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Abstract: A lamellar-structure TC21 titanium alloy was hot-rolled and subsequently annealed at 820, 880 and 940 °C 
for 1 and 6 h, and the effects of annealing parameters on static globularization and morphology evolution of both α and 
β phases were studied. The results show that α globularization process is sluggish due to the limited boundary splitting 
at 820 °C. With increasing temperature to 880 °C, the accelerated boundary splitting and termination migration promote 
the α globularization. At 820 and 880 °C, the static recovery (SRV) and recrystallization (SRX) induce the grain 
refinement of interlamellar β phase. However, the excessively high temperature of 940 °C results in the coarsening of α 
grains due to the assistance of Ostwald ripening, and produces coarse β grains mainly due to the absence of SRX in 
interlamellar β phases. Conclusively, 880 °C is an appropriate annealing temperature to produce a homogeneous 
microstructure in which globularized α and refined β grains distribute homogeneously. 
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1 Introduction 
 

The α/β titanium alloys are widely used in 
aerospace, biomedical, and chemical industries 
owing to their excellent mechanical and physical 
properties, outstanding corrosion and oxidation 
resistance, good creep resistance, etc [1−4]. 
Lamellar structure is a typical microstructure of 
titanium alloy, in which the lamellar α is always 
formed as many colonies within the former β  
grains. This microstructure can be simply developed 
during cooling from high temperature in the single- 
phase β field, and the thickness of α lamellae 
closely depends on the cooling rate. Since lamellar 
structure does not possess a good balance between 
strength and ductility, titanium alloys with equiaxed 
or bimodal structures are more desirable, in which  
a part of α phases exist as an equiaxed  
morphology [5]. 

The lamellar structure in titanium alloys 
cannot evolve into an equiaxed structure via only 
annealing treatment. This is because the anisotropy 
of α/β interfacial energy leads to selective growth  
of α phase in certain orientations [6]. Generally,  
hot deformation should be carried out on the 
lamellar-structure titanium alloys before heat 
treatment, and it could induce dynamic 
globularization during deformation [7−9]. The 
dynamic globularization fraction of α phase 
increases with increasing strain and temperature, 
but decreases with increasing strain rate [10]. 
However, full globularization is generally difficult 
to be achieved by hot deformation [11,12]. The 
assistance of static globularization during 
subsequent heat treatment is essential to achieve the 
full globularization of lamellar α. 

Thus far, several mechanisms have been 
proposed to interpret the static globularization 
process, and the boundary splitting and termination 
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migration are the two dominant mechanisms for the 
static globularization during heat treatment [13−15]. 
Boundary splitting was generally considered to 
occur during the initial stages of static 
spheroidization [16], in which β phase penetrated 
through α lamellae along boundaries generated via 
recovery and recrystallization. During prolonged 
annealing time [17], the termination migration 
played a key role in static globularization and grain 
coarsening. Meanwhile, Ostwald ripening was also 
found to influence the microstructure coarsening 
and globularization [18,19]. Based on the analysis 
about globularization mechanism, globularization 
kinetics was well interpreted [20,21]. Additionally, 
the heterogeneous deformation due to different 
crystallographic orientations of α colonies could 
cause heterogeneous static globularization during 
subsequent annealing [22]. ROY et al [23−25] 
suggested that the static globularization process of 
individual α colony is related to the crystallographic 
orientation with respect to the straining direction. 

Although a large number of studies have been 
performed on the mechanism and kinetics of 
globularization of lamellar α, the combined effect 
of annealing temperature and annealing time     
on α globularization needs some fundamental 
investigations. Moreover, the globularization and 
distribution of α grains also depend on β phase 
evolution during annealing, which also lacks 
sufficient study. To clarify the globularization 
process of α phase, electron backscatter diffraction 
(EBSD) was performed on the TC21 titanium alloy 
subjected to hot rolling and subsequent annealing 
with different temperatures and time. The results 
obtained in this study could provide a guidance for 
controlling the microstructure and optimizing the 
properties of TC21 and other titanium alloys. 

