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Abstract: The strength of traditional commercially pure titanium (CP-Ti) alloys often fails to meet the demand of 
structural materials. In order to enhance their mechanical properties, the cold-rolled CP-Ti alloys were annealed at 
different temperatures, and the recrystallization behavior and texture evolution were investigated. It was found that the 
bimodal microstructure (equiaxed and elongated grains) was formed after partial recrystallization, and the 
corresponding sample exhibited an excellent combination of ultimate tensile strength (702 MPa) and total elongation 
(36.4%). The recrystallization nucleation of CP-Ti sheets occurred preferentially in the high strain and the high-angle 
grain boundaries (HAGBs) regions. Meanwhile, the internal misorientations of the deformed heterogeneous grains 
increased and transformed into HAGBs, which further promoted the recrystallization nucleation. The main 
recrystallization texture was basal TD-split texture transformed from cold-rolled basal RD-split texture, and the oriented 
nucleation played a dominated role during recrystallization. 
Key words: commercially pure titanium; recrystallization nucleation; bimodal microstructure; mechanical properties; 
texture 
                                                                                                             
 
 
1 Introduction 
 

Due to good biocompatibility, excellent 
corrosion resistance and high specific strength, 
titanium and its alloys have been widely used in 
medical devices, chemical equipment, aerospace 
and many other fields [1−4]. Unfortunately, because 
of few alloying elements, CP-Ti alloys cannot be 
strengthened. So far, severe plastic deformation 
(SPD) has been widely employed to improve the 
strength. ISLAMGALIEV et al [5] found that grain 
refinement of CP-Ti (from 40 μm to 105−120 nm) 
could be achieved by high-pressure torsion, leading 
to an enhanced ultimate tensile strength (about 
1600 MPa) while also accompanied by the loss of 
elongation. According to MENG et al [6], high 

strain rate rotary swaging of CP-Ti brought about 
profuse twins and rapid grain refinement at room 
temperature, as a result, the ultimate tensile strength 
was about 976 MPa, but its elongation was less than 
10%. Also, KANG and KIM [7] and NASIRI- 
ABARBEKOH et al [8] refined the grains of CP-Ti 
by multi-pass equal channel angular pressing 
(ECAP), indicating that ECAP can significantly 
improve the strength, besides, the elongation was 
close to 20%. The above research indicates that 
although SPD can refine the grain size and improve 
the strength, while this method often sacrifice 
elongation.  

There is no doubt that the heat treatment 
process is of crucial importance for tailoring the 
strength-to-plastic ratio of materials. LIU et al [9] 
reported the effect of annealing on mechanical  
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properties of CP-Ti rods by rotary swaging and they 
attributed the excellent combination of strength and 
ductility to the ultrafine grain size and the high 
dislocation density in the interior of grains. GU et  
al [10] studied the effect of short-term annealing on 
the mechanical properties of bulk ultrafine-grained 
(UFG) pure titanium (Grade 2). It was found that 
UFG Ti can achieve a perfect combination of 
strength (Rm: 663 MPa) and good elongation 
(A: 29%) by short-term annealing at 300 °C for 
15 min. LI et al [11] proved that selective laser 
melted CP-Ti annealing at 650 °C could generate 
the equiaxed microstructure in the acicular α′ region, 
resulting in weakened texture. LIN et al [12] found 
that short-term annealing after high-pressure torsion 
improved the ductility of CP-Ti, but its strength 
would decrease at higher annealing temperatures 
due to grain growth. The above studies were mostly 
focused on the effects of grain sizes after heat 
treatment on properties. Moreover, it has been 
reported that the excellent combination of strength 
and plasticity was achieved by introducing 
multimodal grain structure in face-centered cubic 
metal copper [13]. 

Therefore, this work aimed to tailor the 
microstructure of cold-rolled CP-Ti sheets through 
recrystallization annealing. And the bimodal 
microstructure (equiaxed and elongated grains) was 
the contributor to the enhanced mechanical 
properties, which made it possible for CP-Ti sheets 
to meet the requirement of structural material. 
What’s more, the recrystallization behavior and 
texture evolution during annealing were analyzed  
in depth. 
 
