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Abstract 
The purpose of this study is to find out the characteristics of hot forming of Ti-6Al-4V titanium alloy in order to 
determine the conditions of its superplastic behavior. The experiments were performed in two stages: the 
stepped tensile-tests series (temperature range 700 – 925 °С) and the constant strain rate tensile-test series 
(temperature range 775 – 925 °С). By the results of stepped tensile tests the constitutive equations which 
describe relationship between stress and strain rate for each temperature were constructed. On the base of 
obtained data, the temperature and strain-rate ranges which ensure the realization of superplasticity at 
forming of Ti-6Al-4V alloy as well as optimal strain rates which corresponds to the maximum value of strain 
rate sensitivity exponent 𝑚 were determined. In was shown that at low temperatures (700 – 775°C) the Ti-
6Al-4V alloy shows all signs of superplasticity, however at these temperatures the optimal strain rates are too 
slow for industrial technological procedures. The dependence between optimum strain rate and reciprocal 
temperature appears to be well fitted by exponential low. At the second stage of the experimental research, 
the tensile-tests with a constant, optimum for each temperature strain-rate were carried in order, to estimate 
the real initial flow stress and the character of strain hardening of the material during the deformation with 
optimum strain rate. In was found that flow stress values obtained by stepped tensile tests matches the 
values form constant-strain-rate tests with effective strain value equal to 0,2 and the strain hardening during 
the deformation with optimal strain rates is significant.  
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1. INTRODUCTION 
As a titanium alloys have remarkable properties in terms of mechanical characteristics, low density and 
elevated corrosion resistance, it is widely used in many fields including aerospace, automotive, electronics 
and even bio-medical industry. At the same time the semifinished parts of titanium alloys are rather 
expensive in particular because of the number and complexity of technological operations. The superplastic 
forming (SPF) is an effective way to manufacture very complex thin-shape components, which allows at the 
same time to decrease its cost [1, 2]. It is well known that superplasticity of a material depends strongly on 
the strain rate and appears only in a narrow strain rate range which in its turn depends on temperature of 
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deformation and is unique to each material. Therefore, when developing SPF technology is necessary to 
know the material properties in conditions of hot deformation including superplasticity strain-rate ranges. 

The most common approach to description of rheological behavior of superplastic materials is based on 
Backofen equation [3]: 

𝜎 = 𝐾𝜀̇𝑚 (1) 

where σ is the flow stress, ε – strain-rate, K –  material constant, m – strain-rate sensitivity exponent. 

The strain rate sensitivity exponent is a most important characteristic of superplastic material. It represents 
the resistance to necking during tensile-tests. The greater m-value leads to the better superplasticity of an 
alloy. Since m is dependent on temperature and strain-rate, the maximum m has a corresponding strain-rate 
and temperature regions which are the optimal for superplastic forming. 

The Ti-6Al-4VAlloy is the most popular titanium alloy which covered more than 50% of titanium alloy 
production [2], so the investigations of its mechanical properties are in the focus of researches [3-6]. 
G. Giuliano [3] provides a method of material constants determination based on free bulging test and applied 
it to Ti-6Al-4V alloy at the temperature of 1200 K for obtaining of constitutive equations in form of equation 
(1).  Jun Cai [4] was provide constitutive equations of this alloy by performing hot compression tests in a 
temperature range of 800 – 1050 °C. T. Seshacharyulu [5] characterized hot deformation behavior of a 
commercial grade Ti–6V–4Al with an equiaxed 𝛼 − 𝛽  starting microstructure with the help of isothermal 
compression tests in the temperature range of 750–1100°C. Jeoung Han Kim [6] established a constitutive 
model for the high-temperature deformation of Ti–6Al–4V with a transformed (colony-alpha) microstructure 
with various alpha-platelet thicknesses in the context of inelastic-deformation theory.  

The application of equation (1) for the constitutive analysis of superplastic materials is complicated by the 
nonlinear character of the strain-rate sensitivity exponent m which varies greatly with strain rate value. 
O. M. Smirnov [7] proposed the rheological model of elasto-visco-plastic (EVP) medium which describes the 
behavior of superplastic materials in a wide range of strain rates. The constitutive equation corresponding to 
this model takes the following form [1]: 

σ = σs
σ0+kvε̇mv

σs+kvε̇mv
 (2) 

whereσ0 is the threshold stress which corresponds to the small strain rates, σs is the yield stress at large 
strain rates, kv. andmv are the parameters of nonlinear viscous element of EVP medium. The main 
advantage of this model is its invariance in a wide range of strain rates. 

