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Abstract: Microstructure evolution of Ti14 (α+Ti2Cu) alloy during semi-solid isothermal process at different temperatures was 
investigated. The results reveal that both the temperature and holding time have effect on the grain growth behavior. The grains grow 
obviously and the degree of globularity increases with the increase of holding time. According to the statistic analysis of 
experimental data, the grain growth indices are 0.88 and 0.97 at 1 000 °C and 1 050 °C, respectively, which indicates that increasing 
isothermal temperature would accelerate microstructural evolution. 
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1 Introduction 
 

Semi-solid forming is an effective net-shape 
forming process, which combines the elements of both 
casting and forging. Compared with conventional 
forming methods, semi-solid forming can easily 
accomplish what conventional forming can, but requires 
lower deformation load due to its low deformation 
resistance, and consequently, it enables a decrease in 
energy and machining costs[1−2]. The semi-solid 
processing of Al[3−6], Mg[7] and steel[8−9] has been 
investigated by many scientists and engineers all over the 
world, and the results revealed that the existing of liquids 
causes various grain boundary behaviours including 
grain boundary rotation, diffusion as well as dislocation 
motion during the semi-solid processing, which lead to 
different grain growth characters and strongly affect the 
mechanical properties. However, the microstructure 
evolution of titanium alloys at semi-solid state has not 
been investigated yet. Most recently, some 
authors[10−13] reported that the semi-solid 
microstructure and deformation behaviors of Ti14 
(Ti-0.5Al-13Cu-0.5Si,) alloys were quite different from 

the conventional one, but there was not further 
discussion on the grain growth behavior during 
semi-solid isothermal process which is very important 
for the semi-solid formability of titanium alloys. In order 
to obtain the knowledge of grain growth characteristics 
of titanium alloy at semi-solid state, the object of this 
work is to research the grain growth behaviors of Ti14 
alloy at different semi-solid temperatures for different 
holding time. 
 
2 Experimental 
 

The as-cast Ti14 alloy used in this work was a new 
α+Ti2Cu type burn-resistant Ti alloy. The melting point 
of Ti2Cu is 990 °C. If the temperature rises above 990 °C, 
the alloy changes to semi-solid state[13]. The samples 
with a diameter of 8 mm and length of 12 mm were 
prepared and heated at 1 000 and 1 050 °C for 5, 10, 20 
and 30 min, respectively, followed by water quenching 
to obtain the semi-solid microstructure of the alloy[10]. 
Microstructures were analyzed by optical microscopy 
(OM, OLYMPUS GX71) and the grain size was 
calculated using Olympics 3M software and mean 
transversal method. The shape factor of grain (ξ) is  
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defined as[14] 
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where p and A are interface length (μm) and sectional 
area (μm2) of grain, respectively. ξ changed from 0 to 1, 
where 0 represents an elongated cross-section and 1 
represents a round. 
 
3 Results and discussion 
 
3.1 Microstructure evolution of Ti14 alloy at 

semi-solid state 
The fraction of liquid at different temperatures 

could be estimated by Scheil equation[1]: 
1

1M L
l

M

kT T
f

T T
−⎛ ⎞−

= ⎜ ⎟−⎝ ⎠
                            (2) 

 
where fl is liquid fraction; TM is the melt point of pure 
dissolvent; TL is the liquidus temperature of alloy; and k 
is the partition coefficient. According to formula(2), the 
estimated volume fraction of liquid increases with the 
increase of temperature. 

Figure 1 represents the microstructure of the 
samples with different temperatures and holding time. 
Liquid segregates at grain boundaries and distributes 
discontinuously after holding for 5 min at 1 000 °C 
(Fig.1(a)). More liquid segregates at grain boundaries 
with the increase of holding time (Fig.1(b)). Finally, 
liquid continuously distributes along grain boundary and 
forms a network structure after isothermal treatment for 
more than 20 min (Figs.1(c) and (d)). The variety in 
microstructure of Ti14 alloy after isothermal treatment at 
1 050 °C is similar to that at 1 000 °C (Figs.1(e)−(h)), 
but the continuously distributed liquid more easily form 
along gain boundaries for the higher activity energy of 
grain boundary. 
 
