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Thermomechanical processing of a near-β titanium alloy
and effects on microstructure and tensile properties
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Abstract

This paper reports the response of microstructure and mechanical properties of a near-β
Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr (wt.%) alloy after thermomechanical processing. Microstruc-
ture observation shows that the precipitation of the primary α phase depends on solution
temperature. The highest volume fraction and the smallest size of the secondary α phase
precipitated after solution treatment near the phase transition point plus aged treatment at
480◦C. Schematic illustration of the microstructure evolution after different heat treatments
was described. Compared with the alloy after solution treatment at β phase region, the alloy
has higher ultimate tensile strength after solution treatment at α/β phase region owing to
the alloy precipitates primary α phase. It was found that the alloy after solution treatment at
720◦C plus aging treatment at 440◦C has a better ultimate tensile strength of about 1611 MPa,
the elongation of about 2.53 %. The main reason is that the precipitation of the secondary α
phase contributed to tensile properties substantially.

K e y w o r d s: near-β titanium alloy, thermomechanical processing, microstructure, tensile
properties

1. Introduction

Near β titanium alloy as aerospace structural
material maintains a characteristic niche where high
specific strength, corrosion resistance, and good for-
mability are comparable with those of α and α+ β ti-
tanium alloys [1–4]. The preparation of superior near
β high strength titanium alloy has become a signifi-
cant study in the field of titanium alloy for the per-
formance requirements of next-generation aerospace
titanium alloy. As-cast β titanium alloys are usually
accompanied by coarse β grain size, while the β grain
size is an important factor affecting the mechanical
properties of the alloy, especially the elongation [5–
7]. In general, hot deformation is the most common
method to improve the size of titanium alloy grains
[8–10]. For near β titanium alloy, to satisfy the ap-
plication requirements, only hot deformation is not
enough. Multiple heat treatments are the necessary
path to obtain ideal microstructure and mechanical
properties. Previous studies demonstrated that the
precipitation of primary α phase after solution treat-
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Fig. 1. Schematic illustration of the multidirectional forg-
ing process.

ment at α/β phase region has a pronounced effect
on the refinement of β grain size [11, 12]. Du et al.
[13] reported that the β grain size of Ti-3.5Al-5Mo-
-6V-3Cr-2Sn-0.5Fe (wt.%) alloy is 2 µm if the alloy is
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Ta b l e 1. The chemical composition of Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy (wt.%)

Elements Al Sn Zr Mo V Cr Ti

Nominal content 4.00 1.00 2.00 5.00 8.00 2.50 bal.
Actual content 4.30 1.03 2.07 4.99 8.00 2.50 bal.

Fig. 2. Schematic diagrams of heat treatment: (a) solution treatment at different temperatures, (b) aging treatment at
480◦C after solution treatment at different temperatures, (c) aging treatment at different temperatures after solution

treatment at 840 and 720◦C.

solutionized in the α/β phase region, which leads to
higher alloy strength. Fan et al. [14] observed that the
volume fraction of spherical primary α phases precipi-
tated from Ti-7333 alloy decreases with solution tem-
perature increasing. The acicular secondary α phase,
obtained by the transformation of metastable β phases
during aging treatment, controls the strength level of
the alloy due to the dispersed particles strengthening
mechanism [15, 16]. Banerjee et al. [17] noted that the
hardness of the α phase is higher than that of the β
phase owing to its high solid solubility to Al and Zr
elements. Therefore, compared with the β phase, the
acicular secondary α phase is difficult to be sheared
by dislocation and accounts for the exceptional alloy
strength. Mantri et al. [18] reported that the ultimate

tensile strength of the commercially available β-21S
alloy is increased to 1810MPa by tailoring the scale
of the secondary α phase. Zhu et al. [19] suggested that
the moderate length of α lamellar spacing can also ef-
fectively increase the strength of the alloy. However,
the secondary α phase leads to a sharp decrease in the
elongation of the alloy, which limits the application of
the alloy [20, 21].
At present, about a near-β Ti-4Al-1Sn-2Zr-5Mo-

-8V-2.5Cr alloy, previous studies focused on the hot
compression behavior and as-forged microstructure
evolution of the alloy [22, 23]. However, the sensitiv-
ity of α phase precipitated to heat treatment parame-
ters is not clear, and the optimal tensile strength and
elongation combination degree is still not obtained.
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Fig. 3. Microstructures of the forged alloy after solution treatment at α/β phase region: (a) 720◦C, (b) 750◦C, (c) 780◦C.
The inset of (a), (b), and (c) shows SEM view local characteristics of these OM images, clearly showing the precipitation

of primary α phase. After solution treatment at β phase region: (d) 810◦C, (e) 840◦C.

