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The effects of recrystallization during annealing process on microstructure and texture evolution of cold-
rolled Ti-6Al-4V alloy plates were investigated. The plates after cold rolling with a thickness reduction of 5,
10, and 15% were annealed under different conditions of 750 �C for 1 h, 800 �C for 1 h, and 800 �C for
1.5 h, respectively. It was found out that the recrystallization temperature decreased with increasing rolling
reduction due to higher storage energy, while the extension of annealing time caused grain growth. For the
cold-rolled plate with a reduction of 10%, the resulting microstructure showed more equal-axis grains after
annealing at 800 �C for 1 h, among different conditions. Moreover, the XRD results showed that the cold-
rolled plate composed mainly of {0001} Æ10-10æ basal texture, {10-11} Æ1-210æ and {01-12} Æ10-10æ pyramidal
textures, and {01-10} Æ10-10æ prismatic texture, and that the weak {10-11} Æ1-210æ texture was transformed
to components {01-12} Æ10-10æ and {01-10} Æ10-10æ, which were expected to improve formability. Electron
back-scattered diffraction results ascertained that two mechanisms, i.e., recrystallization sites of preferred
orientations and favorable grain growth both played important roles in static recrystallization.
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1. Introduction

According to the phase nature at room temperature, titanium
alloy can be classified into three types, i.e., a and near-a alloys,
a/+b alloys, and b alloys (Ref 1-3). Because of their low
density, high strength-to-weight ratio, and outstanding com-
prehensive performance, titanium alloy tubes face an increasing
demand from aeronautics and astronautics, automotive, ship-
building, and energy industries (Ref 4). Among titanium alloys,
widely used Ti-6Al-4V alloy is an excellent candidate for
manufacturing titanium alloy tubes (Ref 5, 6), especially
applied to aerospace and oil industry. In general, the main
manufacturing process of Ti-6Al-4V alloy tubes includes hot
rolling, drawing, and Helical bar piercing, mostly for thick wall
tubes. Although a clear record of thin wall tubes via hot rolling
has been confirmed, complicated equipment and process as
well as high product cost restricts its mass production. Titanium
alloy tubes with low strength or low alloy content can be
produced through cold rolling, during which metal consump-
tion can be reduced (Ref 7). However, the smooth production
and the uniformity requirement are challenges to the cold-rolled
tubes with moderate strength especially for thin tubes due to
their high resistance to deformation (Ref 8). Ti-6Al-4V alloy is
easily to be deformed by hot rolling to improve microstructures
and subsequent cold rolling is carried out to enhance surface
quality and dimensional precision. Therefore, it is necessary to

clarify the micromechanism of how the rolling and subsequent
annealing processes affect mechanical properties of Ti-6Al-4V
tube.

Many researches have been conducted on the influences of
rolling and annealing parameters on microstructures, texture
evolution and mechanical properties. Chun et al. studied the
effects of deformation twinning and slip on grain refinement in a
commercial-purity titanium (CP-Ti) in which both compressive
({11-22} Æ11-2-3æ) and tensile ({10-12} Æ10-11æ) twins as well as
secondary twins and tertiary twins were activated to form
heterogeneous microstructures (Ref 9). But the effects of
recrystallization on texture evolution during annealing as well
as the basic properties were not mentioned. Huang and Yuasa
noticed a dramatic change in the rolling texture during differential
speed rolling (DSR), from the transverse direction (TD) split
texture with basal poles largely tilted at ±40� to the single-peak
basal texture (Ref 10). Peng et al. analyzed effects of b treatments
on microstructures and properties of the Ti-6Al-4Valloy, and the
results showed that microstructures were lamellar after process-
ing and acicularWidmanstatten after annealing, respectively (Ref
11). Carreon researched the direct correlation between tensile
ductility and the presence of a preferred crystallographic
orientation of polycrystalline microstructure of rolled Ti-6Al-
4V alloy annealed at 710�C for 2 h using thermoelectric power
measurements (Ref 12), but detailed textures were not presented.
So it is crucial to determine the influence of static recrystallization
during annealing on the microstructures and textures of cold-
rolled Ti-6Al-4Valloy. In this paper, light deformation combined
with annealing was designed to simulate the production of
titanium alloy tube, in order to explore rules of recrystallization
process and texture evolution.

