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Abstract: In order to analyze the effect of grain size on stress relaxation (SR) mechanism, the SR tests of TC4 alloy 
with three kinds of grain size were performed in a temperature range of 650−750 °C. A modified cubic delay function 
was used to establish SR model for each grain size. A simplified algorithm was proposed for calculating the deformation 
activation energy based on classical Arrhenius equation. The grain size distribution and variation were observed by 
microstructural methods. The experimental results indicate that smaller grains are earlier to reach the relaxation limit at 
the same temperature due to lower initial stress and faster relaxation rate. The SR limit at 650 °C reduces with 
decreasing grain size. While the effect of grain size on SR limit is not evident at 700 and 750 °C since the relaxation is 
fully completed. With the increase of grain size, the deformation activation energy is improved and SR mechanism at 
700 °C changes from grain rotation and grain boundary sliding to dislocation movement and dynamic recovery. 
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1 Introduction 
 

Titanium alloys nowadays play an important 
role in aerospace industry for lightweight demand, 
which have high specific strength as well as 
excellent corrosion and thermal resistance [1−3]. 
Ti−6Al−4V (TC4) titanium alloy is most widely 
used in this alloy family 4. Due to poor plasticity 
and high yield ratio at room temperature, hot 
working technique is usually used to produce 
various kinds of complicated TC4 parts. The creep 
forming is one of the most important hot working 
methods. Actually, it involves two aspects including 
hot forming (thermal softening) and hot sizing (SR). 

Material characteristics (grain size, heat treatment 
condition, phase distribution, etc.) and process 
parameters (temperature, holding time, strain rate, 
etc.) prominently determine SR behavior of 
titanium alloy [5,6]. Additionally, the fatigue failure 
of many aerospace parts at service temperature is 
mainly attributed to creep deformation. 
Consequently, SR behavior of titanium alloy 
attracts wide attention in aerospace field. 

Some research works have been carried out to 
investigate SR phenomena of titanium alloys. 
POVAROV 7 found that the atom diffusion plays 
a predominated role during SR process of 
Ti−2Al−1.5Mn and Ti−5Al−2.5Sn alloys at 
500−850 °C while the dislocation slip becomes the  
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main mechanism below 500 °C. LIU et al 8 
performed SR bending tests of TC4 alloy and 
analyzed the different mechanisms at 400 and 
600 °C. The relaxation mainly relies on dislocation 
slip, twinning and grain boundary movement at 
400 °C while the deformation mechanism attributes 
to dislocation slip and atom diffusion due to 
subgrains forming on grain boundaries at 600 °C. 
ZONG et al 9 conducted short-term creep and SR 
tests of TC4 alloy at 650−850 °C. It was concluded 
that the vacancy diffusion is the main mechanism of 
creep and SR at 650 °C. Above 650 °C, these two 
behaviors are controlled by dislocation climb. 
XIAO et al 10 built an implicit creep-type 
constitutive equation of TC4 alloy based on 
transformation relationship between elastic strain 
and plastic strain. The relationship between SR and 
creep was quantitatively described. 

Grain refinement is a mainstream method for 
improving material properties. Classical Hall−Petch 
formula indicates that the yield strength improves 
as grain size reduces 11. Furthermore, smaller 
grains induce better plasticity and even excellent 
superplasticity at high temperature 12,13. 
Low-temperature (550−650 °C) superplasticity is 
demonstrated in an ultrafine microstructure 
consisting of α grains (~0.51 μm) and a small 
amount of β phase, which was achieved in a friction 
stir-processed TC4 alloy [14]. Additionally, the 
superplasticity is remarkably affected by other 
factors. The initial martensitic and lamellar TC4 
alloys processed by high-pressure torsion exhibit 
maximum elongations of 815% and 690% at 700 °C, 
respectively. The development of an fcc phase in 
the former can inhibit grain growth and promote 
grain boundary sliding [15]. The stir zone with a 
fine lamellar microstructure in a hydrogenated 
friction stir welded TC4 joint has a largest 
elongation of 660% at 825 °C, which results from 
the globularization of the lamellar microstructure 
and the high fraction of β phase induced by the 
hydrogen element [16]. 

