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Abstract: Dynamic recrystallization (DRX) behavior in β phase region for the burn resistant titanium alloy Ti−25V−15Cr−0.2Si was 
investigated with a compression test in the temperature range of 950−1100 °C and the strain rate of 0.001−1 s−1. The results show 
that deformation mechanism of this alloy in hot deformation is dominated by DRX, and new grains of DRX are evolved by bulging 
nucleation mechanism as a predominant mechanism. DRX occurs more easily with the decrease of strain rate and the increase of 
deformation temperature. Grain refinement is achieved due to DRX during the hot deformation at strain rate range of 0.01−0.1 s−1 
and temperature range of 950−1050 °C. DRX grain coarsening is observed for the alloy deformed at the higher temperatures of 1100 
°C and the lower strain rates of 0.001 s−1. Finally, in order to determine the recrystallized fraction and DRX grain size under different 
deformation conditions, the prediction models of recrystallization kinetics and recrystallized grain sizes were established. 
Key words: burn resistant titanium alloy; deformed microstructure; deformation mechanism; dynamic recrystallization prediction 
models 
                                                                                                             
 
 
1 Introduction 
 

Ti−25V−15Cr−0.2Si alloy, as a highly-β stabilised 
titanium alloy (Ti-alloy) developed by Northwest 
Institute for Nonferrous Metal Research of China in  
1996, has extensive application prospects to an aerospace 
area due to their excellent combination of better burn 
resistance and application properties compared with 
other burn resistant Ti-alloys such as Ti−Nb series and 
Ti−Al−Cu series [1,2]. Unfortunately, its poor 
workability make it fairly difficult to control its hot 
working process [3], which limits the application of the 
alloy. Therefore, it is necessary and significative to 
improve the ductility performance of the alloy so that the 
poor workability of the alloy can be overcome in hot 
working. 

Recently, it has been extensively accepted that 
dynamic recrystallization is a powerful mechanism for 
grain refinement in hot working process of alloys and 
plays an important role in improving the ductility 
performance of materials, such as steels [4,5], 

magnesium alloys [6−8], and titanium alloys [9−11]. 
DRX has been observed in Ti−25V−15Cr−0.2Si alloy 
during hot working by some researchers. SUN et al [12] 
researched the hot deformation behavior of Ti−25V− 
15Cr−0.2Si alloy by processing map technology and 
microstructure observation, and reported that DRX 
occurred at temperature of 1050−1100 °C and strain rate 
of 0.01−0.1 s−1. ZHAO et al [13] proposed subgrain 
rotating and grain boundary bulging as the predominant 
nucleation mechanism for DRX of Ti−25V−15Cr−0.2Si 
alloy. The deformation activation energy of Ti−25V− 
15Cr−0.2Si alloy deformed at temperature of 950−  
1000 °C was calculated to be 276.7 kJ/mol by ZHAO et 
al [14]. They also suggested that DRX was an important 
deformation mechanism during the current high- 
temperature deformation conditions. ZHANG et al [15] 
studied the coarse grain superplastic deformation of 
Ti−25V−15Cr−0.2Si alloy and suggested that the 
superplastic behavior of large-grained Ti−25V− 
15Cr−0.2Si alloy could be explained by DRX and 
dynamic recovery (DRV). However, little research work 
was focused on DRX behavior of Ti−25V−15Cr−0.2Si  

                       
Foundation item: Projects (51261020, 51164030) supported by the National Natural Science Foundation of China; Project (GF201401007) supported by the 

Open Fund of National Defense Key Disciplines Laboratory of Light Alloy Processing Science and Technology, China 
Corresponding author: Shi-qiang LU; Tel/Fax: +86-791-83863039; E-mail: niatlusq@126.com 
DOI: 10.1016/S1003-6326(16)64197-3 



Shi-qiang LU, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1003−1010 

 

1004 

alloy, such as DRX kinetics and evolution of 
microstructure associated with DRX in hot working. 

The present work aims to investigate DRX behavior 
of burn resistant titanium alloy Ti−25V−15Cr−0.2Si 
under hot working with the help of hot compression tests 
on the Thermecmaster-Z hot simulator. The effects of 
deformation parameters on DRX evolution have been 
investigated. Deformation mechanism and DRX 
mechanism have been discussed, and the prediction 
models of DRX have been developed. 
 
