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)e effect of the changing of the local composition of the β matrix on the precipitation of the α phase has been investigated by
electron backscatter diffraction (EBSD) to obtainmore insight in the nucleation and variant selection of these α plates based on the
Ti-5.04Al/Ti-1.52Mo (at.%) diffusion couple. )e results showed that the composition gradient was formed from one side of the
diffusion couple to another side after diffusion annealing. Followed by a secondary heat treatment process, it was found for the first
time that all 12 variants formed in a single β grain in the diffusion zone in the Ti-5.04Al/Ti-1.52Mo diffusion couple, which
indicated that the changing of the local composition of the β matrix significantly weakened the α variants selection behavior.

1. Introduction

)e requirement of the high-performance airplane accel-
erates the application of titanium alloys due to their high
specific strength together with the extraordinary corrosion
resistance [1, 2]. It is well known that the precipitate of the α
phase from β grains directly affects the properties of the
titanium alloys, which results in a considerable amount of
interest in the precipitation mechanism of the α phase [3–6].

During the β to α phase transformation process, the α
precipitates are well known to be formed according to the
Burgers orientation relationship (BOR), which implies the
parallelism of dense planes and direction of both phases:
(011)β//(0001)α and [1-11]β//[11-20]α [7, 8]. Because of the
symmetry of the α and β phases, 12 crystallographic α
orientations can form in a single parent β grain, called 12 α
variants. When all α variants in a β grain occur with equal
statistical probability, the transformation is said to evolve
without variant selection [3]. However, it is unable to ob-
serve all 12 variants in a β grain in real alloys, which means

the variant selection is always taking place during trans-
formation in titanium alloys [6, 9, 10]. )e variant selection
will then result in the strong α transformation texture. Due
to the high anisotropy, the mechanical properties of titanium
alloys depend strongly on the texture of the α phase caused
by the variant selection [11, 12]. It is indicated that the
random α texture distribution in the β matrix will signifi-
cantly improve the fatigue resistance and creep performance
of titanium alloys [13, 14]. )erefore, the weakening of
variants election during thermomechanical processing plays
a key role to control the α texture in the final products and
enhance their mechanical properties.

A variety of factors could contribute to variant selection
during α precipitation, including external or residual stresses
on the βmatrix caused by the thermomechanical processing
[15], heterogeneous nucleation on preexisting defects in the
β matrix, and so on [5, 16, 17]. However, recent researches
show that introducing those factors will accelerate the variant
selection [18–20]. For example, the effect of the stresses on the
variant selection was proposed by Shi et al. [18]. In this work,
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it was found that the interplay between externally applied
stress or strain and internal stress generated by the pre-
cipitation reaction itself will result in the variant selection due
to the difference of the elastic interaction energy of each
variant. Furthermore, Qui et al [20] found that the disloca-
tions on the β matrix significant influence the variant se-
lection during α precipitation in titanium alloys due to the
elastic interaction between α precipitates and dislocations.

Based on the phase transformation theory, the nucle-
ation of α from βmatrix should first satisfy the composition
fluctuation condition [21]. )erefore, the local composition
of the β matrix also will affect the nucleation of the α phase.
Due to the existence of limited work in the literature, the
main objective of this paper is to study the effect of the
changing of local composition of the β matrix on the pre-
cipitation of the α variant.

In this paper, the changing of local composition of the β
matrix was performed by the diffusion annealing of the Ti-
5.04Al/Ti-1.52Mo (at.%) diffusion couple. )en, after
a secondary heat treatment, the precipitation of α in the β
matrix was studied.

2. Experimental

In our previous study [22], a new high throughput method
named “kinetic diffusion couple” (KDC) was designed for
rapidly mapping microstructural and mechanical properties
in Ti-Al-Mo systems by using the same Ti-5.04Al/Ti-1.52Mo
(at.%) diffusion couple studied in this paper. )us, we
followed the methods of our previous study [22] for pre-
paring the diffusion couple in this paper, and the details were
as follows. )e Ti-5.04Al (at.%) and Ti-1.52Mo (at.%) alloys
of the Ti-5.04Al/Ti-1.52Mo (at.%) diffusion couple were
prepared from 99.9% sponge Ti, 99.99% Al, and 99.9% Mo
(mass %) by arc melting in an argon atmosphere. )e arc
melting was repeated ten times to attain a homogeneous
composition. )e ingots were solid-solutioned at 1200°C for
8 hours under vacuum followed by water quenching for the
further homogenization. )e small cylinder samples of the
Ti-5.04Al and Ti-1.52Mo alloys were cut from the ingots by
a size of φ 15 × 5mm by using wire-electrode cutting. )en,
those small disks were prepared by polishing one surface of
the cylinder samples to mirror-like quality. )e well-
contacted diffusion couple was then assembled with the
small disks under vacuum at 900°C for 90min with a load of
10MPa on a vacuum diffusion bonding and hot pressing
system. )e diffusion couple was sealed into quartz capsules
(evacuated and then back flushed with argon) and then was
subjected to long-term diffusion annealing at 1250°C for 12
hours followed by quenching in ice water. )e diffusion
couple was then sectioned in half parallel to the diffusion
direction which suffered no oxidation and evaporation of
elements and polished by standard metallographic tech-
niques. )e local composition was analyzed by electron
microprobe analysis (EPMA) on JEOL JXA 8900 at the
assigned area.