2. Experimental

The material used in this work was typical Ti-6Al-4V alloy
received as forged ingot after hot rolling with the dimensions of
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380 mm981 mm941 mm, which was cut to plates with
dimensions of 380 mm9 81 mm9 4 mm. The microstructure
of the forged ingot exhibited a fully homogeneous equiaxed
structure with an average grain size of 9.2 lm. The plates were
cold rolled at room temperature with a total thickness reduction
of 5, 10, and 15%, respectively, with the thickness being
reduced by 0.2 mm after each pass in a four-high reversing mill
at a speed of 0.04 m/s. Thereafter, the cold-rolled plates were
annealed under different conditions, namely 750 �C for 1 h,
800 �C for 1 h and 800�C for 1.5 h, respectively, followed by
air cooling to room temperature.

The microstructures of the as-received material as well as
the cold-rolled and annealed plates were observed by optical
microscope (OM). Average grain size of a and b phases were
determined using optical metallography via a linear intercept
method, and the edge grains were excluded from the measure-
ment scheme. Furthermore, a D8 advanced x-ray diffractometer
(XRD) was introduced to analyze the influence of recrystal-
lization on texture evolution by pole figure (PF) and orientation

distribution function (ODF) was calculated by five pole
figures ((0002), (10-10), (10-11), (10-12), and (11-20)). From
the ODFs, complete pole figures were reconstructed. The
rectangular specimens in 25 mm9 20 mm for XRD test were
cut along the rolling direction (RD). The specimens subjected
to annealing were cut into specimens in 6 mm9 4 mm along
rolling direction, and misorientation angle distribution was
analyzed by a ZEISS SUPRA 55 thermal field emission
scanning electron microscope with an electron back-scattered
diffraction (EBSD) system.

3. Results and Discussion

3.1 Microstructure

The optical microstructures of the cold-rolled Ti-6Al-4V
alloy are shown in Fig. 1. The microstructures of Ti-6Al-4V
alloy after cold rolling consisted of a matrix and intergranular b

Fig. 1 The optical microstructures of (a) 5% cold-rolled plates, (b) 5% cold-rolled plate annealed at 800 �C for 1 h, (c) 10% cold-rolled plate
annealed at 750 �C for 1 h, and (d) 10% cold-rolled plate annealed at 800 �C for 1 h, and the chart of (e) average grain size distribution
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Fig. 2 Maximum intensity of (0002) and (10-10) pole figures of 10% cold-rolled plate (a) as received and (b) annealed at 750 �C for 1 h and
the ODFs of constant a2 in the 10% cold-rolled plates (c) as received, (d) annealed at 750 �C for 1 h, (e) annealed at 800 �C for 1 h and (f) an-
nealed at 800 �C for 1.5 h. w stands for (0001) (Ref 10), d for (01-12) (Ref 10), r for (01-10) (Ref 10), and m for (10-11) [1-210]
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phases (Ref 11) which were elongated after deforming. It is
apparently different from the equiaxed grains of the forged
ingot that had an average grain size of 9.2 lm. Moreover,
average grain sizes of three cold-rolled plates were 8.67 lm,
7.12 lm, and 6.80 lm, which showed a downward trend with
increasing rolling reduction. Static recrystallization of a and b
phases as well as b transformation during annealing process,
contributed to grain refinement (Ref 12), as shown in Fig. 1(a)
and (b).

The purpose of annealing is to acquire appropriate final
microstructure through static recrystallization. Lenain et al.
(Ref 13) studied the a phase nucleation and grain growth in a
two-phase titanium alloy (Ti-LCB), finding out that a phase
nucleated at the grain boundaries and even coalesced at several
areas when annealed at 750 �C. At the same time, b phase
decomposed due to a phase precipitation near the grain
boundaries. Guo et al. (Ref 14) researched microstructure and
texture evolution of the Ti-23Nb-0.7Ta-2Zr-1.2O alloy, a b-
type titanium alloy which processes a higher recrystallization
temperature. The samples after cold processing with a reduction
ratio of 90% were subjected to different heat treatments at 800,
820, and 840 �C for 5, 10, 15, 20, and 30 min, respectively. At
early stage of annealing at 800 �C, hardness decreased slightly
within 20 min and then remained constant thereafter, which
revealed a complete recrystallization process indirectly. Iva-
sishin et al. (Ref 15) researched grain growth and texture
evolution of the Ti-6Al-4V alloy during continuous heating
conditions in which the samples were heated to peak temper-
ature, cooled to 800 �C, and held for 5 min. After being heated
up to 1020 �C and then held at 800 �C for 5 min, the