In the previous works, the effect of grain size 
on SR behavior has been investigated. AKHTAR  
et al 17 studied SR behavior of polycrystalline 
Ti−Nb alloy. The significant influence of grain size 
on SR rate in the range of 67−117 µm was found. 
Nevertheless, there is no obvious relationship 
between grain size and SR rate in the range of 
612−751 µm due to dislocation pile-ups at grain 

boundaries, which impedes the mobility of new 
dislocations from grain interior. LIU et al 18 
performed bending SR tests of two kinds of TC4 
alloys with different grain sizes at 600 °C. The alloy 
with smaller grain size reveals a higher relaxation 
rate. 

In the previous studies, the grain size was 
deemed as an important factor of SR behavior. 
Furthermore, the grain size is usually above 10 µm. 
As fine-grained titanium alloy is widely utilized in 
aerospace industry, SR behavior of fine-grained 
titanium alloy (less than 10 µm) needs to be further 
investigated for excellent hot forming process. In 
this work, TC4 titanium alloy with three kinds of 
grain sizes was performed for high-temperature SR 
tests. Based on experimental data, a modified delay 
function was established for each grain size. 
Moreover, an implicit creep-type constitutive 
equation was built to calculate the deformation 
activation energy during SR process. The SR 
mechanism for each grain size was also discussed. 
 
2 Experimental 
 

TC4 alloy sheet with a thickness of 0.5 mm in 
annealed state was applied by Baoti Group Co.,  
Ltd., China. In order to obtain three kinds of grain 
size, as-received sheets were heated to 900 °C in an 
electrical resistance furnace and held for 2 and 4 h, 
respectively. During the heating treatment process, 
the antioxidant was coated on sheet surface to avoid 
some severe defects. The grain size was measured 
by electron backscattered diffraction (EBSD) 
method. The samples for EBSD analysis were 
prepared by vibration polishing and electro- 
polishing method. The specific grain size was 
calculated by a software named Channel 5. 

The tested specimens with a gauge size of   
25 mm × 9 mm were prepared along the rolling 
direction by wire-electrode cutting, and their 
geometric dimensions are revealed in Fig. 1. The 
SR tests were performed on a high-temperature 
mechanical testing machine. The specimens were 
heated to the setting temperature (650, 700 and 
750 °C) and held for 10 min in order to achieve 
uniform temperature distribution. The temperature 
error was ±2 °C. They were stretched with an initial 
strain rate of 1×10−4 s−1. The tensile clamp was 
stopped when the displacement of 4 mm was 
reached and no obvious necking appeared. Since 
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the parallel length of tensile specimens was 30 mm, 
the pre-stretched elongation of 13.3% was obtained. 
Then, the SR tests began and relevant data were 
recorded. When the SR tests terminated, the 
specimens were cooled to 400 °C in the furnace and 
then cooled in air to room temperature. True 
stress−relaxation time curves show the dependence 
of SR result on grain size at different temperatures, 
which were fitted by the delay function. The 
established implicit creep-type constitutive 
equations were used for quantitatively calculating 
the deformation activation energy. 
 

 

Fig. 1 Geometric dimension of SR testing specimens 

(unit: mm) 

 

The gauge section of each specimen after SR 
tests was cut for subsequent microstructural 
analysis. The thin slices with a diameter of 3 mm 
were prepared by mechanical polishing method  
and twin-jet electropolishing for transmission 
electron microscope (TEM) observation. The SR 
mechanisms were discussed by combining 
deformation activation energy variation with 
microscopic observations. 

 

3 Results and discussion 
 
3.1 Stress relaxation curves 

The optical microstructure of as-received alloy 
is revealed in Fig. 2, where β phases uniformly 
distribute along the grain boundaries of equiaxed 
primary α phase. As shown in Fig. 3, the grains 
grow up with the increase of holding time. The 
initial average grain size is about 1.25 µm while it 
rises to 4.58 and 8.38 µm by heating at 900 °C for 2 
and 4 h, respectively. In addition, since β transus 
temperature of TC4 alloy is much higher than 
900 °C [15,19], the β transformation during heating 
and dwelling stages may be ignored. 

