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Abstract: A method is proposed for prediction of the unstable deformation in hot forging process using both the determined 
thermomechnical parameter windows of the unstable deformation zones and finite element simulation. Taking Ti−6.5Al−3.5Mo− 
1.5Zr−0.3Si alloy as the testing material, the thermomechnical parameter windows of the unstable deformation zones for the Ti-alloy 
are integrated into a commercial finite element simulation software platform. The distribution and variation of the unstable 
deformation zones of the alloy in hot compression process are simulated and predicted using the tailor-made finite element codes in 
the finite element platform. The simulation results tally with the physical experiments and the proposed method for simulation and 
prediction of the unstable deformation is thus verified and its efficiency is validated. 
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1 Introduction 
 

Forging is a prime working process for 
manufacturing of structural components with diverse 
applications. In aerospace industries, the requirements on 
microstructure and mechanical properties of the forged 
parts (forgings) have become more and more critical. To 
ensure the forgings with excellent microstructure and 
properties, the forged parts must be formed in the stable 
deformation zones in the processing map [1], not in the 
unstable deformation zones where unstable flow occurs. 
The well known metallurgical manifestations of flow 
instability are adiabatic shear band, flow localization, 
dynamic strain ageing, kink band, mechanical twinning 
and flow rotations [1,2]. The occurrence of unstable 
deformation, i.e. the flow instability described above, not 
only reduces the workability of metal, but also leads to 
the microstructure deterioration and property 
inhomogeneity, and further results in the deterioration of 
forging properties. Therefore, the hot forging in unstable 
deformation zones must be avoided. 

Recently, the processing map technique developed 

based on the dynamic materials model (DMM) provides 
an effective method for identification of the stable and/or 
unstable deformation conditions in metal hot working 
processes. In 1981, GEGEL [3] firstly proposed the 
theory of DMM and introduced a parameter called 
efficiency of power dissipation and a concept called 
power dissipation map. The efficiency of power 
dissipation is a dimensionless parameter which 
represents the relative rate of the internal entropy 
production during hot forging process and characterizes 
the dissipative microstructure at different temperatures 
and strain rates. The distribution of the efficiency of 
power dissipation with temperature and strain rate 
constitutes a power dissipation map. 

Subsequently, PRASAD et al [4], GEGEL [5], 
MALAS et al [6] and ALEXANDER [7] further 

improved the theory of DMM and developed the 
processing map technique. By the thermodynamics and 
dissipative structure theory, the criteria for flow 
instability or stability used in the processing map 
technique are derived. Furthermore, using the criteria, 
the instability map is plotted and superimposed on the 
power dissipation map to form the processing map. From  
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the instability map or the processing map, the 
thermomechanical parameters (referring to the internal 
temperature, strain rate and strain in the deformed body) 
window for the stable and /or unstable deformation can 
be identified, which provides a basis to determine the 
external hot forging process parameters (referring to the 
heating temperate and deformation velocity applied to 
billet) to produce the forgings with the required 
microstructures and properties via avoiding the unstable 
deformation. The processing map technique has been 
used to control the microstructures and properties of the 
workpieces via the optimal design of hot working 
process parameters [8−13]. But the authors believe that 
such optimal hot working process parameters are the 
internal physical field variables, the so-called thermo- 
mechanical parameters in this work, in the deformed 
body. The thermomechanical parameters of inside the 
deformed body are not uniform. The optimal hot working 
process parameters identified by the processing map 
technique are thus difficult to be applied in practice as 
the external hot working (or forging) process parameters. 