Therefore, in the present investigation, the precipita-
tion behavior of α phase of the as-forged alloy after
solution treatment at α/β and β phase region and ag-
ing at different temperatures was characterized and
related these to fundamental mechanical properties.

2. Material and experimental procedures

The near-β Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy is
discussed in this paper. Alloy raw material (purity Ti

and Zr sponge, Al and Cr ingot, and Al-Mo and Al-V
master alloy) was melted by the twice vacuum Induc-
tion Skull Melter (ISM) melting technique; the de-
tailed chemical composition is shown in Table 1. The
β transformation temperature was estimated forging
were carried out for a more uniform ingot structure.
The processing route is illustrated in Fig. 1, and the
deformation rate was 2 mm s−1. The microstructure of
as-forged alloy was reported elsewhere [23]. All heat-
-treated samples were cut from as-forged alloy used
wire electro-discharge machining (WEDM) technol-
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ogy. Solution treatment at α/β phase region (720, 750,
and 780◦C) and β phase region (810 and 840 ◦C) for
0.5 h followed by air cooling were conducted for all
samples. Subsequently, the samples were subjected to
aging at temperatures ranging from 440 to 560◦C for
8 h and followed by air cooling. The schematic diagram
of heat treatment is shown in Fig. 2.
Samples for metallographic observation were me-

chanically ground on 80–2000 grit sandpaper, electro-
chemically polished, and etched in a standard Kroll’s
reagent (3 % HF, 5 % HNO3, and 92% H2O). Analysis
of microstructural characterization was carried out on
DM2700MRL optical microscope (OM) and Quanta
200FEG scanning electron microscope (SEM). APD-
-10 X-ray diffraction (XRD) was performed for phase
identification of the composite. The ambient tempe-
rature tensile properties were tested on INSTRON-
-5500R electronic universal material testing machine
with a constant speed of 0.5mmmin−1. The cross-
-section of the gauge length part of the tensile speci-
men at room temperature is 4 × 2mm2, and the lon-
gitudinal section is 18 × 2mm2. To obtain the strain
during axial tension accurately, a 12mm contact ex-
tensometer is clamped on the gauge part of the tensile
specimen. Three sets of testing data with the same
condition are required to obtain a more accurate re-
sult.

3. Results and discussion

3.1. Primary α phase and β grain

The microstructures of titanium alloy Ti-4Al-1Sn-
-2Zr-5Mo-8V-2.5Cr at different solution conditions are
examined in Fig. 3. The SEM micrographs inset on the
top right corner of Figs. 3a–c shows that the equiaxed
primary α phase precipitates in β grains after solution
treatment at α/β phase region (720, 750, and 780◦C).
The stored energy during hot deformation is beneficial
to forming equiaxed α phase morphology [24]. With
the increase of solution temperature, the volume frac-
tion of the primary α phase decreases from 27 to 2 %.
This phenomenon can be explained by the primary α
phase dissolution rate, which increases with the solu-
tion temperature [25]. Particularly, as a large amount
of the primary α phase is dissolved into the matrix,
the volume fraction of α phase (2 vol.%) after solution
temperature at 780◦C sharply decreases, as shown in
Fig. 3c. Meanwhile, owing to the higher Mo equiva-
lent of the alloy (11.1) and the limiting effect of the
β-stable element on the α phase, there is no coarsen-
ing of the primary α phase [23, 26, 27]. It can be seen
from Figs. 3a–c that the average grain size of recrys-
tallized β grain increases from 104 to 138 µm with
increasing solution temperature from 720 to 780◦C.
Recrystallization of β grain is restricted by the exis-

