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Abstract: The determination of intrinsic deformation parameters inducing grain refinement mechanism of dynamic recrystallization 
(DRX) contributes to the relative forming process design. For Ni80A superalloy, the processing maps were constructed by the 
derivation of the stress−strain data coming from a series of isothermal compression tests at temperatures of 1273−1473 K and strain 
rates of 0.01−10 s−1. According to the processing maps and microstructural validation, the deformation parameter windows with 
DRX mechanism were separated in an innovative deformation mechanism map. In addition, the deformation activation energy 
representing deformation energy barrier was introduced to further optimize such windows. Finally, the enhanced processing maps 
were constructed and the parameter domains corresponding to DRX mechanism and lower deformation barrier were determined as 
follows: at ε=0.3, domains: 1296−1350 K, 0.056−0.32 s−1 and 1350−1375 K, 0.035−0.11 s−1; at ε=0.5, domains: 1290−1348 K, 
0.2−0.5 s−1 and 1305−1370 K, 0.035−0.2 s−1; at ε=0.7, domains: 1290−1355 K, 0.042−0.26 s−1; at ε=0.9, domains: 1298−1348 K, 
0.037−0.224 s−1. 
Key words: nickel-based superalloy; deformation activation energy; processing map; dynamic recrystallization 
                                                                                                             

 
 
1 Introduction 
 

As a typical nickel-based alloy, Ni80A superalloy 
has been widely applied in the hot end components of a 
prime mover due to its high strength and strong 
corrosion-resistance at elevated temperature [1−4]. To 
obtain such excellent properties, the grain refinement 
microstructure induced by DRX mechanism is often 
pursued in a hot forming process of Ni80A super   
alloy [5,6]. However, it is an essential issue to find a 
critical processing parameter window corresponding with 
desired microstructures. The theory of processing map 
proposed by PRASAD et al [7] on the basis of dynamic 
material model (DMM) solves this issue. Up to now, the 
processing maps have been applied to investigating the 

hot deformation behaviors of titanium alloy [8,9], 
aluminum alloy [10,11], magnesium alloy [12,13], 
nanocomposite [14], superalloy [15,16], etc. However, 
the optimal processing parameters should not only ensure 
steady material flowing and desired microstructures, but 
also ensure a lower driving force of material flowing. 
Thus, deformation activation energy is introduced into 
processing maps. Deformation activation energy 
represents forming difficulty degree and contributes to 
evaluating the microstructural softening mechanisms 
such as DRX and DRV [17]. 

In recent years, some scholars keep developing the 
processing maps of typical alloys to identify their 
optimal processing parameters. MOKDAD et al [18]  
and ZHANG et al [19] clarified the safe and      
unsafe processing parameter windows of Al−Cu−Mg 
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nanocomposite and C276 Ni−Cr−Mo-based alloy by 
processing maps, but they didn’t consider the effect of 
activation energy on the evaluation of safe processing 
parameter windows. MOHAMADIZADEH et al [20] and 
LAI et al [21] constructed the processing maps and 
calculated the activation energy of duplex low-density 
steel and AZ40 magnesium alloy, respectively, while 
they considered activation energy as a constant 
independent on hot processing parameters. SUN et al [22] 
pointed that activation energy was a variable influenced 
by temperature, strain and strain rate. Then, ZHANG et 
al [23], GHASEMI et al [24], LI et al [25] and 
MOHAMADIZADEH et al [17] constructed the 
responding maps between deformation activation energy 
and hot processing parameters for Ti−43Al−2Si alloy, 
BT9 titanium alloy and low-density steel, respectively. 
However, few attentions were paid to introducing the 
activation energy indicator into processing maps. QUAN 
et al [26] constructed the comprehensive processing 
maps of Ti−13Nb−13Zr biomedical alloy by 
superimposing the activation energy maps on the 
processing maps. However, their work is limited in 
directly dividing the processing map into several 
parameter domains corresponding to different 
deformation mechanisms. Actually, with the further 
study of processing map, a critical processing parameter 
window corresponding with desired deformation 
mechanism especially for DRX grain refinement 
mechanism, is always pursued. As mentioned previously, 
such parameter window is necessary to be further 
evaluated by lower activation energy. 

In this work, the processing maps including three 
basic indicators, i.e., strain rate sensitive index, power 
dissipation efficiency and instability parameter were 
constructed to find a safe domain for materials forming. 
According to the values of power dissipation efficiency 
and microstructure observations, DRX and DRV 
softening mechanisms were identified from the safe 
domains, meanwhile the innovative deformation 
mechanism map was constructed. In addition, the 
deformation activation energy values at different 
conditions were calculated, based on which the 
activation energy maps were developed. In the end, the 
enhanced processing maps were constructed by 
superimposing activation energy maps over deformation 
mechanism maps, and the safe parameter windows with 
DRX mechanism and lower energy barrier were 
determined. 
 