2 Experimental 
 

The as-received CP-Ti material was 100 mm 
(length) × 20 mm (width) × 2 mm (thickness) 
annealed sheets in this study, and its chemical 
composition is shown in Table 1. The CP-Ti sheets 
were cold rolled to 0.8 mm by multi-pass 
unidirectional rolling, and the total reduction was 
60%. In order to study the effect of the annealing 
temperature on the mechanical properties, 
recrystallization and texture of the sheets, the sheets 
were annealed at 500, 550, 600 and 650 °C for 
10 min in a tube furnace (argon atmosphere). The 
tensile specimens with dimensions of 10 mm 

(gauge length) × 5 mm (width) × 0.8 mm (thickness) 
were machined with longitudinal axis parallel to the 
rolling direction. The tensile samples were stretched 
at room temperature with a rate of 0.5 mm/min, and 
three tensile samples were tested under each 
condition. Samples were cut from the as-received 
and annealed sheets, and the samples were 
electropolished in a solution consisting of 50 mL 
perchloric acid, 600 mL methanol and 350 mL 
n-butanol at 30 V and −20 °C. Electropolishing 
samples were detected by electron backscattered 
diffraction (EBSD) technology, and the data were 
analyzed with the HKL Channel 5 software to 
obtain the grain sizes, recrystallized grains, grain 
boundary distribution and texture characteristics. 
 
Table 1 Chemical composition of CP-Ti sheets (mass 
fraction, %) 

Fe O N C H Ti 
0.12 0.15 0.008 0.03 0.005 Bal.

 
3 Results 
 
3.1 As-received material 

The microstructure and texture of as-received 
CP-Ti sheet are shown in Fig. 1. Figure 1(a) shows 
that the as-received CP-Ti sheet consists of fully 
recrystallized equiaxed grains. The average grain 
size is approximately 5.6 μm. Figure 1(b) shows the 
grain boundary distribution of the as-received sheet. 
Grain boundaries with misorientations lower and 
higher than 15° were denoted as low angle grain 
boundaries (LAGBs) and high angle grain 
boundaries (HAGBs), respectively. The as-received 
material had a large number of uniformly 
distributed HAGBs (proportion 0.776). There was a 
weak basal bimodal texture in the {0002} pole map 
of the as-received sheet, and the maximum pole 
density was 4.68, as shown in Fig. 1(c). The c-axis 
of some grains was approximately parallel to the 
ND, and the c-axis of other grains deflected 
approximately 70° along the ND to TD. The 
orientation of {10 1 0} pole map grains was 
randomly distributed. 

 
3.2 Annealing microstructure 

Band contrast maps of CP-Ti sheets annealed 
at different temperatures are shown in Fig. 2.  
With the increase of annealing temperature, the 
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microstructure of CP-Ti sheets transformed    
from deformed microstructure into bimodal 
microstructure (equiaxed and elongated grains), and 
finally into completely equiaxed microstructure. 
After annealing at 500 °C, cold-rolled structure still 
remained in the matrix (Fig. 2(a)). Elongated grains 

can be seen in the microstructure and the average 
grain size was about 1.9 μm. According to Fig. 2(b), 
when annealing at 550 °C, recrystallization in the 
large deformation regions and many fine equiaxed 
grains can be observed. Also, there were some 
deformed grains along the RD. The average grain  

 

 
Fig. 1 IPF map (a), grain boundary distribution (b), and pole map (c) of as-received CP-Ti sheets 
 

 
Fig. 2 Band contrast maps of CP-Ti sheets annealed at different temperatures: (a) 500 °C; (b) 550 °C; (c) 600 °C;     
(d) 650 °C 
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size was about 2.0 μm. As shown in Figs. 2(c) and 
(d), the microstructures of CP-Ti sheets annealed  
at 600 and 650 °C were all equiaxed grains,     
and the average grain sizes were 3.6 and 4.3 μm, 
respectively. 
 