In order to avoid oxidation, the samples were sealed into
quartz capsules again before the secondary heat treatment
for introducing the β to α phase transformation process. )e

diffusion couple was first solution treated above α/β phase
transformation temperature to obtain a fully β single-phase
microstructure, and then cooling was performed by furnace
cooling to 700°C followed by water quenching for pre-
cipitating the appropriate α phase. Considering the α/β
phase transformation temperature of each alloy in the Ti-
5.04Al/Ti-1.52Mo diffusion couple, the solid-solution
treatment was performed at 980°C for 15min.

)e surface of the Ti-5.04Al/Ti-1.52Mo diffusion couple
was then carefully prepared by polishing with several di-
amond paste of decreasing size followed by a final polishing
with a colloidal silica suspension of 0.02 μm. )e pre-
cipitation of α in the central diffusion zone was determined
by the electron backscatter diffraction (EBSD) using a FEI
Helios NanoLab 600i with a HKL-Channel 5 system.

3. Results and Discussion

After long-term diffusion annealing at 1250°C for 12 hours
followed by quenching in ice water, the concentration
profiles of the Ti-5.04Al/Ti-1.52Mo diffusion couple are first
measured by EPMA, as shown in Figure 1. It can be seen that
the long-term diffusion annealing results in a large com-
position gradient in the diffusion zone in the Ti-5.04Al/Ti-
1.52Mo diffusion couple, which obviously causes the
changing of local composition on the β matrix. )en, the
effect of the changing of local composition of the βmatrix on
the α variant selection can be studied after a secondary heat
treatment process based on those composition gradients.

Figure 1 also shows the microstructure in the diffusion
zone of the Ti-5.04Al/Ti-1.52Mo diffusion couple after the
secondary heat treatment. In the secondary heat treatment
process, the solid-solution treatment at 980°C results in
a fully β single-phase microstructure formed in the diffusion
zone.)en, the α phase gradually precipitates in the βmatrix
during the furnace cooling process. It can be seen in Figure 1
that the significant microstructure gradients formed in the
diffusion zone due to the changing of local composition of
the β matrix. )e volume fraction and width of α gradually
decrease from the Ti-5.04Al side to the Ti-1.52Mo side of the
diffusion couple.

Because only the orientation information of the α phase
in a single β grain can be used for the studying the variant
selection behavior, a series of small areas are selected for the
EBSD test. From those tested EBSD results, the area marked
by the red rectangle in Figure 1 is selected for the analysis
due to the reason that only one single β grain existed in this
area, as shown in Figure 2. From the left to right in the red
rectangle, the measured composition of Al decreases from
0.4% to 0.29% with an average composition of 0.34%, while
the composition of Mo increases from 1.23% to 1.27% with
an average composition of 1.24%. )e pole figure of the β
matrix in Figure 2(b) confirmed that there is only a single β
grain. Figure 3 shows the analysis of the pole figures of the α
variants, in which it can be seen that all 12 α variants were
observed in one β grain, which means that there is no variant
select phenomenon. )e 12 α variants are confirmed by
calculating the orientation relationship of the β grain and α
variants based on the pole figures in Figures 2(b) and 3
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Figure 1: Compositional dependence of the microstructure in the Ti-5.04Al/Ti-1.52Mo diffusion couple after 12 h annealing at 1250°C
followed by the secondary heat treatment.
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Figure 2: EBSD analysis of the α precipitates in the Ti-5.04Al/Ti-1.52Mo diffusion couple: (a) Euler orientation map; (b) pole figure of the β
matrix.
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Figure 3: Continued.
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(Table 1). )rough the literature research [3–5, 9, 16, 17],
this is the first observation that all 12 variants formed in one
β grain in titanium alloys during the annealing process.

As in the earlier study [18], the scientists thought that all
α variants in a β grain occur with equal statistical probability
in titanium alloys. However, it is unable to observe all 12
variants in a β grain in real alloys, which means the variant
selection always takes place during transformation in tita-
nium alloys [9, 18, 19]. )e previous work from Shi and
Wang [18] and Qui et al [20] conformed that difference of
the elastic interaction energy of each variants is the key
factor in the formation of the variant selection during α
precipitation.

