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Abstract: The microstructure evolution during annealing of Ti−5Al−2Sn−2Zr−4Mo−4Cr alloy was investigated. The results show 
that for the alloy compressed at 810 °C and 1.0 s−1, deformation amount (height reduction) 20% and 50% and annealed at 810 °C, 
thermal grooving by penetration of β phase is sufficient during the first 20 min annealing, resulting in a sharp increase in 
globularization fraction. The globularization fraction continuously increases with the increase of annealing time, and a height 
reduction of 50% leads to a near globular microstructure after annealing for 4 h. For the alloy with deformation amount of 50% by 
compressing at 810 °C, 0.01 s−1, and then annealed at 810 °C, thermal grooving is limited during the first 20 min of annealing and 
large quantities of high-angle grain boundaries (HABs) remain. With long time annealing, the chain-like α grains are developed due 
to the HABs, termination migration and Ostwald ripening. The present results suggest that a higher strain rate and a larger height 
reduction are necessary before annealing to achieve a globular microstructure of Ti−5Al−2Sn−2Zr−4Mo−4Cr. 
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1 Introduction 
 

Titanium alloys have been widely used in aviation, 
aerospace, marine and other specialty supplications due 
to their high specific strength and good corrosion 
resistance [1,2]. It is well known that titanium alloys 
with lamellar α microstructure have good resistance to 
fracture but low ductility, while titanium alloys with 
globular α microstructure show better balance of strength 
and ductility which are more desirable for many service 
applications [3,4]. As a result, control of α morphology 
(such as lamellar, globular) in titanium alloys by a series 
of thermomechanical processing (TMP) steps was of 
great importance to meet the microstructure and 
mechanical properties requirements [5,6]. Among these 
steps, hot working in the α/β two-phase field was usually 
carried out so as to break down lamellar α into   
globular α [7−9]. Besides, subsequent annealing in the 
α/β two-phase field was performed to adjust the 
microstructure for final property requirement [10−12]. 
Regarding the great importance of globularization in 
controlling the mechanical properties of titanium alloys 
in industry, a wide variety of investigations have been 

carried out. The globularization kinetics both in the hot 
working of titanium alloys [8,13] was well established so 
as to predict the microstructure evolution. Besides, the 
mechanisms controlling globularization during hot 
working were proposed for the typical α/β two-phase 
titanium alloys. SEMIATIN [11] and ROY et al [14] 
showed that the boundary splitting was responsible   
for the fragmentation of α lamellae during hot   
working. STEFANSSON and SEMIATIN [15] suggested 
the fragmentation of α lamellae by boundary splitting  
in the initial stage of static globularization, while 
microstructural coarsening characterized the 
microstructure evolution as the annealing time increased. 

Our previous work [16] showed that the strain rate 
and height reduction played an important role both in α 
and β phases evolution of Ti−5Al−2Sn−2Zr−4Mo−4Cr 
alloy with a colony α microstructure. The globularization 
of α lamellae was enhanced with the increase of height 
reduction and the decrease of strain rate. Besides, 
low-angle boundaries (LABs) and high-angle boundaries 
(HABs) occurred after compression at 810°C, while 
more HABs occurred in the β phase at a strain rate of  
1.0 s−1 than that at a strain rate of 0.01 s−1. The 
dislocation substructures (LABs and HABs) may drive  
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the thermal grooving in the early stage of      
annealing [11,12,15], which affected the final 
microstructure after annealing. However, the effect of 
predeformation on static globularization of Ti−5Al−2Sn− 
2Zr−4Mo−4Cr is still unclear, which prevents micro- 
structure control of Ti−5Al−2Sn−2Zr−4Mo−4Cr to 
obtain the desired properties. 

The present aim is to expand upon the previous 
work [16] to investigate the effect of predeformation on 
the globularization of Ti−5Al−2Sn−2Zr−4Mo−4Cr 
during annealing in the α/β two-phase field. To this end, 
the microstructure evolution during annealing of 
Ti−5Al−2Sn−2Zr−4Mo−4Cr specimens compressed   
at different strain rates and height reductions        
was investigated via scanning electron microscopy  
(SEM) and electron backscattered diffraction     
(EBSD) techniques. Besides, quantitative analysis of 
microstructure evolution during annealing 
(globularization fraction, length and thickness of α laths 
and/or grains) was carried out. The present results can 
provide guidance for achieving a globular microstructure 
of Ti−5Al−2Sn−2Zr−4Mo−4Cr by using predeformation 
and subsequent annealing in the α/β two-phase field. 
 
