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Abstract: To investigate the impact of various heat treatments on the strength and toughness of TA15
aviation titanium alloys, five different heat treatment methods were employed in the temperature
range of 810–995 ◦C. The microstructure of the alloy was examined using a scanning electron
microscope (SEM) and X-ray diffraction (XRD), and its mechanical properties were analyzed through
tensile, hardness, impact, and bending tests. The findings indicate that increasing the annealing
temperature results in an increase in the phase boundary and secondary α phase, while the volume
fraction of the primary α phase decreases, leading to a rise in hardness and a decrease in elongation.
The tensile strength of heat-treated samples at 810 ◦C was notably improved, displaying high
ductility at this annealing temperature. Heat treatment (810 ◦C/2 h/WQ) produced the highest
tensile properties (ultimate tensile strength, yield strength, and elongation of 987 MPa, 886 MPa,
and 17.78%, respectively). Higher heat treatment temperatures were found to enhance hardness but
decrease the tensile properties, bending strength, and impact toughness. The triple heat treatment
(810 ◦C/1 h/AC + 810 ◦C/1 h/AC + 810 ◦C/1 h/AC) resulted in the highest hardness of 601.3 MPa.
These results demonstrate that various heat treatments have a substantial impact on the strength and
toughness of forged TA15 titanium alloys.

Keywords: TA15 titanium alloy; tensile properties; impact toughness; triple heat treatment

1. Introduction

The TA15 titanium alloy (Ti-6.5Al-2Zr-1Mo-1V) is classified as a medium strength
titanium alloy with a high aluminum equivalent α type, making it highly desirable for its
exceptional specific strength, creep resistance, ductility, fracture toughness, and fatigue
properties. Its exceptional qualities make it a preferred material in the aviation field [1–3].
However, the alloy’s mechanical properties are highly sensitive to its microstructure charac-
teristics, such as phase composition, morphology, distribution, and grain size [4–6]. Given
the high temperature sensitivity of titanium alloys, their microstructure and mechanical
properties rely heavily on thermal mechanical processing and heat treatment [7].

In recent years, numerous researchers have explored the microstructure and mechani-
cal properties of forged TA15 titanium alloys [8,9]. Sun et al. [10] investigated the tri-modal
microstructure evolution in near-β and two-phase field heat treatments of forged TA15
alloys and found that a microstructure consisting of approximately 15% equiaxed αp and a
significant amount of thick and long lamellar αs exhibited excellent comprehensive me-
chanical properties. Sun et al. [11] further studied the evolution of the lamellar α phase
during two-phase field heat treatment in TA15 alloys and found that the volume fraction of
the primary lamellar α decreased, the average thickness increased, and the average length
variation trend was complex. Li et al. [12] studied mesoscale deformation mechanisms in
relation to slip and grain boundary sliding in TA15 alloys during tensile deformation and

Aerospace 2023, 10, 436. https://doi.org/10.3390/aerospace10050436 https://www.mdpi.com/journal/aerospace

https://doi.org/10.3390/aerospace10050436
https://doi.org/10.3390/aerospace10050436
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0003-4397-0691
https://doi.org/10.3390/aerospace10050436
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace10050436?type=check_update&version=1


