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Abstract: To study the hot deformation behavior of a new powder metallurgy nickel-based superalloy, hot compression 
tests were conducted in the temperature range of 1020−1110 °C with the strain rates of 0.001−1 s−1. It is found that the 
flow stress of the superalloy decreases with increasing temperature and decreasing strain rate. An accurate constitutive 
equation is established using a hyperbolic-sine type expression. Moreover, processing map of the alloy is constructed to 
optimize its hot forging parameters. Three domains of dynamic recrystallization stability and instability regions are 
identified from the processing map at a strain of 0.7, respectively. The adiabatic shear band, intergranular crack and a 
combination of intergranular crack and wedge crack are demonstrated to be responsible for the instabilities. 
Comprehensively analyzing the processing map and microstructure, the optimal isothermal forging conditions for the 
superalloy is determined to be t=1075−1105 °C and  =10−3−10−2.8 s−1. 
Key words: powder metallurgy; nickel-based superalloy; hot deformation behavior; constitutive equation; hot 
processing map; dynamic recrystallization 
                                                                                                             

 

 

1 Introduction 
 

Powder metallurgy (PM) nickel-based 
superalloy has become an irreplaceable key material 
for advanced aero-engine structural and heat- 
transmission components due to its fine grain, 
uniform microstructure, excellent strength and 
creep properties at high temperatures [1−4]. During 
hot processing of PM nickel-based superalloy, 
various defects, such as cracks, adiabatic shear band 
and flow localization are easy to emerge, which 
affect its hot working properties as well as service 
performance. It is known that hot processing 
parameters have important influences on the flow 

stress behavior of alloys. Previous studies [5−7] 
have also shown that strain rate, deformation 
temperature, strain and other parameters have 
significant impacts on adjusting the microstructure 
and properties of nickel-based superalloys. Therefore, 
investigation on hot compression behavior of PM 
nickel-based superalloys under different processing 
conditions is of great significance for designing and 
optimizing the hot working of the alloys. 

It has been proven that the processing map 
developed on the basis of dynamic materials model 
(DMM) can help to predict the deformation 
mechanisms of superalloys under different 
conditions, optimize the related parameters of hot 
processing, and control microstructures [2,3,8−14]. 
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Extensive researches [3,8−10] have already been 
carried out on PM nickel-based superalloys by 
isothermal compression tests, in order to study their 
hot deformation behavior and processing maps. XU 
et al [3] studied the flow behavior and 
microstructural mechanism of a HIPed FGH96 
superalloy, established the processing map 
according to the experimental data, and identified 
its optimum processing condition. NING et al [8] 
compared and analyzed the hot deformation 
behavior of FGH4096 superalloys with HIPed and 
fine-grained microstructures. It was found that 
different flow behaviors occurred in the superalloys 
due to different initial microstructures. Advanced 
processing maps were further established, and the 
differences in hot workability were also studied. 
SUI et al [9] investigated the processing map for 
hot working of Inconel 718 superalloy in the 
temperature range of 950−1150 °C and strain rate 
range of 0.001−100 s−1. The results showed that the 
distribution of dynamic recrystallization zone in 
stable region is from lower temperature and lower 
strain rate to higher ones, and a peak efficiency   
of 0.39 occurs at about 950 °C and 0.001 s−1. HE  
et al [10] investigated the constitutive relationship 
and processing map of a HIPed nickel-based 
powder superalloy during hot deformation, and 
suggested that due to formation of the adiabatic 
shear band, the instability in flow stress happened 
under the strain rate higher than 0.1 s−1 within the 
temperatures of 1000−1100 °C. 

It is known that the initial state of an alloy 
would have an important influence on its hot 
working behavior. Although considerable literatures 
on hot deformation behavior of PM nickel-based 
superalloys have been published, the object of study 
mainly focused on the HIPed alloys. There are few 
reports concerning with hot working of HEXed PM 
nickel-based superalloys [11]. As one of the 
important alternative processing technologies for 
PM nickel-based superalloys, hot extrusion is 
expected to improve the forging microstructure of 
the alloy so that high-quality forging blanks can be 
obtained. The objective of this work is a new 
HEXed PM nickel-based superalloy. Compared to 
the second-generation PM nickel-based superalloys, 
the contents of cobalt (Co) and aluminum (Al) of 
the experimental alloy reach up to 26 wt.% and  
3.2 wt.%, respectively. Previous results [15] have 
indicated that increasing the contents of Co and Al 
may improve phase stability, increase the volume of 