 
2 Experimental 
 
2.1 Materials 

The as-received TC21 titanium alloy was a 
forged rod with diameter of 400 mm. Its chemical 
composition (in wt.%) was 6.28 Al, 3.06 Mo, 1.89 
Nb, 2.04 Sn, 2.18 Zr, 1.61 Cr, 0.066 Si, 0.022 Fe, 
0.009 C, 0.122 O, 0.005 N, and balance Ti. The β 
transus temperature was approximately 960 °C for 
this alloy. 

The total experimental process in this study is 
schematically illustrated in Fig. 1. The rectangular 
samples with dimensions of 30 mm (TD) × 6 mm 
(ND) × 20 mm (RD) were machined from the 
as-received rod. Here, RD, TD and ND refer to the 
rolling direction, transverse direction and normal 
direction, respectively. The RD is parallel to the 
longitudinal direction of the as-received rod. Before 
hot rolling, the rectangular samples were held at 
1000 °C for 1 h and followed by furnace cooling to 
develop a lamellar microstructure, as shown in 
Fig. 2. Additionally, the (0001) plane and one of 
1120   directions of the lamellar α are nearly 

parallel to one of the {110} planes and one of the 
111 directions of the neighboring interlamellar β 
(Fig. 2(d)), indicating that the lamellar α and 
interlamellar β in one colony keep the Burgers 
orientation relationship (OR), i.e. (0001)α//{110}β 
and 1120 α  //111β [26]. 

 
2.2 Hot rolling and annealing 

The rectangular specimens were hot-rolled 
with a total height reduction of 60% through a 
four-pass process at 750 °C. The reduction per 
rolling pass was imposed to ~15%. During every 
rolling pass, the specimen was reheated at 750 °C 

 

 

Fig. 1 Schematic illustration of specimen preparation and characterization for rolled and annealed specimens 
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Fig. 2 Non-rolled microstructures of TC21 titanium alloy held at 1000 °C for 1 h followed by furnace cooling:       

(a) Low-magnification inverse pole figure (IPF) map; (b) High-magnification IPF map; (c) Phase map corresponding to 

(b); (d) Pole figures of α and β phases corresponding to (b) (The poles marked by circles in (d) indicate the parallel 

crystallographic planes and directions) 

 

for 5 min. Finally, the specimen was air-cooled 
after the final pass. After the rolling, smaller 
samples of 4 mm (TD) × 2.4 mm (ND) × 8 mm  
(RD) were prepared from the hot-rolled plates for 
annealing at 820, 880 and 940 °C for 1 and 6 h, 
respectively. After annealing, the specimens were 
cooled in air to room temperature. 
 
2.3 Microstructure observation 

The microstructure observation was performed 
on the cross sectional ND−TD plane at the 
mid-thickness regions of the non-rolled, rolled and 
annealed samples. The specimens for EBSD   
were mechanically ground and then electro- 
polished in a solution of 60% methanol, 34% 
n-butyl alcohol and 6% perchloric acid at     
room temperature and 17 V using an electric 
polishing machine (Struers LectroPol-5). EBSD 
characterization was performed using a Tescan 
MIRA3 field emission gun scanning electron 
microscope (SEM) operated at 20 kV and equipped 
with an EBSD detector. EBSD data were collected 
by Oxford AZtec acquisition software package. 

During EBSD experiment, the sample surface was 
tilted by 70° with respect to EBSD detector. The 
scanning step size was set to be 0.15−0.7 μm 
according to grain size of the samples. The offline 
data analysis was carried out using HKL 
Technology Channel 5 software. Meanwhile, a 
Tecnai F20 G2 TEM was also employed to 
characterize the microstructure, in which the 
characterized slice sectioned from the hot-rolled 
specimen was ground to 50−70 μm followed by 
twin-jet electropolishing. 
 
