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Abstract: The hot deformation behavior of a γ-TiAl based alloy (Ti−47%Al, mole fraction) was investigated by isothermal 
compression tests performed at elevated temperature of 900−1 200 °C and strain rate of 0.001−0.02 s−1. The effect of temperature, 
strain rate and strain on the flow stress of the alloy was evaluated. The higher the deformation temperature and the lower the strain 
rate, the smaller the deformation resistance. The stress exponent, n, and the apparent activation energy, Q, were determined as 2.6 
and 321.2 kJ/mol by the sine hyperbolic law, respectively. Based on the experimental results by the orthogonal method, a flow stress 
model for hot deformation was established by stepwise regression analysis. Then the effectiveness of the flow stress model was 
confirmed by other experimental data different from those experimental data used to establish the model. And it was proved that the 
flow stress model can well predict the mechanical behavior and flow stress of the alloy during hot deformation. 
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1 Introduction 
 

The γ-TiAl based alloys have been considered for 
high-temperature structural applications due to their high 
melting-point, high strength retention at elevated 
temperature, and good thermal stability [1−2]. However, 
the intrinsic high hardness and low ductility of these 
alloys at room temperature makes it very difficult to 
produce components by machining or cutting processing 
[3−4]. Although, in the past decades, significant progress 
has been made in the research and development of γ-TiAl 
based alloys [5−7], the improvement of their room- 
temperature plasticity and the forming of complicated 
components are still great challenges. Among the 
techniques used for forming of γ-TiAl based alloys, the 
deformation processing route, in particular, the 
isothermal forging process, is believed to be the most 
effective way to produce complicated, high-performance 
components [8−9]. In an effort to optimize the 
deformation processing process, many recent researches 
have been focused on the hot deformation behavior of 
γ-TiAl based alloys [7, 10−12]. 

With the rapid development of computing 
techniques, FEM simulation is widely applied to study 
the metal forming processes [13−14]. Numerical 
simulation can be truly reliable only when a proper 
material constitutive model is constructed. Therefore, it 
is very important to establish the constitutive model, or 

the flow stress model which depicts the dependence of 
flow stress on deformation temperature, strain rate, and 
strain, in order not only to effectively perform numerical 
simulation, but also to achieve optimization of the hot 
forming processes. Indeed, extensive works have been 
carried out to describe the flow stress as a function of 
temperature, strain rate, and strain in a number of 
materials. Modifications to the widely used Johnson- 
Cook constitutive model were proposed by VURAL and 
CARD [15]. SLOOFF et al [16], HE et al [17] and PU et 
al [18] established the constitutive model based on the 
Arrehenius-type equation and the sine hyperbolic 
description for the Zener-Hollomon parameter. HE et al 
[19] and LUO et al [20] constructed the constitutive 
model by the method of artificial neural network (ANN). 
HUANG et al [21] applied the regression analysis 
method to establish the constitutive model. 

In this work, an investigation on the hot 
deformation behavior of a γ-TiAl based alloy (Ti−47%Al, 
mole fraction) by compression tests, and the 
establishment and its effectiveness confirmation of the 
flow stress model for hot deformation of the alloy based 
on the orthogonal experimental results and the regression 
analysis were reported. 
 
2 Experimental 
 
2.1 High temperature compression experiments 

The Ti−47%Al alloy used in the present study was 
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produced by the elemental powder metallurgy route as 
shown in Ref. [22]. Cylindrical samples of d 6 mm × 9 
mm in size, which were prepared by electric-discharge 
cutting, were used for the compression tests. The 
isothermal compression tests were performed on a 
GLEEBLE 1500D thermal-mechanical simulation 
machine at elevated temperature of 900−1 200 °C and at 
a strain rate of 0.001−0.02 s−1. 
 
2.2 Orthogonal experiment design 

In this work, the flow stress of the alloy during 
deformation was selected as the object function, while 
the temperature, the strain rate, and the strain were 
selected as the affecting factors. The orthogonal design 
for the factors and their levels of the isothermal 
compression tests are shown in Table 1. Based on the 
consideration of the first-level interaction of affecting  

factors and levels, the orthogonal table design of L18(37) 
was used. 
 