Fig. 4. X-ray diffraction spectra of Ti-4Al-1Sn-2Zr-5Mo-
-8V-2.5Cr alloy after solution treatment at different tem-

peratures.

tence of primary α phase on β grain boundary [11,
28, 29], thereby the size of β phase is increasing with
the volume fraction of α phase decreasing. After so-
lution treatment at β phase region (810 and 840◦C),
according to Figs. 3d,e, the degree of recrystallization
increases and the β grains grow up.
Figure 4 shows the XRD results of the correspond-

ing temperature. The diffraction peak of the α phase is
weaker than that of the β phase owing to the rarity of
the α phase, and it disappears entirely at the β phase
region. The XRD analysis results further confirmed
the above observation of microstructure.

3.2. Secondary α phase

3.2.1. Solution treatment at different
temperatures plus aging treatment

Figure 5 exhibits microstructures of the alloy af-
ter solution treatment at different temperatures plus
aging treatment at 480◦C. As shown in Figs. 5a–c,
the acicular secondary α phase precipitates are uni-
formly distributed within the matrix. The variation
trend of secondary α phase below (Figs. 5a–c) and
above (Figs. 5d,e) the phase transition point is oppo-
site. The acicular secondary α phase with the largest
volume fraction and the smallest size precipitates in
alloy after solution treatment near the phase transi-
tion point plus aging treatment, as seen in Fig. 5c.
Generally, the precipitation of the secondary α phase
is related to the stability of the β phase [30]. The less
(Fig. 5c) precipitation of the primary α phase from β
matrix after solution treatment near the phase tran-
sition point leads to decrease of the stability of the
β matrix, and the driving force for the nucleation of



X. Jiang et al. / Kovove Mater. 59 2021 321–331 325

Fig. 5. Microstructures of alloy after solution treatment at (a) 720◦C, (b) 750◦C, (c) 780◦C, (d) 810◦C, and (e) 840◦C for
0.5 h plus aging treatment at 480◦C for 8 h.

the secondary α phase was strengthened in the subse-
quent aging process, which results in more precipita-
tion of secondary α phase [31, 32]. But it also limits
the growth of the secondary α phase to some extent.
Owing to lower β matrix stability with more α stable
elements dissolved in β matrix after solution treat-
ment in the β phase region, the secondary α phase
precipitates at β phase region with a larger size, as
shown in Figs. 5d,e. Microstructure evolution of the
fact that the secondary α phase precipitated in the β
phase region is coarser than that in the α/β region

was also reported in previous literature [33].

3.2.2. α + β solution treatment plus aging
treatment at different temperatures

Figure 6 shows micrographs of samples solution
treated at 720◦C (α/β phase region) plus aged at the
temperature range from 440 to 560◦C. As shown in
Figs. 6a–d, a small amount of equiaxed primary α
phase was generated and the fine-scale secondary α
phase with acicular shape was distributed on the β
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Fig. 6. Microstructures of the alloys after solution treatment at 720◦C plus aging treatment at: (a) 440◦C, (b) 480◦C,
(c) 520◦C, and (d) 560◦C.

matrix. Comparing the influence of solution tempera-
ture (Fig. 5), there was no noticeable change in the
volume fraction and size of the primary α phase with
aging temperature increasing (Fig. 6). Conversely, the
secondary α phase is unusually sensitive to aging tem-
perature. As shown in Figs. 6a–d, with the increase
of aging temperature, the volume fraction of the sec-
ondary α phase decreases while the size increases.
Meanwhile, it is seen in Fig. 6d that the acicular sec-
ondary α phase transformed into rod-like structures.
Some studies suggest that a lower aging temperature
can provide a higher nucleation driving force for the
secondary α phase but a lower growth driving force
[12, 34]. For the near-β titanium alloy, the driving
force of phase transformation originates from the dif-
ference of Gibbs free energy of α phase and β phase
[35–37]. During aging treatment, the β phase with the
higher Gibbs free energy will transform to the α phase
with the lower Gibbs free energy to stabilize the whole
system. Therefore, the difference of Gibbs free energy
will decrease with the increase of aging temperature,
resulting in the decrease of nucleation driving force
of α phase and the precipitation of less secondary α
phase. Other scholars found that the diffusion rate of
elements also affects the growth of the α phase [38],

which means that the secondary α phase is easier to
grow at a higher aging temperature.