2 Principles of thermal processing map 
 

The concept of processing map was proposed by 
PRASAD et al [7] based on dynamic materials model 
(DMM). In DMM theory, a thermoplastic deforming 

process is deemed as an energy dissipation system, in 
which pressure facility is considered as a source of 
power, tool is considered as a store of power, and 
workpiece is considered as a dissipater. The total power 
per unit volume, P, expressed as Eq. (1), is clarified into 
two parts, i.e. the power dissipated in geometric shape 
change inducing a temperature rise (G) and the power 
dissipated in microstructure evolution such as DRV, 
DRX, phase transformation, etc., (J).  
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where   is the strain rate, and σ is the flow stress. At a 
constant temperature and strain, σ is expressed as a 
function of strain rate, Eq. (2):  

mK                                      (2)  
where K is the stress coefficient, and m is strain rate 
sensitive index deciding the power partition between G 
and J. For a certain strain and certain temperature, 
m-values are calculated by Eq. (3): 
 

d d d lg

d d d lg

J
m

G

  
  

  


 
                      (3) 

 
According to Eqs. (1), (2) and (3), Eq. (4) is 

deducted for calculating J. For an ideal linear dissipater 
corresponding to m=1, J reaches its maximum value, 

/2J   . 
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In DMM theory, a dimensionless indicator 

representing the power dissipation capacity in a 
microstructure evolution process, power dissipation 
efficiency, η, is proposed as Eq. (5), which is always 
adopted to indicate the microstructural evolution 
mechanisms. The variation trajectories of η dataset along 
with temperature and strain rate constitute a power 
dissipation map that exhibits different parameter 
domains correlated with specific microstructural 
mechanisms. Usually, the parameter windows with 
positive η-values corresponded with safe domains 
involving several desired dynamic restoration 
mechanisms such as DRX, DRV and superplasticity. On 
the contrary, the parameter windows with negative 
η-values corresponded with unsafe regions involving 
several undesired microstructure defects such as wedge 
cracking and void formation [27]. 
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The evaluation relying strain rate sensitive index 

and power dissipation efficiency is not sufficient [28]. 
Here, another evaluator, instability criterion as Eq. (6) 
based on the principle of maximum rate of entropy 
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production in the metallurgical system, is taken into 
consideration to identify several flow instability 
mechanisms such as adiabatic shear band and flow 
localization. The variation trajectories of ( )   dataset 
along with temperature and strain rate constitute an 
instability map, in which a region with negative 
parameters is unsafe representing instable flow. 
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                    (6) 

 
where ( )   is a dimensionless instability parameter. 

As a power dissipation map and an instability map 
have been constructed, a processing map can be achieved 
by superimposing the instability map on the power 
dissipation map. 
 
3 Experimental 
 

The detail chemical compositions (wt.%) of Ni80A 
superalloy in this work are as follows: C 0.069,      
Mn 0.630, Cr 2, Fe 1.260, Ti 2.070, Al 0.680, Si 0.550,  
S 0.001, Ni balance. The following experimental 
procedures are designed as ASTM standard: E209-00. 
Twenty-six cylindrical specimens were needed, among 
which 25 specimens were compressed, and the left one 
served as an as-received specimen. Each specimen with a 
diameter of 10 mm and a height of 12 mm was separated 
from one rolled billet with a diameter of 170 mm by wire 
electrode cutting. This billet was preserved at 1023 K for 
8 h in a resistance furnace. The first compression 
experiment schedule considering temperature and strain 
rate effects was designed as follows: 20 specimens were 
compressed till a height reduction of 60% corresponding 
to a true strain of 0.916 at five different temperatures of 
1273, 1323, 1373, 1423, 1473 K under four different 
strain rates of 0.01, 0.1, 1 and 10 s−1. Height reduction of 
60% was adopted to ensure that DRX occurred with a 
large degree. The second compression experiment 
schedule considering strain effect was designed as 
follows: five specimens were respectively compressed 
till five different height reductions of 10%, 20%, 30%, 
40% and 50% corresponding to true strains of 0.105, 
0.223, 0.357, 0.511 and 0.693 at a temperature of 1373 K 
under a strain rate of 0.1 s−1. 

Isothermal axial compression was conducted on a 
computer-controlled and servo-hydraulic Gleeble 3500 
machine. It is a fully integrated digital closed loop 
control thermal and mechanical testing system. Before 
the compression, a specimen was placed between two 
anvils. Besides, two tantalum foils with a diameter of  
20 mm were put between the cylindrical specimen and 
anvils to reduce friction. Processing route for isothermal 
hot compression test is shown in Fig. 1. One specimen 

was resistance heated at 5 K/s to the proposed 
temperature by thermo-coupled-feedback-controlled AC 
current and preserved for 180 s to obtain a uniform 
temperature field. And then, the heated specimen was 
compressed to designed schedule. After compression, the 
deformed specimen was water quenched immediately to 
retain the high temperature microstructure. During the 
compression process, a serious of normal stress−strain 
data were tracked and collected by a computer controlled 
data acquisition system. Then, true stress−strain can be 
derived from normal stress−stain according to the 
following formulas: σT=σN(1−εN), εT=ln(1−εN), where σT 
is the true stress, σN is the normal stress, εT is the true 
strain, εN is the normal strain. 
 

