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Abstract
The dynamic recrystallization behavior of MP159 superalloy was investigated by performing hot compression tests in the 
deformation temperature range of 920–1070 °C and strain rates of 0.01–10 s−1. Processing maps were established based 
on flow curves, and the optimal hot processing region for MP159 alloy was identified at the deformation temperatures of 
940–980 °C and a strain rate of 0.01 s−1. The influence of the processing parameters (true strain, temperature and strain 
rate) on the microstructure evolution was studied. The volume fraction and grain size of recrystallized grains increased with 
increasing strain rate and deformation temperature. Deformation twins that formed during hot deformation provided nuclea-
tion sites for dynamic recrystallization (DRX) and accelerated the DRX process. Discontinuous dynamic recrystallization 
(DDRX) was the dominant mechanism for the MP159 alloy at different deformation strains.

Keywords  MP159 superalloy · Hot deformation · Processing map · Microstructure evolution · Dynamic recrystallization 
mechanism

1  Introduction

MP159 alloy is a cobalt-based superalloy, which possesses 
a good combination property of ultrahigh strength, ductility 
and corrosion resistance [1]. Due to its superior mechanical 
properties, MP159 alloy is usually used for critical fasteners 
and prosthetic devices. Critical parts made of superalloys are 
commonly processed by hot deformation processes, such as 
hot forging and hot rolling [2]. The mechanical properties 
of the parts depend on the microstructure obtained from hot 
deformation. The microstructure evolution of the superal-
loy during hot deformation is a complex process, involv-
ing deformation heat, flow location, dynamic recovery and 
dynamic recrystallization. The size and volume fraction 
of recrystallized grains were significantly affected by hot-
working parameters [3, 4]. Moreover, abnormal deforma-
tion conditions induce defects such as surface cracks and 

inhomogeneous grain size distributions. To fabricate critical 
parts with excellent mechanical properties, it is important to 
understand the hot deformation behavior and microstructure 
evolution of MP159 superalloy under different deformation 
conditions.

Recent studies have focused on the hot deformation 
behavior and microstructure evolution of various superal-
loys. Wu et al. [5] reported that the dynamic recrystallization 
of GH984G was strongly affected by the initial grain sizes 
of alloys. The dynamic recrystallization (DRX) mechanism 
for GH984G alloys is mainly continuous dynamic recrystal-
lization (CDRX) for larger initial grains and discontinuous 
dynamic recrystallization (DDRX) for fine grains. Godasu 
et al. [6] observed the hot deformation of cast superalloy 
625 and found that the dynamic recovery and DDRX mecha-
nisms are mostly responsible for microstructural modifica-
tion, and the formation of twins controlled the recrystalli-
zation rate. Moreover, factors including the initial δ phase, 
deformation temperature and strain rate also have a clear 
influence on the DRX of superalloys [7, 8]. Wen et al. [7] 
showed that the δ phase pre-existing in alloys first stimu-
lates the occurrence of DRX and then gives rise to a weak 
effect with increasing deformation temperature. Lin et al. [8] 
pointed out that CDRX and DDRX occur at low deformation 
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and high deformation temperatures for a powder metallurgi-
cal nickel-based superalloy.

Above all, the hot deformation behavior of different 
superalloys varies with the chemical composition, initial 
grain size, initial phases, strain rate and deformation tem-
perature. The MP159 superalloy is a Co–Ni–Cr-based mul-
tiphase superalloy and is usually applied in aerospace as a 
bolting workpiece produced by hot upset processes [9]. To 
achieve a uniform and fine microstructure in practical bolt 
manufacturing, the aim of this work was to better understand 
the hot deformation behavior and microstructure evolution 
of the MP159 superalloy during hot processing, and provide 
guidance for the selection of thermal deformation param-
eters in industrial production. A constitutive model based 
on the classical Arrhenius equation was established, and the 
processing maps and microstructure evolution were analyzed 
by systematic electron backscatter diffraction (EBSD) and 
transmission electron microscopy (TEM) analysis.