3.3 Mechanical properties 

The tensile properties of different samples are 
presented in Fig. 3. The specific tensile properties 
are listed in Table 2. Obviously, the flow curves 
were significantly affected by annealing 
temperatures. It can be seen from Fig. 3 that the 
ultimate tensile strength (Rm: 582 MPa) of the 
as-received CP-Ti sheet was the lowest, but it 
exhibited good elongation (A: 39.5%). After cold 
rolling and annealing, the CP-Ti sheet after 
annealing at 500 °C exhibited the highest tensile 
strength (Rm: 754 MPa) while lower elongation (A: 
29.4%). After the peak stress (ultimate tensile 
stress), it exhibited rapid flow softening. The 
excellent combination of strength and plasticity can 
be achieved when annealing at 550 °C, the ultimate 
 

 
Fig. 3 Engineering stress−strain curves (a) and product 
of strength and elongation values (b) of CP-Ti sheets 
annealed at different temperatures 

Table 2 Tensile strengths and product of strength and 
elongation values under annealing 

Sample 
Rp0.2/
MPa

Rm/ 
MPa 

A/% 
Rm·A/ 

(GPa·%) 
As-received 463 582 39.5 23.0 

500 °C, 10 min 688 754 29.4 22.2 

550 °C, 10 min 645 702 36.4 25.6 

600 °C, 10 min 533 602 40.8 24.6 

650 °C, 10 min 506 588 37.8 22.2 
 
tensile strength was 702 MPa, and the elongation 
was 36.4%. Moreover, the product of strength   
and elongation (25.6 GPa·%) was the highest, 
indicating that it had excellent strength and 
toughness level. For the samples annealed at 600 
and 650 °C, the tensile properties were similar to 
that of the as-received sheet. 
 
3.4 Recrystallized grains distribution 

The recrystallized grains distribution of CP-Ti 
sheets after different annealing temperatures are 
shown in Fig. 4. As can be seen in Fig. 4, the 
recrystallized grains, substructured grains and 
deformed grains are distinguished by blue, yellow 
and red regions, respectively. It can be seen from 
Fig. 4(a) that the deformed structure accounts for 
the majority (proportion 0.981) of the CP-Ti plate 
annealed at 500 °C. Figure 4(b) shows partial 
recrystallization occurred in CP-Ti sheet annealed 
at 550 °C, a large fraction of deformed structure 
(proportion 0.726) still existed in the matrix, and 
there were also some recrystallized grains 
(proportion 0.267). When CP-Ti sheet was annealed 
at 600 °C, the microstructure was mainly composed 
of recrystallized grains (proportion 0.934) and a 
small amount of deformed matrix (proportion 
0.054), as shown in Fig. 4(c). With the further 
increase of annealing temperature, the micro- 
structure of CP-Ti sheet annealed at 650 °C was 
completely recrystallized and accompanied by 
grains growth. The proportion of recrystallized 
grains was 0.974, as shown in Fig. 4(d). 
 
3.5 Grain boundaries distribution 

Figure 5 shows the grain boundaries 
distribution of CP-Ti sheets annealed at different 
temperatures. It can be seen from Fig. 5(a) that  
the CP-Ti sheet annealed at 500 °C was filled  
with high-density LAGBs, and the proportions of 
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Fig. 4 Recrystallized grains distribution of CP-Ti sheets annealed at different temperatures: (a) 500 °C; (b) 550 °C;   
(c) 600 °C; (d) 650 °C 
 

 
Fig. 5 Grain boundaries distribution of CP-Ti sheets annealed at different temperatures: (a) 500 °C; (b) 550 °C;      
(c) 600 °C; (d) 650 °C 
 
LAGBs and HAGBs were 0.242 and 0.758, 
respectively. It indicated that some defects formed 
during the cold-rolling process still existed after the 

annealing treatment. When CP-Ti sheet was 
annealed at 550 °C, the LAGBs density decreased 
and many defect-free grains were generated, as 
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shown in Fig. 5(b). The CP-Ti sheet annealed at 
600 °C was mainly composed of grains without 
lattice distortion, and the fraction of HAGBs 
increased to 0.789. In Fig. 5(d), the grains of CP-Ti 
sheet annealed at 650 °C were basically new grains 
without lattice distortion, and the HAGBs increased 
further, accounting for 0.896. With the increase of 
annealing temperature, the proportion of HAGBs 
increased, resulting in new grains without lattice 
distortion. 
 