According to previous studies about metallic 
SR behaviors 18,20−23, some fundamental 
parameters of SR consist of initial stress, SR rate, 

 

 
Fig. 2 Optical microstructure of as-received TC4 alloy 

 

 
Fig. 3 EBSD images of TC4 alloy with different grain 

sizes: (a) 1.25 µm; (b) 4.58 µm; (c) 8.38 µm 
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SR end time and SR limit. SR rate indicates the 
relationship between residual stress and relaxation 
time. Higher initial stress and relaxation 
temperature generally result in a faster relaxation. 
SR limit represents that the residual stress declines 
to a stable value. Figure 4 shows the true 
stress−relaxation time curves of TC4 alloy with 
three kinds of grain size at different temperatures. 
In a whole, SR rates decrease as the relaxation time 
extends. At the beginning of SR, the initial stress 
rapidly declines. With further increasing relaxation 
time, SR rate becomes small and tends to zero or  
 

 

Fig. 4 True stress−relaxation time curves of TC4 alloy 

with three kinds of grain size at different temperatures:  

(a) 650 °C; (b) 700 °C; (c) 750 °C 

nearly zero. As the temperature increases and grain 
size decreases, the initial residual stress of TC4 
alloy reduces. The decrement trend of initial stress 
is not obvious at 650 and 700 °C when the grain 
size is reduced from 8.38 to 4.58 μm. However,  
the initial stress seriously reduces at 750 °C. 
Consequently, both grain size and relaxation 
temperature are the main factors influencing the 
initial stress. The similar result is found in previous 
study [18]. Additionally, TC4 alloy with smaller 
grain size relaxes faster at higher temperature. The 
influence of grain size gradually weakens with 
increasing relaxation temperature. The detailed 
results are given in Table 1. TC4 alloy with average 
grain size of 8.38 µm cannot completely relax and 
the residual stress still has an obvious descendant 
tendency at 650 °C after 1 h. However, a distinct 
stress platform can be achieved for the other two 
grain sizes. SR limits with grain size of 1.25 and 
4.58 µm are about 0.5 and 4.2 MPa at 650 °C, 
respectively. The SR end time is an estimated value 
according to the variation tendency of relaxation 
curves, which is also related to holding time during 
SR forming process. Higher temperature and 
smaller grains are beneficial to shortening SR 
period. The alloy with two small grain sizes relaxes 
completely and SR limit is nearly zero at 700 °C 
while SR limit with large grain size is about    
1.43 MPa. Furthermore, the complete relaxation 
occurs at 750 °C for three kinds of grain size. It can 
be concluded that smaller grain size and higher 
temperature lead to lower SR limit. 
 

Table 1 SR data of TC4 alloy with three kinds of grain 

size at different temperatures 

Temperature/
°C 

Grain 
size/µm

Initial 
stress/MPa 

SR end 
time/s 

SR 
limit/MPa

 
650 

1.25 165.4 1837 0.5 

4.58 278.8 3420 4.2 

8.38 305.4 − − 

 
700 

1.25 87.2 699 0.47 

4.58 154.4 905 0.42 

8.38 171.1 1803 1.43 

 
750 

1.25 51.0 307 
Near to 

zero 

4.58 88.7 426 
Near to 

zero 

8.38 143.4 984 
Near to 

zero 



He-li PENG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 668−677 

 

672

3.2 Stress relaxation models 
SR model can quantitatively describe the 

relaxation behavior and provide a relatively 
accurate prediction of instantaneous stress. The 
exponential, logarithmic and Maxwell formulas 
were used to fit true stress−relaxation time   
curves 24. In this study, a modified delay function 
is used to establish SR model. The basic equation is 
expressed as follows [10]: 
 

1

exp( )
j

i i
i

B t  


                       (1) 

 
where σ, σ∞ and t denote instantaneous stress, SR 
limit and SR time, respectively. Bi and τi refer to 
material properties and experimental conditions. j is 
the number of exponential terms and determines the 
prediction precision of SR model. 

When t equals 0, the formula is obtained: 
 

0
1

j

i
i

B 


                             (2) 

 
where σ0 is the initial stress. By combining Eq. (1) 
with Eq. (2), a new equation can be derived: 
 

0
1

[exp( ) 1]
j

i i
i

B t  


                     (3) 

 
SR limit σ∞ is usually unknown beforehand. 