γ' solid solution and its solution temperature, and 
lower the quenching residual stress. This work 
aimed to systematically investigate the isothermal 
compression behavior of the HEXed PM 
nickel-based superalloy at the temperatures from 
1020 to 1100 °C within the strain rates of 0.001−  
1 s−1. The flow stress curves were corrected via an 
integrated method considering the friction and 
temperature variations during hot deformation. A 
constitutive equation and a flow stress model of 
strain compensation for hot compression of the 
superalloy were determined according to the 
corrected data, respectively. Hot processing maps 
under various strains were constructed, and 
instability and stability regions as well as their 
mechanisms were also analyzed combining with the 
corresponding microstructures, which can lay the 
foundation for the optimization of hot processing 
parameters of the superalloy. 
 
2 Experimental  
 

A recently developed PM nickel-based 
superalloy was used in this work with its 
compositions given in Table 1. Argon atomized 
powder was consolidated firstly by hot isostatic 
pressing at the temperature of 1100 °C under the 
pressure of 150 MPa for 4 h, and then by hot 
extrusion with a nominal extrusion ratio of 9:1. 
Before hot compression, the extruded bar was 
annealed at 900 °C for 2 h. Cylindrical samples of  
8 mm in diameter and 12 mm in height were 
machined from the position of half of the radius for 
annealed bar to ensure the microstructural 
uniformity of all specimens. A Gleeble−3500 
thermal simulator was used to conduct the 
isothermal compression tests in a high vacuum 
environment under the conditions of strain rates 
from 0.001 to 1 s−1 and temperatures between 1020 
and 1110 °C. After being heated to the set 
deformation temperature at a rate of 10 °C/s, all the 
samples were held for 4 min to ensure the even 
temperature before isothermal compression tests. 
The samples were then compressed to a true strain 
of 0.7, and quenched in water to room temperature 
so as to retain the deformed microstructure. On both 
ends of the specimen, 0.05 mm thick graphite foils 
were added for reducing its friction with the 
indenter. Figure 1 illustrates the schematic diagram 
of the experimental setup and procedure for the 
tests. 
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Table 1 Chemical composition of experimental PM 

superalloy (wt.%) 

Co Cr Ti W Mo Al 

26 13 3.7 4 4 3.2 

Nb Hf C B Zr Ni 

0.95 0.2 0.05 0.025 0.05 Bal. 

 

Both the extruded and the compressed samples 
were segmented along the direction of the 
compressive axis by a wire cut machine. After 
being ground and polished with a standard 
procedure, the samples were examined on a 
LEICA-DM4000M optical microscope and a FEI 
Quanta 650 field-emission gun scanning electron 
microscope (SEM), so as to analyze the evolution 
of grains and γ' precipitates, respectively. The 
etching agents for grain boundary and γ' precipitates 
are 100 mL HCl + 100 mL C2H5OH + 5 g CuCl2 
and 33 mL HNO3 + 33 mL CH3COOH + 33 mL 
H2O + 1 mL HF, respectively. The mean-linear 
intercept method was used to measure the grain size 
of each sample by five metallographs taken from 
their central area. The size and volume fraction of γ' 
phase of the specimens were measured by 
Photoshop software and Image Pro Plus (IPP) 

software using ten SEM micrographs. The average 
values were determined to be the final data. 
 
3 Result and discussion 
 
3.1 Original microstructure 

Figure 2 presents the initial microstructure of 
the experimentally annealed PM superalloy along 
the extrusion direction. Equiaxed grains with a 
distribution of bimodal size, namely, some large 
grains surrounded by small grains, are exhibited in 
the annealed alloy (Fig. 2(a)). The grain sizes are 
measured to be between 2 and 24 μm, and the 
average value is about 12 μm. A few residual prior 
particle boundaries (PPBs), which are characterized 
by black precipitates at the grain boundaries, can be 
observed as indicated by the arrows marked in   
Fig. 2(a). PPB has been reported to be the network 
structures which are mainly composed of 
micropores and carbide or carbon oxide precipitated 
around the original powder boundaries [12] of the 
PM superalloy during hot isostatic pressing. 
Although most of the PPB networks are broken and 
eliminated after hot extrusion, there is still a small 
portion of residual PPB located at the grain 
boundaries. γ' phase in the annealed alloy shows a 

 

 

Fig. 1 Schematic diagrams showing experimental setup (a) and procedure (b) of hot compression tests 

 

 

Fig. 2 Original microstructure of experimentally annealed PM superalloy: (a) Optical micrograph; (b) SEM image 
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spherical morphology, as seen from Fig. 2(b). Its 
size presents a unimodal distribution ranging from 
145 to 215 nm, and its volume fraction is measured 
to be about 43.3%. 
 