3 Results and discussion 
 
3.1 Hot-rolled microstructure 

The microstructure evolution of α/β titanium 
alloy during hot deformation is largely determined 
by deformation temperature. Generally, a high 
rolling temperature could generate dynamic 
globularization feature in the (α+β) region [27]. The 
IPF maps of hot-rolled TC21 titanium alloy are 
shown in Figs. 3(a, b). Within the hot-rolled 
microstructure, most of α colonies still remain a 
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Fig. 3 IPF maps (a, b) and KAM maps (c, d) showing morphology, orientation and local misorientation of α and β 

phases in hot-rolled TC21 titanium alloy: (a, c) α phase; (b, d) β phase 

 
straight morphology, and only a few α colonies  
are kinked, as pointed out by the red arrows in 
Fig. 3(a). Furthermore, the TEM micrograph  
(Fig. 4) shows that a large amount of dislocation 
generates in the lamellar α and interlamellar β 
phases, and few low angle boundaries (LAGBs) and 
high angle boundaries (HAGBs) exist in them.  
This phenomenon indicates that the low rolling 
temperature of 750 °C suppresses the occurrence of 
dynamic globularization, dynamic recovery (DRV) 
and dynamic recrystallization (DRX), which will 
highlight the effect of annealing parameters on the 
static globularization behavior. 

The variation of crystallographic orientation in 
different colonies could arouse deformation 
heterogeneity, which subsequently leads to 
heterogeneous distribution of the geometric 
morphology and dislocation density among these 
colonies. The formation of kinked α colony can be 
attributed to ‘hard’ orientation [25,28]. Kernel 
average misorientation (KAM) map has been 
widely used to indicate the relative content of 
geometric necessary dislocations [29]. As shown in 
the KAM maps (Figs. 3(c, d)), although most of α   

 

 
Fig. 4 Typical TEM micrograph of hot-rolled TC21 

titanium alloy 

 
colonies possess high dislocation density, some 
lamellar α phases, as pointed out by the yellow 
arrows in Figs. 3(c, d), have relatively low 
dislocation density. Apparently, the higher 
dislocation density suggests a larger deformation 
amount due to the ‘soft’ orientation of the  
lamellar α. 
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3.2 Microstructure evolution at 820 °C 
The typical microstructure evolution at the 

annealing temperature of 820 °C can be clearly 
reflected by phase maps and IPF maps, as shown in 
Fig. 5. When annealed at 820 °C for 1 h, many 
LAGBs and HAGBs are formed by SRV and SRX 
in the α lamellae. However, most of the colonies 
maintain the integrated-lamellar morphology except 

for a few bent and kinked lamellae (as pointed by 
black color in Fig. 5(c)). This microstructure is 
similar with that of the hot-rolled TC21 titanium 
alloy, indicating that no apparent globularization 
occurs. With increasing annealing time to 6 h, more 
LAGBs and HAGBs appearing in the α lamellae 
suggest an enhancement of SRV and SRX. In 
addition, a heterogeneous SRX feature exists in 

 

 

Fig. 5 Phase maps (a, b) and IPF maps of separated α (c, d) and β (e, f) phases in annealed microstructures acquired by 

annealing at 820 °C for different time: (a, c, e) 1 h; (b, d, f) 6 h 
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different colonies, as pointed out by the rectangular 
box in Fig. 5(d). The heterogeneous SRX feature 
can be analyzed by the enlarged IPF map in Fig. 6, 
in which colonies A and C express a higher content 
of HAGBs (stronger SRX) in the α lamellae than 
colonies B and D (Fig. 6(a)). Noticeably, the 
LAGBs and HAGBs divide the α lamellae into 
many subgrains and SRXed grains, but these grains 
are adjacent to each other rather than separated 
from each other. Such phenomenon indicates that 
annealing at 820 °C just induces a limited 
globularization of α lamellae, even with an 
enhancement of SRX as the annealing time 
prolongs to 6 h. 
 

 
Fig. 6 Heterogeneous SRX feature of α (a) and β (b) 

phases in annealed microstructure treated by annealing at 

820 °C for 6 h 

 
The very sluggish globularization of the α 

lamellae at 820 °C can be interpreted based on the 
globularization mechanism. As shown in the local 
magnified IPF map of Fig. 6(a), the α lamellae 
show a remarkable-serrated profile that many 
grooves appear on the interface of α lamellae. This 
indicates that boundary splitting occurs during 
annealing. The process of boundary splitting can be 
illustrated by Fig. 7(a), in which the β phase 
penetrates through the α lamellae along LAGBs and 
HAGBs to form the globularized α grains. It is 
assumed that a low temperature (820 °C) and short 
annealing time (1 h) not only suppress the 
formation of LAGBs and HAGBs via SRV and 
SRX, but also restrain β phase penetration, so that 
the fraction of globularized α grains is very limited. 
Even with increasing annealing time to 6 h, the 

occurrence of SRV and SRX is just enhanced in 
lamellar α, and the low temperature at 820 C   
still restrains β phase penetration, so the α 
globularization fraction keeps limited. 
 

