher strain rate 
(>1 s-1). This is possibly due to the plastic instability. The steady-state 
flow behavior was observed at lower strain rates (<1 s-1). The flow 
stress, after reaching a peak value, was observed to attain a constant 
value with further straining it is due to the equilibrium between the 
dislocation generation and the annihilation process. Dynamic recovery 
(DRV) and Dynamic recrystallization (DRX) are the two softening 
mechanisms operating during high temperature deformation. Dynamic 
recovery (DRV) can be described as annihilation and arrangement of 
dislocations to a low energy configuration, whereas DRX essentially 
related to the formation of new strain-free grains [50]. The dynamic 
recovery (DRV) and dynamic recrystallization (DRX) can occur simul-
taneously and/or independently, depending on the deformation condi-
tions and stacking fault energy (SFE). The nature of the flow curves 
shown in Fig. 2 is a typical deformation response of low stacking fault 

energy (SFE) material [51]. At the initial stage, work hardening is 
dominant, followed by the restoration/softening process with further 
deformation. The behavior is consistent with earlier reports observed 
during the deformation of nickel base super alloys [52–54]. The increase 
in the flow stress value with an increase in strain rate and decrease in 
temperature shown in Fig. 3 is mainly due to the dislocation interaction 
and restoration process. At a higher strain rate, the availability time for 
the restoration process is insufficient, while a decrease in temperature 
lowers dynamic recrystallization (DRX) kinetics that results in the 
high-stress value. 

4.2. Identification of optimum processing regime 

4.2.1. Low strain rate ( _ε¼0.001 to 0.1 s-1) regime 
Steady-state deformation was observed at low strain rates (�0.1 s-1) 

regime for all the temperatures. At lower strain rates (0.001 to 0.01 s-1), 
peak stress was followed by steady-state stress, here flow softening is 
weak. At a strain rate of 0.1 s-1, peak stress followed by flow softening up 
to a certain strain, and then a steady-state flow behavior was observed. 
This behavior is consistent with the low stacking fault energy materials 
such as nickel base, cobalt base, and copper alloys [18,51,52]. The 
deformation at low strain rates (0.001 to 0.1 s-1) provides sufficient time 
for the restoration process, which prevents flow localization due to 
adiabatic heating. The microstructure at low strain rates (0.001 to 0.1 
s-1) is shown in Fig. 5. At lowest strain rate (0.001 s-1), deformed samples 
revealed almost fully recrystallized microstructure (Fig. 5(a, f, & k)), 
whereas at 0.1 s-1 strain rate, the partially recrystallized microstructure 
was observed (Fig. 5(c, h, m, & r). This can be attributed to the avail-
ability of time for the restoration process during deformation and due to 
the coarser initial grains. The coarser dynamic recrystallization (DRX) 
grains with a size of 136 � 27 μm was observed at 1448 K and a strain 
rate of 0.001 s-1 shown in Fig. 5(a), which is due to the dynamic 
recrystallization (DRX) grain growth. The deformation at high temper-
ature increases the grain boundary mobility, and lower strain rate pro-
vides sufficient time for grains to grow. 

4.2.2. High strain rate ( _ε¼1 to 10 s-1) regime 
At high strain rates (1 to 10 s-1), work hardening is dominant as 

compared to flow softening due to insufficient time for the restoration 
process. After reaching the peak stress (especially at 10 s-1 strain rate), 
flow stress decreased continuously with strain for all the temperatures 
shown in Fig. 2(a–d). This is mainly due to the formation of cracks 
during the deformation at higher stain rate. The formation of surface 
cracks after post loading are shown in Fig. S1 (supplementary section). 
Fig. 5 shows the microstructure of the partial recrystallization, and flow 
localization features such as grain boundary cracking, cavities and shear 
bands. The deformation at a strain rate of 1 s-1 for all the temperatures 
resulted in a partially recrystallized microstructure as shown in Fig. 5(d, 
i, n, and s), whereas partial recrystallization along with flow localization 
features was observed at the highest strain rates of 10 s-1 for all tem-
perature (Fig. 5(e, j, o, and f)). This difference in this behavior is mainly 
due to adiabatic heating, the rise of temperature associated with the 
high strain rate deformation (especially at 10 stain rate), which induces 
the thermal softening in some regions of the sample. Deforming ther-
mally softened regions requires a lower load as compared to the adjacent 
regions, which results in localized deformation and formation of shear 
bands. An alternate possibility may be due to the incipient melting, 
which weakens the grain boundary and causes grain boundary cracking. 
Similar behavior is reported in nickel base superalloys during high strain 
rate deformation [55–57]. 