Aerospace 2023, 10, 436 2 of 13

found that grain boundary slip occurred at the equiaxed α (αp)/β and lamellar α (αl)/β
boundaries during deformation. Sun et al. [13] conducted a study on the microstructure
and mechanical properties of TA15 alloys after thermomechanical processing and success-
fully fabricated equiaxed and fine-grained TA15 alloys with a mean grain size of 2 µm.
Lei et al. [14] examined the microscopic damage development and crack propagation char-
acteristics of TA15 titanium alloys with a trimodal structure consisting of equiaxed α (αp),
lamellar α (αl), and β transformed matrix α (βt) for the first time. Xu et al. [15] discovered
that heat treatment could improve the mechanical and fatigue properties of TA15 alloy
joints produced through friction stir welding. In their study, Wu et al. [16] discovered
that using a dual heat treatment approach, which involves near-β heat treatment followed
by (α + β) heat treatment, is an effective way to achieve a tri-modal microstructure in
TA15 titanium alloys. This particular microstructure was found to have exceptional overall
performance. Additionally, Zhao et al. [17] investigated the recrystallization behavior of
TA15 titanium alloy sheets with numerous predeformed substructures during annealing
and hot drawing at 800 ◦C. Meanwhile, Wu et al. [18] focused on the microstructure and
mechanical properties of heat-treated and thermomechanically processed TA15 titanium
alloy composites. They discovered that composite microstructures consisting of two or
three phases exhibited excellent mechanical properties, while fully lamellar microstructures
had the highest fracture toughness.

Despite the numerous studies conducted on the microstructure and mechanical prop-
erties of wrought TA15 titanium alloys, there is still a lack of research focusing on the
effects of multiple heat treatments at high temperatures [19]. In a study conducted by Zhao
et al. [20], the impact of vacuum annealing on the microstructure and mechanical proper-
ties of TA15 titanium alloy sheets was investigated. It was discovered that the recovery,
recrystallization, and phase transformation of TA15 sheets annealed in different modes
significantly affected their microstructure and mechanical properties. Furthermore, the
strength of TA15 titanium alloy sheets was observed to improve, and the plastic toughness
increased as the annealing temperature increased, although the strength decreased.

In addition, many scholars have studied dynamic recrystallization at high tempera-
tures [21–23]. Wang et al. [24] investigated the thermal deformation mechanism of laser-
welded TA15 joints through high-temperature tensile tests ranging from 800 ◦C to 900 ◦C,
and found that at 900 ◦C and a strain rate of 0.001 s−1, the maximum elongation was
292%. Vo et al. [25] simulated the flow stress of TA15 titanium alloys in compression
tests at temperatures of 975, 1000, 1025, 1060, and 1100 ◦C and strain rates of 0.1 and
1 s−1. Yang et al. [26] studied the hot tensile properties of TA15 by conducting tensile
tests at temperatures ranging from 750 ◦C to 850 ◦C at strain rates of 0.001, 0.01, and
0.1 s−1, and the metallographic results showed that the primary α phase transformed
into equiaxed crystals, while the secondary α phase and the lamellar β phase bent and
fractured. Hao et al. [27] conducted tensile tests on TA15 titanium alloys over a wide tem-
perature range from −60 ◦C to 900 ◦C and at a strain rate of 0.001 s−1. They used electron
backscatter diffraction (EBSD) to analyze the evolution of microstructure and deformation
mechanisms at different temperatures. At relatively low temperatures (60 ◦C, 23 ◦C, and
400 ◦C), the dislocation slip mechanism dominated the deformation, even when twinning
was detected. However, the spheroidization and dynamic recrystallization (DRX) of α
lamellae dominated the deformation mechanism at high temperatures (600 ◦C and 800 ◦C),
leading to flow softening. Zhao et al. [17,28] found significant recrystallization behavior
in the TA15 alloy during high temperature tensile tests at 800 ◦C. Li et al. [29] studied the
effect of strain and temperature on hot deformation using an exponential Zener-Hollomon
equation, and tested the effectiveness of the proposed constitutive equation in isothermal
compression tests at temperatures ranging from 800 ◦C to 1000 ◦C, with strain rates of 10, 1,
0.1, 0.01, and 0.001 s−1 and a strain of 0.9. Feng et al. [30,31] studied the tensile properties
and fracture mechanisms of TA15 titanium alloys at temperatures ranging from 400 ◦C
to 700 ◦C, and attempted to improve its high-temperature plastic deformation ability by
adding TiBw. Zhao et al. [32] analyzed the deformation non-uniformity and slip mode of
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TA15 titanium alloy sheets during hot tensile tests at 750 ◦C along the rolling direction.
Li et al. [33] revealed the flow softening and plastic damage mechanisms in the uniaxial
thermal tensile tests of titanium alloys at temperatures ranging from 910 ◦C to 970 ◦C and
strain rates of 0.01 to 0.1 s−1. Zhao et al. [34] studied the evolution of texture in the rolling
direction of TA15 sheets through experiments and crystal plasticity simulations in a tensile
test at 750 ◦C. Liu et al. [35] investigated the correlation between the α value and strain in
TA15 titanium alloys deformed at 750 ◦C.