2 Experimental 
 

The Ti−5Al−2Sn−2Zr−4Mo−4Cr was supplied as a 
hot-forged bar consisting of ~16.3% (volume fraction) 
equiaxed primary α grains, ~8.0% elongated primary α 
grains and retained β phase (Fig. 1(a) in Ref. [17]). The 
measured composition (mass fraction) was 5.15% Al, 
2.16% Sn, 2.09% Zr, 4.02% Mo, 4.01% Cr, 0.096% Fe, 
0.009% C, 0.008% N, 0.006% H, 0.12% O and bal. Ti. 
The transus temperature of Ti and β phase (at which 
α+β→β) was approximately 900 °C. The as-received 
alloy bar was solution treated at 910 °C for 20 min 
followed by furnace cooling to room temperature to 
obtain a colony α microstructure (Fig. 1(b) in Ref. [17]). 

Cylindrical specimens with 8.0 mm in diameter and 
12.0 mm in height were axial sectioned from the 
heat-treated bar. Isothermal compression was carried out 
on a Gleeble−1500 simulator. Thermocouple was welded 
on the middle surface of Ti−5Al−2Sn−2Zr−4Mo−4Cr 
specimens to measure the actual deformation 
temperature, and graphite powder was put between the 
specimens and anvils so as to reduce the friction. The 
deformation conditions were 810 °C, 1.0 s−1, 20% 50% 
(height reduction) and 810 °C, 0.01 s−1, 50% (height 
reduction). The compressed specimens were annealed at 
810 °C for 20 min, 1 h, 2 h and 4 h so as to investigate 
the effect of predeformation on globularization during 
annealing. After annealing, the specimens were 
air-cooled to room temperature. The axial sections in the 
central portion of annealed specimens were prepared to 

observe the microstructure evolution. The samples were 
mechanical polished and chemically etched with a 
solution of 10% HNO3, 15% HF and 75% H2O (volume 
fraction) and examined on a TESCAN VEGA3 LMU 
SEM. The globularization was taken to be an α phase 
morphology with an aspect ratio (k=l/b, l and b 
respectively denote the length and thickness of α laths 
and/or grains) of less than 3:1 using the Image-Pro Plus 
6.0 software. EBSD observation was carried out to 
further clarify the microstructure evolution mechanisms. 
The specimens for EBSD examination were prepared as 
that in the previous study [16] and observed on a 
TESCAN MIRA3 XMU SEM equipped with a 
NordlysMax EBSD detector. 
 
3 Results and discussion 
 
3.1 As-deformed microstructures 

Figure 1 shows the microstructures of Ti−5Al−2Sn− 
2Zr−4Mo−4Cr isothermally compressed at 810 °C. After  
 

 
Fig. 1 Microstructures of Ti−5Al−2Sn−2Zr−4Mo−4Cr 

compressed at 810 °C, 1.0 s−1, 20% (a), 810 °C, 1.0 s−1, 50% (b) 

and 810 °C, 0.01 s−1, 50% (c) 



Lian LI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 912−919 

 

914

compressing at 810 °C, 1.0 s−1, 20%, most of α phase 
presents a lamellar morphology, and the prior β boundary 
(indicated by the white arrow) can be detected, as shown 
in Fig. 1(a). After compressing at 810 °C, 1.0 s−1 and 
50%, the α phase is mainly characterized with short α 
laths (Fig. 1(b)), and the globularization fraction is 
higher than that at a lower height reduction, as shown by 
the black and red arrows in Fig. 2(a). After being 
compressed at 810 °C, 0.01 s−1 and 50% (Fig. 1(c)), lots 
of globular α grains occur, and the globularization 
fraction is higher than that at higher strain rate, as shown 
by the blue arrow in Fig. 2(a). As a result, the length of α 
laths and/or grains at 810 °C, 0.01 s−1 and 50% is much 
shorter compared with that at 810 °C, 1.0 s−1, 20% and 
50%, as shown by the arrows in Fig. 2(b). The thickness 
values of α laths and/or grains at different strain rates and 
height reductions do not show much difference 
(indicated by the arrows in Fig. 2(c)). It is generally 
understood that boundary splitting is responsible for the 
globularization of α lamellae during hot working [11,14], 
in which penetration of β phase along HABs within α 
lamellae occurs. As a result, more globular α grains 
occur following compression at a larger height reduction 
and lower strain rate in which more HABs occur and 
penetration of β phase is sufficient. 
 