The objective of this work was to establish the constitutive model of Ti-6Al-4V in a base of equation (2) and 
obtain the optimum strain rates and strain rate ranges for the superplastic deformation of this alloy in the 
temperature range 700 – 925 °С. 

2. EXPERIMENT 
Industrial Ti-6Al-4V alloy was used in the experiments. Each specimen was set in clamps of the test 
machine, placed in the furnace and heated up to the preset temperature. Then isothermal tensile-tests were 
carried out in the temperature range 700 – 925 °С. The samples dimensions are shown in Fig. 1. 
The experiments were performed in two stages: 

1. The stepped tensile-tests series (temperature range 700 – 925 °С), 
2. The constant strain rate tensile-tests series (temperature range 775 – 925 °С). 

The first stage consists in tensile-testing of a series of samples at various temperatures with stepped change 
of deformation speed. Based on the obtained results a calculation of real flow stress 𝜎 and strain rate 
sensitivity exponent 𝑚 dependences on strain-rate was carried out. The temperature and strain-rate ranges 
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which ensure the realization of superplasticity at forming of Ti-6Al-4V alloy were determined by these 
dependences as a ranges where the strain-rate sensitivity exponent 𝑚 is more than 0,5.  
The second stage was performed in order, to estimate the real initial flow stress and the character of strain 
hardening of the material during the deformation with optimum strain rate. In this stage of the experimental 
research, the tensile-tests with a constant, optimum for each temperature strain-rate were carried out. The 
photographs of specimens befor and after deformation are presented in Fig. 2. 

 

  
Fig. 1 The dimensions of a specimen Fig. 2 The specimens befor and after deformation 

with constatn optimum strain rate 

3. RESULTS AND DISCUSSION 
The results obtained from the stepped tensile-tests were averaged by three or more experiments per 
temperature. The standard deviation of the averaged values from the positions of experimental points does 
not exceed 0.05. The obtained experimental points were fitted by equation (2) with different values of σ0, σs, 
kv and mvfor each temperature. These values are given in Tab. 1. Fig. 3 and 4 represents the experimental 
data in comparison with predicted values of flow stress. It can be seen that the correspondence between 
experimental and predicted data is very good the maximum average absolute error (AARE) refers to 700 °C 
and equals to 1.65 % (viz. Tab. 1). 

 

Tab. 1 The calculated values of eq.(2) parameters for each temperature  
T(°C) 𝛔𝟎 𝛔𝐬 𝐤𝐯 𝐦𝐯 AARE 
700 22.06 128.42 9.936E+10 2.072 1.65% 
725 19.67 118.98 4.016E+09 1.866 0.10% 
750 12.61 153.95 3.828E+06 1.262 0.60% 
775 11.11 132.74 1.477E+06 1.199 0.81% 
800 8.61 142.80 2.702E+05 1.081 1.02% 
825 9.57 95.44 1.881E+06 1.360 0.75% 
850 10.43 119.07 4.961E+05 1.304 0.88% 
875 10.38 92.10 2.677E+05 1.330 0.23% 
900 7.50 78.48 2.051E+05 1.321 1.06% 
925 3.76 77.00 1.182E+05 1.312 0.56% 
950 10.92 60.14 5.120E+05 1.613 0.50% 
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The strain-rate sensitivity exponent 𝑚 can be obtained from equation (2) as follows: 

m(𝜀̇) = 𝑑𝑙𝑛(σ)
𝑑𝑙𝑛(�̇�)

= 𝑚𝑣𝑘𝑣�̇�𝑚𝑣(𝜎𝑠−𝜎0)
(𝜎0+𝑘𝑣�̇�𝑚𝑣)(𝜎𝑠+𝑘𝑣�̇�𝑚𝑣)

 (3) 

This function has a peak at the strain rate 

𝜀�̇�𝑝𝑡 = ��𝜎0𝜎𝑠
𝑘𝑣

�
1
𝑚𝑣

 (4) 

Minimum and maximum strain rates of 𝑚 ≥ 0.5 range are: 

𝜀�̇�𝑖𝑛 = �𝑏−�𝑏
2−4𝜎0𝜎𝑠
2𝑘𝑣

�
1
𝑚𝑣

 (5) 