 

Fig. 7 Schematic illustration of globularization 

mechanism of boundary splitting (a) and termination 

migration (b) 

 
In addition, the interlamellar β also undergoes 

remarkable morphology evolution during annealing 
at 820 °C (Figs. 5(e, f)). As shown in Fig. 5(e), 
some LAGBs and HAGBs are formed in β phase 
during annealing, which divide the interlamellar β 
into refined and equiaxed grains. Apparently, 
increasing annealing time significantly enhances the 
SRV and SRX in β phase, resulting in more refined 
and equiaxed β grains (Fig. 5(f)). 
 

3.3 Microstructure evolution at 880 °C 
When the annealing temperature increases 

from 820 to 880 °C, more LAGBs and HAGBs 
appear in the α lamellae, which divide α lamellae 
into many subgrains and SRXed grains, as shown in 
Fig. 8. However, most of subgrains and SRXed 
grains are still adjacent to each other after the 
annealing for 1 h, indicating a low globularization 
fraction of α lamellae. Meanwhile, heterogeneous 
SRV/SRX features are found at 880 °C for 1 h. As 
shown in Fig. 8(c), Region A keeps a lamellar 
morphology with few LAGBs and HAGBs. When 
the annealing time increases to 6 h, the sufficient 
and homogeneous α globularization is achieved 
(Fig. 8(d)). 

The full α globularization at the annealing 
condition of 880 °C, 6 h can be firstly attributed  
to acceleration of boundary splitting; i.e. increasing  
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Fig. 8 Phase maps (a, b) and IPF maps of separated α (c, d) and β (e, f) phases in annealed microstructures acquired by 

annealing at 880 °C for different time: (a, c, e) 1 h; (b, d, f) 6 h 

 
temperature not only promotes the formation of 
LAGBs and HAGBs, but also enhances β phase 
penetration through the α lamellae. Secondly, the 
sufficient α globularization at 880 °C for 6 h could 
be ascribed to the activation of termination 
migration. As pointed by black arrows in Fig. 8(d), 
some α lamellae still possess only a few LAGBs 
and HAGBs, but these α lamellae become shorter 

and coarser than the original α lamellae in the rolled 
microstructure. The above results suggest that 
termination migration assists and promotes the 
globularization of α lamellae at 880 °C, 6 h. As 
shown in the schematic illustration in Fig. 7(b), the 
process of termination migration includes mass 
flow of alloy element from termination tips to   
flat interfaces of α lamellae, resulting in the 
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dissolution of termination tip and the thickening of 
α lamellae [18,30]. Therefore, even without 
formation LAGBs/HAGBs in α lamellae with  
small deformation amount, the combined effect of 
high annealing temperature (880 °C) and long 
annealing time (6 h) significantly promotes the 
globularization of α lamellae by termination 
migration. 

More homogeneous grain refinement of β 
phase is found when annealing temperature 
increases from 820 to 880 °C (Figs. 8(e, f)). 
Specifically, increasing the annealing temperature 
significantly enhances SRV and SRX in inter- 

lamellar β, and thus the increased LAGBs and 
HAGBs divide the interlamellar β into refined and 
equiaxed grains. Moreover, it can be seen from 
Fig. 8(b) that globularized α grains and refined β 
grains are adjacent to each other and 
homogeneously distribute in the microstructure. 
 