The research presented above highlights the need to further investigate the impact
of different heat treatments on the strength and toughness of forged TA15 titanium alloy
sheets. Consequently, several heat treatment experiments were conducted to systematically
explore the effect of heat treatment parameters on the microstructure of the forged TA15
titanium alloy sheets. Furthermore, microhardness, room temperature tensile, impact,
and bending tests were conducted on TA15 titanium alloy sheets subjected to different
heat treatments. The resulting data was analyzed to assess the impact of different heat
treatments on the strength and toughness of the forged TA15 titanium alloy sheets.

2. Experimental Procedures
2.1. Materials and Heat Treatment

Table 1 presents the chemical composition of TA15 titanium alloys, while the rectangu-
lar samples used in this study were 100 mm × 77 mm × 5 mm in size. The heat treatment
furnace type is an SA2-9-12TP 1200 ◦C box atmosphere furnace. The furnace adopts a
double-shell structure and an intelligent programmable temperature control system. The
heating element is a resistance wire thermocouple with a temperature range of 0–1200 ◦C,
and the temperature control accuracy is ±1 ◦C. Table 2 outlines the various heat treatment
methods utilized, including two multiple heat treatment methods (TriAC and TriWQ) to
examine the effect of high temperatures on the microstructure and mechanical properties
of the TA15 titanium alloy. Additionally, other samples (810AC, 810WQ, and 940WQ) were
utilized to evaluate the impact of cooling rates on microstructure and mechanical properties.
The samples were polished using silicon carbide paper (300, 600, 1000, 1500, and 2000) and
etched using Kohler reagent (H2O:HNO3:HCl:HF is 190:5:3:1). The microstructure was
analyzed using an S-7800N Scanning Electron Microscope (SEM), and phase identification
was conducted using X-ray diffraction (XRD).

Table 1. Chemical composition (wt%) of TA15 titanium alloy used in the study.

Alloy Element Al Zr Mo V Fe C Ti

Mass fraction 6.3 1.9 1.32 1.68 0.04 0.01 Bal

Table 2. Heat treatment conditions for different samples.

Sample Name Heat Treatment Condition

None No heat treatment
810AC 810 ◦C for 2 h—Air cooling(AC)
810WQ 810 ◦C for 2 h—water quench (WQ)
940WQ 940 ◦C for 1 h—water quench (WQ)
TriAC Step1: 965 ◦C for 1 h—Air cooling(AC)

Step2: 950 ◦C for 1 h—Air cooling(AC)
Step3: 810 ◦C for 1 h—Air cooling(AC)

TriWQ Step1: 995 ◦C for 1 h—water quench (WQ)
Step2: 940 ◦C for 1 h—water quench (WQ)
Step3: 810 ◦C for 1 h—water quench (WQ)
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2.2. Mechanical Properties Test

To determine the microhardness of the TA15 titanium alloy, an indentation test was
conducted, measuring the microhardness of each sample at 100 g load and 15 s residence
time. Nine indentation tests were performed on each sample at 0.5 mm intervals, and the
average value was taken as the microhardness of the material. Due to limitations in the
testing equipment, the extensometer was not used in the experiment. Figure 1 displays the
dimensions of the sample used for the tensile, bending, and impact toughness tests. The
room temperature tensile and bending tests were carried out using a DDL100 electronic
universal testing machine, and the calculation formula for bending properties was applied.
Impact properties were evaluated using an NI150 metal pendulum impact testing machine
(ASTM, E23-2018).
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3. Results and Discussion
3.1. Microstructure Observation