Based on the phase transformation theory [21], the total
free energy change during the β to α phase transformation
process can be expressed by

ΔG � − VΔGV + ΔGd(  + Ac + VΔGs, (1)

where VΔGV is the volume free energy reduction, ΔGd is the
released free energy when nucleation is in the defects, Ac is
the interfacial energy when the creation of an area A of
interface is during the β to α phase transformation process,
while VΔGs is the elastic energy caused by misfit between the
interface of β and α. From Equation (1), the β to α phase
transformation can only proceed when the driving force
(VΔGV + ΔGd) is large than the activation energy barrier
(Ac + VΔGs). When α variants precipitate in the β matrix,
the elastic energy will be changed due to the different ori-
entation of the α variants [18, 20], which will then cause the
difference in the activation energy barrier of the different α
variants. In titanium alloys, the activation energy barrier of
certain α variants is larger than the driving force during the β
to α phase transformation process, which finally causes the
variant selection [9, 18, 19].

However, this work shows that the α variant selection
was eliminated when there has a composition changing in
the single β grain.)e reason can be indicated as follows. In

this study, the formation of all 12 α variants in one single β
grain in Figure 3means that an extra free energy existed in the
β to α phase transformation in this single β grain, which
results in the total driving force larger than the activation
energy barrier of the all 12 α variants. As shown in Figure 1,
the composition of the single β grain in Figure 2 is gradient
changing from one side to another side. )e inhomogeneous
composition apparently will result in the high free energy in
this single β grain when comparing with the grains with
homogeneous composition, which will cause the increasing of
the volume free energy reduction VΔGV in Equation (1), and
the driving force will then be increased. )e change in gra-
dient composition in this single β grain also will accelerate the
diffusion of the alloying elements during the β to α phase
transformation process, which leads to fluctuation in the
composition condition of α nucleus more easily, and then, the
nucleation of α from β matrix can be promoted. )erefore,
when the α phase nucleates in this single β grain, the extra
released free energy caused by the inhomogeneous compo-
sition, combined with the accelerated diffusion of the alloying
elements, will lead to the total nucleation energy larger than
the activation energy barrier of all the 12 α variants, after
which 12 α variants formed.

As a final point, it is very interesting to observe that all 12
α variants simultaneously precipitated in one β grain when
the composition changed in the β matrix, meaning the
weakening of variant selection during the β to α phase
transformation process, which is implicated in the enhance
of the fatigue resistance and creep performance of titanium
alloys [13, 14].

4. Conclusion

In this paper, the effect of the changing of the local com-
position of the β matrix on the precipitation of α phase has
been investigated by using the Ti-5.04Al/Ti-1.52Mo (at.%)
diffusion couple.
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Figure 3: EBSD analysis of the 12 α variants with different orientations in Figure 2.
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Table 1: Euler angles and Burgers orientation relationship of all 12 variants.

Variants Euler angle Orientation relationship 3D orientations

BCC (151.2, 33.8, 26.6)

V1 (38, 21.1, 49.3) (101)β//(0001)α [111]β//[1120]α

V2 (37.4, 19.6, 39.3) (101)β//(0001)α [111]β//[1120]α

V3 (171.4, 76.4, 39.3) (101)β//(0001)α [111]β//[1120]α

V4 (170.9, 76.1, 51) (101)β//(0001)α [111]β//[1120]α

V5 (51.1, 140.2, 36) (011)β//(0001)α [111]β//[1120]α

V6 (49.8, 140.4, 44.8) (011)β//(0001)α [111]β//[1120]α

V7 (130.7, 121.6, 43.2) (110)β//(0001)α [111]β//[1120]α

V8 (130.3, 121.8, 54.2) (110)β//(0001)α [111]β//[1120]α

V9 (47.1, 79.5, 33.5) (110)β//(0001)α [111]β//[1120]α

V10 (46.0, 79.2, 22.8) (110)β//(0001)α [111]β//[1120]α

V11 (107.5, 65.3, 2.7) (011)β//(0001)α [111]β//[1120]α

V12 (107.5, 66.5, 51.6) (011)β//(0001)α [111]β//[1120]α
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(1) After long-term diffusion annealing, a large com-
position gradient formed in the diffusion zone in the
Ti-5.04Al/Ti-1.52Mo diffusion couple causes the
changing of local composition on the βmatrix. After
the secondary heat treatment process, the pre-
cipitation of α also shows the gradient variation in
the diffusion zone due to the changing of local
composition of the β matrix.

(2) )e first observation that all 12 variants formed in
one β grain is confirmed by the EBSD analyzing in
the diffusion zone in the Ti-5.04Al/Ti-1.52Mo dif-
fusion couple due to the changing of the local
composition of the β matrix. When the α phase
nucleates in this single β grain, the extra released free
energy caused by the inhomogeneous composition
will lead to the total driving force larger than the
activation energy barrier of all the 12 α variants,
combined with the accelerated diffusion of the
alloying elements, which finally results in the for-
mation of all 12 α variants.
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