On the other hand, the finite element (FE) 
simulation technique provides an effective approach for 
evaluating and determining the distribution and variation 
of thermomechanical parameters in the deformed body in 
hot forging process. Despite the fact that hot forging 
process is complicated and affected by many factors 
including material properties, original material 
microstructure, hot forging process parameters, friction 
condition and die structure, etc, the FE simulation 
provides an efficient approach to revealing the 
deformation behavior in hot forging process in such a 
way to help the determination of external hot forging 
process parameters, die design, and forging quality 
control since LEE and KOBAYASHI [14] firstly 
proposed the Lagrange algorithm based rigid-plastic FE 
method in 1973. Presently, many FE simulation 
commercial software systems are available. Considering 
increment of temperature in forging system due to the 
conversion of plastic deformation work to thermal 
energy as well as this thermal-mechanical coupling  
effect, FE simulation is an effective approach to well 
simulating the instantaneous deformation and to 
predicting the forging shape. In addition, it can also 
determine the temperature, strain rate, stress, strain and 
velocity distribution in hot forging process and help to 
optimize the external hot forging process parameters, 
billet design and die structure [14−16]. Such a FE-based 
optimization has not yet been used in the optimal design 
of the external hot forging process parameters for the 
avoidance of unstable deformation. 

Considering the fact that the identified 
thermomechanical parameter windows of the stable 
and/or unstable deformation zones based on the 

processing map technique are difficult to be applied in 
practice as the external hot forging process parameters 
such as heating temperature and deformation velocity 
applied to billet, the processing map technique and the 
FE simulation are thus used simultaneously in this 
research, namely, the thermomechanical parameter 
windows of the unstable deformation zones determined 
by the instability map or the processing map are 
compared with the thermomechnical parameters 
identified by the FE simulation, the unstable deformation 
location inside the deformed body as well as its variation 
in hot forging process can thus be identified, and the 
external hot forging process parameters for the avoidance 
of the unstable deformation can also be optimized. Such 
the optimized external hot forging process parameters 
can be used to guide the practical forging production. It 
thus provides a basis for avoiding unstable deformation, 
improving material forging workability, and ensuring the 
formed parts with the desirable microstructures and 
properties. 

In tandem with the above-described goals, a method 
for prediction of the unstable deformation in hot forging 
process with the thermomechnical parameter windows of 
the unstable deformation zones determined by instability 
map and FE simulation is proposed. The method can be 
used not only to predict the distribution and variation of 
the unstable deformation zones with the given external 
hot forging process parameters, but also to figure out the 
external hot forging process parameters under which the 
unstable deformation does not occur. Meanwhile, it is 
easy to be realized via tailor-made FE codes based on the 
commercial FE software. As a case study, the hot 
compressing of Ti−6.5Al−3.5Mo−1.5Zr−0.3Si alloy at a 
constant strain rate is studied by the proposed method to 
verify its efficiency and validity. 
 
2 Method for prediction of unstable 

deformation in hot forging process 
 
2.1 Instability map and thermomechanical parameter 

windows 
For a given temperature and strain, the dynamic 

response of material to strain rate can be represented by 
the following constitutive equation: 
 

mKεσ &=                                    (1) 
 
where σ  is the effective stress, ε&  is the effective 
strain rate, K is a constant and m is the strain rate 
sensitivity defined as 
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According to the theory of DMM [1,3], the power 

(P) absorbed by workpiece from tooling in hot forging 
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process is dissipated as viscoplastic heat (G) and 
microstructural change (J), namely: 
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On the basis of the extremum principle of the 
irreversible thermodynamics applied to the large plastic 
flow [1,5,17], the stable deformation, i.e. stable flow 
occurs when 
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Inversely, the unstable deformation, i.e. flow 

instability will happen if the differential quotient satisfies 
the following inequality: 
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Thus, a criterion for describing the occurrence of 

unstable deformation in hot forging process is developed 
and given by 
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The distribution of the instability parameter )(εξ &  

meeting the inequality (6) in the frame of temperature 
and strain rate constitutes an instability map. According 
to the instability map, the thermomechanical parameter 
windows of the unstable deformation zones can thus be 
determined. 
 