 
Fig. 1 Schematic illustration of hot compression tests 

 
In addition, electron backscattered diffraction 

(EBSD) technology was employed to observe the grain 
size and grain boundary characters. Before observation, 
each deformed specimen was sectioned symmetrically 
into two semi-cylinders parallel to the compression axis 
direction, a 5 mm × 5 mm × 3 mm sample was separated 
from the center of each semi-cylinder by wire electrode. 
Subsequently the section surfaces were grinded and then 
electro-polished in an electrolyte of HClO4, CH3COOH 
and H2O with a specific proportion at room temperature 
for 22 s under a voltage of 20 V. The EBSD analysis was 
performed by JEOL JSM−7800F field emission scanning 
electron microscope (SEM) coupled with a HKL 
technology EBSD attachment, operated at 20 kV. For  
the electro-polished sample, an area of 1200 μm ×  
1200 μm was scanned using a step size of 0.2 to 2 μm 
depending on the grain size. Channel 5 software was 
used to analyze the collected EBSD data, and the inverse 
pole figure (IPF) maps showing the crystallographic 
directions of orientations with suitable color codes were 
represented. 
 

4 Results and discussion 
 
4.1 Construction of thermal processing map 
4.1.1 Variation of strain-rate sensitivity indicator 
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A series of true stress−strain curves obtained from 
isothermal hot compressions are illustrated in Fig. 2. It is 
obvious that the flow stress of as-rolled Ni80A 
superalloy is affected significantly by temperature, strain 
and strain rate. As for a fix strain, flow stress declines 
with increasing temperature at a constant strain rate and 
rises with increasing strain rate at a constant temperature. 
Moreover, with increasing stain, true stress−strain curves 
increase up to a peak value first and then follow by a 
flow softening behavior, this typically demonstrates the 
occurrence of DRX [19]. 

The thermal plastic flow behaviors indicating 
different deformation mechanisms at most of alloys are 
always highly strain rate dependent. A deep 
understanding of strain rate dependence on the flow 
behaviors of Ni80A superalloy is significant for 
stimulating its wide application. To reveal the dynamic 
response of strain-rate sensitivity index, m, to different 
deformation parameters including temperature, strain 
rate and strain, a dataset of m-values given in Table 1 is 
determined from the slopes of fitted lg σ versus lg  
cubic splines shown in Fig. 3. Meanwhile, the smooth 
response surfaces between m-values and the forming 
condition parameters were plotted shown in Fig. 4. It can 
be seen that m-values increase firstly and then decrease 

with increasing temperature at a constant strain rate, and 
with increasing strain rate at a constant temperature. 
Higher m-values occur within a narrow range of strain 
rate from 0.1 to 1 s−1, and temperature from 1323 to  
1473 K. From Table 1, we can see that there are negative 
m-values under forming conditions as follows: strain of 
0.7, strain rate of 0.01 s−1, and temperature of 1373 K; 
strain of 0.9, strain rate of 10 s−1, and temperature of 
1273 K. According to Prasad, negative m-values are 
usually generated under instability conditions that lead to 
the occurrence of dynamic strain aging (DSA), adiabatic 
shear band (ASB) or the initiation and growth of 
micro-cracks. 

The variation of m-value suggests a transition of 
different deformation mechanisms. During the 
compression processes at the experimental temperatures 
of 1273−1473 K, the primary solid solution for Ni80A 
exists as γ-phase (austenite) with FCC structure. In FCC 
materials, the full family of slip systems may be written 
as 110{111}, which have 12 slip systems (four slip 
planes each with three directions). Within a given crystal, 
perfect edge dislocations will move along the most 
densely packed planes (basal planes), and within these 
planes perfect edge dislocations will then move along the 
closest packed directions. Such is basal slip easy to exist  

 

 
Fig. 2 True stress−strain curves of Ni80A superalloy obtained by Gleeble−3500 under different deformation temperatures with strain 

rates 0.01 s−1 (a), 0.1 s−1 (b), 1 s−1 (c) and 10 s−1 (d) 
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Table 1 m-values calculated at different temperatures, strains and strain rates 