3.2 Flow behavior and friction correction 
3.2.1 Original flow curves 

The solid lines in Fig. 3 show the original true 
stress (σ)−true strain (ε) curves of the experimental 
superalloys under various deformation conditions. 
Typical characteristics of DRX are exhibited in all 
the curves, which conform with the flow behavior 
of other nickel-based superalloy under hot 
deformation conditions [2,9−11]. The flow stress 
presents a sharp increase with the increase of strain 
in a small strain range until the peak value is 
reached. Then, it gradually decreases to a stable 
state. Such a behavior of flow stress during hot 
deformation implies a competitive process of 
dynamic softening and work hardening. 
Accompanied by increasing dislocation density in 
the initial stage of deformation, the hot working 
process is dominated by work hardening, resulting 

in a fast rise in stress. With gradual increase of 
strain, DRX occurs in the superalloy, which 
enhances the dynamic softening effect. Therefore, 
after reaching the peak value, the flow stress 
gradually decreases since the dynamic softening 
becomes dominant in the deformation process [11]. 
A steady state of flow curve for the superalloy can 
be obtained ultimately under the conditions with 
lower strain rates, indicating that an equilibrium has 
been attained between work hardening and dynamic 
softening. 

It may be noted from Fig. 3 that at higher 
strain rates (i.e. 0.1 or 1 s−1), the experimental 
superalloys exhibit an abnormal flow behavior. 
Discontinuous flow softening characteristics, i.e. 
two peak stresses, are observed in the flow stress 
curves. It is suggested that as the deformation 
proceeds, the increase in dislocation density leads 
to initially rising in flow stress. When the 
dislocation density in the alloy accumulates to the 
critical value required for DRX to occur, the   
flow stress decreases slightly. However, due to   
the presence of a small portion of PPB at the grain  

 

 

Fig. 3 Original and corrected flow curves of experimental superalloy compressed at different temperatures: (a) 1020 °C; 

(b) 1050 °C; (c) 1080 °C; (d) 1110 °C 
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boundary (see Fig. 2(a)), further nucleation of DRX 
will be hard since the dislocation density is too low 
to stimulate it. As a result, a decrease of flow stress 
appears after reaching the first peak stress. During 
the subsequent compression, with the dislocation 
density accumulating, the second peak stress 
appears, and PPB can become the nucleation sites 
of DRX owing to the development of the bulge and 
corrugation of PPB [16]. Therefore, DRX will 
continue until stable flow stress is obtained. 

As seen from Fig. 3, the flow behavior of the 
experimental superalloys is significantly affected by 
both deformation temperature and strain rate. With 
rising temperature or declining strain rate, the flow 
stress decreases, which is typical for most 
nickel-based superalloys [10,12]. It is because 
under the same strain rate, DRX can be facilitated 
by increasing the temperature, and sufficient time 
can be provided for dislocation annihilation under 
lower strain rates at a certain temperature [17]. 
3.2.2 Friction correction 

During the Gleeble tests, two factors that 
significantly affect true stress−true strain curves 
should be taken into consideration, i.e. the friction 
on the contact surface between cylindrical sample 
and indenter, and the temperature rise caused by 
plastic deformation. 

Although the end face of the specimen was 
lubricated by the graphite foils and lubricant during 
the tests, the drum belly phenomenon of the 
specimen still appears because of the friction on the 
surfaces. The existence of frictional force makes the 
radial flow of the contact surface limited, leading to 
a change of the unidirectional stress state of the 
specimen. An error of the true stress−true strain 
curve is thus generated. Usually, a drum coefficient 
B (B is dimensionless) is used to judge whether the 
friction correction of true stress−true strain curve is 
necessary, which can be expressed as [18] 

 
2
M

0 0

hR
B

h R
                               (1) 

 
where h0 is the initial height, R0 is the initial radius 
of cylinder, h is the height of the deformed 
specimen, and RM is the maximum radius of the 
deformed specimen. The B value under each 
deformation condition in this experiment is 
calculated according to Eq. (1) by measuring the 
sample size before and after hot compression tests, 
which is exhibited in Table 2. 