2 � Experimental Procedure

The materials used in the study are commercial cold drawn 
MP159 rods. The chemical composition of the MP159 
superalloy was 35.7Co-25.5Ni-19Cr-9Fe-7Mo-3Ti-0.6Nb-
0.2Al wt %. In this work, the tests of hot deformation were 
carried out using a Gleeble 3800 thermomechanical simula-
tor. Cylindrical specimens ( Φ 8 × 12 mm) were prepared for 
hot compression. A schematic depiction of the hot deforma-
tion process was presented in Fig. 1. The specimens were 
heated at a rate of 10 °C/s to 920, 950, 980, 1010, 1040 and 
1070 °C and were held for 2 min, respectively. The test was 
stopped after compressive deformation reached a true strain 
of 1.3 with strain rates of 0.01, 0.1, 1 and 10 s−1, and then, 
the specimens were water quenched immediately inside the 
chamber to retain the deformation microstructure. The true 

stress–strain curves were plotted based on the data obtained 
by the compression tests.

For optical microstructural observation, the specimens 
were cut along the deformed compression axis. The speci-
mens were mechanically ground using a series of abrasive 
papers of 180–3000 grit and subsequent diamond polishing. 
The polished surfaces were etched with aqua regia for 30 s. 
The microstructures were observed on the central part of the 
specimens using an Olympus GX51 instrument. The effects 
of different deformation conditions on the microstructures 
were evaluated using a TESCAN MIRA3 field-emission 
gun scanning electron microscope system, equipped with 
an Oxford Instrument HKL Nordlys Max3 EBSD detector. 
The specimens used for EBSD evaluation were mechani-
cally ground and diamond polished, and then polished by 
vibrating with a 0.05 µm colloidal silica solution for 12 h. 
The EBSD maps were observed in the central part of the 
polished specimen with an accelerating voltage of 20 kV and 
a step size of 0.12 μm. HKL channel 5 software was used 
to acquire and analyze the EBSD data. For TEM observa-
tions, the specimens were first prepared by hand grinding to 
a thickness of 200 µm, and then the thinned specimens were 
punched out to holes with a diameter of 3 mm. Finally, the 
obtained specimens were ion milled to a thin foil with the 
Gatan 695 ion bean thinner. An FEI Talos F200X transmis-
sion electron microscopy (TEM) system operated at 200 kV 
was used for TEM measurements.

3 � Results and Discussion

3.1 � True Stress–Strain Curves

The true stress–strain curves at different deformation strain 
rates and temperatures are presented in Fig. 2. Generally, 
the variation in true stress is caused by work hardening and 
dynamic softening [10]. In the early deformation stage, 
the increase in the stress was due to strain hardening that 
was predominantly caused by dislocation multiplication 
and stacking. Meanwhile, due to the low stacking fault 
energy (SFE) of this superalloy, weak dynamic softening 
was induced by dislocation climb and annihilation. Conse-
quently, the stress rapidly increased to a critical value. With 
the true strain increased, the true stress decreased due to 
the occurrence of DRX. The nucleation and growth of new 
dislocation-free grains by the annihilation of dislocations, 
led to a decrease in the work hardening rate and material 
softening. The appearance of the steady-state value was 
related to the dynamic balance between strain hardening 
and strain softening. In addition, it was observed that defor-
mation parameters strongly affect the peak stress. It can be 
observed from Fig. 2 that the peak stress decreased with 
increasing deformation temperature. This was attributed Fig. 1   Schematic depiction of the hot deformation process
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to the decreased atomic binding force and increased solute 
atom motion with increasing temperature, which promote 
dislocation slip and grain boundary motion. Furthermore, 
the peak stress increased with increasing strain rate. Main 
reason is that the rate of dislocation generation and motion 
increased with increasing strain rate, which results in an 
increase in the degree of work hardening [11].