2.2 FE simulation with built-in thermomechanical 

parameter windows 
After the instability maps are constructed based on 

the instability criterion inequality (6), and the 
thermomechanical parameter windows of unstable 
deformation zones are determined, the tailor-made FE 
codes on the top of a commercial FE software system are 
developed so that the thermomechanical parameter 
windows of the unstable deformation zones are built into 
the FE software system for simulation of the entire 
forming process. The detailed implementation process is 
as follows. 

In FE simulation, upon the convergence of 
calculation at a specific deformation loading step, the 
comparison is made between the thermomechanical 
parameters (temperature, strain rate and strain) inside the 
deformed body and the thermomechanical parameter 
windows of the unstable deformation zones. If the 
thermomechanical parameters calculated by FE 
simulation at a specific tiny place inside the deformed 
body are within the thermomechanical parameter 
windows of the unstable deformation zones, the 
deformation in the specific tiny place is defined as the 

unstable deformation. The specific tiny place is the 
unstable deformation zone and its range will be shown 
using nephogram in this work. Similarly, such a 
comparison is repeated at all other tiny places for each 
deformation loading step to reveal the unstable 
deformation zones so that the evolution of the unstable 
deformation zones in the entire forging process can be 
predicted and determined. By this approach, the unstable 
deformation under a given external hot forging process 
parameters can be predicted and the optimal external hot 
forging process parameters can be determined for 
avoiding the occurrence of the unstable deformation. 
Figure 1 shows a flow chart for simulation and prediction 
of the unstable deformation in hot forging process by FE 
simulation with the built-in thermomechnical parameter 
windows of the unstable deformation zones. 
 

  
Fig. 1 Flow chart for prediction of unstable deformation by FE 
simulation with built-in thermomechanical parameter windows 
of unstable deformation zones 
 

The proposed method will not only overcome the 
disadvantage that the thermomechanical parameter 
windows of the unstable deformation zones predicted by 
instability map cannot be directly used in practice, but 
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also avoid the deficiency that the FE technique cannot 
simulate and predict the unstable deformation. The 
method is thus pragmatic and effective. 
 
3 Prediction of unstable deformation in hot 

compressing process of Ti−6.5Al−3.5Mo− 
1.5Zr−0.3Si alloy 

 
To verify the feasibility and validity of the proposed 

method, the simulation and prediction of the unstable 
deformation in hot compressing of Ti−6.5Al−3.5Mo− 
1.5Zr−0.3Si alloy was conducted as a case study. 
 
3.1 Thermomechanical parameter windows of 

unstable deformation zones 
The as-received Ti−6.5Al−3.5Mo−1.5Zr−0.3Si 

alloy underwent the pre-forging sequentially at low, high 
and low temperatures and cooled down to room 
temperature in the air. Its microstructure is equiaxed α 
and intergranular β grains, as shown in Fig. 2. 

 

 
Fig. 2 Microstructure of as-received Ti−6.5Al−3.5Mo− 
1.5Zr−0.3Si alloy 
 

To simulate and predict the unstable deformation of 
the Ti alloy in hot forging process, the thermomechanical 
parameter windows of the unstable deformation zones 
must be first determined based on its instability maps. 
The details are articulated in the following sections. 
3.1.1 Compression experiment 

To construct the instability maps of the Ti alloy, the 
flow stresses of the Ti alloy at different temperatures, 
strain rates and strains are obtained using compression 
test. The compression tests under a constant strain rate 
were conducted in the temperature range of 780−990 °C 
with the interval of 30 °C and the strain rate range of 
0.001−10 s−1 with four testing points of 0.001, 0.01, 0.1 
and 10 s−1. The dimensions of the sample were d8 
mm×12 mm. The compression was done in a 
THERMECMASTOR-Z hot working simulator. The 
maximum initial height reduction was 70%, which is 
equivalent to the effective strain of 1.2. The compression 
specimens were heated at a heating rate of 10 °C/s, 

soaked at the testing temperature for about 150 s and 
cooled down immediately by helium gas-jet at a cooling 
rate of 45 °C/s after compression. 