Table 2 B values for experimental superalloys deformed 

under different conditions 

 /s−1
B 

1020 °C 1050 °C 1080 °C 1110 °C

0.001 1.242 1.135 1.165 1.221 

0.01 1.287 1.275 1.267 1.231 

0.1 1.248 1.245 1.258 1.316 

1 1.261 1.254 1.268 1.261 

 
All the B values are greater than 1.1, as seen in 

Table 2. Since the error due to friction is thought to 
be large enough when B≥1.1 [18], the flow curves 
of the experimental alloy need to be corrected so as 
to guarantee the accuracy of results. The friction 
correction method for flow stress curves used in 
this work was proposed by EBRAHIMI and 
NAJAFIZADEH [19]. Its expression is as follows: 
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where σ0 and σ are the stresses before and after the 
friction correction, respectively; b is the barreling 
parameter; RI is the instantaneous radius of the 
deformed specimen; H is the instantaneous height 
of deformed specimen; µ is the shear friction 
coefficient; RT is the contact surface radius of the 
deformed specimen. The flow stress curves of the 
experimental superalloy after friction correction are 
shown in Fig. 3 in the dotted lines. It may be noted 
that the flow curves after friction correction are 
below the experimental ones, and the difference 
increases with the increasing strain. The regularity 
obtained above is consistent with the friction 
correction law reported in Ref. [9]. Since the radial 
flow of the specimen is hindered due to the friction 
effects, the compression process should be triggered 
with a higher pressure. 
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3.3 Constitutive equation and temperature rise 
correction 

3.3.1 Temperature rise during hot compression 
During hot deformation of superalloys, part of 

the work generated by plastic deformation is stored, 
causing the microstructure transformation. But most 
of the work will transform into heat energy owning 
to a low thermal conductivity of superalloy, 
resulting in the temperature rising. Especially, at 
higher strain rates, the internal temperature of 
specimen changes rapidly due to the short 
deformation time, so the actual temperature of the 
material is higher than the initial set one. The 
dynamic softening therefore occurs faster and the 
flow stress is lowered [20]. Generally, the rise of 
adiabatic temperature can be obtained based on  
the theoretical methods when the temperature of the 
material continues to rise during the process of 
continuous thermal deformation [21]. However, 
since the heat radiation and the heat transfer 
between the material and the indenter will cause the 
temperature of the specimen to drop during the 
actual deformation, it is difficult to quantify the 
temperature change during the deformation process 
by theoretical calculation. 

Gleeble thermal simulator tester can instantly 
monitor the temperature change of the specimen 
through the welded thermocouple, adjust the  
current in the specimen, and reduce its temperature 
rise [22]. Figure 4 shows the temperature changes 
of the experimental superalloys during hot 
deformation detected by the thermocouples. It is 
found that with strain rate decreasing, the Gleeble 
system can effectively adjust the temperature of the 
specimen by reducing the current to compensate for 
the temperature rise. The temperature of specimen 
can be maintained at the set temperature at a strain 
rate of 0.01 s−1 after the strain reaches 0.1, and the 
specimen almost remains the set temperature under 
0.001 s−1. Thus, the internal temperature of samples 
deformed at 0.01 and 0.001 s−1 is considered to be 
evenly distributed. For the specimens deformed at 
the strain rates of 0.1 and 1 s−1 (Fig. 4), the 
temperature fluctuates apparently as the strain 
increases, especially for that at 1 s−1. Meanwhile, 
the fluctuation becomes more pronounced at lower 
temperatures. Thus, further correction of 
temperature rise is still needed for the friction- 
corrected flow stresses of the specimens deformed 
at 0.1 and 1 s−1. 