Table 1 Factors and levels of orthogonal design 

Level Temperatures/°C Strain rate/s−1 Strain

1 900 0.001 0.10 

2 1 000 0.005 0.25 

3 1 100 0.01 0.40 

 
3 Results and discussion 
 
3.1 True stress—strain curves 

The true stress—strain curves of Ti−47%Al alloy 
obtained by isothermal compression tests at different 
deformation conditions are shown in Fig. 1. The 
characteristics of the true stress—strain curves can be 

 

 

Fig. 1 True stress—strain curves of Ti−47%Al alloy under different deformation conditions: (a) 900 °C; (b) 950 °C; (c) 1 000 °C;    
(d) 1 100 °C; (e) 1 150 °C; (f) 1 200 °C 
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summarized as follows. 

1) In general, the flow stress of the alloy at first 
increases rapidly by work hardening with increasing 
strain until it achieves its peak value. Then, with the 
further increase of strain, the flow stress decreases 
progressively, suggesting that strain softening occurs due 
to dynamic recrystallization in this later stage of 
deformation. 

2) The flow stress is sensitive to deformation 
temperature and strain rate. The flow stress decreases 
significantly with the increase of temperature and the 
decrease of strain rate. This indicates that the higher the 
deformation temperature and the lower the strain rate, the 
smaller the deformation resistance. 

3) The flow stress is also strain-dependent. At 
temperature below 1 150 °C and strain rate higher than 
0.005 s−1, the flow stress during deformation decreases 
rapidly with increasing strain after it achieves its peak 
value. For deformation at temperature above 1 150 °C 
and strain rate lower than 0.005 s−1, the true stress vs true 
strain curves are nearly flat with increasing strain, 
suggesting that the flow stress is much less sensitive to 
the strain. 

In Refs. [16−18], it has been shown that the sine 
hyperbolic description for the Zener-Hollomon 
parameter can be used for flow stress calculation in the 
hot working regime. The sine hyperbolic law combines 
the power law and the exponential law in the low and 
high stress limit, respectively, resulting in a single 
expression suitable for analysis over the range of 
temperatures and strain rates currently investigated. For 
the present analysis of the hot deformation behavior of 
the Ti−47%Al alloy, the following sine hyperbolic 
equation is used:  

[sinh( )] expn QZ A
RT

ασ ε ⎛ ⎞= = ⎜ ⎟
⎝ ⎠

&                                   (1) 
 
where Z is the Zener-Hollomon parameter, A and n are 
material parameters, α is the stress multiplier, σ is the 
flow stress, ε&  is the strain rate, Q is the apparent 
activation energy, R is the universal gas constant and T is 
the thermodynamic temperature. In order to understand 
the deformation characteristic of the alloy at high 
temperature, the stress exponent n and the activation 
energy of hot deformation Q are obtained by the 
following methods. Taking the natural logarithm on both 
sides of Eq. (1), it follows that:  
ln ln ln[sinh( )] /( )A n Q RTε ασ= + −&                           (2) 
 

By plotting ln[sinh(ασp)] against ε&ln  at different 
temperatures and fixed strains, and adjusting the stress 
parameter α, it is possible to make the plots parallel for 
all test temperatures. The average inverse slope of the 

fitted lines is the stress exponent n. An example of such a 
plot is shown in Fig. 2, in which the peak stress σp in the 
stress—strain curves is considered to be the flow stress 
in ln[sinh(ασp)]. By this way, the value of n is figured out 
to be about 2.6. Rearranging Eq. (2) and differentiating 
with respect to 1/T gives:  

( )
d ln[sinh( )]

d 1/
Q Rn

T
ασ

=                           (3) 

 

 

Fig. 2 Relationship between ln[sinh(ασp)] and ε&ln  at different 
temperatures after optimization of stress multiplier α 
 

Plotting ln[sinh(ασp)] against 1/T at peak stress σp 
and fixed strain rate, as shown in Fig. 3, gives an average 
slope S, which can then be used for calculating the 
apparent activation energy for deformation, i.e. Q= RnS. 
The activation energy for the hot deformation of the 
currently investigated Ti−47%Al alloy, Q, is determined 
to be about 321.2 kJ/mol, which is a little lower than the 
366.6 kJ/mol for the Ti−45Al−8.0Nb−0.2B−0.2W− 
0.02Y alloy, 322.2 kJ/mol for the Ti−46.5Al−2.5V−1Cr 
and 381 kJ/mol for the Ti−46.5Al−2.5V−1Cr−0.25B 
alloy, respectively [12, 18]. With the activation energy 
obtained, the Zener-Hollomon parameter Z can be 
calculated using the data available for different strains, 
strain rates and temperatures and the plot of lnZ against 
ln[sinh(ασp)] is shown in Fig. 4. It is shown that the 
points in Fig. 4 fit well with Eq. (1). 
 