To observe the deformed microstructures, the 
compressed specimens were sectioned parallel to the 
compression axis and the cut surfaces were polished and 
etched with a solution of 1 mL HF + 3 mL HNO3 + 5 mL 
H2O. The microstructure observation was done in an 
XJP−6A metallographic microscope. 
3.1.2 Instability maps 

Based on the unstable deformation criterion 
designated by the inequality (6) and the flow stresses 
obtained at different temperatures, strain rates and strains 
in compression tests, the instability maps of the Ti alloy 
at different strains are constructed and shown in Fig. 3. It 
can be seen from Fig. 3 that the range of the unstable 
deformation zone has an appreciable expanding trend 
with strain, Considering the inhomogeneity of strain 
distribution inside the deformed body and in order to 
ignore the effect of strain on the unstable deformation 
zone, the assembly of the unstable deformation zones at 
different strains forms the unstable deformation zone of 
the whole deformation process, as shown in Fig. 4. The 
assembled unstable deformation zone is a little larger 
than the actual situation, which is thus safer to optimize 
the external hot forging process parameters for the 
avoidance of unstable deformation. From Fig. 4, the 
thermomechanical parameter windows of the unstable 
deformation zone are thus identified as 780−850 °C and 
0.005−10 s−1, 850−940 °C and 0.01−10 s−1, 940−990 °C 
and 0.05−10 s−1, which will be used in the subsequent FE 
simulation. 
 
3.2 Simulation and prediction of unstable 

deformation in hot compression process 
Upon the development of the tailor-made FE 

simulation codes on the commercial FE software 
DEFORM 3D by building-in the thermomechanical 
parameter windows of the unstable deformation zone 
using the approach presented in section 2.2, the unstable 
deformation in hot compression of the Ti alloy is then 
simulated and predicted using DEFORM 3D with the 
tailor-made codes. 
3.2.1 Simulation conditions 

The hot compression was conducted at a constant 
strain rate. The heating temperature was 900 °C, and the 
strain rates were 1.0, 0.01 and 0.001 s−1, which fall into 
the unstable deformation zone, near the boundary of the 
unstable deformation zone and the stable deformation 
zone respectively, as shown in Fig. 4. In the compression 
process, the temperatures of upper and lower punches are 
800 °C and the room temperature is 25 °C. The shear 
friction factor is 0.2, and the heat transfer coefficient 
between the specimen and punch is 1000 W/(m2·K), and 
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Fig. 3 Instability maps of Ti alloy at different strains: (a) ε=0.2; (b) ε=0.5; (c) ε=0.8; (d) ε=1.1 
 

 

Fig. 4 Instability map obtained by superposing unstable zones 
at different strains 
 
the convection coefficient between the specimen and air 
is 20 W/ (m2·K). 
3.2.2 Results and discussion 

The simulation results of the unstable deformation 
in compression of the Ti alloy at 900 °C and the strain 
rates of 1.0, 0.01 and 0.001 s−1 are shown in Figs. 5(a), (b) 
and (c), respectively. In Fig. 5, the red color represents 
the unstable deformation zone and the blue color 
designates the stable deformation zone. The upper 

numbers are the height reduction of the specimens. p1, p2, 
p3 and p4 are the identified points for the analysis of 
plastic deformation mechanisms at the different zones in 
the specimen. 

From Fig. 5, it can be seen that when the specimen 
is compressed at 900 °C and 1.0 s−1, the specimen 
entirely falls into the unstable deformation zone. When 
the specimen is compressed at 900 °C and 0.01 s−1, the 
unstable deformation firstly occurs at the central of the 
specimen and the external circle of the upper and bottom 
surfaces of the specimen, and then extends to the whole 
specimen upon the completion of compression. When the 
specimen is compressed at 900 °C and 0.001 s−1, the 
specimen entirely falls into the stable deformation zone 
in the hot compression process. 