3.6 Pole maps and orientation distribution 

function 
The {0002} and {1010} pole maps of CP-Ti 

sheets annealed at different temperatures are shown 
in Fig. 6. In Figs. 6(a) and (b), when CP-Ti sheets 
were annealed at 500 and 550 °C, there were 
mainly many c-axis orientations of grains deflected 
near ±20° from ND to RD. Meanwhile, the intensity 
in the {0002} pole maps decreased. In addition, the 
c-axis orientation of some grains deflected near 30° 
from ND to TD. Moreover, the intensity of CP-Ti 
annealed at 550 °C was slightly high, and the 
maximum multiple uniform distribution was 5.17. 
When the CP-Ti sheet was annealed at 600 °C, the 
c-axis orientation of more grains deflected from ND 
to TD by 40°, as shown in Fig. 6(c). When the 
CP-Ti sheet was annealed at 650 °C, the c-axis 
orientation of more grains deflected from ND to TD 
by ±35°, as shown in Fig. 6(d). With the increase of 
annealing temperature, the intensity of the {0002} 
pole map of CP-Ti sheets was weakened firstly and 
then was strengthened slightly. The density of 

{0002} pole map of the sheet annealed at 550 °C 
was the lowest. Interestingly, the RD-split basal 
texture of CP-Ti annealed sheets transformed into 
basal TD-split texture, and the intensity was 
strengthened slightly. 

In order to obtain the evolution of annealing 
texture of CP-Ti sheets, orientation distribution 
function (ODF) maps were used to further 
characterize the texture characteristics at different 
annealing temperatures. The main texture 
orientation of CP-Ti sheets was located on the 
sections of Φ2=0° and Φ2=30°, as shown in Fig. 7. 
In Figs. 7(a) and (b), it can be seen that the textures 
of CP-Ti sheets annealed at 500 and 550 °C were 
both (01 15 )[1 32 1] and (0001)[0 3 31], and the 
texture intensity of CP-Ti sheet annealed at 550 °C 
was lower. When the annealing temperature rose to 
600 °C, the recrystallization textures of CP-Ti sheet 
were (0112)[3210] and (1124)[5611], as shown in 
Fig. 7(c). Compared with the texture of CP-Ti sheet 
annealed at 600 °C, the texture orientation of CP-Ti 
sheet annealed at 650 °C moved about 10° to the 
direction of Φ=0°, and the recrystallization textures 
were (0113)[3210] and (1125)[4510], as shown in 
Fig. 7(d). 
 
4 Discussion 
 
4.1 Evolution of microstructure and mechanical 

properties 
Different annealing temperatures of the  

CP-Ti sheets resulted in significant microstructure 
differences. It can be seen from Fig. 2 that as the  

 

 
Fig. 6 Pole maps of cold-rolled CP-Ti sheets annealed at different temperatures: (a) 500 °C; (b) 550 °C; (c) 600 °C;   
(d) 650 °C 
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Fig. 7 ODF maps of CP-Ti sheets annealed at different temperatures: (a) 500 °C; (b) 550 °C; (c) 600 °C; (d) 650 °C 
 
annealing temperature increased, the microstructure 
gradually transformed from the elongated grains 
into uniform equiaxed grains. The microstructure of 
CP-Ti sheet after annealing at 600 °C was almost 
equiaxed grains. In addition, it can be seen from the 
grain boundaries distribution (Fig. 5) that the 
proportion of HAGBs of CP-Ti sheets gradually 
increased. The main reason was the migration and 
aggregation of subgrain boundaries during annealing 
increased grain boundary misorientation angles, 
leading to the transition from LAGBs with higher 
energy to HAGBs with lower energy, which 
induced the formation of equiaxed grains [14−16]. 
The growth of grains during annealing at 650 °C 
can be attributed to the decrease of interfacial energy. 