3.2 Analysis of orthogonal design 

The analysis of orthogonal design for the hot 
compression results is shown in Table 2. t1, t2 and t3 are 
the average flow stresses corresponding to different 
factors under levels 1, 2, and 3, respectively. The 
maximum difference between t1, t2 and t3 is defined by 
the symbol “R”. The larger the value of R, the stronger 
its effect on the objective function is. From Table 2, the 
order of the seven factors’ effect on flow stress is 
obtained as follows: RA>RB>RC>RA×C>RA×B> RB×C. 
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Fig. 3 Relationship between ln[sinh(ασp)] and 1/T at all strain 
rates to determine average slope S, for calculating activation 
energy 
 

 
Fig. 4 Relationship between ln Z and ln[sinh(ασp)] at 
investigated temperatures and strain rates 
 
Table 2 Analysis of orthogonal design 

Flow stress/MPa 
Item 

A B A×B 

t1 409.000 180.667 250.333 

t2 234.667 283.167 263.167 

t3 118.833 298.667 249.000 

R 290.167 118.000 14.167 

Flow stress/MPa 
Item 

C A×C B×C 

t1 284.500 255.500 252.000 

t2 267.500 240.833 253.667 

t3 210.500 266.167 256.833 

R 74.000 25.334 4.833 

A denotes temperature, °C; B denotes strain rate, s−1; C denotes strain; A×B 

denotes first level interaction of A and B. 

Though, as compared with the individual factors, 
the first level interactions of these factors present much 
less effect on the value of R, such effect is not negligible. 
So, in this work, the interactions of factors are also 
considered while constructing the constitutive model by 
using the multiple linear regression analysis, which is 
discussed in the following section. 
 
3.3 Establishment of constitutive equations 

Based on the experimental data of isothermal 
compression tests, a non-linear constitutive model is 
constructed by stepwise regression analysis in this work. 
Such an approach, although it lacks the universal appeal 
of a mechanical equation of state, has a better chance of 
adoption by process industries irrespective of detailed 
understanding of the physics of deformation. 

According to the results of orthogonal design and 
the flow stress—strain curves, the major factors which 
affect the flow stress including the temperature, the strain 
rate, the strain and their interactions are considered in the 
establishment of the constitutive model by stepwise 
regression for the hot deformation of Ti−47%Al alloy. 
Table 3 shows that the experimental data are divided into 
two groups, one is used to construct the model which is 
defined by the symbol “C”, and the other defined by the 
symbol “V” acts as the verification data. 
 
Table 3 Experimental data of compression tests 

Strain rate/s−1 Temperature/°C 
0.001 0.005 0.01 0.02 

900 C V C V 

950 V C V C 

1 000 C V C V 

1 050 V C V C 

1 100 C V C V 

1 150 V C V C 

1 200 C V C V 

 
Then, the constitutive model is described in terms of 

the following equation: 
 

0 1 1 2 2 9 9y x x xβ β β β= + + + +L                                    (4) 
 
where y stands for ln σ, while x1, x2, …, x9 are 1 000/T, 

,lnε& ε, (1 000/T)2, ,)(ln 2ε& ε2, ε&ln × (1 000/T), ε×1 000/T, 
,ln εε ×&  respectively. β0, β1, …, β9 are the coefficients 

of regression equation. 
In statistics, stepwise regression includes regression 

models in which the choice of predictive variables is 
carried out by an automatic procedure [23]. Based on the 
constructing data, the flow stress model, or the 
constitutive equation, for the hot deformation of 
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Ti−47%Al alloy is obtained as follows: 
 
ln = 1.669+10.916 1 000 / 0.248ln 0.913Tσ ε ε− × + −&   (5) 
 
3.4 Verification and evaluation for model 

The results of analysis of variance (ANOVA) of the 
regression equation are presented in Table 4. In order to 
make sure that the established constitutive model is 
reasonable, F-test of statistics is used in this work. Since, 
as shown in Table 4, the value of F is 277.479, which is 
much greater than the value of F0.01(3, 23) reported to be 
4.76 [23], and the multiple correlation coefficient is 
0.986, it is obvious that the dependent variable has a 
highly regression relationship with the independent 
variables. 

