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Abstract: The mechanical properties, microstructures, and fractographs of TA15 sheets vacuum-annealed under different patterns
were investigated. The results indicate that vacuum annealing significantly improves the mechanical properties of the sheets in
comparison with those after ambient annealing. With increasing the annealing temperature, the phase boundaries and secondary
o-phase increase, whereas the volume fraction of primary a-phase decreases, resulting in increased strength and decreased elongation.
A relatively fine secondary a-phase is obtained after double annealing. The desirable mechanical properties (i.e., ultimate tensile
strength, yield strength, and elongation are 1070 MPa, 958 MPa, and 15%, respectively) are obtained through double annealing
((950 °C/2 h, AC)*+(600 °C/2 h, AC)). The fractographs obtained after tensile tests show that the deepest and largest dimples are
formed in the specimen annealed at 850 °C, which indicates that the best plasticity is obtained at this annealing temperature.
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1 Introduction

TA15 (Ti—6Al-2Zr—1Mo-1V) alloy,
which possesses high specific strength and good thermal
stability, is extensively used to manufacture structural
components in the field of aerospace. The alloy is a
near-alpha titanium alloy with high
equivalency that exhibits good hot-working plasticity of
(atp) titanium alloys, as well as excellent weldability of
o-titanium alloys [1]. A number of researchers have
studied the heat treatment and hot deformation behaviors
of TA1S5 alloy [2—10]. ZHU et al [2] investigated the
effect of cooling rate on the microstructure evolution
during the a/f heat treatment of TA1S5 titanium alloy.
FAN et al [3] determined the influence of heat treatment
on the microstructure and damage tolerance property of
TA1S5 alloy. LIU and ZHU [4] studied the effects of
triple heat treatment on the stress relaxation resistance of
BT20. YANG et al [6] investigated the constitutive
behavior and microstructure evolution in hot deformation
of TA15 alloy.

However, the reported studies mainly focused on
rods and forgings of titanium alloys, whereas studies

titanium

aluminum

about titanium alloy plates, especially thin sheets, are
rarely reported. LIU et al [11] performed ambient
annealing on TA15 sheets at 700—800 °C. They observed
that the strength of the sheets decreases, whereas the
plasticity of the sheets increases with increasing the
annealing temperature. YU et al [12] investigated the
hardness of TAI15 sheets along three directions after
ambient annealing at 740—920 °C. The results showed
that the hardness of the sheets annealed at low
temperature does not decrease, but the surface of the
sheets annealed at high temperature is severely oxidized.
The studies about the annealing of TA15 sheets focus on
the low temperature range. Oxygen in the dense oxide
layer starts to penetrate into the titanium matrix when the
heat treatment temperature exceeds 800 °C. The oxide
film is broken, and then a gaseous pollution layer forms
between the oxide film and the titanium matrix [13]. In
general, the gaseous pollution layer exerts adverse
impacts on actual mechanical properties of the sheets
during ambient annealing. Therefore, titanium alloy
sheets often require vacuum annealing.
Compared with ambient annealing,
annealing presents numerous advantages such as anti-
oxidation, anti-decarburization, degassing, degreasing, as
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well as relatively fine surface quality and low
deformation. Vacuum annealing has been widely applied
in titanium alloys as a type of advanced heat treatment
technology [14]. Investigating the relationships between
the mechanical properties and the microstructural
features of titanium alloys after vacuum annealing is
necessary.

In this study,
performed to compare vacuum annealing with ambient
annealing of TA15 sheets. The mechanical properties and
microstructure evolution of sheets that were vacuum

several heat treatments were

annealed under different patterns were studied. The
effect of microstructure on the mechanical properties was
also analyzed. In addition, the fractographs of tensile
specimens after vacuum annealing were investigated.

2 Experimental

The investigated material was a 1.4 mm-thick
cold-rolled TA15 sheet. The chemical compositions of
the alloy are (mass fraction): 6.67% Al, 1.18% Mo,
1.41% V, 1.97% Zr, 0.075% O, 0.0087% N, 0.0052% H,
Ti balance. The f transus temperature is approximately
990 °C.