3.2 � Constitutive Equation

The relationship between the flow stress, strain rate and tem-
perature during the deformation process can be described by 
the classic Arrhenius constitutive equations given by [12]

where 𝜀̇ is the strain rate (s−1), σ is the flow stress (MPa) at 
a specific true strain, Q is the deformation activation energy 

(1)𝜀̇ = A1𝜎
n1 exp(−Q∕RT), 𝛼𝜎 < 0.8

(2)𝜀̇ = A2 exp(𝛽𝜎) exp(−Q∕RT), 𝛼𝜎 > 1.2

(3)𝜀̇ = A[sinh(𝛼𝜎)]n exp(−Q∕RT), for all 𝜎

(kJ/mol), R is the universal gas constant (8.314 J/mol K), T 
is the deformation temperature (K), n and n1 are the stress 
exponents, and A, A1, A2, α and β are material constants. The 
power-law equation in Eq. (1) is applicable for low stress, 
and the exponential law is suitable for high stress values 
(Eq. 2). The hyperbolic sine law in Eq. (3) is applicable to 
all stress levels, and therefore, it is more commonly used to 
describe the hot deformation constitutive relationship.

Taking the logarithm of both sides of Eqs. (1) and (2) 
gives

By partial differentiation at constant temperature T, the 
values of n1 and β can be calculated.

Figure 3a and b show linear regression fits of the ln 𝜀̇
-lnσ and ln 𝜀̇-σ plots at different temperatures with mean 
slope values of 7.06593 and 0.02008 specifying n1 and β, 
respectively. Since α is equal to β /n1, it was estimated as 
0.0028.

(4)ln 𝜀̇ = lnA2 + 𝛽𝜎 − Q∕RT

(5)ln 𝜀̇ = lnA2 + 𝛽𝜎 − Q∕RT

(a) (b)

(c) (d)

Fig. 2   The true stress–strain curves at different deformation strain rates and temperatures
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Taking the natural logarithms of both sides of Eq. (3) 
gives

Figure 3c shows the linear fit of the ln[sinh(ασ)]-ln 𝜀̇ plots 
obtained at various deformation temperatures. The average 
slope of the fitted line is n and was calculated to be 5.2129. 
By differentiating Eq. (6), the activation energy Q can be 
described as

The linear fitting of the ln[sinh(ασ)]-1/T plot is shown 
in Fig. 3d, and the value of Q calculated by Eq. (7) was 
470.4549 kJ/mol. The value of Q was greater than the 
values of most typical low-alloy and microalloyed steels 
(270–300 kJ/mol) [13]. Here, Q represents the energy 
of the barrier that the atoms must overcome during hot 
deformation [14]. Moreover, many studies have demon-
strated that high activation energy is generally attributed 

(6)ln 𝜀̇ = lnA + n ln sinh(𝛼𝜎) − Q∕RT

(7)Q = R

{
𝜕 ln 𝜀̇

𝜕 ln[sinh(𝛼𝜎)]

}{
𝜕 ln[sinh(𝛼𝜎)]

𝜕(1∕T)

}

𝜀̇

to dynamic recovery (DRV) and DRX. Therefore, it can 
be inferred that the main deformation mechanism of this 
alloy is either DRV or DRX rather than self-diffusion [10].

The Zener–Holloman (Z) parameter, which is a tem-
perature-compensated strain rate parameter, expresses 
the combined effect of the strain rate and temperature as 
defined by [15]

Taking the logarithm of both sides of Eq. (8) gives

The plot of the correlation between lnZ and ln [sinh (��)] 
is shown in Fig. 4, and the parameters n and lnA can be 
obtained as the slope and intercept of the fitted line and 
are 5.1538 and 42.46492, respectively. The value of n is 
close to the previous value of 5.2129, and 5.2129 is taken 
as n for the subsequent expressions. Accordingly, the hot 
deformation behavior of MP159 satisfies Eq. (3), and the 
constitutive equation can be expressed as