True strain Strain rate/s−1 
m-value 

1273 K 1323 K 1373 K 1423 K 1473 K 

0.3 

0.01 0.05858 0.147002 0.124737 0.299535 0.30574 

0.1 0.16788 0.21184 0.21784 0.20866 0.20339 

1 0.17322 0.21672 0.22884 0.19029 0.19677 

10 0.07461 0.16164 0.15775 0.24441 0.28586 

0.5 

0.01 0.05896 0.17533 0.08426 0.20971 0.28434 

0.1 0.16837 0.22408 0.23489 0.24101 0.22732 

1 0.17569 0.21514 0.24743 0.22168 0.20591 

10 0.08092 0.14851 0.12187 0.15171 0.2201 

0.7 

0.01 0.05803 0.15234 0.00706 0.17117 0.26796 

0.1 0.17493 0.24355 0.24191 0.24094 0.22192 

1 0.17207 0.22158 0.26314 0.22492 0.20119 

10 0.04949 0.08642 0.07077 0.1231 0.20576 

0.9 

0.01 0.05075 0.14168 −0.04471 0.12584 0.27362 

0.1 0.17807 0.24376 0.2501 0.24268 0.20633 

1 0.15848 0.21056 0.2663 0.22575 0.19367 

10 −0.00801 0.042093 0.00388 0.07502 0.23564 

 

 

Fig. 3 Relationships between stress and strain rate in lg scale at different deforming temperatures and true strains of 0.3 (a), 0.5 (b), 

0.7 (c) and 0.9 (d) 
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Fig. 4 Strain-rate sensitivity index for Ni80A superalloy at true strains of 0.3 (a), 0.5 (b), 0.7 (c) and 0.9 (d) 

 

at lower temperatures. As a dominant deformation 
mechanism in FCC materials, basal slip is athermal in 
the interested temperature range, and makes m-value 
almost equal to zero. So basal slip is not the reason for 
m-value change [27]. With increasing temperature, 
another slip mode, non-basal slip, is thermally activated 
and contributes greatly to increasing m-value due to the 
fact that at a higher energy state, perfect edge dislocation 
slipping within basal planes translates into partial 
dislocation slipping within dynamically derived slip 
planes. Such translation behaviors should always be 
easily achieved, since they decrease the line energy via 
dividing a perfect dislocation with concentrated line 
energy into two partial dislocations with a smaller line 
energy. Thus, no-based slip is the main reason for 
m-value increase. Meanwhile, other plastic deformation 
mechanisms involving micro-cracks and deformation 
twinning result in m-value decrease, and even lead to a 
negative m-value. In fact, basal slip, non-basal slip, 
twinning, etc. coexist during the compression process in 
Ni80A superalloy. So their comprehensive interaction is 

the real reason for m-value changing. 
However, only relying on negative of positive 

m-value, it is insufficient to accurately evaluate whether 
the material experiences instable deformation or not. 
According to DMM theory, power dissipation efficiency 
and instability parameter have to be introduced to further 
clarify safe and unsafe domains. 
4.1.2 Variation of power dissipation efficiency indicator 

According to the principles of power dissipation 
efficiency described in Eq. (5), the η-values were 
calculated, and the typical power dissipation maps were 
constructed as Fig. 5. In Fig. 5, the contour numbers 
represent the values of dissipation efficiency, which 
characterize the rate of microstructure evolution during 
hot working process. The efficiency of power dissipation 
is regarded as microstructural “trajectories”, since it 
represents the dynamic microstructural state of the 
deformed material. According to DMM theory, the black 
regions with negative η-value mean that the material 
flow is unstable, and there is a little unstable area      
in Fig. 5(d). The power dissipation maps indicate that 
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Fig. 5 Power dissipation maps for Ni80A superalloy at true strain of 0.3 (a), 0.5 (b), 0.7 (c) and 0.9 (d) 

 
η-values remain higher level (0.31−0.46) in two cases. 
One occurs at temperatures 1323−1373 K, strain rates 
0.1−1 s−1 and strains 0.3−0.9. Another one occurs at 
higher temperatures 1423−1473 K, strain rates   
0.01−10 s−1 and strains 0.3−0.9. It is worth noting that 
the higher η-values represent lower dissipative energy 
state or higher rate of entropy production. 

In Fig. 5, we can find that the power dissipation 
maps obtained at strains of 0.3, 0.5, 0.7, 0.9 are 
essentially similar, which indicates that strain does not 
have a significant influence on the η-value distribution. 
But with increasing strain, the minimum of η gradually 
decreases. When the strain and temperature are  
constants, power dissipation efficiency increases firstly 
and then decreases with increasing strain rate. When the 
strain rate and strain are constants, power dissipation 
efficiency decreases with increasing temperature. 