The recrystallization temperature of TAl1S is
800—950 °C. For titanium alloys, in general, the normal
annealing temperature is equal to or slightly below the
recrystallization temperature. The recrystallization
annealing  temperature  ranges  between  the
recrystallization temperature and the /S
temperature. For double annealing, the first annealing
temperature is not below the recrystallization
temperature, whereas the second annealing temperature
is below the recrystallization temperature [15]. The
processes involved in vacuum annealing are shown in
Table 1. For comparison, the processes of ambient
annealing are also shown in Table 1.

transus

Table 1 Annealing process performed on TA15 sheets

Vacuum Ambient

. . Annealing .
annealing annealing attern Annealing processes
No. No. P
Al a Normal 750 °C/2 h, AC
A2 - annealing 800 °C/2 h, AC
Bl bl 850 °C/2 h, AC
B2 - Recrystallization 900 °C/2h, AC
B3 - annealing 930 °C/2 h, AC
B4 b2 950 °C/2 h, AC
cl _ (930 °C/2 h, AC) +
(600°C/2 h, AC)
Double annealing
° +
2 c (950 °C/2 h, AC)

(600 °C/2 h, AC)

The heat treatments were performed in a chamber
electric furnace. The specimens used for vacuum
annealing were sealed in quartz glass tubes under a
vacuum degree of 10> MPa, whereas the specimens used
for ambient annealing were coated with a high
temperature antioxidant, Ti2, as shown in Fig. 1.

(a)

Fig. 1 Specimens of TAL5 before vacuum annealing (a) and

ambient annealing (b)

After annealing, all of the specimens were
machined by wire-electrode cutting for the tensile tests
and simultaneously cut perpendicular to the rolling
direction for the metallographic examination. Figure 2
shows the dimensions of the specimens used for the
tensile tests. The tensile tests were performed (for three
times) on a CMT4105 microcomputer electronic
universal testing machine at room temperature. The
microstructures of the specimens were observed using a
JSM—6510A scanning electron microscope (SEM) and a
TECNAI G2 transmission electron microscope (TEM).
Meanwhile, the elemental compositions of each phase
were detected using a JSM—6510A energy-dispersive

Fig. 2 Dimensions of specimens used in tensile test (Unit: mm)
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spectrometer (EDS). The quantitative metallographic
analysis was performed by Image-Pro Plus. The
fractographs of the tensile specimens were observed by
SEM.

3 Results and discussion

3.1 Mechanical properties

The ultimate tensile strength and elongation of the
TA15 sheets after vacuum annealing and ambient
annealing are shown in Fig. 3. Compared with ambient
annealing, the ultimate tensile strength and elongation of

the alloy are significantly increased by vacuum annealing.

For example, the ultimate tensile strength increases by
1.8%—14.5%, and the elongation increases by 26.3%—
642.3%. Meanwhile, with increasing the annealing
temperature or multiple annealing, more considerable
differences in mechanical properties are observed
between the samples under vacuum annealing and
ambient annealing. This finding indicates that the
anti-oxidation of vacuum annealing at elevated
temperature is highly significant. Hence, investigating
the effect of vacuum annealing on the mechanical
properties of TA15 alloy sheets is necessary.
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Fig. 3 Mechanical properties of TA15 sheets after vacuum

annealing and ambient annealing: (a) Ultimate tensile strength;

(b) Elongation
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Figure 4 shows the tensile properties of TA15 sheets
that were vacuum-annealed in different processes. The
alloy presents good mechanical properties after vacuum
annealing. Besides the 10.3% elongation of the sheets
vacuum-annealed at 950 °C, the ultimate tensile strength,
yield strength, and elongation of all other vacuum-
annealed sheets reach 1025 MPa, 885 MPa, and 13%,
respectively. In general, the comprehensive mechanical
properties of vacuum-annealed sheets are better than
those of as-received sheets.
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Fig. 4 Mechanical properties of vacuum-annealed TA15 sheets
in different processes

As shown in Fig. 4, the vacuum-annealed sheets
possess higher ultimate tensile strength than the as-
received sheets. The ultimate tensile strength increases
with increasing the annealing temperature, but compared
with the as-received sheets, its growth is below 5%.

With increasing the annealing temperature, the
elongation of the sheets increases, whereas the yield
strength of the sheets decreases after normal annealing
(750 °C and 800 °C). Compared with normal annealing,
the higher elongation of 17.8% and lower yield strength
of 886 MPa are obtained through annealing at 850 °C.
However, with increasing the annealing temperature, the
elongation of the sheets decreases, whereas the yield
strength of the sheets increases after recrystallization
annealing (850-950 °C).