(8)Z = 𝜀̇ exp(
Q

RT
) = A[sinh(𝛼𝜎)]n

(9)ln Z = ln A + n ln [sinh (��)]

(a) (b)

(c) (d)

Fig. 3   plots of linear correlation a ln 𝜀̇-ln � , b 𝜀̇-� , c ln[sinh(��)]-ln 𝜀̇ and d ln[sinh(��)]-1/T 
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3.3 � Processing Maps

A processing map was established to evaluate the hot work-
ability, optimize the processing parameters, and control the 
microstructures of various alloys during hot deformation. In 
the dynamic material model (DMM), the specimen under hot 
working is considered as a power dissipater. The total dis-
sipater power (P) can be divided into two contributions: the 
power content (G) dissipated by plastic deformation and the 
power cocontent (J) dissipated in microstructure evolution. 
Thus, the total power P can be expressed as

The strain rate sensitivity (m) is the ratio between G and J 
and is given by

(10)
𝜀̇ = 2.77 × 1018[sinh(0.00284𝜎p)]

5.2129 exp
(
−4704549

RT

)

(11)P = G + J = ∫
𝜀̇

0

𝜎d𝜀̇ + ∫
𝜎

0

𝜀̇d𝜎

(12)m =
dJ

dG
=
||
||

𝜕(ln 𝜎)

𝜕(ln 𝜀̇)

||
||T

The power dissipation efficiency (η) for a nonlinear power 
dissipater, which reflects the microstructure evolution can 
be determined as

The power dissipation map is determined by the varia-
tion in η with the strain rate and temperature. Generally, the 
power dissipation map region with a large value indicates 
sufficient recrystallization and better workability. To deter-
mine a suitable processing range, the dimensionless insta-
bility parameter ξ ( 𝜀̇ ) based on the principles of irreversible 
thermodynamics was adopted to identify the unstable region, 
and the instability criterion is given by

Negative values of ξ ( 𝜀̇ ) represent the instability domains. 
By superimposing the instability map on the power dissipa-
tion map, the processing map can be obtained.

Figure 5 depicts the processing maps at different true 
strains of 0.2, 0.5 and 0.7 for the alloy. In the processing 
maps, the shaded area indicates a potentially dangerous 
deformation regime linked to flow inhomogeneity that 
gives rise to cracks and that should be avoided. Figure 5a 
shows that an instability region exists in the temperature 
range of 920–980 °C and strain rate range of 3.16 × 10–2 
to 10 s−1 at a strain of 0.2. In the stability region, the peak 
power dissipation value was approximately 0.39, and this 
region appeared in the temperature range of 1030–1070 °C 
and strain rate range of 10–2–3.16 × 10–2 s−1. DRX typi-
cally occurs when the efficiency (η) is approximately 0.3–0.5 
[16, 17]. This means that DRX occurs at a strain of 0.2 
under these hot deformation conditions due to the sufficient 
energy at high temperatures (1030–1070 °C) and sufficient 
time at a low strain rate (0.01 s−1). As the strain increased, 
the deformation instability range moved to moderate tem-
peratures (940–1000 °C) and moderate and high strain rates 
(1–10 s−1), as shown in Fig. 5b; subsequently, this region 

(13)� =
J

Jmax

=
2m

2m + 1

(14)𝜉(𝜀̇) =
𝜕 ln (m∕(m + 1))

𝜕 ln 𝜀̇
+ m < 0

Fig. 4   Plot of the correlation between lnZ and ln[sinh(��)]

Fig. 5   Processing maps at different true strains of a 0.2, b 0.5 and c 0.7
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expanded to areas with high temperatures and high strain 
rates, as shown in Fig. 5c. It is concluded that instability 
domains occurred easily at a high strain rate of 10 s−1, and 
a strain rate of 10 s−1 should be avoided in hot working 
deformation.