As previously described in Section 2, the variation 
of power dissipation efficiency with processing parameters 
reveals the way of microstructure evolution [26]. As for 
Ni-based alloy, the η-value associated with DRV is 

0.2−0.3, and the η-value corresponding to DRX is 
0.3−0.4. When the η-value exceeds 0.6, the super- 
plasticity occurs [19], but there is no such region in the 
present research. Actually, the area with higher η-value is 
not always a safe region as instable mechanisms 
including wedge cracking can also make a region with 
higher η-value. Thus, a flow instability criterion is 
needed to further evaluate the unstable area. 
4.1.3 Variation of instability indicator 

The variation of ξ-value with strain rate, strain and 
temperature constructs an instability map, and the 
continuous 3D instability map of Ni80A superalloy is 
shown in Fig. 6(a), in which the instability regions are 
clarified by negative ξ-value and the instability degree 
was represented by graded colors. In addition, internal 
distributions of 3D instability map were revealed by 
introducing “slices” at chosen values of one of the 
parameters (i.e., strain in Fig. 6(b), temperature in    
Fig. 6(c), strain rate in Fig. 6(d)). This feature not only 
allows a clear 3D representation to see a combined effect 
of all process parameters, but also allows a “cut-through” 
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Fig. 6 3D flow instability map: (a) Three-dimensional body; (b) Temperature section; (c) Strain section; (d) Strain rate section 

 

view to see the effect of one designated process 
parameter along the different slices. In Fig. 6, we can 
find that with increasing stain, the instability domains 
gradually expand. Besides, the instability domains 
mainly located at higher strain rates and lower 
temperatures. This is due to the fact that distortion 
energy of crystal lattice keeps a higher level under these 
conditions, which will lead to microstructure defects and 
restraint of DRV and DRX. 

In a word, the general response of strain rate 
sensitivity to strain, temperature and strain rate is 
fundamentally responsible for the variation of power 
dissipation efficiency and instability criterion. Generally, 
the regions with lower m-value which means fewer slip 
systems mainly correspond with unstable regions, but 
this does not mean that higher m-value is safer due to the 
complexity in the dynamic transition and coexisting of 
different deformation mechanisms. Thus, the safe and 
unsafe domains must be identified based on the 
comprehensive comparison of strain rate sensitivity, 
power dissipation efficiency and instability criterion. 
4.1.4 Integration of three indictors for processing map 

The processing maps of Ni80A superalloy at the 
strains of 0.3, 0.5, 0.7 and 0.9 were constructed by 
superimposing the instability maps over power 

dissipation maps as shown in Fig. 7. In each processing 
map, the contour numbers represent the values of power 
dissipation efficiency (η), the gray areas correspond to 
instability regions with negative ξ-value. 

In Fig. 7, the regions of flow instability and the safe 
domains are distinguished with a thick curve and 
different region marks including ‘‘INST’’ and ‘‘DOM’’. 
The following is taking the case at the strain of 0.9 as an 
example to illustrate distributions of safe domains. In  
Fig. 7(d), there are two safe domains with higher η-value 
(>0.2): Domain #1−0.9 occurs in the temperature range 
of 1273−1423 K and strain rate range of 0.032−0.316 s−1; 
DOM #2−0.9 occurs in the temperature range of 
1423−1473 K and strain rate range of 0.01−1 s−1. 
 

4.2 Microstructure observation and deformation 
mechanism 
To validate the safe domains clarified by the 

processing maps, as well as deeply understand the 
intrinsic relationships between microstructures and 
processing parameters, the specific microstructures of the 
deformed specimens with a true strain of 0.916 were 
observed. Figure 8 shows the as-received microstructure 
of Ni80A superalloy. The original microstructure of 
annealed Ni80A superalloy consists of equiaxed grains, 
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Fig. 7 Strain sections of processing map for true strain of 0.3 (a), 0.5 (b), 0.7 (c) and 0.9 (d) 

 

 
Fig. 8 As-received microstructure of Ni80A superalloy 

 
which is a homogeneous γ phase with carbides solute 
into the matrix. In addition, the lamella-like straight 
annealing twins are also observed in original 
microstructure. 

Figures 9(a−d) show the optical microstructures of 
Ni80A superalloy corresponding to safe DOM #1−0.9 in 
processing map. Figure 9(a) represents the 
microstructure at temperature of 1273 K and strain rate 
of 0.1 s−1. We can see that some ‘necklace’ 

microstructures inhomogeneously distribute in the 
elongated γ matrix. This is due to a mechanism that 
during deformation processes, the original grains 
elongate and dislocation density increases, then some 
subgrains are generated by dislocation polygonization 
and translated into DRX grains distributing at the 
original grain boundary. This represents typical DRV 
characteristic. In addition, it can be found from 
processing map that η-value is below 0.3 under the 
relevant deformation conditions. Thus, combining the 
processing map and microstructure, it is concluded that 
DRV predominates at temperature of 1273 K and strain 
rate of 0.1 s−1. Figures 9(b−d) represent the 
microstructures in temperature range of 1323−1473 K at 
strain rate of 0.1 s−1. In Fig. 9(b), it is found that more 
‘necklace’ structures homogeneously distribute along 
original grain boundary, which means that DRX has 
occurred. In addition, with increasing deformation 
temperature, more and more ‘necklace’ structures are 
observed. This phenomenon is explained by the fact that 
with increasing temperature, meanwhile grain boundary 
mobility increases, dislocation climb and cross slip 