microstructure of sample exhibited an equiaxed grains and 6-
8% beta phase was retained, which indicated a complete
recrystallization. Ti-6Al-4V-0.1B alloy sheet with a thickness
reduction of 90% was annealed at 900 �C. After 45 min, most
of a grains globalized even though grain size varied a lot. These
grains tended to grow, resulting from decrease in free energy
that was due to reduction in total grain boundary area (Ref 16,
17). In view of the facts in the literature, the cold-rolled samples
annealed at different temperatures for different durations were
believed to complete static recrystallization process. The reason
for the decrease of average grain size was the formation of
recrystallized grains. However, the extension of time con-
tributed to grain growth, leading to a slight increase in average
grain size (Fig. 1e). Grain growth took place resulting in
decrease in both boundary area/unit volume and stored energy/
unit volume, and therefore, a high thermodynamic stability was
achieved (Ref 18, 19). The microstructure of the 10% cold-
rolled plate annealed at 750 �C for 1 h was refined dramatically
although some grains elongated along rolling direction. Com-
pared with the average grain size of the plate annealed at
750 �C for 1 h (4.43 lm), the average grain size of the plate
annealed at 800 �C for 1 h increased to 5.35 lm (Fig. 1d),
which indicated that recrystallization temperature declined with
the increasing cold rolling reduction (Ref 20, 21). More refined
microstructure and b phase were obtained with increasing
annealing temperature (within 1 h). As shown in Fig. 1(a) and
(d), due to the coarsening of primary a grains by Ostwald
ripening where in small equiaxed a grains dissolve, coarser
ones grew up, causing to decrease overall interfacial area (Ref
22, 23).

Fig. 2 continued
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3.2 Texture Evolution

The (0002) complete pole figure (Fig. 2a) revealed a
bimodal distribution of basal poles, a texture commonly found
in titanium alloy. Cold-rolled texture and recrystallization
texture are similar, and dispersed allocations were associated
with relatively small rolling reductions (Ref 24). The maximum
intensity of cold-rolled texture was 2.7 along the rolling
direction, proving inhomogeneity between RD and TD. The
values descended to 1.8 and 2.0 after annealing process at
750 �C for 1 h and 800 �C for 1 h, respectively. In the (10-10)
pole figure, the maximum intensity was found along RD,
suggesting that deformation texture developed during cold
rolling. The influence of annealing conditions on the intensity
of (10-10) pole figure was not as great as that of (0002) (Fig. 2a
and b), which had a significant effect on homogeneity.

In order to analyze recrystallization and texture evolution of
the samples, ODFs (Fig. 2) with a fixed a2 (0� and 30�) were
obtained. Figure 2(c) reveals that the basal texture in specimen
rolled with 10% reduction mainly consisted of components
{0001} Æ10-10æ and (10-11) Æ1-210æ. After annealing at 750 �C
for 1 h, the maximum intensity of basal pole was at locations
tilted 30� (±10�) from ND toward RD by Æ10-10æ, transforming
to components {01-12}Æ10-10æ. Recrystallization texture in the
cold-rolled sample annealed at 800 �C for 1 h included strong
{01-10}Æ10-10æ texture and weak {01-12}Æ10-10æ texture at
locations tilted 45� from ND toward TD, which resulted from
the weakening effect of recrystallization on texture (Ref 25).
Nevertheless, strong {0001} Æ10-10æ texture with maximum
intensity of 2.8 similar to cold-rolled texture was found in the
plate annealed at 800 �C for 1.5 h. This indicated that

Fig. 3 Texture maps of the 10% cold-rolled plates (a) as received, (b) annealed at 750 �C for 1 h, (c) annealed at 800 �C for 1 h, (d) annealed
at 800 �C for 1.5 h and (e) content chart
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extension of annealing time did not help alleviate cold-rolled
texture (Ref 26).

EBSD results also verified that components {0001} Æ10-10æ,
{10-11} Æ1-210æ, {01-10} Æ10-10æ, and {01-12} Æ10-10æ play an
important role in cold-rolled texture as well as recrystallization
texture. The {0001}Æ10-10æ texture with a maximum intensity
accounted for 6.98% in the cold-rolled plate, while component
{10-11} Æ1-210æ approximated 54.4% (Fig. 3e). It indicated
that pyramidal slip system contributed to deformation in
hexagonal metals and grains tended to arrange along Æ1-210æ
direction for maximum density (Ref 27). At the same time,
weak components {01-12} Æ10-10æ and {01-10} Æ10-10æ were
also developed during cold rolling. After recrystallization, the
content of basal texture {0001} Æ10-10æ varied slightly except
in the plate annealed at 800 �C for 1.5 h, which accounted for
46.3%. Furthermore, {0001} Æ11-20æ texture was enhanced up
to 6.61% in the plate annealed at 800 �C for 1.5 h. Apparently,
{10-11} Æ1-210æ texture was reduced in the plate annealed at
750 and 800 �C for 1 h, especially in the latter one. Compo-
nents {01-12} Æ10-10æ and {01-10} Æ10-10æ accounted for 14.4
and 10.1%, respectively, in the plate annealed at 750 �C for
1 h, which were nearly at the same level as of those in the plate
annealed at 800 �C for 1 h. The fact that grains tended to be
arranged along the Æ10-10æ direction, parallel to the rolling
direction, was obvious in the cold-rolled sample. However,
EBSD result testified a downward trend of rolling texture with
an increase of annealing time and/or temperature, as presented
in Fig. 3(e). It was believed that the weakening of basal texture
and pyramidal texture resulted in good comprehensive perfor-
mance.