2 Experimental 
 

The as-received Ti alloy is the ingot forged above 
β-transus temperature, which consists of a single β phase 
(Fig. 1). It has the nominal chemical composition of 
Ti−25V−15Cr−0.2Si. The cylindrical specimens with the 
diameter of 8 mm and the height of 12 mm were 
machined with flat bottomed grooves on both end 
surfaces of the specimens for holding the lubricant in 
such a way to reduce the friction between die and 
specimen. The hot compression tests were conducted in 
the temperature range of 950−1100 °C, the strain rate 
range of 0.001−1.0 s−1 and the high reduction range of 
10%−60% on a Thermecmaster-Z hot simulator. 
Specimens were heated to corresponding test 
temperatures at the rate of 5 °C/s and kept for 300 s 
before hot compression in order to obtain a uniform 
deformation temperature. After hot compression, the 
specimens were cooled in the air, followed by the 
sectioning along the longitudinal axis direction. The 
sectioned samples were finally prepared according to the 
standard metallographic procedure for microstructure 
examination by optical microscopy. 
 

 
Fig. 1 Original microstructure of Ti−25V−15Cr−0.2Si alloy in 
as-received condition 
 
3 Results and discussion 
 
3.1 Flow stress behavior 

Typical stress−strain curves of the alloy during the 
isothermal compression at different temperatures and 

strain rates are shown in Fig. 2. Generally, the shape of 
stress−strain curves of materials articulates the intrinsic 
relationship of flow stress with thermodynamic behavior, 
which helps in identifying the mechanism of hot 
deformation. As can be seen from Fig. 2, the 
stress−strain curves present the characteristics that the 
flow stress increases sharply to a maximum and 
decreases gradually to a steady-state with further 
straining. This suggests that the mechanism of work 
hardening is balanced by the softening process which 
may be associated with DRX or DRV in hot deformation. 
 
3.2 Activation energy 

The constitutive relationship between flow stress, 
temperature, and strain rate during hot working at a 
given strain can be described by an equation known as 
the Arrhenius-type relation as follows [16]: 

 
1 psinh( ) exp[ /( )]nA Q RT= −ε ασ                 (1) 

 
where A1, α and n are material dependent constants, Q is 
the deformation activation energy (J/mol), R is the gas 
constant of 8.314 J/(mol·K), σp is the peak stress, ε  is 
the strain rate (s−1), T is the temperature (K). 

When ασp<0.8, Eq. (1) can be simplified as 
 

2 p exp[ /( )]nA Q RT= −ε σ                      (2) 
 
When ασp>1.2, Eq. (1) can be simplified as 
 
3 pexp( ) exp[ /( )]A Q RT= −ε βσ                  (3) 

 
where A2, A3 and β are material dependent constants, and 
α=β/n. According to the peak stress of the stress−strain 
curves, the relationship curves of lnε  and lnσp , and the 
relationship curves of lnε  and σp are determined, as 
shown in Fig. 3. The values of n and β are equal to the 
mean linear slope of 3.231 and 0.02375 in Figs. 3(a) and 
(b), respectively, and the value of α can thus be obtained 
to be 0.00735. 

Taking natural logarithms then partial derivative on 
both sides of Eq. (1), we have 

 
p

p

ln sinh( )ln
ln sinh( ) (1/ )

Q R
T

⎡ ⎤ ∂⎡ ⎤∂
= ⎢ ⎥ ⎢ ⎥∂ ∂⎢ ⎥ ⎣ ⎦⎣ ⎦

ασε
ασ

          (4) 

 
According to the relationship of ln ε −ln[sinh(ασp)] 

and ln[sinh(ασp)]−1/T shown in Fig. 4, the mean values 
of the linear slopes are taken as the values of 

pln / ln sinh( )∂ ∂ε ασ  and pln sinh( ) / (1/ ),T∂ ∂ασ  
which are found to be 12803 and 2.317, respectively. 
According to Eq. (4), the value of Q is thus found to be 
246.7 kJ/mol. 

The deformation activation energy is an important 
physical parameter applied in understanding of DRX 
difficulty degree during hot working. The occurrence  
of DRX in Ti-alloys is expected when its deformation 
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Fig. 2 Typical flow stress−strain curves of Ti−25V−15Cr−0.2Si alloy deformed at 950 °C (a), 1000 °C (b), 1050 °C (c) and  1100 

°C (d) 
 

 
Fig. 3 Relationship between lnε −lnσp (a) and ln ε −σp (b) 
 
activation energy outclasses self-diffusion activation 
energy [17]. Conversely, the occurrence of DRV is 
expected. In the present investigation, the deformation 
activation energy of Ti−25V−15Cr−0.2Si alloy in the β 
phase field is 246.7 kJ/mol, which is much higher than 
the self-diffusion activation energy of 153 kJ/mol [18]. 
This indicates that the deformation mechanism of this 
alloy is dominated by DRX. 