CP-Ti sheets exhibited different mechanical 
properties because of the different microstructures 
after annealing, as shown in Fig. 3 and Table 2. The 
microstructure of CP-Ti sheet annealed at 500 °C 
maintained the original processing morphology. 
Severely deformed equiaxed grains lost the ability 
to emit and transmit dislocations, resulting in   
low elongation. With the increase of annealing 
temperature, the ultimate tensile strength and yield 
strength of CP-Ti sheets gradually decreased, and 
the elongation increased. After reaching the peak 
stress, the partially recrystallized and fully 

recrystallized specimens of CP-Ti sheets showed 
gradual flow softening. The reason was that a large 
number of LAGBs transformed into HAGBs 
(Fig. 5), which reduced dislocation density of the 
grains and enhanced softening effect. Meanwhile, 
the grain boundaries of equiaxed crystals can emit 
and transmit dislocations, which can better 
coordinate plastic deformation [17]. When the 
specimen was annealed at 650 °C, the mechanical 
properties were similar to that of as-received sheet. 
This can be attributed to the fact that the refined 
grains grew up during annealing, resulting in the 
decrease of strength. 

It can be seen from Figs. 2 and 3 that the 
equiaxed microstructure exhibited low strength and 
good ductility, while the microstructure of 
elongated grains along the RD exhibited high 
strength and low ductility. However, when the 
CP-Ti sheet was annealed at 550 °C, the bimodal 
microstructure exhibited optimal comprehensive 
mechanical properties, and the product of strength 
and elongation reached 25.6 GPa·%. Therefore, 
when the CP-Ti sheet was annealed at 550 °C, 
bimodal microstructure can be achieved through 
partial recrystallization, which was beneficial to 
obtaining an excellent combination of high strength 
and good plasticity. 
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4.2 Recrystallization behavior 
As the annealing temperature increased, the 

proportion of recrystallized grains of the CP-Ti 
sheet increased. High annealing temperature 
accelerated the occurrence of recrystallization and 
generated equiaxed grains without lattice distortion. 
It can be found in Fig. 4(b) that recrystallization 
grains preferentially nucleated and grew in high 
strain regions. The reason was that the CP-Ti sheet 
had high deformation energy storage in the high 
strain regions, which promoted the nucleation and 
growth of recrystallization [18]. 

In addition, according to the microstructure of 
the annealed sheets, it can be concluded that the 
elongated and deformed grains along the RD 

direction would finally transform into equiaxed 
grains. In order to explore the recrystallization 
behavior, ten larger deformation heterogeneous 
grains (numbers A−J) of CP-Ti sheets were 
respectively selected from 500 and 550 °C annealed 
sheets, as shown in Fig. 8. The orientations of A−J 
grains of CP-Ti sheets annealed at 500 and 550 °C 
were similar. However, the intragranular maximum 
misorientation of A−J grains of CP-Ti sheet 
annealed at 550 °C was larger than that at 500 °C, 
as shown in Figs. 8(a) and (b). The maximum 
misorientation within A−J grains of CP-Ti sheet 
annealed at 550 °C was larger than 4.5° (accounting 
for 80%), as shown in Fig. 8(c). This indicates  
that the recovery degree of A−J grains of CP-Ti sheet 

 

 
Fig. 8 Internal maximum misorientations of deformation heterogeneous grains of CP-Ti sheets annealed at 500 °C (a), 
550 °C (b), and comparison of maximum misorientations in annealed samples (c) 
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annealed at 550 °C is great. It can also be seen from 
Fig. 5 that the proportion of subgrains decreased 
with the increase of annealing temperature. Finally, 
the deformation heterogeneous grains transformed 
into HAGBs grains. Previous studies have shown 
that subgrain boundaries with low mobility    
were converted into highly mobile HAGBs in 
deformation heterogeneous grains, which was 
believed to be a viable mechanism for nucleation  
of recrystallization [19−21]. Therefore, it can be 
inferred that during the annealing of CP-Ti sheets, 
recrystallization nucleation preferentially occurred 
in the high strain and HAGBs regions. At the same 
time, the subgrain boundaries in the deformation 
heterogeneous grains migrated and gradually 
transformed into HAGBs, which promoted the 
nucleation of recrystallization. 
 