𝜀�̇�𝑎𝑥 = �𝑏+�𝑏
2−4𝜎0𝜎𝑠
2𝑘𝑣

�
1
𝑚𝑣

 (6) 

where 

𝑏 = σs(2𝑚 − 1) − 𝜎0(2𝑚 + 1) (7) 

 

  

Fig. 3 The experimental (markers) and predicted 
(solid lines) stress-strain curves obtained by 

stepped tensile-tests 

Fig. 4 The experimental (markers) and predicted 
(solid lines) stress-strain curvesobtained by 

stepped tensile-tests 
 

Using the determined constants presented in the table 1, the dependence of strain rate exponent 𝑚 on strain 
rate was calculated by eq.(3).Afterwards, the optimal strain rates and superplasticity strain rate ranges was 
calculated for each temperature according eq.(4)-(6). The results of calculation are presented in 
Fig. 5 and 6. As it can be seen at Fig. 6, the dependence between optimum strain rate and reciprocal 
temperature appears to be well fitted by exponential low. 

It should be noted that at the temperatures 700 – 775°C the Ti-6Al-4V alloy shows all signs of superplasticity, 
however at these temperatures the strain rates correspondent to the maximum value 𝑚, are lower than 10-5 
s-1. At temperatures higher than 775 °C the optimum strain-rates are higher than 10-4 s-1. Low values of strain 
rate makes the temperatures lower than 750 °C unadoptable for industrial superplastic forming of Ti-6Al-4V 
alloy manufactured according to the standard technology without any pre-refinement processing of the 
microstructure. The forming in such temperatures would lead to significant increasing of forming time and 
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decreasing of forming productivity. With test temperature rising up to 925 °C, the parameters of 
superplasticity become more favorable: the optimum strain-rat grows, the flow stress decrease, the strain-
rate range extends. At the temperature of 950 °C which is closer to the β-transformation, the parameters of 
superplasticity begin to degrade. According to these reasons, within the temperature interval of 750 – 925 °C 
the alloy was studied in more details. 

 

  

Fig. 5 Relationship between the strain rate 
sensitivity exponent 𝒎,  strain rate and 

temperature  

Fig. 6 Dependence of the optimum, minimum and 
maximum strain rate on temperature 

 

  

Fig. 7 Relationship between the strain rate 
sensitivity exponent 𝒎,  strain rate and 

temperature  

Fig. 8 Dependence of the optimum, minimum and 
maximum strain rate on temperature 

 

The tensile curves received by tensile-tests with constant (optimal for each temperature) strain-rate are 
presented in Fig. 7. Each curve was obtained by averaging of the results of multiple (from 3 to 6 per curve) 
tests. It can be observed from Fig. 7, that tensile strain hardening is significant for investigated alloy. The 
flow stress at large strains is significantly (2-3 times) higher than in the beginning of deformation.  
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Fig. 8 represents the dependences between flow stress under optimal strain-rate and temperature at 
different values of accumulated strain which was obtained from constant strain-rate tests (dashed lines). 
Solid line in Fig. 4 represents the data obtained by stepped test. In can by seen that flow stress values 
obtained by stepped tensile tests matches the values form constant-strain-rate tests with effective strain 
value equal to 0,2. 

At the temperature of 925 °C the stress-temperature curves have a minimum and start to rise up. The flow 
stress at the temperature of 950 °C is higher than at 925 °C and even than at 900 °C which is apparently 
caused by the closeness to the β phase region. 

When testing with constant optimum strain-rates, one more important fact was found out. Uniform strains at 
all temperatures above 775°C were appeared to be observed up to ≈ 300% only. After further elongation 
(>300%) the fuzzy necks become more noticeable which evidences a non-uniform flow. At the temperature 
of 775°C such fuzzy necks occur after ≈250% elongation, though destruction of a sample can take place 
after 500% elongation. 

4. CONCLUSIONS 
The strain-rate ranges which ensure the realization of superplasticity at forming of Ti-6Al-4V alloy were 
determined in the range of temperatures 700-925 °C. At the relatively low temperatures 700–775°C the Ti-
6Al-4V alloy shows all signs of superplasticity if strain-rates do not exceed 10-5 s-1. 

At the temperature of 950 °C which is closed to the β-transformation, the parameters of superplasticity of 
investigated alloy begin to degrade. 

Although the Ti-6Al-4V alloy sheet manufactured by a serial technology has a high enough strain ability, the 
further forming technologies should not include operations which can lead to 300% elongation of a 
specimens. 
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