3.2 As-annealed microstructures 

Figure 3 shows the microstructures of alloys 
compressed at 810 °C, 1.0 s−1, 20% and then annealed at 
810 °C. As seen from Fig. 3(a), more globular α grains 
occur after annealing for 20 min compared with those of 
the as-compressed (Fig. 1(a)), leading to a sharp increase 
in globularization fraction (Fig. 2(a)) and decrease in 
length of α laths and/or grains (Fig. 2(b)). After long time 
annealing, more globular α grains occur while the 
globularization rate decreases, as shown in Fig. 2(a). In 
particular, the prior-β boundary still exists even after 
annealing for 1 h, as shown by the white arrow in    
Fig. 3(b). Besides, it should be mentioned that lots of 
long α laths can be detected in Fig. 3(b). The length of α 
laths and/or grains shows a more complicated variation 
after annealing for 20 min, and it keeps on decreasing 
after annealing for 1 h and then slightly increases with 
the increase of annealing time (Fig. 2(b)). Meanwhile, 
the thickness of α laths and/or grains continuously 
increases with the increase of annealing time, as shown 
in Fig. 2(c). 

For the specimens compressed at 810 °C, 1.0 s−1, 
50% and then annealed at 810 °C, globularization is 
much more sufficient after annealing for 20 min     
(Fig. 4(a)) compared with that in Fig. 3(a). As seen from 
Fig. 4(a), only a few long α laths remain. As a 
consequence, the globularization fraction shows a more 
evident increase (Fig. 2(a)) and the length of α laths  

 

 

Fig. 2 Curves indicating globularization fraction (a), length (b) 

and thickness (c) of α laths and/or grains of Ti−5Al−2Sn−2Zr− 

4Mo−4Cr after annealing (Arrows in (a−c) respectively 

indicate globularization fraction, length and thickness of α laths 

and/or grains for as-compressed conditions) 

 
and/or grains rapidly decreases (Fig. 2(b)) after 
annealing for 20 min. After long time annealing, more 
globular α grains occur (Figs. 4(b) and (c)), and a near 
globular microstructure eventually occurs after  
annealing for 4 h (Fig. 4(d)). Moreover, the variation of 
globularization fraction, length and thickness of α laths  
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Fig. 3 Microstructures of Ti−5Al−2Sn−2Zr−4Mo−4Cr compressed at 810 °C, 1.0 s−1, 20% and then annealed at 810 °C for 20 min (a) 

and 1 h (b) 

 

 
Fig. 4 Microstructures of Ti−5Al−2Sn−2Zr−4Mo−4Cr compressed at 810 °C, 1.0 s−1, 50% and then annealed at 810 °C for 20 min 

(a), 1 h (b), 2 h (c) and 4 h (d) 

 

and/or grains (Figs. 2(a)−(c)) generally shows similar 
trends with that of specimens compressed at 20% and 
then annealed. 

Annealing the specimens (compressed at 810 °C, 
0.01 s−1, 50%) at 810 °C, it is interesting to find that the 
globularization fraction increases at annealing time from 
20 min to 2 h and then decreases at annealing time of 
2−4 h (Fig. 2(a)). Besides, the length of α laths and/or 
grains shows an initial decrease during the first 1 h of 
annealing and then sharply increases at annealing time of  
2−4 h (Fig. 2(b)). These microstructure changes are quite 
different from those of specimens compressed at 1.0 s−1 
and then annealed, which can be rationalized by the 
microstructure evolution in Fig. 5. Coalescence of 
adjacent α laths and/or grains occurs at annealing time of 

2−4 h (indicated by the red arrows in Fig. 5(c)), 
contributing to the increase in the length of α laths and/or 
grains and the decrease in the globularization fraction. 
Meanwhile, the thickness presents a more evident 
increase at annealing time of 2−4 h compared with that 
of the specimens compressed at 810 °C, 1.0 s−1, 20% and 
50% and then annealed (Fig. 2(c)). Besides, it should be 
mentioned that α laths generally present a chain-like 
morphology following annealing for 2 and 4 h, as shown 
by the black arrows in Figs. 5(b) and (c). 
 