To further analyze the hot deformation behavior of this 
alloy, the difference between the microstructures of the 
stability and instability regions was observed. The micro-
structures of the instability regions are presented in Fig. 6. 
Figure  6b–d show that full DRX occurred under these 
deformation conditions, including the instability regions 
with moderate temperatures and moderate strain rates, as 
well as the upper shaded area with high strain rates in the 
processing map. These phenomena may be related to defor-
mation heating [18]. Due to the low thermal conductivity of 
the MP159 superalloy, the heat generated by plastic defor-
mation could not be released in time at higher strain rates. 
In addition, Fig. 6b and c show that the DRX grain size 
increased with increasing strain rate, which was attributed to 
increased deformation heating. Meanwhile, numerous twins 
were observed at a high strain rate of 10 s−1, due to the low 
stacking fault energy of this alloy and the sufficient energy 
for dislocation movement was provided by the high strain 
rate. It is seen from Fig. 6a that the MP159 superalloy only 
occurred partial recrystallization during hot deformation at 
950 °C/10 s−1. The deformed grains were elongated per-
pendicular to the compression direction. The main reason 
is that the deformation heat is lower at low temperature and 
moderate strain rate. Deformation heating is harmful for 

the mechanical properties and should be avoided in the hot 
deformation processing of fine-grained MP159 superalloy.

The processing maps demonstrated that the highest power 
dissipation efficiency was approximately 0.43 and was found 
in the moderate-temperature and low-strain rate regions 
(940–980 °C 0.01 s−1). Moreover, in high-temperature and 
moderate-strain rate region (1040–1070 °C 0.1 s−1), the 
power dissipation efficiency (η) was approximately 0.38; 
this value is above 0.35, indicating that DRX may occur 
for metals with low stacking fault energy [19]. Figure 7 
shows the microstructures of the stability regions. In gen-
eral, a higher power dissipation efficiency indicates a greater 
availability of energy for microstructure evolution [20]. 
Fully DRX grains were fine and homogeneous at moderate 
temperatures and low strain rates with temperatures of 950 
and 980 °C and a strain rate of 0.01 s−1 (Fig. 7a and b). A 
higher value of η was observed, and this was considered to 
be the optimal hot working zone for ensuring better material 
mechanical properties. DRX occurred at high temperatures 
and moderate strain rates due to the sufficient energy pro-
vided by high temperatures. Nevertheless, the microstructure 
was uneven and included deformed and grown recrystal-
lized grains (Fig. 7c), and the recrystallized grains showed 
obvious growth and coarsening (Fig. 7d); thus, neither of 
these regions is suitable for hot working. The microstruc-
ture observations illustrated that the processing map has a 
good correlation to the microstructure evolution, and opti-
mum processing occurred at deformation temperatures of 
940–980 °C and strain rate of 0.01 s−1.

Fig. 6   Microstructures of 
the instability regions: a 
950 °C/1 s−1, b 950 °C/10 s−1, 
c 980 °C/1 s−1 and d 
1070 °C/10 s−1
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3.4 � Effects of Different Deformation Parameters 
on the DRX Microstructure

3.4.1 � True Strain Effects

To evaluate the effects of true strain on the microstructure 
evolution during hot deformation, the EBSD method was 
used to characterize the deformed microstructure. The 
inverse pole figure (IPF) maps and the average misorienta-
tion angles of the specimens deformed at 980 °C/0.01 s−1 
at different strains are provided in Fig. 8. Only a few DRX 
grains that formed in the original grain boundaries were 
observed at a strain of 0.3 (Fig. 8a). As the strain increased 
from 0.7 to 0.9, the volume fraction of the DRX grains 
increased, as shown in Fig. 8b and c. As the strain increased 
to 1.3, the DRX grains grew obviously, suggesting that a 
large true strain can effectively enhance the appearance of 
DRX. This is attributed to the increasing deformation stor-
age energy and sufficient driving forces for grain boundary 
motion [21].