Since σ0 can be artificially controlled during SR  
test, it may be regarded as a constant. The condition 
that TC4 alloy with grain size of 1.25 µm relaxed  
at 700 °C is chosen to determine j value. The 
preliminary fitting results are evaluated by Matlab 
software. The root mean square error (RMSE) 
between experimental and fitting data decreases 
with increasing j value when j value is below 3. 

RMSE almost maintains invariant with further 
increasing j value, as given in Table 2. This 
indicates that the fitting accuracy cannot be 
prominently improved with higher j value. Hence, j 
is selected as 3 and a modified SR model can be 
expressed as follows: 
 

3

0
1

[exp( ) 1] ( 1, 2, 3)i i
i

B t i  


              (4) 

 
Table 2 RMSE values corresponding to different j values 

j 1 2 3 4 

RMSE 1.6522 0.2832 0.1865 0.1867 

 

Nine groups of experimental data are fitted by 
Eq. (4). The fitting results are listed in Table 3. The 
largest RMSE value is only 1.6779, which indicates 
that the established SR model has a high prediction 
accuracy. Figure 5 shows the experimental and 
fitting curves of SR tested at 650 °C. There is a 
slight difference between them. This also verifies 
the availability of SR model built. 

Previous studies indicated that the intrinsic 
mechanism of SR is same as creep 25,26. During 
SR process, elastic strain is gradually converted 
into creep strain and total strain keeps invariant 27. 
SR rate can be expressed as 
 

3

1

d
exp( ) ( 1, 2, 3)

d i i
i

C t i
t

 


                 (5) 

 
where Ci=−Biꞏτi. The creep strain rate−stress curves 
are revealed in Fig. 6. At same stress level, the 
creep strain rate increases as the grain size 
decreases [28]. This may be explained by SR end 
time reduction with decreasing grain size. 

 
Table 3 Fitting results of Bi and τi 

Temperature/ 

°C 

Grain 

size/µm 

Initial 

stress/MPa 
B1 τ1 B2 τ2 B3 τ3 RMSE

650 

1.25 165.4 52.7 0.0955 79.7 0.0111 32.8 0.0019 0.7524

4.58 278.8 100.9 0.0052 95.9 0.0542 79.4 0.0010 1.5616

8.38 305.4 88.6 0.0087 89.1 0.0841 110.4 0.0010 1.6779

700 

1.25 87.2 38.8 0.1135 35.8 0.0171 12.3 0.0057 0.1865

4.58 154.4 42.2 0.1321 56.7 0.0204 57.4 0.0043 0.7104

8.38 171.1 57.3 0.0366 98.0 0.0027 14.5 0.0025 1.2691

750 

1.25 51.0 50.7 0.0443 20.2 0.0025 10.1 0.0024 1.1842

4.58 88.7 17.0 0.2727 40.4 0.0348 31.1 0.0083 0.3089

8.38 143.5 53.6 0.0992 59.4 0.0122 32.8 0.0023 1.0728
 



He-li PENG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 668−677 

 

673
 
 

 

Fig. 5 Experimental and fitting results of SR tests at 

650 °C 

 
Based on Arrhenius equation, a modified creep 

constitutive model is established and expressed as 
follows 29−33: 
 

c [sinh( )] exp[ / ( )]nA B Q RT                 (6) 
 
where c  is the steady strain rate; A, B, n, R, T and 
Q denote material structure factor, stress level factor, 
stress exponent, gas constant, temperature and 
deformation activation energy, respectively. 

An equation can be obtained by taking the 
natural logarithm of Eq. (6): 
 

cln ln ln[sinh( )] /( )A n B Q RT               (7) 
 

The linear relationship between cln  and 
ln[sinh(Bσ)] is derived from Eq. (7). Since n is 
related to grain size, n values of TC4 alloy with 
three kinds of grain size at different temperatures 
can be calculated by fitting the cln − ln[sinh(Bσ)] 
curves, as shown in Fig. 7. They are 1.326, 1.339 
and 1.538 corresponding to 1.25, 4.58 and 8.38 µm, 
respectively. 