4.3. Validation of microstructure evolution at different processing domain 
with strain rate sensitivity (m) map 

Fig. 4 shows the strain rate sensitivity (m) contour map super-
imposed with instability ( ξð _εÞ) map. The contours represent the strain 
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rate sensitivity (m) value at different deformation conditions. The strain 
rate sensitivity (m) value varies from 0.01 to 0.3, depending on defor-
mation condition. The higher strain rate sensitivity (m) value represents 
the homogeneous deformation, generally lower cracking tendency 
because of sufficient flow capacity [58–61]. The lower strain rate 
sensitivity (m) value represents the flow instability and cracking [62, 
63]. 

Deformation at high strain rates (10 s-1), lower m value (0.01 to 0.1) 
was observed for all test temperatures, which also falls under instability 
region (ξð _εÞ < 0). This indicates the occurrence of flow instabilities 
during deformation. This region should be avoid during hot forming. On 
the other hand, deformation at strain rates of 0.001 to 1 s-1, m value 
varies with 0.15 to 0.3 depending on deformation conditions. It also falls 
under stable region (ξð _εÞ > 0). The region is suitable for hot forming. 
The high m value of 0.23 to 0.32 was found at medium strain rates (0.05 
to 0.1 s-1) for all test temperatures, which indicates the refinement of the 
microstructure due to the DRX process. From the above discussion, it is 
established that there is a wide thermomechanical processing window 
(1298–1448 K, � 0.1 s-1) for present alloy which is validated from both 
processing map and the evolution of deformed microstructure. 

4.4. Effect of strain rate on the microstructure evolution 

Deformation at different strain rates resulted in the formation of fully 
recrystallized, partially recrystallized (dynamic recrystallization (DRX) 
grains along with deformed grains), and only deformed grains shown in 
Fig. 8(a–e). This difference in the microstructure evolution at different 
strain rates is mainly due to the difference in the critical plastic strain 
required for dynamic recrystallization (DRX) grains to nucleate. During 
high-temperature deformation, the critical plastic strain reduces with a 
decrease in strain rate [64,65]. Roberts and Ahlblom [66] proposed a 
criterion for the dynamic recrystallization (DRX) nucleation in terms of 
critical dislocation density (ρm) and strain rate ( _ε): 

ρ3
m
_ε >

2γb

KMLGb5 [3]  

where, γband M represents the grain boundary energy and mobility, 
respectively. L, b, and G are the dislocation mean free path, burgers 
vector of dislocation, and shear modulus and K is a constant. From 
equation [3], it is clear that, for a given temperature, a low value of ρm 
(critical strain) results in nucleation of dynamic recrystallization (DRX) 
grain at a lower strain rate condition. The dislocation density/critical 
strain required for dynamic recrystallization (DRX) grains to nucleate 
increases with an increase in strain rate. In addition, deformation at a 
lower strain rate gives ample time for dynamic recrystallization (DRX) 
grains to nucleate and to grow. As a result, fine equiaxed and an 
increased fraction of dynamic recrystallization (DRX) grains were 
observed in the low strain rate domain (0.1 to 0.001 s-1) as shown in 
Fig. 8 (a–c). It was also observed that except for the sample deformed at 
strain rate 10 s-1, all the other samples exhibited flow softening. The area 
fraction and size of dynamic recrystallization (DRX) grains increase with 
a decrease in the strain rate as shown in Fig. 8. At a strain rate of 10 s-1, 
there is no sign of dynamic recrystallization (DRX) formation, which is 
due to the insufficient time to accelerate dynamic recrystallization 
(DRX) kinetics. The dynamic recrystallization (DRX) grain size decreases 
with an increase in strain rate. It was found that dynamic recrystalli-
zation (DRX) grain size is 42�15 μm at a strain rate of 0.001 s-1, while it 
reduces to 7�3 μm at 1 s-1. A similar trend is observed in the case of 
dynamic recrystallization (DRX) area fraction. The above results vali-
date the criteria for the formation of dynamic recrystallization (DRX) 
given in equation [3]. The increase in twin boundary (Ʃ3 boundary) 
fraction with decreasing strain rate shown in the plot (Fig. 8) is mainly 
due to the sufficient availability of time for grain boundary mobility, 
which results the nucleation of twins near the original grain boundaries 
[67]. 