Figure 9 depicts the variation in the volume fraction of 
low-angle grain boundaries (LAGBs) with true strain for 
the specimens deformed at 980 °C/0.01 s−1. The increase in 
the volume fraction of LAGBs from 0.3 to 0.7 is small. At 
a relatively low deformation strain, the volume fraction of 
LAGBs first increased slowly with the generation of a few 
dislocations. As the true strain increased to 0.9, the volume 
fraction of LAGBs increased rapidly, which can be attrib-
uted to the rapid generation of mobile dislocations during 

this deformation stage. Meanwhile, the deformation storage 
energy remained relatively low and was insufficient to trig-
ger strong DRX under these deformation conditions. When 
the strain was between 0.9 and 1.3, DRX with a low disloca-
tion density emerged, resulting in a decrease in the volume 
fraction of LAGBs.

To further understand the DRX mechanism, the point-to-
point misorientations and the point-to-origin misorientations 
along the lines marked in Fig. 8 are shown in Fig. 10. Both 
the local and cumulative misorientations within grains and 
along the grain boundaries did not exceed 5° at all strains, 
indicating that the subgrain rotation was not distinct. As 
CDRX mechanism is featured with the progressive rotation 
of subgrian, these results suggest that CDRX is not occurred 
in MP159 superalloy deformed at 980 °C/0.01 s−1. Figure 11 
provides histograms of the misorientation angle distribu-
tion in the range of 0–15° for the specimens deformed at 
980 °C/0.01 s−1. The misorientation angles were mostly in 
the range of 0–10°, while only a few misorientation angles 
were in the range of 10–15° under all strain conditions. It 
is well-known that the CDRX mechanism is characterized 
by progressive subgrain rotation with medium-angle grain 
boundaries (MAGBs) at angles in the 10–15° range [22, 23]. 
Thus, CDRX is not the primary DRX mechanism in this 
study.

Moreover, it is seen from Fig. 8a that some grains with 
serrated boundaries are observed in the EBSD maps as 
shown in Fig. 8a. In generally, DDRX features nuclea-
tion by bulging grain boundary and followed the growth 

Fig. 7   Microstructures 
of the stability regions: 
a 950 °C/0.01 s−1, 
b 980 °C/0.01 s−1, c 
1040 °C/0.1 s−1 and d 
1070 °C/0.1 s−1
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of recrystallized grains. In order to further characterize 
the recrystallized microstructure, TEM micrographs of 
the specimens deformed at different deformation param-
eters were observed, as depicted in Fig. 12. It is seen 
from Fig. 12a that a small number of dislocations began 
to accumulate and multiply, and a heterogeneous disloca-
tion distribution appeared at a relatively small strain stage 
(strain = 0.3). The local bulging occurred at the initial 
grain boundary as shown in Fig. 12b, and there is a sig-
nificant difference in dislocation density on the two sides 
of the bulging grain boundary. With the strain increased 
to 0.9 as shown in Fig. 12c, the tangled dislocations will 
promote the grain boundary bulging. The two sides of 

serrated grain boundaries usually retain a high strain gra-
dient, and bulging grain boundaries will be the preferred 
location for DRX grain nucleation [24, 25]. Figure 12d 
clearly shows that DRX nucleus located at the bulged 
grain boundaries, which are the typical characteristics of 
DDRX nucleate. As the strain further increased to 1.1, as 
shown in Fig. 12e and f, the microstructure of fully DRX 
grains nearly free of dislocations was detected, which was 
ascribed to the elimination of a large number of disloca-
tions during recrystallization nucleation.