 

 
Fig. 4 Variation of detected temperature with strain under 

different deformation conditions 

 
3.3.2 Constitutive equation corrected by temperature 

rise 
During hot deformation, constitutive model of 

the flow stress is important for hot processing of an 
alloy from the metallurgical standpoint, because a 
relatively accurate flow description is the basis   
of effective mathematical simulation. Extensive 
researches on different materials have indicated  
that hot deformation is a process controlled by 
thermal activation. The equation proposed by 
SELLARS and MCTEGART [23], ZENER and 
HOLLOMON [24] is widely used to clarify the 
dependence of peak stress on strain rate and 
temperature, as shown in the following equations: 

 

1exp nQ
Z A

RT
    

 
                    (6) 

 

2exp exp( )
Q

Z A
RT

    
 

               (7) 

 

exp [sinh( )]nQ
Z A

RT
    

 
              (8) 

 
where Z is the Zener–Hollomon parameter;   is 
the strain rate, n is the stress multiplier; A1, A2, A, β 
and α represent the material constants; Q denotes 
the activation energy for hot deformation; R is the 
mole gas constant (8.314 J/(molꞏK)); T represents 
the thermodynamic temperature. 

For the purpose of correcting the temperature 
variation of the alloy deformed at higher strain rates, 
linear interpolation of ln σ and 1/T was calculated 
by Eq. (6) using the peak stress σp gained from the 
friction-corrected flow stress curves (see Fig. 4). 
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Combining the variation of the detected temperature 
(Fig. 4), the values of stresses were corrected by 
temperature rise [9], which corresponded to the 
strains at intervals of 0.02 under the strain rates of 
0.1 and 1 s−1, as shown in Fig. 3. It is found that 
although the shape of the corrected flow curves is 
similar to that before correction, non-negligible 
differences are still exhibited. 

Assuming the activation energy (Q) to be a 
constant at a certain temperature, taking the 
logarithm of Eqs. (6) and (7), substituting the stress 
data corrected by temperature rise into the formulas, 
the constants of n and β are gained by linear fitting  
of p ln    and pln ln    plots (Figs. 5(a) and 
(b)), respectively. The value of constant α (α=β/n) is 
then obtained. Under the conditions of certain 
temperatures or strain rates, Q can be given by 
differentiating Eq. (8) as follows: 

 
ln ln[sinh( )]

ln[sinh( )] (1 / )
T

Q R
T 

 


    
         


    (9) 

 
 

where 
 

ln

ln[sinh( )]
T
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

 
  


 and 

 
ln[sinh( )]

(1 / )T 

 
   

  

 
are the average slopes of the ln −ln[sinh(ασp)] 
plots at various temperatures and the ln[sinh(ασp)]− 
1/T plots at different strain rates (Figs. 5(c) and (d)), 
respectively. Therefore, combining Eq. (8) and 
linear fitting, α, Q, n and A can be determined as 
0.0016108, 1111.3 kJ/mol, 5.1035 and 8.0348×1043, 
respectively. 

It can be seen from Fig. 6 that ln[sinh(ασp)] 
and ln Z exhibit a good linear relationship, and the 
linear correlation coefficient reaches 0.982. 
Therefore, the hyperbolic-sine function obtained 
below can better express the relationship between 
flow stress and deformation conditions during 
thermal deformation of the experimental superalloy. 

 

Fig. 5 Relationship between peak stress (σp) and strain rate ( ) or temperature (T) for experimental superalloy during 

hot compression: (a) σp− ln ; (b) ln σp− ln ; (c) ln − ln[sinh(ασp)]; (d) ln[sinh(ασp)]−1/T 
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Fig. 6 Relationship between peak stress (σp) and Z 

parameter for experimental superalloy 

 

1111300
exp

RT
    

 
  

 
8.0348×1043[sinh(0.0016108σ)]5.1035      (10) 
 
The average activation energy Q of the 

experimental superalloy is higher than that of the 
reported superalloy with similar compositions [25]. 
It is known that the value of Q is influenced by 
various factors, including material composition, 
processing history and microstructure. On one  
hand, the higher value of Q for the superalloy is 
closely related to the increasing content of Co [26]. 
As the main alloy element of solid solution, Co 
atoms can substitute Ni atoms during material 
preparation, leading to a reduction of atomic order 
degree, so the diffusion activation energy of the 
alloy would be increased [27]. Since the 
self-diffusion may be involved in the thermal 
compression process of Ni−Co-based alloys [28], 
the value of Q would thus increase with the 
increasing Co content. On the other hand, the 
microstructural changes after hot extrusion, 
including reduction of the initial grain size [29], 
coarsening of the secondary γ' phase [30], as well as 
effective elimination of the inherent defects [9], 
have also important influences on the elevating of 
the deformation activation energy of the alloy. 
3.3.3 Flow stress model of strain compensation 