From Eq. (7), the linear relationship exists 
between ln[sinh(Bσ)] and 1/T at same creep strain 
rate and grain size. The slope of this line equals 
Q/(Rꞏn). Then, the deformation activation energy Q 
is calculated as follows: 
 

1

ln[sinh( )]B
Q R n

T





 


                      (8) 

 
During SR tests, large quantities of creep strain 

rates are recorded. Q value is usually obtained by 
averaging the slopes of straight lines which depict 
the relationship between ln[sinh(Bσ)] and 1/T.  
Since the calculation process is very complicated, a 
simple algorithm is introduced below. Based on the  

 

 

Fig. 6 Relationship between creep strain rate and stress 

at different temperatures: (a) 650 °C; (b) 700 °C;      

(c) 750 °C 
 
fitting results in Fig. 7 and Eq. (7), the equation is 
deduced as follows: 
 
ln[sinh(Bσ)]=Ki cln +Ci (i=1, 2, 3)           (9) 
 
where i=1, 2, 3 denotes the temperature condition. 
The constants of Ki and Ci are obtained according to 
the fitting results in Fig. 7. Under the premise of 
same grain size, three points of ( 1

1 1 c 1, lnT K C  ), 
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Fig. 7 Fitting curves of cln   against ln[sinh( )]B   
of TC4 alloy with different grain sizes: (a) 1.25 µm;   

(b) 4.58 µm; (c) 8.38 µm 

 

( 1
2 2 c 2, lnT K C  ) and ( 1

3 3 c 3, lnT K C  ) are in a 
straight line according to Eqs. (8) and (9). The least 
square method is used to fit these three points. Then, 
the slope can be expressed as follows: 
 

1 1
c c(ln ) ( , ) ln ( , ) ( 1, 2, 3)i i i iS F f T K f T C i         

               (10) 

where  

3 3 3

1 1 1
3 3

2 2

1 1

3

( , ) ( 1, 2, 3).

3 ( )

i i i i
i i i

i i

i i
i i

X Y X Y

f X Y i

X X
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 


 



  
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T1, T2 and T3 represent 650, 700 and 750 °C, 
respectively. 

In order to obtain more precise results, the 
average value S  of the slope S can be calculated 
within cln  variation range: 
 

2

1

 

c c 
1 c 2

2 1

[ (ln )]d ln
( ln )

N

N
F

S N N
N N

 
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

  
        (11) 

 
where N1 and N2 refer to lower and upper bounds of 

cln , respectively. 
Based on Eqs. (8)−(11), Q values of TC4 alloy 

with grain sizes of 1.25, 4.58 and 8.38 µm are 116.7, 
128.5 and 211.8 kJ/mol, respectively, as given in 
Table 4. With increasing grain size, Q value 
obviously rises. Therefore, the increase of grain size 
can impede SR behavior. 
 
Table 4 Values of modified creep constitutive model 

coefficients 

Grain 

size/µm

Temperature/

°C 
n Q/(kJmol−1) B 

1.25 

650 

1.326 116.7 

0.02764

700 0.03704

750 0.04098

4.58 

650 

1.339 128.5 

0.01323

700 0.01843

750 0.03226

8.38 

650 

1.538 211.8 

0.01069

700 0.01038

750 0.01321

 

3.3 SR microstructural mechanism 
Figure 8 shows grain size variations of the 

specimens with three kinds of grain size before and 
after SR testing at 700 °C. For as-received 
specimen with average grain size of 1.25 µm, the 
grain size distribution indicates a little change after 
SR. The grains slightly grow up and the average 
grain size increases to 1.77 µm. Figure 8(b) reveals 
that the amount of submicron grains significantly 
increases when the initial grain size is 4.58 µm. 
Moreover, the quantity of grain size above 4 µm 
obviously decreases. These grains are inclined to  
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Fig. 8 Grain size distribution before and after SR testing 

at 700 °C with different initial grain sizes: (a) 1.25 µm; 

(b) 4.58 µm; (c) 8.38 µm 
 
become smaller. Actually, the average grain size 
decreases to about 2.71 µm. Similar grain size 
variation trend appears in the specimens with initial 
grain size of 8.38 µm. But its reduction tendency is 
not obvious as that of the specimens with initial 
grain size of 4.58 µm. 