The strength and plasticity of the sheets after double
annealing are higher than those after single annealing.
For example, compared with single annealing (950 °C/
2 h, AC), after double annealing ((950 °C/2 h, AC) +
(600 °C/2 h, AC)), the ultimate tensile strength, yield
strength, and elongation of the sheets increase by 1.4%,
6.7%, and 48.7%, respectively. It is found that good
comprehensive mechanical properties are obtained
through double annealing ((950 °C/2 h, AC) + (600 °C/
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2 h, AC)), the ultimate tensile strength, yield strength,
and elongation of the TAIS5 sheets are 1070 MPa,
958 MPa, and 15%, respectively.

3.2 Microstructural analysis

The microstructures of TA1S5 sheets vacuum-
annealed via different processes are shown in Fig. 5. The
volume fractions of primary a-phase (a,) were
quantitatively determined by Image-Pro Plus, as shown
in Fig. 6.

As shown in Fig. 5(a), the original microstructure
consists of an o-matrix and a grain boundary S-phase.
The grains are broken, and parts of these grains are
elongated into strips. The microstructure does not change
significantly, but the volume fraction of elongated grains
reduces after annealing at 750 °C (Fig. 5(b)) and 800 °C
(Fig. 5(c)). The recovery decreases the vacancy
concentration, and several polygonal microstructures
appear, and then the substructure is formed [16]. The
internal stress generated in the rolling process can be
partially eliminated. This effect increases the elongation
and decreases the yield strength of the sheets after
normal annealing, compared with those of the
as-received sheets.

Figures 5(d)—(g) show the microstructural changes
and the contents of a- and S-phases after recrystallization

annealing, during which recrystallization and phase
transition occur simultaneously.

Recrystallization evidently occurs at 850 °C
(Fig. 5(d)). The process can eliminate defects, such as
pile-up dislocation, and completely eliminate the internal
stress of the sheets. Compared with normal annealing,
higher elongation and lower yield strength are obtained
through annealing at 850 °C.

At annealing temperature higher than 900 °C, the
microstructures start to become bimodal (Figs. 5(e)—(g)).
With increasing the annealing temperature, the volume
fraction of f-phase increases. Thus, the a/f boundaries
increase, and the strength of boundaries is improved. In
addition, the secondary a-phase (a;) precipitates from
p-phase. The fine ag produces a dispersion strengthening
effect [17]. However, the grains grow with increasing the
annealing temperature, which reduces the phase
boundary area and diminishes the strengthening because
of phase transformation. This finding also explains why
the ultimate tensile strength of the sheets moderately
increases with increasing the annealing temperature.

In addition, the plasticity of the sheets decreases
with increasing the annealing temperature after
recrystallization annealing. The elongation decreases
from 17.8% (at 850 °C) to 10.3% (at 950 °C) (Fig. 4).
Two reasons explain this result. First, the effect of ay, by

Fig. 5 SEM images of TA15 alloy after vacuum annealing under different conditions: (a) Original microstructure; (b) 750 °C/2 h, AC;
(c) 800 °C/2 h, AC; (d) 850 °C/2 h, AC; (e) 900 °C/2 h, AC; (f) 930 °C/2 h, AC; (g) 950 °C/2 h, AC; (h) (930 °C/2 h, AC)+(600 °C/2

h, AC); (i) (950 °C/2 h, AC)+(600 °C/2 h, AC)
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Fig. 6 Volume fractions of o, in TA15 sheets vacuum-annealed
under different processes

which the volume fraction of o, gradually decreases with
increasing the annealing temperature. Figure 6 shows
that the volume fraction of a, reduces from 74%
(unannealed) to 60%—70% (annealed at 750-930 °C).
The change is not significant. However, the volume
fraction of a,, significantly reduces from 61% (at 930 °C)
to 43% (at 950 °C), indicating that the volume fraction of
a,is highly sensitive to the annealing temperature, which
is near the f transus temperature. The tensile deformation
of the bimodal microstructure starts from the slip of
several o, grains. An increasing number of a, grains
begin to slip and expand to the transformed p
microstructure (f;) during deformation. More a, grains
are retained at low annealing temperature, thereby
reducing the mean free path of a;, and the spacing of slip
band, resulting in evenly distributed dislocation and
reduced stress concentration [18]. Therefore, higher
elongation is obtained.