The variation of dislocation density in TEM observa-
tion is consistent with the quantitative study by the EBSD 
results. In this present work, the geometrically necessary 
dislocation (GND) density of the specimen deformed at 
980 °C/0.01 s−1 with a strain of 0.3, 0.9 and 1.1 is calcu-
lated according to Eq. (15) [26]:

where KAMave is average value of local misorientation in 
selected area; b is the Burgers vector, which is 0.25 nm 
[27]; and μ is the step size. The relationship between the 
dislocation density and strain was described, as shown in 
Fig. 13. At the strain of 0.3, the value of dislocation den-
sity was 3.95 × 1014/m2. With the strain increasing from 0.3 
to 0.9, the dislocation density increased from 3.95 × 1014/
m2 to 5.16 × 1014/m2. As the strain further reaches to 1.1, 
the dislocation density decreased to 4.35 × 1014/m2, which 

(15)�GND =
2KAMave

�b

Fig. 8   IPF maps and the aver-
age misorientation angles of 
the specimens deformed at 
980 °C/0.01 s−1 for different 
strains: a 0.3, b 0.7, c 0.9 and 
d 1.3
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Fig. 9   Variation in the volume fraction of LAGBs with true strain for 
the specimens deformed at 980 °C/0.01 s−1
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 10   The point-to-point misorientations and the point-to-origin misorientations along the lines marked in Fig. 8: a A1, b A2, c B1, d B2, e C1, 
f C2, g D1 and h D2
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is associated with an increase in the volume fraction of the 
recrystallized grains.

The TEM observations depict a typical feature of DDRX 
mechanism, and prove DDRX is the primary DRX mech-
anism during hot deformation of MP159 superalloy. The 
schematic map of DDRX nucleation mechanism is illus-
trated in Fig. 14.

3.4.2 � Strain Rate and Temperature Effects

To investigate the effect of the strain rate on the microstruc-
ture evolution, the microstructures of the deformed speci-
mens at different strain rates were observed. Figure 15 shows 
IPF maps of the specimens deformed at a true strain of 1.3 
and deformation conditions of 980 °C/0.01–1 s−1. Interest-
ingly, the obvious variation of twins was observed with true 
strain for the specimens deformed at 980 °C/0.01 s−1, as 
shown in Fig. 16. The volume fraction of twins boundaries 
was measured to be 23.6% at a low strain rate of 0.01 s−1. 
Then the volume fraction of twins boundaries increased 
from 36.2 to 50.2% with increasing strain rate from 0.1 to 
1 s−1. It is well-known that the movable dislocation density 
depends on the strain rate during thermal deformation, and 
the relationship can be described as [26, 28]:

where 𝜀̇ is the imposed strain rate, b is the Burgers vector, � 
is the density of movable dislocation and � is the velocity of 
dislocation. According to this relationship, the dislocations 
proliferate rapidly with plastic deformation at high strain 

(16)𝜀̇ = b𝜌𝜐

rates. Due to the multiplication and entanglement of numer-
ous dislocations, it is difficult for the dislocations to slip in 
this alloy with a low stacking fault energy. Twins are easily 
formed by the so-called growth accident during the migra-
tion of the recrystallization front [27–30], which is closely 
related to the grain boundary migration driving force. At 
higher strain rates, the frequency of growth accidents is 
increased and the nucleation of twins is facilitated by the 
higher stored energy [29, 31], resulting in a large number 
of twins. Moreover, Fig. 16 shows the recrystallized frac-
tion also increased with increasing strain rate, indicating that 
recrystallization was sensitive to the strain rate, which could 
have been attributed to the formation of twins in this alloy. 
Twins play an important role in the DRX process of alloys 
with a low stacking fault energy [30, 32]. Twins induce a 
change in the boundary misorientation and increase the 
mobility of dislocations, leading to the growth of recrystal-
lized grains with a dislocation-free zone. The twin boundary 
affects DRX nucleation during hot deformation [3]. The twin 
boundaries provide positions for DRX nucleation within the 
grains to promote recrystallization. Thus, twin boundaries 
may provide a supplementary nucleation mechanism for 
DRX. For this alloy, as the strain rate increased, more twin 
boundaries provided nucleation sites for DRX, resulting in 
an increase in the degree of DRX. In addition, twins lowered 
the energy required for grain growth and increased grain 
boundary mobility, which also contributed to the accelera-
tion of the DRX process. 