3.2.3. β solution treatment plus aging
treatment at different temperatures

Microstructures after solution treatment at 840◦C
(β phase region) for 0.5 h plus aging treatment at
different temperatures (from 440 to 560◦C) for 8 h
are shown in Fig. 7. The evolution trend of the sec-
ondary α phase after solution treatment at β phase
region is similar with α/β phase region, as shown in
Figs. 7a–d. After aging at 440◦C, as shown in Fig. 7a,
the secondary α phase is so fine that the β matrix
and α phase are indistinguishable. The secondary α
phase gradually can be observed with the increase of
the aging temperature from 480◦C (Fig. 7b) to 520◦C
(Fig. 7c). As shown in Fig. 7d, the size of the sec-
ondary α phase reaches the maximum (average width:
146 nm) after aging at 560◦C. Meanwhile, compared
with Fig. 6, it is found that the complete disappear-
ance of the primary α phase (Fig. 7) and the volume
fraction and size of the secondary α phase increases
after solution treatment at 840◦C plus aging (Fig. 7).
The main reason is that the least stable β matrix
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Fig. 7. Microstructures of the alloys after solution treatment at 840◦C plus aging treatment at: (a) 440◦C, (b) 480◦C,
(c) 520◦C, and (d) 560◦C.

with no primary α phase precipitation strengthens the
precipitation driving force of the secondary α phase
during the aging treatment. Noticeably, the so-called
un-aged or precipitate-free zone formed after aging
treatment at 560◦C, as shown in Fig. 7d. This may
be caused by insufficient driving force for nucleation.
Lütjering et al. [39] suggested that the soft precipitate-
-free zone affected the elongation of the alloy.
The concise schematic illustration in Fig. 8 shows

the microstructure evolution of a near-β Ti-4Al-1Sn-
-2Zr-5Mo-8V-2.5Cr alloy after different heat treat-
ments. It can be seen that the β grain and primary
α phase are mainly tailored by the solution tempe-
rature. Meanwhile, the stability of the β phase con-
trolled by solution temperature affects the secondary
α phase precipitation during subsequent aging. The
volume fraction of the secondary α phase is the largest,
and the size is the smallest after solution treatment
near the phase transition point plus aging. The effect
of aging temperature on the secondary α phase is the
most important. With the increase of aging tempera-
ture, the nucleation driving force decreases, but the
increase of growth of driving force results in the de-
crease of volume fraction and the increase of the size
of the secondary α phase.

3.3. Tensile properties

Figure 9a gives the tensile properties of the alloy af-
ter solution treatment at different temperatures. It can
be seen that the changing trend of strength and elon-
gation after solution treatment at α/β phase region
(from 720 to 780◦C) is opposite: the strength decreases
from 967 to 793MPa with the increase of temperature
and the elongation increases from 3.41 to 5.72%. This
phenomenon is because the primary α phase in this
state can significantly improve the strength of the al-
loy [31, 35]. As shown in Fig. 3, the volume fraction of
the primary α phase decreases with the increase of so-
lution temperature, which reduces its contribution to
the strength of the alloy. While the trend at β phase
region (810 and 840◦C) is identical, both strength and
elongation increase (UTS: 737 and 809MPa, EL: 8.75
and 16.2 %). Generally, a more uniformmicrostructure
and higher recrystallization degree can be obtained af-
ter solution treatment at the β phase region, which
increases the strength and elongation of the alloy.
The precipitation of the secondary α phase can sig-

nificantly improve the strength of titanium alloy [32].
Figure 9b shows the tensile properties of the alloy so-
lution treatment at different temperatures plus aging
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Fig. 8. Schematic illustration of the microstructure evolution after different heat treatments.