The flow stress in hot working process can be 
represented by the Z parameter through the 
transformation of Eq. (8): 

 
1/21 1

1
ln 1

n nZ Z

A A
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

  
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          (11) 

According to Eq. (11) and the above method, 
the material parameters (n, A, α and Q) for the 
strains between 0.05 and 0.65 with an interval of 
0.05 could also be determined, as shown in Fig. 7. 
By fitting the relationship between strain and 
parameters with the fifth-order polynomial, the flow 
stress model of the experimental superalloy that 
considers the effect of strain is established as 
follows: 
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 (12) 
 
The predicted flow stress curves obtained by 

Eq. (12) together with the corrected flow curves are 
shown in Fig. 8. A good agreement is exhibited 
under different deformation conditions. Two 
statistical parameters, i.e. correlation coefficient R1 
and average absolute relative error (AARE), were 
introduced to further evaluate the accuracy of    
the predicted values, which can be defined as 
follows [31]: 

 

1
1

2 2

1 1
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i i
i
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i i
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1

1
AARE 100%

N
i i

i i

Y X

N Y


               (14) 

 
where N is the total number of statistical 
experimental data; Xi and Yi are the stresses 
predicted by the equation and the corrected one 
obtained from the experiment, respectively. The 
correlation between the experimental and the 
predictive values is shown in Fig. 9. AARE and R1 
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Fig. 7 Dependence of material parameters in constitutive equation of experimental superalloy on true strain: (a) α; (b) Q; 

(c) ln A; (d) n 

 

 

Fig. 8 Corrected flow stress curves by experiments and predictive stresses of experimental superalloy compressed at 

different temperatures: (a) 1020 °C; (b) 1050 °C; (c) 1080 °C; (d) 1110 °C 
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Fig. 9 Correlation between experimental and predicted 

flow stress for superalloy 

 

are determined to be 5.44% and 0.994, respectively, 
which indicate that the flow stress of the superalloy 
during hot deformation can be effectively predicted 
by the constitutive equation established in this 
work. 
 

3.4 Hot processing map 
Hot processing map established on the basis of 

the dynamic materials model (DMM) has been used 
for the optimization of processing parameters and 
prediction of unstable regions during hot working 
of PM superalloys [3,8−10]. In accordance with the 
theory of DMM, the deformed material is regarded 
as a nonlinear power dissipator. The dissipative 
energy P consists of two parts: the dissipative 
power during plastic work (G content) and the 
dissipative power during microstructural evolution 
(J co-content). Thus, P can be expressed as [32]  

0 0
d d

  

  
P G J

 
         


            (15) 

 
The stress of materials is rate sensitive, which 

can be represented as  
mk                                 (16)  

where k is a constant; m denotes the strain rate 
sensitivity. 

In order to characterize the dissipative power 
through the microstructural evolution of materials 
during hot deformation, the efficiency of power 
dissipation η, which is a dimensionless parameter, is 
defined and derived as a function of strain rate 
sensitivity (m):  

max

2

2 1

J m

J m
  


                       (17) 

The power dissipation map which is presented 
in the form of an equivalent 2D map can be 
obtained by plotting the contours of η under  
various deformation conditions. Since instability 
phenomena, such as adiabatic, flow localization, 
intergranular and wedge cracks [33,34], may also 
occur during hot working of materials, an instability 
criterion was proposed by PRASAD and SESHA- 
CHARYULU [35] according to the extremum 
principles of irreversible thermodynamics. An 
instability parameter ( )  , which is related to   
and T, is defined to identify the regime of flow 
instability: 

 
ln[ / ( 1)]

( ) 0
ln

m m
m 


 

  





             (18) 

 
The instability map that shows the regions 

where ( )   is negative can be constituted 
according to Eq. (18). Thus, by overlapping the 
instability map on the power dissipation map, the 
hot processing maps can be constructed. 
3.4.1 Stability and instability domains 