Figure 17 depicts the IPF maps at different deformation 
temperatures of 950, 980 and 1040 °C for the specimens 
deformed at 0.01 s−1 and a strain of 1.3 and the correspond-
ing average misorientation angles. Many small and refined 
DRX grains were observed along the grain boundaries at 
950 °C. The DRX grains grew with increasing temperature 
(Fig. 17c), and many coarsened recrystallized grains were 
observed when the temperature increased to 1040 °C, as 
illustrated in Fig. 17e. This was attributed to the mobility 
of the grain boundaries and acceleration of dislocations, 
and the diffusion rate increased with increasing tempera-
ture. Figure 17 also indicates that a higher temperature leads 
to higher average misorientation angles. The nucleation of 
DRX grains was induced by dislocation evolution, which 
is a thermal activation process, and the higher temperature 
provided a stronger driving force and higher migration speed 
for boundary migration. Therefore, obvious growth of DRX 
grains was observed at high temperatures, resulting in an 
increase in the average misorientation angle from 32.9 and 
39.4–to 41.7° (Fig. 17b, d and f).

Fig. 11   Histograms of the misorientation angle distribution in the 
range of 0–15° for the specimens deformed at 980 °C/0.01 s−1
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Fig. 12   TEM micrographs of 
the specimens deformed at 
980 °C/0.01 s−1 and different 
true strains of a and b 0.3, c and 
d 0.9, and e and f 1.1
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4 � Conclusion

Hot deformation tests were conducted in the temperature 
range of 950–1040 °C and the strain rate range of 0.01–10 
s-1. A constitutive model was established, and processing 
maps were developed based on flow stress curves. The DRX 
mechanism was revealed. Several conclusions are drawn as 
follows:

(1)	 The constitutive equation based on hot deformation at 
a true strain of 0.7 was established as

𝜀̇ = 2.77 × 1018[sinh(0.00284𝜎p)]
5.2129 exp

(
−4704549

RT
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Fig. 13   The density of GND with different true strains

Fig. 14   The schematic map of DDRX nucleation mechanism

Fig. 15   IPF maps of the 
specimens deformed at a true 
strain of 1.3 and deformation 
conditions of a 980 °C/0.01 s−1, 
b 980 °C/0.1 s−1 and c 
980 °C/1 s−1
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Fig. 16   Variation in the volume fraction of twins and recrystallized 
grains with true strain for the specimens deformed at 980 °C/0.01 s−1

Fig. 17   IPF maps at different 
deformation temperatures of a 
950 °C, c 980 °C and e 1040 °C 
for the specimens deformed 
at 0.01 s−1 and a strain of 1.3 
and the corresponding average 
misorientation angles

(a)
(b)

(c)
(d)

(e)
(f)

(2)	 Based on the processing maps and the microstructure 
observations, the optimal hot work processing regions 
for the alloy were identified at deformation tempera-
tures of 940–980 °C and strain rate of 0.01 s-1.

(3)	 The DRX process was sensitive to hot working param-
eters. The volume fraction of LAGBs for the superal-
loy deformed at 980 °C/0.01 s-1 first increased with 
increasing strain from 0.3 to 0.9 and then decreased 
with further increasing strain from 0.9 to 1.3. The vol-
ume fraction and grain size of recrystallized grains 
increased with increasing strain rate and deformation 
temperature.

(4)	 A few twins formed at a strain rate of 0.01 s-1. With 
increasing strain rate from 0.01 to 1 s-1, the volume 
fraction of twin boundaries increased from 23.6 to 
50.2%. The twin boundaries could provide nucleation 
positions for DRX and accelerate the DRX process.
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(5)	 The DDRX was the primary DRX mechanism for the 
MP159 alloy during hot deformation.
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