3.3 Evolution of microstructure 
Optical microstructures of the alloy compressed at 

the temperature of 1100 °C and the strain rate of 0.01 s−1 
with various strains are given in Fig. 5. Observation 
reveals the occurrence of DRX in the alloy deformed in β 
phase field, which results in prior β grains refinement. 
The initial microstructure of the alloy consists of 
equiaxial β grains with the grain size of about 150 μm.  
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Fig. 4 Relationship between lnε −ln(sinh(ασp)) (a) and ln(sinh(ασp))−1/T (b) 
 

 
Fig. 5 Optical microstructures of specimens hot compressed at 1100 °C, 0.01 s−1 and strain of 0 (a), 0.11 (b), 0.51 (c), 0.92 (d) 
 
As the strain is increased to 0.11, the grain boundaries 
extensively become serrated and bulging, along which a 
few small dynamically recrystallized grains can be seen 
(denoted by the arrow in Fig. 5(b)). This suggests that 
bulging could be a DRX mechanism of the alloy during 
hot working. As the strain is further increased to 0.51, 
many DRX grains along the original grain boundaries are 
observed, and a “necklace” structure is formed (denoted 
by the arrow in Fig. 5(c)). It is noted that the 
microstructures have no significant grain refinement due 
to the very small recrystallized fraction. With the 
increase of straining to 0.92, DRX grains become 
dominative, resulting in a recrystallized fraction of about 

90% and a remarkable grain refinement compared with 
the initial microstructure. 

The influence of the deformation temperature and 
the strain rate at a strain of 0.92 on the microstructure 
associated with DRX is illustrated in Fig. 6. The obvious 
microstructure changes of the alloy deformed in different 
deformation conditions are observed. At the deformation 
temperature of 950 °C, the initial grain becomes 
elongated and the fine equiaxed DRX grains appear near 
the initial grain bourdaries (as shown in Fig. 6(a)). It has 
no significant grain refinement of the alloy due to the 
small fraction of recrystallized grains. At the deformation 
temperature of 1000 °C and 1050 °C, more DRX grains 
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Fig. 6 Optical micrographs of specimens hot compressed with strain of 0.92: (a) 950 °C, 0.01 s−1; (b) 1000 °C, 0.01 s−1;          
(c) T=1050 °C, 0.01 s−1; (d) T=1100 °C, 0.01 s−1; (e) 1100 °C, 0.1 s−1; (f) 1100 °C, 0.001 s−1 
 
occur (as shown in Figs. 6(b) and (c)). When the 
deformation temperature is 1100 °C, the microstructure 
shows apparent DRX with the recrystallized fraction of 
about 90%, leading to grain refinement compared with 
the initial microstructure (as shown in Fig. 6(d)). With 
the increase of strain rate, the percentage of DRX and the 
size of the DRX grains decrease. It is worth noting that 
no significantly grain refinement of the alloy deformed at 
strain rate of higher than 0.1 s−1 or lower than 0.001 s−1 
happens (as shown in Figs. 6(e) and (f)), the reason of 
which lies in small fraction of recrystallized grains at 
strain rate of higher than 0.1 s−1 and coarsened DRX 
grains predominantly at lower than 0.001 s−1. 
 
3.4 Dynamic recrystallization kinetics 

The relationship between DRX fraction and 
straining time of the alloy deformed in the temperature 
range of 950−1100 °C and the strain rate range of 

0.001−1 s−1, plotted as a DRX kinetics, is presented in 
Fig. 7. It can be seen that the DRX kinetic curves are 
characterized by S-shape, in which the fraction of DRX 
slowly increases firstly, then rapidly increases and slowly 
increases finally again with the increase of strain. In 
addition, with the increase of deformation temperature 
and the decrease of strain rate, DRX fraction increases. 
In general, the recrystallized fraction is used to fit an 
Avrami-type sigmoidal curve as follows [19,20]: 

 
d

c
DRX c

0.5
1 exp ,  

n

X k
ε ε

ε ε
ε

⎡ ⎤⎛ ⎞−⎢ ⎥= − − ≥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

           (5) 

 
where XDRX is the recrystallized fraction, ε is the strain, εc 
is the critical strain in which DRX occurs, K and nd are 
constants, ε0.5 is the strain for 50% of recrystallization, 
which can be expressed by 
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Fig. 7 Dependence of dynamic recrystallization fraction on deformation time at temperature of 950 °C (a), 1000 °C (b), 1050 °C (c) 
and 1100 °C (d) 
 

2 1
0.5 1   expB Q

B
RT

⎛ ⎞= ⎜ ⎟
⎝ ⎠

ε ε                        (6) 

 
where B1, B2 and Q1 are constants. According to the 
value of ε0.5 determined from DRX kinetic curves shown 
in Fig.7, the values of B1, B2 and Q1 in Eq. (6) can be 
determined by regression analysis to be 7.14, 0.4991 and 
4229.7, respectively, and Eq. (6) can therefore be written 
as 

 
0.4991

0.5
4229.77.14  exp

RT
⎛ ⎞= ⎜ ⎟
⎝ ⎠

ε ε                 (7) 
 
Taking natural logarithms on both sides of Eq. (5), 

we have 
 

c
DRX d

0.5
ln[ ln(1 )] ln lnX k n

ε ε
ε

⎛ ⎞−
− − = + ⎜ ⎟

⎝ ⎠
         (8) 

 
According to the relationship of ln[−ln(1−XDRX)] 

and c

0.5
ln

ε ε
ε

⎛ ⎞−
⎜ ⎟
⎝ ⎠

 shown in Fig. 8, the values of nd and 

ln k are equal to linear slope of 1.193 and linear intercept 
of −0.4108, respectively. 