Guo-zheng QUAN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1449−1464 

 

1458
 

 

 
Fig. 9 IPF maps under different conditions: (a) 1273 K, 0.1 s−1; (b) 1323 K, 0.1 s−1; (c) 1373 K, 0.1 s−1; (d) 1423 K, 0.1 s−1;       

(e) 1473 K, 0.01 s−1; (f) 1473 K, 0.1 s−1 

 
become easier. All of these promote the translation of 
subgrain boundary to higher-angle grain boundary, i.e., 
dynamic recrystallization grain boundary [29,30]. When 
the temperature is above 1373 K, nearly full 
recrystallized grains are observed in Figs. 9(c, d). 
Besides, we can find that η-value is higher than 0.3 under 
the relevant deformation conditions from processing  
map. Consequently, it is concluded that DRX 
predominates in temperature range of 1323−1473 K at 
strain rate of 0.1 s−1. 

Figures 9(e, f) show the typical microstructures of 
Ni80A superalloy deformed at temperature of 1473 K 
and strain rates of 0.01 and 0.1 s−1 corresponding to safe 
DOM #2−0.9 in processing map. As we can see that 
some recrystallized grains distribute along the grain 
boundary in Fig. 9(e), and nearly full recrystallized 
grains are observed in Fig. 9(f). This is due to the fact 
that with higher strain rate, dislocation density needed 

for the nucleation of DRX nuclei becomes higher. In 
DOM #2−0.9 of processing map, we can find that 
η-value is higher than 0.3, so combining the processing 
map and microstructures, it is concluded that DRX 
predominates in safe DOM #2−0.9. 

Figures 10(a−f) show the microstructures of  
Ni80A superalloy deformed to different strains from 
0.105 to 0.916 at temperature of 1373 K and strain rate 
of 0.1 s−1. When the specimen was deformed to the 
strains below 0.223, the original grain boundaries 
become serrated and bulging, and few recrystallized 
grains are observed in Figs. 10(a, b) due to smaller 
deformation. With the strain increasing to 0.357, it is 
found that a few recrystallized grains distribute 
irregularly along the original grain boundaries      
(Fig. 10(c)). The microstructures are composed of work 
hardened grains and dynamically recrystallized grains. 
With the strain further increasing to 0.511, more and  
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Fig. 10 IPF maps at fixed strain rate of 0.1 s−1, constant temperature of 1373 K and different true strains: (a) 0.105; (b) 0.223;      

(c) 0.357; (d) 0.511; (e) 0.693; (f) 0.916 

 

more recrystallized grains are observed in Fig. 10(d). 
This is attributed to the fact that crystal defects  
including dislocation and deformation stored energy 
increase with increasing strain, leading to the sufficient 
driven force for DRX. In Figs. 10(e, f), we can see that 
nearly all the original grains have been replaced by new 
equiaxed grains after the specimen has been deformed to 
the true strain of 0.693. In Fig. 7, it can be seen that 
η-values in the domain corresponding to temperature of 
1373 K, strain rate of 0.1 s−1 and strain range from    
0.3 to 0.9 are higher than 0.3. Thus, DRX predominates 
at temperature of 1373 K and strain rate of 0.1 s−1, and 
the DRX volume fraction increases with increasing 

strain. 
From analysis above, it is concluded that the 

microstructural results agree well with computational 
processing maps. So it is reliable to use the processing 
maps for identifying deformation mechanisms. And the 
identified deformation mechanism map is shown in   
Fig. 11, in which DRX softening mechanism plays a 
dominant role in the green area with corresponding 
η-values of 0.3−0.4, DRV softening mechanism plays a 
dominant role in the yellow area with corresponding 
η-values of 0.2−0.3, while the flow instability 
mechanism plays a dominant role in the red area with 
negative ξ-value. 



Guo-zheng QUAN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1449−1464 

 

1460

 

 
Fig. 11 Deformation mechanism map of Ni80A superalloy 

 

4.3 Effect of parameters on activation energy and 
kinetic analysis 

4.3.1 Solution of important material parameters 
In a hot working process, plastic deformation is 

always considered as a thermal activation process [31]. 
The thermally activated stored energy (Q), i.e. 
deformation activation energy, induces DRV or DRX 
softening mechanisms in the forming process [26]. To 
further analyze plastic deformation behavior of Ni80A 
superalloy, a dataset of corresponding Q values under 
different deformation parameters is needed. At present, 
an empirical equation, Arrhenius equation shown as   
Eq. (7), is always adopted to calculate the deformation 
activation energy due to its simplicity and wide range of 
applicability. Arrhenius equation not only demonstrates 
the interaction of steady-state flow stress, temperature 
and strain rate, but also quantifies the correlation 
between microstructure evolution mechanisms and 
deformation conditions [20,32]. 
 