Figure 9 shows TEM images after SR testing 
at 700 °C with different grain sizes. For small grain 
size, the grains remain equiaxed structure. There is  

 

 

Fig. 9 TEM images after SR testing at 700 °C with 

different initial grain sizes: (a) 1.25 µm; (b) 4.58 µm;  

(c) 8.38 µm 

 
almost no trace of dislocation movement. Grain 
rotation and grain boundary sliding are probably the 
main mechanisms rather than dislocation movement. 
Actually, the equiaxed grains with an average size 
of 1.25 µm, initial strain rate of 1×10−4 s−1 and SR 
temperature of 700 °C almost satisfy the conditions 
of superplastic deformation [13,34]. Smaller grains 
lead to more grain boundaries in unit area. 
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Furthermore, the atoms at grain boundaries are very 
active. Therefore, the grain rotation and grain 
boundary sliding may be easier to happen. In 
addition, the self-diffusion activation energy of α 
phase is 204 kJ/mol 34, which is much greater 
than the deformation activation energy of     
116.7 kJ/mol. This further proves that main SR 
mechanism for small grain is grain rotation and 
grain boundary sliding. For medium grain size, 
there exist dislocation pile-ups and walls or cells at 
grain boundaries, which are typical characteristics 
of dynamic recovery. The subgrains easily nucleate 
from dislocation cells. This results in grain size 
reduction after SR tests, which accords with the 
measured result of grain size shown in Fig. 8(b). 
Therefore, the grain rotation and grain boundary 
sliding mainly happen in small grains while the 
dislocation movement and dynamic recovery 
noticeably exist in medium grains during SR 
process. Large quantities of dislocations and 
dislocation cross-slips appear in large grains. The 
deformation activation energy of TC4 alloy with 
grain size of 8.38 µm is 211.8 kJ/mol, which is very 
adjacent to the self-diffusion activation energy of α 
phase. This indicates that main SR mechanism is 
still dislocation movement and dynamic recovery. 
Actually, the fraction of submicron grains with 
large initial grain is less than that with medium 
grains after SR tests. Without extensive grain 
rotation and grain boundary sliding for large grain 
size, the dislocation movement and dynamic 
recovery are difficult to release entire residual stress 
at 700 °C in a limited period. In a word, the grain 
rotation and grain boundary sliding play a key role 
in SR behavior for small grain size, which 
corresponds to lower deformation activation energy. 
With the increase of grain size, SR mechanism 
shifts to dislocation movement and dynamic 
recovery. 
 
4 Conclusions 
 

(1) The initial residual stress of TC4 alloy 
increases with increasing grain size. Furthermore, 
smaller grains and higher temperature lead to faster 
SR rate. The relaxation limit with different grain 
sizes is nearly zero above 700 °C, which is less 
affected by the grain size. 

(2) Based on a modified cubic delay function, 
the SR models with different grain sizes are 

established. Their maximum root mean square error 
is 1.6779. The smaller grains can result in faster 
creep strain rate. An implicit creep-type constitutive 
equation with a simplified algorithm is proposed for 
calculating the deformation activation energy, 
which increases with the increase of grain size. 

(3) The main SR mechanism of TC4 alloy with 
small grains at 700 °C is grain rotation and grain 
boundary sliding while it converts to dislocation 
movement and dynamic recovery with medium and 
large grains. 
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摘  要：为了分析晶粒尺寸对应力松弛机制的影响，对三种晶粒尺寸的 TC4 钛合金在 650~750 °C 温度范围内进

行应力松弛试验。基于一种修改立方延时函数建立每种晶粒尺寸的应力松弛模型。根据经典的 Arrhenius 方程，

提出一种简化算法来计算变形激活能。采用微观手段观察晶粒尺寸分布及变化。实验结果表明，在相同温度下晶

粒越细的合金初始应力越小，且松弛速率越快，因而更易达到松弛极限。在 650 °C，应力松弛极限随晶粒尺寸减

小而降低；而在 700 °C 和 750 °C 合金达到完全松弛，导致晶粒尺寸对应力松弛极限影响不显著；随着晶粒尺寸

的增大，变形激活能升高，在 700 °C 应力松弛机制从晶粒转动和晶界滑移变换为位错运动和动态回复。 

关键词：应力松弛；晶粒尺寸；细晶结构；TC4 钛合金；位错 
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