Figure 2 displays the X-ray diffraction patterns of TA15 titanium alloys subject to
various heat treatments. All samples exhibit α phase, while some also exhibit β phase.
However, after TriAC or TriWQ treatment, only α phase is detected. Figure 3 illustrates the
microstructures of TA15 titanium alloys under different heat treatment methods. Combined
with XRD diffraction results and SEM images, it is evident that the initial sample com-
prises primary equiaxed α phase and β grain microstructures (Figure 3a). However, the
microstructures present various morphologies after different heat treatments. Figure 3b–d
demonstrate that the microstructures comprise secondary α phase and transformed β
phase after 810AC, 810WQ, and 940WQ treatments, respectively. Figure 3e,f indicate that
the main microstructure after TriAC and TriWQ treatments is acicular α phase, with the α
phase being slenderer after TriWQ treatment than after TriAC treatment.

To better illustrate the variation in elemental content between the α and β phases, we
conducted an EDS scanning analysis of the initial sample’s microstructure, as presented
in Figure 4. The TA15 alloy consists predominantly of Ti, Al, and V. The EDS mapping
results indicate that the α phase is primarily composed of Ti and Al elements, whereas the
β phase contains more Mo and O. Additionally, V is found to be evenly distributed across
the entire surface.
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3.2. Microhardness

The average microhardness of TA15 alloys with various heat treatments is presented
in Figure 5. It is evident that the microhardness of the untreated sample is the lowest,
measuring at 310.5 HV. All heat treatment methods result in an improvement of microhard-
ness in TA15 titanium alloys. However, there is no significant increase in microhardness
observed with 810AC and 810WQ, which measured at 365.9 HV and 338.2 HV, respectively.
The 940WQ sample exhibited a more extensive decomposition of metastable β phase than
the 810WQ sample, resulting in an increased microhardness [19]. The TriAC sample, with
the largest volume fraction of α phase, has the highest microhardness at about 601.3 HV.
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Furthermore, the TriAC and TriWQ samples underwent triple heat treatment processes,
which fully decomposed the β phase and led to even higher microhardness [36].
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3.3. Impact Toughness

Figure 6 illustrates a comparison of impact toughness among different heat treatment
methods. The impact toughness of the initial sample measures at 32.19 J/cm2, while
the 810AC sample displays a slightly higher value at about 34.69 J/cm2. In general, the
impact toughness of the untreated sample and low-temperature treated samples are higher
than those of the other samples. Conversely, the impact toughness of the 940WQ, TriAC,
and TriWQ samples significantly decreased, measuring at 13.13, 18.75, and 5.31 J/cm2,
respectively. It can be inferred that the presence of transformed α phase and acicular α
phase will greatly reduce the impact properties of the TA15 titanium alloy.
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3.4. Bending Properties

Figure 7 and Table 3 show that the overall bending properties of TA15 titanium alloys
after heat treatment are reduced significantly. The data in Table 3 are calculated by the
formula in Li et al. [37]:

mE =
L3

S
48I

·
(

∆F
∆ f

)
(1)

Rbb =
FbbLS
4W

(2)

where I = bh3/12, b is the width of the sample, h is the thickness of the sample, LS is the
distance between the two support points of the sample on the bending test device, and
LS =100 mm, Fbb is the maximum bending stress, and W is the section coefficient of the
sample (W = bh2/6).

Based on the analysis presented in Figure 7 and Table 3, it can be observed that the
bending strengths of the 810AC and 810WQ samples are approximately 4920.0 MPa and
5572.5 MPa, respectively. Additionally, the bending strengths of the 940WQ, TriAC, and
TriWQ samples are approximately 1773.75 MPa, 1267.5 MPa, and 5572.5 MPa, respectively.
It is worth noting that the samples subjected to higher heat treatment temperatures (940WQ,
TriAC, and TriWQ) exhibit a more significant decline in strength than those subjected to
lower heat treatment temperatures (810AC and 810WQ).