3.3 Recrystallization Mechanism

Recrystallization behavior of the Ti-6Al-4V alloy during
annealing process was determined by several factors, i.e.,
original textures inherited from cold rolling process, grain
nucleation sites, and its growth orientations. The EBSD maps
(Fig. 4) suggested complete recrystallization in the Ti-6Al-4V
alloy plate, annealed at 800 �C for 1 h. It was noted that grains
with an average grain size of 15 lm were surrounded by
dozens of recrystallized grains with an average grain size of
4 lm which were formed at the earlier stage of annealing
treatment. Due to the interaction of dislocations and precipitates
along grain boundaries, a large number of nucleation sites were
formed (Ref 28). On the other hand, deformed grains provided
nucleation sites, contributing to separation of original grains
and the formation of recrystallized ones.

An area (Fig. 4b) was selected to further clarify the
recrystallization mechanisms, and various numbers were
marked in the grain boundaries between non-recrystallization
grains and adjacent recrystallized ones. In the selected area,
these recrystallized equiaxed grains formed particularly in the
grain boundaries, with high energy (Ref 8). The misorientation
angles (Fig. 4d) between neighboring grains all exceeded 15�,
ranging from 20.8� to 90.3�. The dispersive misorientation
angle distribution revealed a fact that the recrystallized grains
mostly grew to different orientations. Therefore, the recrystal-
lized nucleation sites with preferred orientations tended to grow
to recrystallization texture with some preferred orientations
later (Ref 29). The reason is that a 10% reduction resulted in the
movement and entanglement of numerous dislocations (Ref

Fig. 4 Band contrast (a) and Euler (b) maps of the 10% cold-rolled plates annealed at 800 �C for 1 h, euler map (c) and (d) relative misorien-
tation angles of the selected area (b)
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30), which then became the subgrain boundaries. Afterward, as
recrystallization sites, these subgrains possibly with the same
preferred orientations grew to the particular orientations.

The mechanism of favorable grain growth also played an
important role in recrystallization texture. Compared with the
cold-rolled textures, the textures in the annealed plate showed a
clear transformation in which most grains in close-packed
direction Æ1-210æ were more likely to be arranged in Æ10-10æ
direction, leading to the reduction of component {10-11} Æ1-
210æ and the formation of components {01-10} Æ10-10æ and
{01-12} Æ10-10æ. The {01-10} Æ10-10æ and {01-12} Æ10-10æ
textures which tilted 10� from RD toward TD, followed by 90�
from ND toward TD and 45� from ND toward TD along Æ10-
10æ direction, respectively, were developed, forming 9.56% and
14.9%, respectively. These grains were more likely to grow up
(Ref 20, 27), and thus, new textures were obtained during
annealing process, which was the mechanism of grain growth
in recrystallization.

4. Conclusions

The effect of recrystallization on microstructure and texture
evolution of the cold-rolled Ti-6Al-4V alloy plates was
investigated via OM, SEM, XRD, and EBSD. The following
conclusions were drawn based on these experimental results.
More refined microstructure and b phase are obtained with
increasing annealing temperature (within 1 h). However, the
extension of annealing time results in grain growth. The
textures of the cold-rolled sample mainly consist of compo-
nents {0001} Æ10-10æ, {10-11} Æ1-210æ, {01-12} Æ10-10æ, and
{01-10} Æ10-10æ. The weak {10-11} Æ1-210æ texture trans-
formed to components {01-12} Æ10-10æ and {01-10} Æ10-10æ,
and the content of {10-11} Æ11-2-3æ texture showed a slightly
upward trend with extension of annealing time and/or temper-
ature. The formation of pyramidal texture as well as prismatic
surface texture in recrystallized specimens had significant
influence on formability of the Ti-6Al-4V alloy. EBSD results
indicated that two mechanisms including recrystallization grain
nucleation sites with preferred orientations and favorable grain
growth played decisive roles in recrystallization.
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