3.3 Effect of predeformation on static globularization 

Figure 6(a) shows the orientation evolution for    
α phase of Ti−5Al−2Sn−2Zr−4Mo−4Cr compressed   
at 810 °C, 1.0 s−1, 50% and then annealed at 810 °C for  
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Fig. 5 Microstructures of Ti−5Al−2Sn−2Zr−4Mo−4Cr compressed at 810 °C, 0.01 s−1, 50% and then annealed at 810 °C for 20 min 

(a), 2 h (b) and 4 h (c) 

 

 
Fig. 6 Inverse pole figures (//compression axis (CA)) for α phase of Ti−5Al−2Sn−2Zr−4Mo−4Cr compressed at 810 °C, 1.0 s−1, 50% 

and then annealed at 810 °C for 20 min (a) and compressed at 810 °C, 0.01 s−1, 50% and then annealed at 810 °C for 20 min (b)    

(β phase is indicated in band contrast form. The black lines correspond to HABs with misorientation over 15° while white lines 

represent LABs with misorientation between 2° and 15°) 

 

20 min. As seen from Fig. 6(a), the α phase is mainly 
composed of globular α grains and short α laths. 
Misorientation across α laths can be easily observed, and 
HABs are well developed in some α laths. However, for 
the specimen compressed at 810 °C, 0.01 s−1, 50% and 
then annealed at 810 °C for 20 min (Fig. 6(b)), most of α 
phases still present a lamellar structure and large 
quantities of HABs exist. The grain boundary 
misorientation distribution for α phase in Figs. 6(a) and 
(b) is shown in Fig. 7(a). As seen from Fig. 7(a), the 
fraction of HABs for α phase in Fig. 6(b) is much higher 
than that in Fig. 6(a). 

Taking a further investigation into the long α laths 
in Fig. 6(a), it can be concluded that pinch-off of α laths 
occurs by grooving along the HABs, similar to the case 

in laths A and B (indicated by the red arrows). The 
grooving process is highly associated with the intraphase 
α/α boundaries and penetration of β phase [11,18,19]. An 
initially semi-coherent boundary turns into high-energy 
non-coherent one after compression as reported in   
Refs. [20,21], in which HABs occur and provide 
sufficient driving force during subsequent annealing. As 
a result, it can be concluded that predeformation 
significantly affects the microstructure evolution  
during the early stage of annealing, which may     
affect further annealing at long time and final 
microstructure. In the following, schematic illustrations 
(Figs. 8 and 9) are shown for better understanding the 
effect of predeformation on static globularization of 
Ti−5Al−2Sn−2Zr−4Mo−4Cr. 
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Fig. 7 Distribution of grain boundary misorientation for α phase (a) and local misorientation for β phase (b) of Ti−5Al−2Sn−2Zr− 

4Mo−4Cr 

 

 

Fig. 8 Schematic illustration of microstructure evolution compressed at high strain rate and then annealed 

 

 

Fig. 9 Schematic illustration of microstructure evolution compressed at low strain rate and then annealed 

 

As seen from Figs. 8(a) and 9(a), more dislocations 
remain in β matrix during the early stage of annealing 
after a higher strain rate, which can be confirmed by  
Fig. 7(b). Figure 7(b) shows the local misorientation 
distribution for β phase in Figs. 6(a) and (b), which is 

associated with the geometrically necessary dislocations. 
The higher average local misorientation for β phase in 
Fig. 6(a) suggests a higher dislocation density/local 
strain [22] compared with that in Fig. 6(b). For the 
specimens compressed at a higher strain rate and 
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annealed, the solute diffusivity through the β matrix is 
accelerated during the early stage of annealing due to 
higher dislocation density/local strain [23,24], promoting 
penetration of β phase and leading to sharp grooves  
(Fig. 8(b)). As a result, significant globularization occurs 
(Fig. 8(c)) and the globularization fraction sharply 
increases during the first 20 min of annealing (Fig. 2(a)). 
Since more HABs develop after a larger height reduction, 
annealing the specimens with a 50% height reduction 
leads to a more rapid increase of globularization fraction 
during the first 20 min of annealing than that with a 20% 
height reduction (Fig. 2(a)). Moreover, the grooving may 
affect globularization during annealing for 20 min−1 h 
although the effect is not evident as that in the first    
20 min annealing, especially for the specimens after a 
height reduction of 50%. As a result, most of α phases 
present a globular morphology, as shown in Fig. 4(b). 
However, for the as-compressed microstructure at a low 
strain rate, sufficient dynamic recovery occurs during 
compression [25], and the dislocation density/local strain 
is lower during the early stage of annealing (Fig. 9(a)). 
Therefore, the penetration of β phase is not sufficient in 
which shallow grooves occur (Fig. 9(b)), leading to 
insufficient pinch-off of α lamellae during the early stage 
of annealing (Fig. 9(c)), and the globularization fraction 
slowly increases during the first 20 min of annealing  
(Fig. 2(a)). 