The changes of temperature and strain rate for the 
four labeled points in Fig. 5 with the compression are 
shown in Figs. 6 and 7, respectively. From Fig. 6(a) and 
Fig. 7(a), it can be seen that when the sample is 
compressed at 900 °C and 1.0 s−1, the temperature of 
points p1−p4 increases with the height reduction due to 
the higher strain rate. There is a larger temperature 
difference among these points. This indicates that the 
unstable deformation mechanisms such as adiabatic 
shear band and flow localization may occur in the hot 
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Fig. 5 Simulation of unstable deformation in compression of Ti alloy at 900 °C and different strain rates: (a) 1.0 s−1; (b) 0.01 s−1; (c) 
0.001 s−1 
 
deformation process. Since point p4 is in the large 
deformation zone and point p2 is located at the difficult 
deformation zones, the temperature of point p4 increases 
most quickly and the temperature of point p2 increases 
most slowly. The strain rates of points p1 and p4 firstly 
increase and then decrease with increasing height 
reduction, but the strain rate of point p2 firstly decreases 
and then increases with increasing height reduction. The 
strain rate of point p3 continuously decreases with 
increasing height reduction. The strain rate variation of 
the points discussed above reflects that the strain rate 
difference among the zones where the points are located 
is large and the homogeneity and the coordination of 
deformation are not very good, which makes the unstable 
deformation occur easily. These changing characteristics 
of temperature and strain rate of points p1−p4 further 

indicate that the results of simulation and prediction as 
shown in Fig. 5(a) are correct, which reveals that the 
specimen entirely falls into the unstable deformation 
zones in the deformation condition of 900 °C and 1.0 s−1. 

In Fig. 6(b) and Fig. 7(b), when the specimen is 
compressed at 900 °C and 0.01 s−1, the temperature of 
points p1−p4 decreases with increasing height reduction. 
The reason is that the heat transferred from the specimen 
to environment is much more in the deformation at lower 
strain rate. Furthermore, the temperature difference 
among these points is smaller and will disappear with 
increasing compression. The strain rates of points p1 and 
p4 firstly increase and then decrease with increasing 
height reduction. The strain rate of point p2 is the lowest. 
Furthermore, it firstly decreases and then increases with 
the compression. The strain rate of point p3 continuously 
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Fig. 6 Temperature variation of labeled points in specimen 
compressed at 900 °C and different strain rates: (a) 1.0 s−1; (b) 
0.01 s−1; (c) 0.001 s−1 

 
decreases in the deformation process. Compared with the 
specimen compressed at 900 °C and 1.0 s−1, the 
distribution homogeneity of temperature and strain rate 
of the specimen compressed at 900 °C and 0.01 s−1 is 
improved a little bit and thus the homogeneity and the 
coordination of deformation are improved too. From Fig. 
7(b), before the height reduction of 35%, the strain rates 
at points p1, p3 and p4 are much higher than that of point 
p2 and thus the unstable deformation first occurs in   
the central of the specimen and the external circle of the 

 

 

Fig. 7 Strain rate variation of labeled points in specimens 
compressed at 900 °C and different strain rates: (a) 1.0 s−1; (b) 
0.01 s−1; (c) 0.001 s−1 
 
upper and bottom surfaces of the specimens. With the 
height reduction more than 35%, the strain rate of point 
p2 obviously increases and the unstable deformation thus 
extends to the entire specimen, as shown in Fig. 5(b). 