( ) exp
Q

AF
RT

     
 

                         (7) 

 
where A is a constant frequency factor, F(σ) is a function 
of flow stress given by 
 

,  0.8

( ) exp( ),  1.2

[sinh( )] ,  for all 

n

n

F

 
  

 

 


 



                  (8) 

 
where σ is the true stress (MPa) for a given strain and 
temperature; λ, γ, n′ and n are the material constants, 
λ=γ/n. 

The effects of temperature and strain rate on 
deformation behaviors at high temperatures are 
commonly represented by a Zener−Hollomon parameter, 
Z, in an exponent-type equation shown in Eq. (9). 
 

exp[ /( )] ( )Z Q RT AF                       (9) 
 
where   is the strain rate, R is the universal gas 

constant, T is the thermodynamic temperature (K), Q is 
the activation energy for hot deformation. The following 
is taking the strain of 0.3 as an example to calculate Q 
values. 

First of all, substitute the F(σ) at different stress 
levels (λσ≤0.8, λσ≥1.2 and all σ) in Eq. (8) into Eq. (9) 
respectively and take nature logarithms on sides of    
Eq. (9). The mathematical expressions are shown in the 
following Eqs. (10)−(12). 
 

1 1
ln ln ( ln )

Q
A

n n RT
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 
                   (10) 

 
1 1

ln ( ln )
Q

A
RT

 
 

                       (11) 

 

ln ln ln sinh( )
Q

A n
RT

                    (12) 

 
Then, the linear relationships of ln σ − ln  and   

σ− ln  at different temperatures were fitted out as 
shown in Figs. 12(a) and (b), and the mean slopes in two 
figures correspond to the reciprocal of n′ and γ 
respectively. Here, γ=0.030959, n′=5.046, and λ=γ/n= 
0006136. Subsequently, by partial differentiation of   
Eq. (12), the n-value and the average activation value Q 
can be derived from the slopes in linear plotting 
ln[sinh(λσ)]− ln  and ln[sinh(λσ)]−1/T respectively as 
shown in Figs. 12(c) and (d). Here, n=3.69388, and 
Q=405.57 kJ/mol. 
4.3.2 Deformation activation energy maps 

In this work, Q values corresponding to different 
temperatures and strain rates at strains of 0.3, 0.5, 0.7, 
0.9 were calculated respectively via the calculation 
procedures introduced in Section 4.3.1. Then, the 
deformation activation energy maps of Ni80A superalloy 
under the different strains were constructed as shown in 
Fig. 13. Obviously, at each strain the activation energy 
distributes similarly with deformation temperature and 
strain rate. So, we can take the case at the strain of    
0.3 [32] as an example to analyze the detailed 
distribution characteristics of activation energy. The 
activation energy varies from 325 to 465 kJ/mol with an 
average value of 407 kJ/mol, and the higher activation 
energy (>441 kJ/mol) appears at the higher temperatures 
1373−1473 K and strain rates 1−10 s−1, while the lower 
activation energy (<325 kJ/mol) appears at the lower 
temperatures 1273−1350 K and strain rates 0.016−  
0.15 s−1. This phenomenon can be explained from the 
following two aspects. On one hand, with increasing 
temperature, the level of dynamic restoration (DRV or 
DRX) becomes higher [33], which leads to the reduction 
of dislocation density, i.e. reduction of activation energy. 
But when the temperature exceeds a certain critical value 
(about 1370 K), the deformation activation energy turns 
to increase with increasing temperature due to the full  
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Fig. 12 Linear relationships of ln σ − ln  (a), σ − ln  (b), ln[sinh(λσ)]− ln  (c) and ln[sinh(λσ)]−1/T (d) 
 

 
Fig. 13 Deformation activation energy maps at different temperatures and strain rates under strains of 0.3 (a), 0.5 (b), 0.7 (c) and  
0.9 (d) 
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completion of DRX, γ′→γ phase transformation and 
re-dissolution of γ′ phase. On the other hand, the level of 
dislocation density is higher at higher strain rates, then 
dislocation tangles and dislocation intersections will lead 
to strain hardening, subsequently the activation energy 
required for further deformation increases [17]. 

In the activation energy maps, the domains with 
activation energy near that of self-diffusion activation 
energy (about 285 kJ/mol) [34] correspond to DRV 
mechanism [35], while the domains with activation 
energy much higher than self-diffusion activation energy 
correspond to DRX mechanism [22]. Besides, the 
domains for safe working correspond to the regions 
where Q is relatively constant [22,27,35]. Thus, in 
activation energy maps, the desired domains with easy 
deformation and stable flow correspond to the regions 
where activation energy is relatively lower and  
constant [22,33]. 
 