4.5. Effect of temperature on the microstructure evolution 

The nucleation and growth of dynamic recrystallization (DRX) grains 
mainly depend on the deformation temperature. Fig. 9(a–d) shows the 
dependence of dynamic recrystallization (DRX) microstructure evolu-
tion at different temperatures. The difference in the microstructure 
evolution at various temperatures is due to a change in the amount of 
stored energy. It is related to the criteria developed by Roberts and 
Ahlblom [66]. The factor M in the equation [3] can be expressed as an 
Arrhenius type of equation. 

M¼M0exp
�
� Qm

RT

�

[4]  

where, M0 and Qm represent the material constant, and the activation 
energy of grain boundary mobility, respectively. R is the universal gas 
constant (8.314 J mol K� 1), and T is the temperature in K. 

Equation [3,4] gives the dependence of dynamic recrystallization 
(DRX) grains evolution with respect to temperature. The deformation at 
higher temperatures increases the dynamic recrystallization (DRX) grain 
fraction and size as shown in Fig. 9(a–d). It is mainly due to the increase 
in grain boundary migration with the temperature and reduced critical 
dislocation density for dynamic recrystallization (DRX) nucleation at 
higher temperatures [68]. As a result, the size and fraction of dynamic 
recrystallization (DRX) grains are larger at 1448 K compared to other 
deformation temperatures. Twin boundary fraction increased as the 
deformation temperature increased from 1298 K to 1348 K. With further 
increase in deformation temperature to 1448 K, the fraction of twin 
boundary decreases from 22 to 4 % as shown in the plot shown in Fig. 9. 
This behavior can be attributed to the faster rate of grain boundary 
migration at 1448 K as compared to 1348 K. As reported by Harton et al. 
[69] and Mandol et al. [67] there are two possible reasons for the 
decrease in twin boundary fractions: 1) At higher temperatures, the 
faster rate of grain boundary migration results in the reduction of total 
interfacial energy by reducing grain boundary area and which is more 
energetically favorable than twining. 2) The insufficient time to nucleate 
twins due to the faster rate of grain boundary migration at 1448 K as 
compared to 1348 K. 

4.6. Effect of degree of deformation on the microstructure evolution 

Fig. 10(a-d, a1-d1, and a2-d2) shows the important role of strain on 
microstructure evolution during high temperature deformation. The 
dislocation density/strain energy increases with plastic strain and after 
reaching a critical strain, which accelerates the dynamic recrystalliza-
tion (DRX) kinetics. The dynamic recrystallization (DRX) grains nucle-
ates when the applied plastic strain satisfies the condition given in 
equation [3]. The term 2γb

KMLGb5 in the equation [3] is mostly independent 
of deformation conditions (temperature), and the value remains nearly 
constant for the alloy during deformation [70]. This indicates that 
dislocation density/stored energy is mainly dependent on applied strain, 
and value increases with the increase in applied plastic strain. 

In polycrystalline materials, as the deformation progress, the accu-
mulation of dislocations near the grain boundary increases. It is mainly 
due to the incompatibility between the adjacent grains. The gradient in 
dislocation density close to the grain boundary results in the serrated/ 
wavy type grain boundary, as shown in both optical micrographs Fig. 10 
(a), and kernel average misorientation (KAM) map Fig. 10(a2), at the 
initial deformation level (ε1 ¼ 0.14). A serration along the twin 
boundary can also be noticed in both the optical microscope (OM) image 
(Fig. 10(a)) and inverse pole figure (IPF) map (Fig. 10a1), at ε1 ¼ 0.14 
strain. Here the interface energy of coherent twin boundary is less as 
compared to the high angle grain boundary. Therefore, twins are ener-
getically less favored for nucleation of new strain-free grains. However, 
as the deformation progress, the dislocation accumulation increases, 
which alters the original properties of twins and results in nucleation of 
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the new strain-free grains [71]. As the strain increased to ε1 ¼ 0.28, the 
fine recrystallized grains are formed along the original grain boundary, 
which is due to the higher applied strain than the peak strain. When 
strain level increases to ε3 ¼ 0.48, microstructure consisted of high 
dislocation density and higher fractions of strain-free grains, as shown in 
Fig. 10 (c, c1, and c2). In the above condition, the heterogeneity in the 
microstructure (both heavily deformed grains oriented perpendicular to 
compression axis and fine dynamic recrystallization (DRX) grains along 
the grain boundary) was observed. At strain level ε4 ¼ 0.7, steady-state 
is the dominant process, here we can see the recrystallized grains along 
the grain boundary, as shown in Fig. 10 (d, d1, and d2). 