Figure 6(c) and Fig. 7(c) show that when the 
specimen is compressed at 900 °C and 0.001 s−1, the 
temperature difference among points p1−p4 is very small 
and the temperatures of these points decrease quickly at 
first, and then slowly to a stable constant, and eventually 
equal to the temperature of punch. This is because the 
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heat transferred from the specimen to the external is 
much more at a much lower strain rate. Compared with 
the scenarios of the specimens compressed at 900 °C and 
0.1 s−1 and 900 °C and 0.01 s−1, the strain rate difference 
among these points in the specimen compressed at 900 
°C and 0.001 s−1 is much smaller and the variation of 
strain rate in each point is not much. The relatively 
homogeneous distribution of the temperature and strain 
rate in the specimen compressed at 900 °C and 0.001 s−1 
shows that the deformation in the specimen is relatively 
homogeneous and always stable, which also tallies with 
the simulation results shown in Fig. 5(c). 
 
4 Microstructure observation and 

verification 
 

To verify the simulation results of the unstable 
deformation, optical microscopy observation was carried 
out on the specimens compressed at 900 °C and different 
strain rates of 1.0, 0.01 and 0.001 s−1. The results are 
shown in Fig. 8, where the bright is α phase and the dark 
is β phase. 

From Fig. 8, it can be seen that the flow localization 
occurs where α phase is long strip along the flow 
direction under the external compressing process 
parameters of 900 °C and 1.0 s−1, 900 °C and 0.01 s−1. 
This suggests that flow localization, which is the 
unstable deformation, occurs in these two process 
parameter configurations. In the external process 

parameter configuration of 900 °C and 0.001 s−1, α and β 
phases distribute homogeneously and the phase boundary 
between α and β is blurry (see Fig. 8(c)). Furthermore, 
the unstable deformations such as adiabatic shear band 
and flow localization have not yet been observed (see  
Figs. 8(c) and (d)). Using tensile test, LI et al [18] found 
out that this material shows superplasticity with the 
elongation of 595% in the external tensile process 
parameters of 900 °C and 0.001 s−1, which suggests that 
superplastic deformation happens in this process 
parameter configuration. It is well known that 
superplastic deformation is a stable deformation. The 
above results obtained via metallographic observation 
are consistent with those of the simulation and the 
prediction of the unstable deformation shown in Fig. 5. 
 
5 Conclusions 
 

1) A method to predict the unstable deformation in 
hot forging process is proposed using FE simulation with 
the built-in thermomechanical parameter windows of the 
unstable deformation zones determined by instability 
map. This method is simple and easy to implement. 

2) Using the proposed method, the distribution and 
variation of the unstable deformation zones in 
compression of Ti−6.5Al−3.5Mo−1.5Zr−0.3Si alloy is 
simulated at the temperature of 900 °C and the strain 
rates of 1.0, 0.01 and 0.001 s−1. The results of FE 
simulation have a good agreement with experiments,  

 

 
 
Fig. 8 Microstructures at central zone of specimens compressed 70% in height reduction at 900 °C and different strain rates: (a) 1.0 
s−1; (b) 0.01 s−1; (c), (d) 0.001 s−1 
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which verifies the validity of the proposed method. 

3) The proposed method can predict the distribution 
and variation of the unstable deformation zones under a 
given external hot forging process parameter 
configuration, and can also determine and optimize the 
external hot forging process parameters in which the 
unstable deformation does not occur. 

4) The optimized external hot forging process 
parameters can be used to guide the practical forging 
production in such a way to avoid forging defects and 
produce the forgings with the required microstructures 
and properties. 
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摘  要：提出一种利用失稳变形区热力参数窗口条件和有限元模拟相结合来预测锻造失稳变形的方法，并以

Ti−6.5Al−3.5Mo−1.5Zr−0.3Si 合金为例，将该钛合金的失稳变形区热力参数窗口条件集成到商业化的有限元模拟

软件平台中。利用二次开发后的有限元模拟软件平台模拟了该钛合金在热压缩过程中失稳变形区的分布及其变

化。模拟预测结果与实验结果吻合较好，说明所提出的失稳变形模拟与预测方法是可行和有效的。 

关键词：失稳图；失稳变形；失稳变形模拟；Ti−6.5Al−3.5Mo−1.5Zr−0.3Si；钛合金 
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