As a result, the following equation for the 

 
Fig. 8 Relationship between ln[−ln(1−XDRX)] and ln[(ε−εc)/ε0.5] 
for Ti−25V−15Cr−0.2Si alloy 
 
recrystallized fraction is obtained as 

 
1.193

c
DRX

0.5
1 exp 0.66312  X

⎡ ⎤⎛ ⎞−⎢ ⎥= − − ×⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

ε ε
ε

        (9) 

 
3.5 Dynamic recrystallization grain size 

The variation of dynamically recrystallized grain 
size as a function of the strain rate and the deformation 
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temperature is shown in Fig. 9. It can be seen that 
dynamically recrystallized grain size clearly decreases 
with increasing strain rate and decreasing deformation 
temperature. As the strain rate increases and temperature 
decreases, more small DRX grains are formed, resulting 
in a reduced grain size. It is worth noting that an 
incompletely DRX arises at high strain rate or low 
temperature, in which the fraction of recrystallized grains 
is very small and no significant grain refinement 
happens. 

 

 
Fig. 9 Influence of strain rate (a) and deformation temperature 
(b) on dynamically recrystallized grain size 

 
The dynamically recrystallized grain size as a 

function of the Zener−Hollomon parameter Z 
( exp[ /( )]Z Q RT= ε ) is plotted in Fig. 10, which is 
given by an inverse power law of the form as 

 
D=AZ−n                                      (10) 

 
where D is the dynamically recrystallized grain size, A is 
a constant, and n is the power-law exponent. Equation of 
this form has been used to predict the dynamically 
recrystallized grain size developed during hot working of 
materials. According to a linear regression between ln D 
and ln Z, the values of A and n are determined in the 
present work to be 9.23×102 and 0.198, respectively, and 
thus the prediction equation of the dynamically 

recrystallized grain size for the alloy can be written as 
D=9.23×102Z−0.198. 
 

 
Fig. 10 Influence of Z-parameter on dynamically recrystallized 
grain size 
 
4 Conclusions 
 

1) Deformation mechanism is dominated by DRX 
with the bulging mechanism as a predominant 
mechanism during hot working of the alloy. 

2) The activation energy is calculated to be    
246.7 kJ/mol which is much higher than self-diffusion 
energy. This may be responsible for the occurrence of 
dynamic recrystallization. 

3) Grain refinement by DRX occurs in the strain 
rate range of 0.1−0.01 s−1 and the temperature range of 
950−1050 °C, and coarse grain via DRX happens at the 
higher temperatures of 1100 °C and the lower strain rates 
of 0.001 s−1 during the hot deformation of the alloy. 

4) The recrystallized fraction increases with 
increasing of deformation temperature and decreasing of 
strain rate. The relationship between recrystallized 
fraction and deformation conditions can be described by 

1.193
c

DRX
0.5

1 exp 0.66312  X
⎡ ⎤⎛ ⎞−⎢ ⎥= − − ×⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

ε ε
ε

. 

5) The dynamically recrystallized grain size 
increases with decreasing of the Zener−Hollomon 
parameter Z. The prediction equation of the dynamically 
recrystallized grain size for the alloy can be written as 
D=9.23×102Z−0.198. 
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Ti−25V−15Cr−0.2Si 阻燃钛合金的动态再结晶行为 
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摘  要：对 Ti−25V−15Cr−0.2Si 阻燃钛合金在温度为 950~1100 °C，应变速率为 0.001~1 s−1条件下进行热压缩试

验，研究了该合金在 β相区变形时的动态再结晶行为。结果表明，该合金的热变形机制主要是由动态再结晶支配

的，而动态再结晶新晶粒主要是通过弓弯形核机制来形成的。当应变速率降低和变形温度升高时动态再结晶易于

发生；当应变速率为 0.01~0.1 s−1，变形温度为 950~1050 °C 时，动态再结晶使晶粒细化；当变形温度高于 1100 °C，

应变速率低于 0.001 s−1时，动态再结晶晶粒粗化。为了确定在不同变形条件下的动态再结晶体积分数和动态再结

晶晶粒尺寸，分别建立了该合金动态再结晶动力学和动态再结晶晶粒尺寸预测模型。 

关键词：阻燃钛合金；变形组织；变形机制；动态再结晶预测模型 

 (Edited by Yun-bin HE) 
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