3.4 Microstructure evolution at 940 °C 

As annealing temperature increases largely to 
940 °C, the morphology of both α and β phases is 
significantly different from that at low temperatures 
of 820 and 880 °C. As shown in Fig. 9, the grain 
size of α phase at 940 °C is much larger than that of 

 

 
Fig. 9 Phase maps (a, b) and IPF maps of separated α (c, d) and β (e, f) phases in annealed microstructures acquired by 

annealing at 940 °C for different time: (a, c, e) 1 h; (b, d, f) 6 h 
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α phase at 820 and 880 °C. Local enlarged IPF 
maps of α and β phases are shown in Fig. 10. It can 
be seen that many α grains show an irregular 
morphology, and only a few α grains express a 
regular and globularized morphology. Meanwhile, 
increasing annealing time from 1 h (Fig. 9(a)) to   
6 h (Fig. 9(b)) increases the volume fraction of 
globularized α grains, which can be attributed    
to the fact that the prolonged annealing time 
promotes the termination migration to enhance α 
globularization. The larger α grain size could be 
attributed to coarsening via Ostwald ripening [29], 
in which large-sized α particles grow at the expense 
of small-sized α particles to reduce the total    
free energy of the system. As reported in the 
literatures [31−33], Ostwald ripening of α phase 
involves as α (small-sized particles) → β (matrix) 
→ α (large- sized particles). 

Compared with the samples annealed at 820  
or 880 C, refinement of coarse β grains is not 
observed in the sample annealed at 940 C. As 
mentioned in Sections 3.2 and 3.3, when annealed 
at 820 and 880 C, LAGBs and HAGBs are formed 
in β grains via SRV and SRX, which divide 
interlamellar β into refined grains. Meanwhile, the 
abundant α grains around β phase generate a strong 
pinning effect on grain boundary migration of β 
phase, which effectively restrains β grain growth. In 

contrast, the coarse β grain would be mainly 
attributed to the suppressing of SRX at 940 °C. The 
evolution behavior of SRX can be reflected by 
EBSD-derived internal average misorientation 
angle (IAMA) map [34]. In IAMA map, grains with 
IAMA above 1° are classified as deformed regions 
(marked by red). If the grains contain subgrains 
whose IAMA is under 1° but the misorientation 
from subgrain to subgrain is above 1°, these grains 
are classified as substructured regions (marked by 
yellow). All the remaining grains are classified as 
recrystallized regions (marked by blue). As shown 
in Fig. 11, IAMA maps clearly show that the 
fraction of SRX increases as annealing temperature 
increases from 820 to 880 °C, but decreases sharply 
from 880 to 940 °C. Thus, the weakened SRX 
suppresses the generation of HAGBs in inter- 
lamellar β and induces the coarse β grain at 940 C. 
The suppressing of SRX in β phase is possibly 
related to the α→β phase transformation at 940 C. 
As shown in Fig. 12, the volume fraction of β phase 
gradually increases with increasing annealing 
temperature. As a result, the rapid phase 
transformation at an excessive temperature (940 C) 
may consume a large amount of stored strain energy 
in β grains to suppress the SRX. Meanwhile, the 
formation of LAGB needs enough dislocations [35]. 
Therefore, the low stored strain energy, resulting  

 

 

Fig. 10 Orientation relationship between α and β phases in annealed microstructures acquired by annealing at 940 °C 
for 1 h (a−c) and 6 h (d−f): (a, d) Phase maps; (b, e) IPF maps; (c, f) Pole figures 
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Fig. 11 IAMA maps showing recrystallized, substructured and deformed regions of β phases in annealed micro- 
structures acquired by different annealing processes: (a) 820 °C, 6 h; (b) 880 °C, 6 h; (c) 940 °C, 6 h; (d) Statistics data 
of volume fraction of recrystallized, substructured and deformed region 
 

 

Fig. 12 Volume fraction of β phase in various processing 

conditions 

 
from rapid phase transformation, would also 
suppress the formation of LAGBs by SRV in β 
phase. As a result, the refinement of β grain by SRV 

and SRX hardly happens during annealing at 
940 C, and α grains distribute inside coarse β 
grains. 