4.3 Texture evolution 

The analysis of pole maps (Fig. 6) and ODF 
maps (Fig. 7) shows that texture of CP-Ti sheets 
was significantly affected by annealing 
temperatures. The texture intensity of CP-Ti sheet 
annealed at 550 °C was the lowest. The reason was 
that new oriented equiaxed grains were formed 
during annealing. With the increase of annealing 
temperature, the texture intensity of CP-Ti sheets 
decreased firstly and then increased. The 
transformation of the basal RD-split texture into 
basal TD-split texture was affected by the 
orientation nucleation of recrystallization. More 
precisely, the texture of annealed sheets 
transformed from the (01 15)[1321]  and 
(0001)[0331]  cold-rolled texture into the 
(01 13)[32 10]  and (1125)[4510]  recrystallized 

texture. Previous studies showed that the typical 
recrystallized textures of CP-Ti were all basal 
TD-split textures [22−24]. Generally speaking, 
there are two main models for the formation of 
strong and new textures, which are usually 
described as oriented nucleation or oriented  
growth [15]. In order to explore the mechanism of 
texture transformation, the recrystallized grains 
distribution and pole map of CP-Ti sheet annealed 
at 550 °C are characterized, as shown in Fig. 9. It 
can be seen from Fig. 9 that the recrystallized 
grains had a specific orientation, and the c-axis of 
most recrystallized grains deflected nearly 35° from 
ND to TD. This was similar to the completely 
recrystallized texture of CP-Ti sheet annealed at 

650 °C, as shown in Fig. 6(d). Therefore, the reason 
for the transformation of basal RD-split texture into 
basal TD-split texture was that the recrystallization 
nucleation of CP-Ti sheets preferentially occurred 
in the high strain and HAGBs regions. The 
recrystallized grains had a specific orientation. 
Moreover, the grain boundaries of these grains had 
high migration rate and preferential growth, which 
eventually made the texture transform into a 
specific direction, and the texture intensity 
increased slightly. 
 

 
Fig. 9 Recrystallized grains distribution (a) and pole map 
(b) of CP-Ti sheet annealed at 550 °C 
 
5 Conclusions 
 

(1) When cold-rolled CP-Ti sheet was 
annealed at 550 °C, the bimodal microstructure 
could be formed through partial recrystallization, 
which contributed to obtaining an excellent 
combination of high strength and good plasticity. 
The recrystallization rate was 26.7%, and the 
product of strength and elongation reached 
25.6 GPa·%. 

(2) The recrystallization nucleation of 
annealed CP-Ti sheets occurred preferentially in the 
high strain and HAGBs regions. The internal 
misorientations of the deformation heterogeneous 
grains during annealing increased and transformed 
into HAGBs, which further promoted nucleation of 
recrystallization. 

(3) With the increase of annealing temperature, 
the texture intensity of annealed sheets decreased 
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firstly and then increased. The transformation of the 
basal RD-split texture into basal TD-split texture 
was affected by the orientation nucleation of 
recrystallization. The texture of annealed sheets 
transformed from (0115)[1321] and (0001)[0331] 
cold-rolled texture into (01 13)[32 10]  and 
(1125)[4510] recrystallized texture. 
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摘  要：传统的商业纯钛(CP-Ti)合金强度往往不能满足结构材料的需求。为了提高其力学性能，对冷轧 CP-Ti 合
金在不同温度下退火，并详细研究其再结晶行为和织构演变。结果表明，部分再结晶形成的双态结构(等轴和拉长

的晶粒)表现出极限抗拉强度(702 MPa)和总伸长率(36.4%)的优异结合。CP-Ti 板材的再结晶形核优先发生在高应

变和大角度晶界区域。同时，变形不均匀晶粒的内部取向差增大并转变成大角度晶界，进一步促进再结晶形核。

主要再结晶织构是由冷轧基面 RD-分裂织构转变而来的基面 TD-分裂织构，再结晶过程中定向形核起主导作用。 
关键词：商业纯钛；再结晶形核；双态组织；力学性能；织构 
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