In order to evaluate the accuracy of strain—stress 
relationship shown in Eq. (5), an error analysis was 
carried out for different strain levels. The data C and V 
are used to check the accuracy of the equation developed 
in the above section, with the results of the analysis 
shown in Fig. 5. It clearly demonstrates that most of the 
calculated data agree well with the experimental data. 
The deviations between the experimental and the 
calculated flow stresses at different strain levels are 
determined using the following form: 
 

C E

C
100%D

σ σ
σ
−

= ×                                                    (6) 

 
where σC is the calculated value of the flow stress and σE 
is the experimental value of the flow stress. 

The correlation coefficient between the calculations 
by Eq. (5) and the experimental data C is 0.987 79, with 
mean deviation of 7.04%, and the correlation coefficient 
between the calculations and the experimental data V is 
0.985 16, with mean deviation of 8.72%, respectively. 
The deviation analysis shows that the constitutive 
relationship established in this work can well describe 
the flow stress of the Ti−47%Al alloy at different strain 
rates, deformation temperatures, and strain levels. 

In order to confirm the validity of the flow stress 
model represented by Eq. (5), the flow stresses at 
different deformation conditions are calculated by Eq. (5) 
and compared with both the experimental data C and the 
data V, as shown in Fig. 6 and Fig. 7, respectively. This 
further shows that the established flow stress model can 
well describe the flow stress of the Ti−47%Al alloy  

 

 

Fig. 5 Comparison of calculated and experimental flow stress 
values at different temperatures and stain rates: (a) Comparison 
of calculations and experimental data C; (b) Comparison of 
calculations and experimental data V 
 
during hot deformation at different temperatures, strain 
rates and strains under the conditions investigated in this 
work. 
 
4 Conclusions 
 

1) The flow stress is significantly affected by 
deformation temperature and strain rate during hot 
deformation. The higher the deformation temperature 
and the lower the strain rate, the smaller the deformation 
resistance. 

2) The material parameters, stress exponent n and 
the apparent activation energy Q, are determined as 2.6 

 
Table 4 Analysis of variance (ANOVA) 

Variance Sum of squares Freedom Mean square deviation F Significant level α Multiple correlation coefficient

SSR 13.028 3 4.343 

SSE 0.36 23 0.016 

SST 13.388 26  

277.479 0 0.986 
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Fig. 6 Comparison of flow stresses calculated by Eq. (5) and 
experimental data C at different deformation conditions:     
(a) 900 °C; (b) 1 000 °C; (c) 1 150 °C 
 
and 321.2 kJ/mol by sine hyperbolic law, respectively. 

3) The flow stress of the Ti−47%Al alloy is 
sensitive to deformation temperature and strain rate, the 
strain also has a significant influence on the flow stress. 

4) The constitutive model is constructed by stepwise 
regression as follows:  
ln = 1.669+10.916 1 000 / 0.248ln 0.913Tσ ε ε− × + −&  
 

5) The results of verification for constitutive model 
indicate that the proposed material constitutive model 

 

 
Fig. 7 Comparison of flow stresses calculated by Eq. (5) and 
experimental data V at different deformation conditions:     
(a) 950 °C; (b) 1 100 °C; (c) 1 200 °C 
 
can properly describe and predict the flow stress of 
Ti−47%Al alloy in the range of temperature t>900 °C 
and strain rate ε& <0.02 s−1. 
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Ti−47%Al 合金在热变形下的流动应力本构模型 
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摘  要：通过等温压缩试验，对 γ-TiAl 基合金(Ti−47%Al 合金, 摩尔分数)在温度为 900～1 200 °C 和应变速率为

0.001~0.02 s−1条件下的变形行为进行研究。研究发现，变形温度、应变速率和应变对该合金的流动应力有很大影

响，变形温度越高，应变速率越小，流动应力就越小。利用双曲正弦方程求得该合金的应力指数 n 为 2.6 和激活

能 Q 为 321.2 kJ/mol。运用逐步回归的方法，建立该合金的流动应力模型，并用实验数据对该模型进行评估和验

证。表明提出的模型能很好地用来预测该合金在热变形过程中的流动应力和力学性能。 

关键词：γ-TiAl 基合金；热压缩；流动应力模型；变形行为 
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