treatment at 480◦C for 4 h. Compared with the solu-
tion condition, the strength of the alloy has greatly im-
proved. Accompanied with the solution temperature
increasing from 720 to 840◦C, the strength is changed
from 1508 to 1630MPa. As shown in Fig. 5, a large
number of acicular secondary α phase precipitates af-
ter aging treatment. The increase of α/β phase in-
terface can further hinder the dislocation movement,
thus significantly improving the strength of the alloy
[40]. There are fewer slip systems of α phase with
HCP structure, which leads to the decrease of elon-
gation (the lowest elongation at 810◦C: 0.43%). As
mentioned above, the alloy has better performance in
the β phase region. Different from solution treatment
at α/β phase region plus aging, as shown in Fig. 9b,
both the strength and elongation of the alloy increase
with the increase of solution temperature after β phase

region treatment. The alloy solution treated at 720◦C
plus aged at 480◦C exhibits the highest elongation
(2.63%). As shown in Fig. 8, the smaller β grain of
alloy after solution treatment at a lower temperature
can reduce the slip length and increase the resistance
to crack nucleation, thus increasing the elongation of
the alloy [39].
The aging temperature has the most apparent ef-

fect on the precipitation of the secondary α phase.
Therefore, it is necessary to study the corresponding
tensile properties. The variation of tensile properties
data is shown in Figs. 9c,d. Notably, the strength of
the alloy after solution treatment at the β phase region
plus aging (UTS: from 1672 to 1344 MPa) is higher
than that at the α/β phase region (UTS: from 1611
to 1218MPa). The same result also has been obtained
in the study of solution plus aging of other near-β
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Fig. 9. Tensile properties of the alloy after (a) solution treatment at different temperatures, (b) solution treatment at
different temperatures plus aging treatment at 480◦C, solution treatment at (c) 720◦C, and (d) 840◦C plus aging treatment

at different temperatures.

titanium alloys [29, 33]. As shown in Figs. 6–8, com-
pared with solution treatment at 720◦C plus aging,
the volume fraction of secondary α phase is higher af-
ter solution treatment at 840◦C plus aging. This fur-
ther confirms that the strength of the alloy is mainly
affected by the volume fraction of the secondary α
phase. Meanwhile, the incompatible deformation of
the secondary α phase during the tensile testing leads
to the elongation of alloy decreased. The lowest plas-
ticity is only 0.43% after solution treatment at 840◦C
plus aging treatment at 440◦C. C. L. Li et al. [41] sug-
gested that the existence of a primary α phase can
optimize the elongation of the alloy. Therefore, under
the combined influence of the primary and secondary
α phase, the strength and elongation of the alloy af-
ter solution treatment at 720◦C plus aging treatment
at 440◦C have a better combination (UTS: 1611MPa,
EL: 2.53%).

4. Conclusions

In summary, effects of aging and solution tempe-
rature on microstructure evolution and tensile prop-

erties of a near-β Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy
were investigated systematically.
1. The volume fraction of the primary α phase and

the size of β grain mainly depend on the solution treat-
ment temperature.
2. Acicular secondary α phase precipitated after

low-temperature aging treatment. The volume frac-
tion of the secondary α phase is the largest, and the
size is the smallest after solution treatment near the
phase transition point plus aging treatment.
3. Secondary α phase is the most sensitive to ag-

ing treatment temperature. With the increase of aging
temperature, the volume fraction of the secondary α
phase decreases, and the size increases. On the other
hand, after solution treatment at the β phase region
plus aging, the precipitation scale of the secondary α
phase increases.
4. Compared with the solution condition alloy, the

strength of the aging condition alloy is significantly
improved due to the precipitation of the secondary α
phase. The tensile strength of the alloy after solution
treatment at 840◦C is only 809MPa, while it can reach
1630MPa after aging treatment at 440◦C.
5. With the increase of aging temperature, the ten-



330 X. Jiang et al. / Kovove Mater. 59 2021 321–331

sile strength increases but the plasticity decreases. Af-
ter solution treatment at 720◦C plus aging treatment
at 440◦C, the alloy has better tensile properties: UTS:
1611MPa, EL: 2.53%.
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