For the experimental superalloys deformed at 
strains of 0.2, 0.4, 0.6 and 0.7 within the 
temperatures from 1020 to 1110 °C under the strain 
rates from 0.001 to 1 s−1, the hot processing maps 
are established, as seen from Fig. 10. In general, the 
η value reflects the microstructural mechanism   
of the deformed materials in the domain 
corresponding to particular deformation conditions. 
According to Fig. 10, the η value of the alloy varies 
with the true strain in the domain with the same 
strain rate and temperature, which indicates that 
different mechanisms of microstructural evolution 
occurred with the deformation proceeding. Since 
the strain of 0.7 is closest to the actual forging 
condition, the map corresponding to the strain of 
0.7 was further analyzed. It is found from Fig. 10(d) 
that there exist three different domains with peak 
efficiencies. The first domain is within the 
temperatures of 1020−1030 °C and strain rates of 
10−2.5−10−1.5 s−1, with a maximum η of about 42% 
occurring at about 1020 °C and 10−2 s−1. The second 
domain is within the temperatures of 1075−1110 °C 
and strain rates of 10−0.4−1 s−1, with a maximum η 
of ~47% occurring at about 1110 °C and 10−3 s−1. 
The third domain is within the temperatures of 
1075−1105 °C and strain rates of 10−3−10−2.8 s−1, 
with a maximum η of about 61% occurring at about 
1095 °C and 10−3 s−1. High η domains usually imply  
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Fig. 10 Hot processing maps of experimental superalloy compressed at different true strains: (a) ε=0.2; (b) ε=0.4;     

(c) ε=0.6; (d) ε=0.7 

 

that the most efficiently microstructural evolution 
happens in the materials during hot working. Thus, 
the three domains with peak efficiencies obtained 
above are considered as the candidate domains for 
hot working. 

It may be noted from Fig. 10 that in the hot 
processing maps, the instability domains expand as 
the true strain increases (see grey regions in the 
maps). For the map corresponding to a true   
strain of 0.7 (Fig. 10(d)), three instability domains 
are exhibited. The first one locates within the 
temperatures of 1020−1055 °C and the strain rates 
of 10−1.2−1 s−1. The second one mainly occurs at the 
temperatures below 1050 °C and the strain rates 
less than 10−2.75 s−1. The third one is mainly situated 
within the temperatures of 1070−1110 °C and the 
strain rates of 10−2.7−10−1.8 s−1. During hot working 
of the superalloy, the three instability domains 
should be avoided. 
3.4.2 Microstructure mechanism  

Figure 11 shows the optical micrographs of 
specimens deformed under different conditions 

corresponding to the marks in Fig. 10(d). DRX has 
already occurred at the strain rate of 1 s−1, and 
“necklace” type microstructure is exhibited    
with the elongated grains surrounded by fine 
equiaxed grains, especially at low temperatures 
(Figs. 11(a−c)). The amount of DRX grains 
increases with elevating temperature. However, 
since insufficient deformation time may restrain  
the DRX process at high strain rate, the DRX 
fraction at different temperatures remains at a low 
level. The “necklace” type microstructures are still 
apparent at the strain rate of 0.01 s−1 (Figs. 11(d) 
and (e)), and the fraction of DRX increases to 
various degrees under different temperatures. With 
the strain rate decreasing to 0.001 s−1 (see 
Figs. 11(f−h)), fully recrystallized microstructure is 
revealed at the temperature of 1080 °C (Fig. 11(g)). 
When the temperature rises to 1110 °C, coarse 
recrystallized grain is detected (Fig. 11(h)), because 
more time can be provided for DRX at lower  
strain rate, causing the growth of recrystallized 
grains [14]. 
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Fig. 11 Microstructures of experimental superalloys compressed under different conditions: (a) 1050 °C, 1 s−1;       

(b) 1080 °C, 1 s−1; (c) 1110 °C, 1 s−1; (d) 1020 °C, 0.01 s−1; (e) 1080 °C, 0.01 s−1; (f) 1020 °C, 0.001 s−1; (g) 1080 °C, 

0.001 s−1; (h) 1110 °C, 0.001 s−1 

 