With the increase of annealing time, concurrent 
static recovery in β matrix largely decreases solute 
diffusivity through matrix [18], weakening thermal 
grooving by penetration of β phase. As a result, static 
globularization by grooving is weakened as annealing 
time increases. Meanwhile, termination migration and 
Ostwald ripening become more and more important in 
microstructure evolution [15], which can be rationalized 
by Figs. 2(b) and (c) where both length and thickness of 
α laths and/or grains increase during annealing for 1−4 h. 
For the specimens compressed at 1.0 s−1 and 50% height 
reduction and then annealed, most of α phases present a 
globular morphology after annealing for 1 h. With    
the increase of annealing time, a near globular 
microstructure occurs due to further coarsening by 
termination migration and Ostwald ripening, as shown in 
Fig. 8(d). Termination migration is usually accomplished 
by solute transport from edges of α laths to flat     
faces [11,15,18]. In the present study, large quantities of 
HABs remain for specimens compressed at 0.01 s−1 and 
annealed for 20 min (Fig. 6(b)). The HABs can also 
evolve from LABs during annealing [12]. The HABs can 
provide sufficient driving force for the solute diffusion 
from the intraphase α/α boundaries to the ends of α laths, 
sharpening the grooves and resulting in globular α grains. 
As seen from the inset in Fig. 5(b), a few globular α 
grains (indicated by the white arrows) occur. WEISS et 

al [12] also suggested that breaking up of α laths took 
place by the occurrence of HABs where penetration of β 
phase was limited. On the other hand, termination 
migration and Ostwald ripening coarsen α laths decrease 
the depth of grooves. As a result, the chain-like α grains 
occur (Fig. 9(d)). With further increase of annealing time, 
coalescence of adjacent α laths and/or grains occurs (Fig. 
9(e)), contributing to the decrease in globularization (Fig. 
2(a)) and sharp increase in both length (Fig. 2(b)) and 
thickness (Fig. 2(c)). 
 
4 Conclusions 
 

1) Microstructure evolution of Ti−5Al−2Sn−2Zr− 
4Mo−4Cr during annealing is highly related to strain rate 
and height reduction of predeformation, especially for 
strain rate. Compressing at a strain rate of 1.0 s−1 and 
annealing, the globularization fraction continuously 
increases with the increase of annealing time, and a 
larger height reduction promotes globularization during 
annealing. However, compressing at a strain rate of 0.01 
s−1 and annealing, the globularization fraction decreases 
and the length of α laths and/or grains sharply increases 
during annealing for 2−4 h due to coalescence of 
adjacent α laths and/or grains. 

2) The grooving process significantly affects 
microstructure evolution of Ti−5Al−2Sn−2Zr−4Mo−4Cr 
during the first 20 min of annealing. Annealing the 
specimens compressed at a strain rate of 1.0 s−1, 
penetration of β phase is largely enhanced due to a higher 
dislocation density/local strain and globularization is 
more sufficient. However, the grooving process is limited 
after a strain rate of 0.01 s−1 and lots of HABs remain 
after the first 20 min of annealing. After prolonging 
annealing time, enhancing the effect of HABs, 
termination migration and Ostwald ripening, the 
chain-like α grains are developed. 

3) A higher strain rate and larger height reduction 
are suggested before annealing so that a globular 
microstructure of Ti−5Al−2Sn−2Zr−4Mo−4Cr can be 
required. 
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预变形对 Ti−5Al−2Sn−2Zr−4Mo−4Cr 
退火过程中球化的影响 
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摘  要：研究 Ti−5Al−2Sn−2Zr−4Mo−4Cr 在退火过程中的显微组织演变。结果表明，合金在 810 °C、1.0 s−1条件

下经 20%和 50%的压缩变形后再在 810 °C 进行退火处理，在前 20 min 退火过程中，β相楔入形成热沟槽十分充

分，球化率迅速增大；随退火时间延长，球化率继续增加。对经较大变形程度(50%)的合金进行 4 h 的退火处理获

得了近似完全球化的组织。合金在 810 °C、0.01 s−1条件下经 50%变形后再在 810 °C 进行退火处理，在前 20 min

退火过程中，热沟槽作用并不明显，且保留了大量的大角度晶界。通过长时间退火，在大角度晶界、末端迁移和

Ostwald 熟化的共同作用下形成了项链状 α相晶粒。因此，在 Ti−5Al−2Sn−2Zr−4Mo−4Cr 退火前应进行较高应变

速率与较大程度的变形以获得等轴组织。 

关键词：Ti−5Al−2Sn−2Zr−4Mo−4Cr 合金；退火；热沟槽；球化；大角度晶界 
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