4.4 Improved workability based on enhanced 

processing maps 
During the hot working process of Ni80A superalloy, 

the optimized processing conditions with DRX 
mechanism should also give relatively lower and fairly 
constant activation energy. Thus, the DRX parameter 

domains identified by deformation mechanism map need 
to be improved further by an enhanced processing map 
including activation energy indicator. The enhanced 
processing maps are constructed by superimposing the 
activation energy maps over the deformation mechanism 
maps as shown in Fig.14. The instable and DRV regions 
correspond to red and yellow areas, respectively. In 
addition, among the superposition area of DRX and 
activation energy, the contour number corresponds to the 
efficiency of power dissipation (η) and the color bar 
represents activation energy value (Q). Eventually, the 
parameter domains corresponding to DRX mechanism 
and lower deformation barrier are clarified with white 
dotted line and are determined as follows: OPT #1−0.3 
occurs in the temperature range of 1296−1350 K and 
narrow strain rate range of 0.056−0.32 s−1, with an 
average Q value of about 318 kJ/mol; OPT #2−0.3 
occurs in the temperature range of 1350−1375 K and 
narrow strain rate range of 0.035−0.11 s−1, with an 
average Q value of about 334 kJ/mol; OPT #1−0.5 
occurs in the temperature range of 1290−1348 K and 
narrow strain rate range of 0.2−0.5 s−1, with an average 
Q value of about 317 kJ/mol; OPT #2−0.5 occurs in the 
temperature range of 1305−1370 K and narrow strain 
rate range of 0.035−0.2 s−1, with an average Q value of  

 

 
Fig. 14 Enhanced processing maps by superimposing activation energy maps over deformation mechanism maps at strains of 0.3 (a), 

0.5 (b), 0.7 (c) and 0.9 (d) 
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about 308 kJ/mol; OPT #0.7 occurs in the temperature 
range of 1290−1355 K and narrow strain rate range of 
0.042−0.26 s−1, with an average Q value of about 
297 kJ/mol; OPT #0.9 occurs in the temperature range of 
1298−1348 K and narrow strain rate range of 
0.037−0.224 s−1, with an average Q value of about  
307 kJ/mol. Then, superimposing all the “OPT” domains 
mentioned above, a common domain without strain 
influence is summarized as follows: temperature range of 
1314−1348 K and strain rate range of 0.037−0.178 s−1 at 
all the strains. 
 

5 Conclusions 
 

(1) A series of processing maps including instability 
parameter and power dissipation efficiency were 
constructed at strains of 0.3, 0.5, 0.7 and 0.9. Based on 
the traditional processing maps and microstructural 
validation, the relationship between deformation 
mechanism and hot processing parameter was mapped. 

(2) A series of deformation activation energy maps 
at strains of 0.3, 0.5, 0.7 and 0.9 were constructed, the Q 
values with higher levels appear at higher temperatures 
and strain rates, while the values with lower levels 
appear at lower temperatures and strain rates. Taking the 
strain of 0.3 as an example, the higher activation energy 
greater than 441 kJ/mol corresponds to 1373−1473 K 
and 1−10 s−1, while the lower activation energy less than 
325 kJ/mol corresponds to 1273−1350 K and 0.016−  
0.15 s−1. 

(3) A series of enhanced processing maps at discrete 
strains were constructed by superimposing the activation 
energy maps on the deformation mechanism maps, and 
the desired parameter domains corresponding to DRX 
mechanism and lower energy barrier are finally 
determined as follows: ε=0.3, 1296−1350 K, 0.056−  
0.32 s−1, and 1350−1375 K, 0.035−0.11 s−1; ε=0.5, 
1290−1348 K, 0.2−0.5 s−1 and 1305−1370 K, 0.035−  
0.2 s−1; ε=0.7, 1290−1355 K, 0.042−0.26 s−1; ε=0.9, 
1298−1348 K, 0.037−0.224 s−1; all strain, 1315−1348 K, 
0.037−0.178 s−1. 
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基于改进版加工图的 Ni80A 合金动态再结晶参数域的求解 
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摘  要：能够诱导晶粒细化的动态再结晶变形机制内在变形参数的求解对成形工艺的设计具有重要意义。对于

Ni80A 超温合金，在温度范围 1273~1473 K、应变速率范围 0.01~10 s−1 内进行等温压缩试验，并据此建立加工图。

结合加工图和显微组织验证，可以在变形机制图内识别出动态再结晶对应的参数域。此外，引入代表能量势垒的

激活能指标进一步优化这一参数域。最终，构造出改进后的加工图，并求得对应动态再结晶变形机制和较低激活

能的最优参数域如下：应变为 0.3 时，参数域为 1296~1350 K，0.056~0.32 s−1 和 1350~1375 K，0.035~0.11 s−1；

应变为 0.5 时，参数域为 1290~1348 K，0.2~0.5 s−1 和 1305~1370 K，0.035~0.2 s−1；应变为 0.7 时，参数域为 

1290~1355 K，0.042~0.26 s−1；应变为 0.9 时，参数域为 1298~1348 K，0.037~0.224 s−1。 

关键词：镍基超温合金；变形激活能；加工图；动态再结晶 
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