In order to analyze the reasons for the 
instability of the experimental alloy, the micro- 
structures of the representative specimens with 
deformation conditions corresponding to the 
instability domains were further examined. In   

the first instability domain (t=1020−1055 °C, 
 =10−1.2−1 s−1), some typical failure features of the 
nickel-based superalloys compressed at high strain 
rates are exhibited, which are characterized by the 
formation of adiabatic shear bands at an angle    
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of approximate 45° from the compression axis    
(Fig. 11(a)). At higher strain rates ( ≥0.1 s−1), the 
deformation heat generated by the core of the 
sample during hot compression cannot be released 
in a timely manner because of the low thermal 
conductivity of superalloys, resulting in the 
localized temperature rises [36]. The bands of flow 
localization are thus formed, leading to the 
occurrence of flow instability. Microstructural 
observation in the second instability domain     
(t=1020−1050 °C,  =10−3−10−2.75 s−1) indicates 
that the intergranular cracks occur along the grain 
boundaries (Fig. 12(a)). The large resistance to  
 

 
Fig. 12 Microstructures of experimental superalloys 

compressed in instability domains corresponding to 

different conditions: (a) 1020 °C, 0.001 s−1; (b) 1080 °C, 

0.01 s−1; (c) 1110 °C, 0.001 s−1 

deformation at low temperatures makes the 
dislocations easily entangled at the grain boundaries 
and PPB or other defects, causing the rise in local 
stress so as to promote the formation of 
intergranular cracking [37]. In the third instability 
domain (t=1070−1110 °C,  =10−2.7−10−1.8 s−1), 
intergranular cracking and wedge cracking are 
demonstrated to be dominant, which are presented 
in Figs. 12(b) and (c), respectively. Wedge cracking 
appears primarily at triple junctions and propagates 
along grain boundaries. Under high temperature 
conditions, the coarsened grains lead to poor 
coordination between grains, which would hinder 
the grain boundary slip. The stress concentration 
and wedge cracks at the trigeminal boundary are 
more likely to emerge [38]. The microstructural 
characteristics above should be avoided in hot 
processing, since they are undesirable in achieving 
uniform mechanical properties. 

According to the interpretations above, Fig. 13 
shows the constituent features in various domains. 
Based on the dissipation efficiency η and 
microstructural analyses, the optimal processing 
parameters for the experimental superalloy under 
the strain of 0.7 are suggested to be under the 
conditions within the temperatures of 1075− 
1105 °C and the strain rate of 10−3−10−2.8 s−1. A 
peak efficiency of about 61% is exhibited, and 
favorable DRX microstructure and excellent 
workability are expected in the domains. 
 

 
Fig. 13 Various domains corresponding to micro- 

structural mechanisms of experimental superalloy during 

hot working as predicted by hot processing map 
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4 Conclusions 
 

(1) Classic characteristics of DRX are 
exhibited in the flow curves of the superalloy. The 
flow stress presents a decreasing trend as the 
temperature increases and the strain rate decreases. 

(2) For hot compression of the superalloy, the 
activation energy is determined to be 1111.3 kJ/mol. 
Based on the peak stress corrected by friction and 
temperature rise, the constitutive equation has been 
developed. 

(3) Three instability domains are depicted in 
the processing map of the superalloy under the 
strain of 0.7. The adiabatic shear band, intergranular 
crack and a combination of intergranular crack and 
wedge crack are demonstrated to be responsible for 
the instabilities corresponding to three domains of 
t=1020−1055 °C and  =10−1.2−1 s−1, t=1020− 
1050 °C and  =10−3−10−2.75 s−1, t=1070−1110 °C 
and  =10−2.7−10−1.8 s−1, respectively. 

(4) The optimal isothermal forging conditions 
for the superalloy is determined to be t=1075− 
1105 °C and  =10−3−10−2.8 s−1. 
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摘  要：为了研究新型粉末冶金镍基高温合金的热变形行为，在变形温度为 1020~1110 °C、应变速率为 0.001~1 s−1

条件下进行热压缩试验。结果表明，高温合金的流动应力随着变形温度的升高和应变速率的降低而减小。通过双

曲正弦型函数表达式建立精准的本构方程。此外，构造合金的热加工图以优化其热锻参数。在应变量为 0.7 的热

加工图中分别确定动态再结晶稳定和失稳的 3 个区域。绝热剪切带、晶间裂纹以及晶间裂纹和楔形裂纹的结合被

证明是造成失稳的原因。综合分析热加工图和显微组织，确定高温合金的最佳等温锻造条件为 t=1075~1105 °C 和

 =10−3~10−2.8 s−1。 

关键词：粉末冶金；镍基高温合金；热变形行为；本构方程；热加工图；动态再结晶 
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