3.2 Grain growth and morphology during isothermal 

process 
Figures 2(a) and (b) show effects of holding time on 

average grain size and grain shape of Ti14 alloy at 1 000 
and 1 050 °C, respectively. The average grain size at 
semi-solid state increases with the increase of holding 
time which has little effect on titanium alloys in the solid 
state. The previous researches on the grain growth 
behaviors of titanium alloy show that grain grew through 
grain boundary migration controlled by atom 
diffusion[15−16], and grain exhibited a large growth rate 
at the first stage of the isothermal treatment; then the 
growth rate decreased with the increase of holding time; 

finally, the grain no longer grew with the variation of 
holding time. However, in this study, it is seen that grain 
exhibited a large growth rate during the semi-solid 
isothermal treatment. This may contribute to the change 
of gain growth mechanism. At the beginning of the 
isothermal treatment, liquid discontinuously distributed 
at grain boundaries, and the grain grew by coalescence 
growth mechanism. The liquid continuously distributed 
on grain boundaries to form thin film with increase of 
holding time, and the grain grew by breaking off the 
grain boundaries for Rayleigh instability[17], which was 
firstly observed in Ti alloy, and caused large growth rate 
at 1 050 °C, as shown in Fig.2(a). The above two grain 
growth mechanisms led to different morphologies of 
grains. It was interesting in finding that ξ decreased after 
holding for 20 min and then increased at 1 000 °C, but ξ 
at 1 050 °C increased with extending holding time. This 
is because that the as-cast Ti14 alloy consisted of 
equiaxial grains, and the grains had little change in the 
morphology at initial stage (Figs.1(a) and (b)). The grain 
grew via coalescence and broken off mechanism with the 
increase of holding time, which makes the grain shape 
more irregular (Fig.1(c)); as the holding time increases, 
more liquids distributed at grain boundaries to form thin 
film round the grains, resulting in a large degree of 
globularity (Fig.1(d)). While at 1 050 °C, more liquid 
phases were obtained compared with 1 000 °C, and a 
network structures form at the initial stage(Figs.1(e)−(h)), 
which is beneficial for grain to grow by broken-off 
mechanism, and results in a small ξ. 
 
3.3 Grain growth index 

The relationship between grain size and holding 
time can be described by Beck equation[18]: 
 

n
t ktDDD ==− Δ0                            (3) 

 
where Dt and D0 are current and initial (when t=5 min) 
values of the mean grain diameter; k is a constant related 
to temperature; and n is the grain growth index. If n is 
large, the grain grows quickly. The grain growth indices 
of Ti14 alloy with different temperatures and holding 
time were analyzed according to Eq.(3) and is presented 
in Fig.3. The slope of a linear fit was used to estimate the 
grain growth index of each temperature. These calculated 
grain growth indices were 0.88 at 1 000 °C, and 0.97 at 1 
050 °C, respectively. These values are higher than the 
data for grain boundary self-diffusion, n=0.5−0.6, in 
titanium alloys and other metal. This may be related to 
the broken off mechanism which only occurs when grain 
boundaries consist of continued distributed liquid at 
semi-solid state. This confirms that existence of liquid 
accelerates grain growth behavior. 



CHEN Yong-nan, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1018−1022 1020 
 
 

 
Fig.1 Grain boundary evolution of Ti14 alloy at 1 000 °C for 5 min (a), 10 min (b), 20 min (c), 30 min (d) and at 1 050 °C for 5 min 
(e), 10 min (f), 20 min (g) and 30 min (h) 
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Fig.2 Effect of holding time on mean grain size (a) and grain 
shape (b) at different semi-solid temperatures 
 

 
Fig.3 Curves of ln(Dt−D0) and ln t at different semi-solid 
temperatures for Ti14 alloy 
 
4 Conclusions 
 

1) Liquid distributes at grain boundary from 
discontinuum to continuum and finally network structure 
liquid grain boundary forms. 

2) Liquid phase increases with the increase of the 
temperature and holding time, grains grow and their 
shape tends to be round. 

3) The grain growth indices of Ti14 alloy are 0.88 
and 0.97 at 1 000 and 1050 °C, respectively, which 
means that the existence of liquid accelerates grain 
growth. 
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摘  要：研究在 1 000 °C 和 1 050 °C 半固态温度下 Ti14 合金保温不同时间时微观组织的演化过程，计算在不同

半固态温度下晶粒的生长指数，并分析半固态温度和保温时间对晶界和晶粒尺寸以及形态的影响规律。结果表明：

随着保温时间的延长，晶粒明显长大，晶粒形态趋于圆整，晶界处液相由不连续分布转变为连续分布，最终呈网

格状；1 000 °C 和 1 050 °C 对应的晶粒生长指数分别为 0.88 和 0.97，表明升高温度加速了微观组织的演化。  

关键词：钛合金；Ti14 合金；半固态；微观组织；晶粒生长指数 
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