The orientation relationships (ORs) between  
α and β phases are examined via pole figures in 
Figs. 10(c, f). Most irregular α grains and some 
globularized α grains have a nearly Burgers OR 
with β phase as attested by the coincident 
{0001}α//{110}β  planes  and  1120 α  //111β 
directions (as pointed out by color arrows in 
Figs. 10(c, f)), and only a part of globularized α 
grains deviate from Burgers OR (as marked by 
ellipse in Figs. 10(c, f)). This can be firstly ascribed 
to the fact that the lack of SRX in β phase at 940 °C 
could not change the orientation of β grain 
apparently. Meanwhile, for the globularized α 
grains generated by boundary splitting, the 
combined effect of deformation, SRV and SRX 
would destroy Burgers OR between α and β phases  
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Fig. 13 Schematic illustration conclusively showing globularization and grain morphology evolution of both α and β 

phases during hot rolling and annealing of TC21 titanium alloy 

 

in the initial colony. However, for the rest of α 
lamellae, the small deformation amount could not 
destroy Burgers OR completely, and the subsequent 
processes of termination migration and Ostwald 
ripening just change the geometric morphology 
rather than crystallographic orientation. 

Based on the above results, it can be concluded 
that microstructure evolution of TC21 titanium 
alloy strongly depends on annealing temperature,  
as schematically illustrated in Fig. 13. At low 
annealing temperature (820 °C), boundary splitting 
acts as the main globularization mechanism for α 
phase. However, low annealing temperature just 
leads to limited globularization. As the annealing 
temperature increases to 880 °C, boundary splitting 
and termination migration are enhanced, which 
induces sufficient globularization. Meanwhile, 
sufficient SRV and SRX promote formation of 
LAGBs and HAGBs, which in turn refines 
interlamellar β completely. At excessively high 
annealing temperature of 940 °C, the α grain 
coarsening by Ostwald ripening, and the weakened 
SRV and SRX restrain grain refinement of β phase, 
resulting in the distribution of α grain in coarse β 
grains. Accordingly, it is found that intermediate 
annealing temperature, i.e. 880 °C in this work, is 
appropriate to get a homogeneous microstructure, in 
which the globularized α grains and refined β grains 
are adjacent to each other and homogeneously 
distributed. 
 

4 Conclusions 
 

(1) The rolling at low temperature of 750 °C 
suppresses DRV/DRX and globularization of α and 
β phases during rolling. Most α colonies exhibit 

lamellar morphology except that a few α lamellae 
are kinked after rolling. 

(2) Low annealing temperature of 820 °C just 
leads to limited globularization of α lamellae by 
boundary splitting. Increasing the annealing 
temperature to 880 °C and prolonging annealing 
time to 6 h enhance the boundary splitting and 
termination migration, which result in sufficient 
globularization of α phase. At the excessively high 
annealing temperature of 940 °C, Ostwald ripening 
leads to an apparent α grain coarsening. 

(3) SRV and SRX produce LAGBs and 
HAGBs, which divide interlamellar β into refined β 
grains. Sufficient β grain refinement is achieved at 
the annealing temperature of 880 C. However, the 
excessively high annealing temperature (940 C) 
restrains the formation of LAGBs and HAGBs, 
which subsequently leads to the coarse β grains. 

(4) Intermediate temperature (~880 °C) is 
appropriate to get a homogeneous microstructure in 
which the globularized α grains and refined β grains 
distribute homogeneously. 
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TC21 钛合金热轧后退火过程中 
α和 β相静态球化和晶粒形貌演变 

 

王 柯，吴明玉，任 朝，张 宇，辛仁龙，刘 庆 

 

重庆大学 材料科学与工程学院 轻合金材料国际合作联合实验室，重庆 400044 

 

摘  要：对具有片层组织的 TC21 钛合金金进行热轧和退火试验(退火温度：820、880、940 °C；退火时间：1、6 h)，

进而研究退火参数对 α和 β相静态球化和晶粒形貌的影响。结果表明：退火温度为 820 °C 时，α球化不明显，这

是由于片层 α相中晶界分离机制受限所致。当退火温度升高到 880 °C 时，晶界分离和末端迁移两种球化机制的发

生促进片层 α相的球化。在 820 和 880 °C 退火时，静态回复和静态再结晶导致片层间 β晶粒发生细化。然而，过

高的退火温度(940 °C)使得 α晶粒在奥施特瓦尔德熟化作用下发生粗化，同时抑制片层间 β相中静态再结晶的发

生，产生粗大的 β晶粒。因此，880 °C 是一个合适的退火温度；在该退火温度条件下可获得均匀的退火组织，其

中球化的 α晶粒和细化的 β晶粒均匀分布。 

关键词：TC21 钛合金；α球化；再结晶；晶粒细化 
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