Table 3. Bending performance test results of different specimens.

Sample Name Slope of the Linear
Elasticity mE (MPa)

Maximum Bending
Force Fbb (N)

Bending Strength
Rbb (MPa)

None 466,811.41 2003.1 7511.25
810AC 59,630.48 1312.3 4920.0
810WQ 489,572.17 1486.6 5572.5
940WQ 364,184.23 473.2 1773.75
TriAC 360,134.39 338.3 1267.5
TriWQ 253,875.59 214.5 802.53
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3.5. Tensile Properties

Figure 8 illustrates the impact of different heat treatments on the tensile properties of
TA15 titanium alloys. The data in Table 3 suggests that heat treatment results in a reduction
in elongation (ε), with the highest elongation of approximately 27.92% observed in the
initial sample. The yield strength (YS) of 810AC and 810WQ samples decreases slightly and
insignificantly, while the ultimate tensile strength (UTS) increases significantly, with values
of 987 MPa and 984 MPa, respectively. Notably, the tensile strengths are similar to the
bending strengths observed in Figure 7. However, for the samples subjected to higher heat
treatment temperatures (940WQ, TriAC, and TriWQ), YS, UTS, and elongation all decrease
significantly. Specifically, the YS of TriAC and TriWQ samples are 529 MPa and 364 MPa,
respectively, while their UTS are 272 MPa and 325 MPa, respectively. Furthermore, the very
low elongation of TriAC and TriWQ samples suggests that the fracture mechanism is close
to a brittle fracture.
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3.6. Fracture Analysis

To gain a thorough understanding of the fracture mechanism during a tensile test, an
analysis was performed on the fracture characteristics of TA15 tensile samples, as presented
in Figure 9. The fracture surface in Figure 9a exhibits numerous evenly distributed dimples,
indicative of the sample’s strong toughness and typical ductile fracture. In Figure 9b, a
ductile fracture with numerous large depressions is shown. The size and depth of the
dimples have increased significantly compared to the initial sample, and many shallow and
small depressions are present, indicating that the ductile fracture is the primary fracture
mechanism of the 810WQ sample. Lastly, Figure 9c depicts the tensile fracture morphology
of the 810WQ sample. Compared to the None sample, the fracture surface undulation of the
810WQ TA15 titanium alloy is larger and contains many deep dimples, with a large number
of small dimples distributed around them, which are indicative of ductile fractures [37]. As
shown in Figure 9d, the fracture morphology of the 940WQ sample exhibits an obvious
river-like tearing ridge, and the fracture is similar to a quasi-cleavage fracture. These results
indicate that the plasticity of the TA15 titanium alloy after 940WQ treatment is significantly
reduced, as the αSr strongly hinders slip and makes it more difficult to deform the sample,
with the dislocation almost unable to cross the α/β boundary. Furthermore, Figure 9e
shows that the cleavage steps, cleavage plane, and tear edges of the TriAC sample cover
most of the fracture plane, with no dimple observed, and an unstable fracture tear edge
existing on the cleavage plane. A portion of the fracture direction is nearly perpendicular
to the tensile direction, resulting in a uniform fracture surface. Brittle fracture is the
predominant mechanism in the fracture process, which aligns with the elongation value
of 5.59%. As illustrated in Figure 9f, the TriWQ sample’s fracture mainly exhibits fluvial
tearing ridges, with micropores present at the grain boundary, representing a prominent
characteristic of brittle intergranular fractures. These results indicate that the TriWQ sample
exhibits low toughness and is prone to breakage, consistent with its ultimate tensile strength
of 364 MPa and an elongation of 2.9% (refer to Table 4). Therefore, it can be inferred that
the ductility of the TA15 titanium alloy is significantly reduced after triple heat treatment,
as a result of a large number of αS and layered α+β structures that hinder slip.
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Table 4. Measured mechanical properties of TA15 under different conditions.