4.7. Finite element method (FEM) simulation and its correlation 
with microstructure evolution 

The material experiences different values of temperature, strain, and 
strain rate at different locations during the uniaxial high temperature 
compression tests. To study the distribution of these deformation pa-
rameters, hot compression tests were simulated using the finite element 
method (FEM) simulation package. The geometry used for simulation is 
shown in Fig. 11. 

The effective strain field distribution simulated for samples deformed 
to 50 % at three different temperatures (1348, 1398, and 1448 K) and a 
strain rate of 0.1 s-1 is shown in Fig. 12(a–c). It is observed that the 
sample experienced a heterogeneous strain field distribution. The center 
region of the deformed sample experienced higher strain compared to an 
adjacent area, and the strain is nearly zero at the contact area between 
the sample and the anvil due to friction. Further, the inhomogeneity in 
the distribution of strain at a temperature of 1348 K became uniform as 

the deformation temperature increased to 1398, and 1448 K, respec-
tively, as shown in Fig. 12 (a–c). To validate the above observations, 
macro images of the experimentally deformed samples were taken cor-
responding to the simulated deformation conditions and are shown in 
Fig. 12(a1-c1). Deformation at a lower temperature (1348 K) caused the 
inhomogeneity in the dynamic recrystallization (DRX) microstructure, 
and as the temperature increased (1398, 1448 K) a uniform distribution 
of dynamic recrystallization (DRX) grains can be observed. For all three 
temperatures, the dynamic recrystallization (DRX) fraction at centre 
region was higher than the adjacent region due to the accumulation of 
more strain at the center region. The dynamic recrystallization (DRX) 
fraction and grain size is 42 % and 13�2 μm at 1348 K, and which 
increased to 55 % and 19�3 μm at 1398 K. When the temperature 
increased to1448 K, the dynamic recrystallization (DRX) fraction and 
grain size increased to 75 % and 32�7 μm, respectively. Thus, the finite 
element method (FEM) simulation results explain the microstructural 
observations at various locations of the deformed sample and correlated 
with the effect of strain on the dynamic recrystallization (DRX) micro-
structure evolution. 

5. Conclusions 

The microstructure evolution of newly developed γˈ strengthened 
cobalt base superalloy with a nominal composition of Co-30Ni-10Al- 
2Nb-4Ti-12Cr (at. %) was studied in a temperature range of 
1298–1448 K and strain rate range of 0.001–10 s-1 through isothermal 
uniaxial compression tests. Following conclusions are drawn from the 
present study:  

1) The Co10Al2Nb alloy shows a hot deformation behavior that is 
strongly dependent on temperature and strain rate. The flow stress 
value at any strain increases with decreasing temperature and in-
creases with increasing the strain rate.  

2) Flow curves and the microstructure evolution of the deformed 
samples at different conditions revealed that dynamic recrystalliza-
tion (DRX) is the dominant restoration process.  

3) Deformed samples exhibited dynamic recrystallization (DRX) 
microstructure at low strain rate regime (0.001–0.1 s-1) and flow 
localization at high strain rate regime especially at 10 s-1 for all 
temperatures.  

4) Strain rate sensitivity (m) map along with instability ( ξð _εÞ) map 
obtained in this work exhibited two distinct domains: the domain 

Fig. 11. Geometry used for finite element method (FEM) simulation.  

Fig. 12. The effective strain field distribution obtained from the finite element method (FEM) simulation (a–c) and corresponding dynamic recrystallization (DRX) 
microstructure evolution (a1-c1) obtained from experiment for a deformation at (a), & (a1) 0.1 s -1 strain rate and at temperature 1348 K, (b), & (b1) 0.1 s -1 strain rate 
and at temperature 1398 K, (c), & (c1) 0.1 s -1 strain rate and at temperature 1448 K. 
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� The m ~0.15 to 0.3, can be seen at strain rate 0.001–1 s-1 for all the 
deformation temperatures and it also falls under stable domain (( 
ξð _εÞ > 0)) - here dynamic recrystallization is the dominant resto-
ration process  
� The other domain m < 0.13, can be observed at strain rate >1 s-1 

for all test temperatures and it falls under unstable domain(( ξð _εÞ <
0)) -here flow localization was observed and should be avoided 
during thermomechanical processing  

5) The microstructure evolution at different strains revealed that 
discontinuous dynamic recrystallization (DDRX) is the dominant 
restoration mechanism for the present alloy.  

6) Dynamic recrystallization (DRX) grains distribution tends to become 
more homogeneous across various locations as the deformation 
temperature increased from 1348 to 1448 K. This can be confirmed 
through finite element method (FEM) simulation (strain field dis-
tribution), and the microstructure evolution. 
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