Second, such trend is affected by a,. The
deformation of S first occurs in fS-phase and gradually
spreads to a;. Meanwhile, the a/f boundaries present a
near-Burgers orientation relationship ((0001),//(101)s
and [ZTTO]a //[TTT]ﬂ ), aglg _thus, only dislocations
that slip along the (101)5[111]5 slip system in the
[S-phase can easily cross the a/f boundaries [17]. Plastic
deformation is more difficult in a lamellar structure than
in a primary a-phase. The volume fraction of f, increases
with increasing the annealing temperature, and thus the
elongation of the sheets decreases. Furthermore,
LUTJERING [19] considered that the size diminution of
the lamella a-phase is conducive to improving the
elongation of the material. The ¢ is nearly not observed
in the microstructures of sheets after annealing at
750—850 °C (Figs. 5(b)—(d)). At annealing temperature
exceeding 900 °C, oy is observed and its thickness

increases with increasing the annealing temperature
(Figs. 5(e)—(g)). The thickness of o, is approximately
0.19 pum after annealing at 900 °C, whereas the thickness
reaches approximately 0.34 um at 930 °C and 0.52 pm at
950 °C. Therefore, the volume fraction and thickness of
os increase with increasing the annealing temperature,
resulting in the decreased elongation of the sheets.

The chemical compositions of each phase of the
alloy that was vacuum-annealed via different processes
were detected by EDS (Table 2). For each specimen, the
Al content in o, is higher than that in f,, while the V and
Mo contents are significantly lower. With increasing the
annealing temperature, the Al content increases in f,,
whereas the V and Mo contents decrease in f,. These
findings indicate that the solubilized Al element in the
a-phase has diffused into the f-phase. With increasing
the temperature, the diffusion coefficient of Al element
increases, resulting in increased transformation rate of o,
into . Meanwhile, the stability of f-phase decreases as
the p-stable elements (V and Mo) in p-phase are
diminished. This effect is conducive to the
transformation from S to as in the process of air cooling
(AC), thus, the volume fraction of oy increases [20, 21].
This result is consistent with the results shown in
Figs. 5 and 6.

Table 2 Mass fraction of elements in each phase after vacuum

annealing
Annealing Mass fraction/%
Phase
processes Ti Al V Zr Mo
Unannealed a, 79.75 6.93 1.90 1.71 0.37

P 54.17 2.08 6.14 1.12 12.78

a, 7629 6.18 1.79 1.67 0.28

730°C/2h, AC P 61.56 3.32 392 140 7.31

a, 7746 6.09 2.23 1.82 0.40

800°C/2h, AC P 6591 3.88 3.71 1.67 5.43

a, 7728 6.17 1.80 1.69 0.30

850°C/2h, AC B 6743 3.98 3.67 1.77 4.20

a, 7426 6.11 1.50 1.61 0.29

900 °C/2 h, AC B, 6726 4.10 336 2.06 2.93

a, 7494 612 1.76 1.54 0.18

930°C/2h, AC B 6547 4.18 3.09 1.68 2.81

a, 6834 615 129 1.31 0.24

930°C/2h, AC B 59.58 4.51 2.87 1.79 2.46

(930 °C/2 h, AC)+ a, 67.16 6.61 1.15 1.46 0.27
(600 °C/2 h, AC) pe 6029 441 221 1.59 1.84

(950 °C/2 h, AC)+ a, 68.14 635 1.41 1.34 0.25
(600 °C/2 h, AC) P 6290 434 2.09 1.66 1.36

The TEM images of the samples after single
annealing (950 °C/2 h, AC) and double annealing
((950 °C/2 h, AC)+(600 °C/2 h, AC)) are shown in Fig. 7.
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The thickness of as is approximately 0.52 um after single
annealing, whereas after double annealing that is
0.43 pm. Thus, the secondary a-phase in f;is finer after
double annealing. As shown in Table 2, the V and Mo
contents in S, after double annealing are lower than those
after single annealing, thus, more a is precipitated. This
result can be attributed to the retention of metastable
p-phase after first annealing, which can be fully
decomposed after second annealing [13]. The finer and
more dispersive oy results in a more evident and frequent
change of propagation direction of cracks after the onset
of cracking. Hence, the propagation of cracks needs to
overcome a greater resistance [22]. In addition, it can be
seen by comparing Figs. 7(a) and (b) that the finer a;
reduces the spacing of slip band and pile-up dislocation
in the a/f boundaries, thus, the stress concentration is

reduced and the deformation becomes more uniform [23].