Sample Name Ultimate Tensile
Strength σu (MPa)

Yield Strength
σy (MPa)

Elongation
ε (%)

None 936 ± 21 891 ± 18 27.92 ± 1.2
810AC 987 ± 25 886 ± 17 17.78 ± 1.3
810WQ 984 ± 40 805 ± 32 16.2 ± 2.3
940WQ 618 ± 84 105 ± 32 14.02 ± 3.2
TriAC 529 ± 36 272 ± 25 5.59 ± 0.8
TriWQ 364 ± 41 325 ± 38 2.9 ± 0.2

The impact fracture surfaces displayed in Figure 10a–c demonstrate distinct ductile
fracture characteristics. The surface of the fracture exhibits multiple depressions of varying
sizes with minimal surface undulations. The region situated between the deeper dimples
is characterized by small dimples, which is a classic feature of ductile fractures. This
type of fracture is a result of extensive plastic deformation before the sample’s eventual
rupture. In contrast, Figure 10d–f indicate that the impact fracture morphology displays
a prominent cleavage plane, indicating a brittle fracture. However, some regions of the
cleavage plane are overlaid with shallow dimples, representing a brittle ductile mixed
fracture. After annealing at 810 ◦C, the dimple size of the sample increases significantly
compared to the original sample, indicating excellent ductility and impact toughness.
Conversely, at temperatures exceeding 940 ◦C, the area of the fracture cleavage plane of the
sample increases significantly, and the size and number of dimples decrease, leading to a
considerable reduction in impact toughness, as illustrated in Figure 6.
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Figure 11 illustrates the mechanism and schematic diagram of the impact of post-heat
treatment on the microstructures and mechanical properties of TA15 titanium alloys. A
lower heat treatment temperature has minimal effect on the mechanical properties. The
transformed α phase and acicular α phase lead to a slight increase in microhardness
(Figure 5). However, the impact toughness (Figure 6), tensile elongation (Figure 8), and
bending strength (Figure 7) experience a significant decrease. Despite the reduction in
toughness and plasticity, both the tensile fracture surface and impact test fracture surface’s
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dimples indicate that it is a typical ductile fracture. However, a higher heat treatment
temperature induces a complete transformation in the sample’s microstructure morphology.
The transformed α phase leads to a significant increase in microhardness (Figure 5) but
a substantial reduction in plasticity (Figure 6). Consequently, the mechanical properties,
including impact toughness (Figure 6), tensile elongation, tensile strength (Figure 8), and
bending strength (Figure 7), undergo a considerable decrease due to the reduction in
plasticity. Moreover, the fracture mode changes from a ductile fracture with lower heat
treatment temperatures to a brittle fracture with higher heat treatment temperatures.
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4. Conclusions

This paper investigates the effects of heat treatment on the microstructures and mechan-
ical properties of forged TA15 titanium alloy sheets using SEM, XRD, and microhardness
characterization. Bending, impact, and tensile tests were performed to analyze the impact
of different heat treatments on the strength and toughness of the alloy. Based on the results,
the following conclusions are drawn:

(1) At a lower heat treatment temperature of 810 ◦C, cooling methods have minimal
impact on the mechanical properties of the forged TA15 titanium alloys. The mi-
crostructure, microhardness, tensile strength, and impact toughness are similar to the
initial samples.

(2) At a higher heat treatment temperature above 940 ◦C, all cooling methods signifi-
cantly alter the microstructures and mechanical properties. Transformed α phase
and acicular α phase result in increased microhardness but decreased strength and
plasticity. Potentially, oxidation may be one of the main factors leading to performance
degradation after high-temperature heat treatment.

(3) The tensile fracture morphology of the forged TA15 titanium alloys after different heat
treatments is significantly different. The fracture morphology of the 940WQ sample
is similar to quasi-cleavage fracture, and the tensile fracture of the TriAC sample is
mainly brittle transgranular fracture, while the 810WQ and 810WQ samples have
better tensile properties and exhibit deeper and more pronounced dimples than the
initial sample.
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