As a result, the strength and plasticity of the alloy are
improved after double annealing.

3.3 Fractograph characteristics
The fractographs of the vacuum-annealed samples

Fig. 7 TEM images of TA15 alloy after single annealing and
double annealing: (a) 950 °C/2 h, AC; (b) (950 °C/2 h, AC) +
(600 °C/2 h, AC)

after tensile tests are shown in Fig. 8. Figure 8 exhibits
evident ductile fracture with numerous dimples. Given
the better coordination capability of deformation of «a,
than that of f;, the slip of dislocation occurs from a, to f;.
In addition, given that the volume fraction of a, is
relatively high after annealing at 750—-850 °C, the
deformation can quickly spread to more a, grains, thus
reducing the stress concentration [15]. Moreover, with
increasing the annealing temperature, the dimples
become deeper and larger (Figs. 8(a)—(c)). This is
because of recovery even recrystallization, which
generates more slip systems. Therefore, the plasticity of
the alloy is improved. The largest and deepest dimples
are found in the samples annealed at 850 °C, and such
dimples indicate that the plasticity of the sheets is the
best under this condition.

When the annealing temperature exceeds 850 °C,
the quantity and depth of dimples decrease (Figs. 8(d)
and (e)) because the volume fraction of a,, decreases and
os starts to precipitate from the f-phase. The increased
phase boundaries impede the slip, resulting in more
difficult deformation of the alloy. Figure 8(e) shows
decreased dimples and evident river-like tearing ridges,
and the fractograph resembles a quasi-cleavage fracture.
This result indicates that the plasticity of the alloy is the
lowest after annealing at 950 °C, because thick colonies
of ay strongly impede the slip and the dislocations hardly
cross the a/f boundaries, as shown in Fig. 7(a). The
stress concentration occurs in the phase boundaries,
inducing specimens to enter the yield stage earlier [15].

However, as shown in Fig. 8(f), the dimples are
more numerous and deeper after double annealing
((950 °C/2 h, AC) + (600 °C/2 h, AC)). With more
abundant and finer secondary a-phase, the pile-up
dislocation in the a/f boundary is reduced (Fig. 7(b)).
The deformation disperses to more grains and becomes
uniform, thereby increasing the plastic deformation
before fracture. In general, the fractographs are
consistent with the plasticity trend of the sheets observed
in Fig. 4.

4 Conclusions

1) Vacuum annealing significantly improves the
mechanical properties of the sheets in comparison with
those after ambient annealing. The ultimate tensile
strength increases by 14.5%, and the elongation increases
by 642.3% after double annealing ((950 °C/2 h, AC) +
(600 °C/2 h, AC)).

2) The microstructures and mechanical properties of
TA15 sheets that were vacuum-annealed under different
patterns are affected by recovery, recrystallization, and
phase transition. With increasing the annealing
temperature, the phase boundaries and secondary
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Fig. 8 SEM images of fractures after vacuum annealing: (a) 750 °C/2 h, AC; (b) 800 °C/2 h, AC; (¢) 850 °C/2 h, AC; (d) 900 °C/2 h,

AC; (e) 950 °C/2 h, AC; (f) ((950 °C/2 h, AC)) + (600 °C/2 h, AC))

o-phase increase, whereas the volume fraction of primary
o-phase decreases. Thus, the strength of the sheets
increases, and the elongation of the sheets decreases.

3) The mechanical properties of the sheets after
double annealing are improved in comparison with those
after single annealing, because a finer and more
dispersive secondary a-phase are obtained after double
annealing, thereby reducing the spacing of slip band and
pile-up dislocation in the «/f boundaries. Good
comprehensive mechanical properties are obtained
through double annealing ((950 °C/2 h, AC)+(600 °C/2 h,
AC)), in which the ultimate tensile strength, yield
strength, and elongation are 1070 MPa, 958 MPa, and
15%, respectively.

4) The fractographs of TA15 after vacuum
annealing predominantly show ductile fracture, and that
of the specimen vacuum-annealed at 950 °C resembles a
quasi-cleavage fracture. The sheets that were vacuum-
annealed at 850 °C have the best plasticity, exhibiting the

deepest and largest dimples.
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