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Abstract: The purpose of this study is to investigate two new heat treatment processes on the
mechanical properties of TC10 titanium alloy. By changing the 3 annealing temperature, the variation
in microstructure and mechanical properties of TC10 titanium alloy were investigated. The results
showed that with the increase in 3 annealing temperature the microstructure type changes from an
equiaxed structure to a lamellar structure. The strength of the alloy then increases firstly, followed
by a decrease, while the plasticity decreases all the time. Microstructure observation revealed that
the alloy is uniformly composed of « phase and 3 phase after the two processes. In addition, it
was found that the fracture morphology of the equiaxed structure is mainly dimples, showing
ductile fracture characteristics, while the fracture morphology of lamellar microstructure is mainly
crystalline, showing brittle fracture characteristics. These results indicated that reasonable 3 annealing
temperature can be set according to different requirements to obtain different types of microstructure
and mechanical properties, which expands the application field of TC10 titanium alloy.

Keywords: BASC heat treatment; BASCA heat treatment; microstructure; tensile property

1. Introduction

Titanium and titanium alloys exhibit many excellent properties such as high spe-
cific strength, good biocompatibility, non-magnetic properties, and good corrosion re-
sistance [1,2], and thus are widely applied in military industries, marine engineering,
aerospace, biomedical and other fields [3,4]. TC10 titanium alloy (Ti-6Al-6V-25n or Ti662)
possesses higher strength alloy, which was developed based on TC4 titanium alloy by
adding more {3 stable elements [5]. The alloy has excellent mechanical properties, heat resis-
tance, oxidation resistance and corrosion resistance [6]. Therefore, the alloy is widely used
in many fields such as aerospace, marine engineering, petroleum engineering and so on [7].
The alloy is similar to TC4 titanium alloy. It has good thermal processing performance and
can be processed into bars, plates and wires by forging, rolling and other processes [8].

The strengthening methods of titanium alloy are mainly deformation strengthening
and heat treatment strengthening. Heat treatment strengthening is one of the most widely
used methods because of its fast, convenient and energy-saving characteristics. At present,
the heat treatment methods of TC10 titanium alloy mainly include ordinary annealing,
double annealing, isothermal annealing, solution aging and so on. In recent years, although
domestic and foreign scholars have carried out a lot of heat treatment strengthening research
on TC10 titanium alloy [9-11], most of them are still based on traditional heat treatment
processes such as solution aging, and other heat treatment processes are less studied.

In recent years, with the increasing application of TC10 titanium alloy, the traditional
heat treatment process has difficulty matching the rapid development of TC10 titanium
alloy. It is thus necessary to propose new heat treatment processes. BASCA (p annealing
+ slow cooling + aging) heat treatment is a new type of heat treatment process, which is
commonly used in 3-type titanium alloys [12]. Figure 1 shows the schematic diagram of
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the BASCA heat treatment process. The process can be divided into three stages: firstly,
the alloy is heated to the 3 phase region for heat preservation (BA stage); then, it is cooled
to a certain temperature with the furnace and heat preservation, and then cooled to room
temperature by air cooling (SC stage); and finally, an aging treatment is performed (A
stage). Although some investigations have studied BASCA heat treatment process [12,13]
on f3-type titanium alloy, there are few studies on how the BASCA heat treatment pro-
cess affects the microstructure and tensile properties of « + p-type alloy. Therefore, in
this paper, the BASCA heat treatment process is divided into two processes: BASC and
BASCA, and different types of microstructures are obtained by changing the tempera-
ture of the BA stage. Then, the tensile properties are tested to study the effects of BASC
(B-annealing + slow cooling) and BASCA heat treatment processes on the microstructure
and mechanical properties of TC10 titanium alloy. The research results are helpful to better
understand the relationship between heat treatment process, microstructure and tensile
properties, thus formulating the best heat treatment process parameters and expanding the
application field of TC10 titanium alloy.

BA

furnace cooling

Do/Aameradud]

air cooling

A

/—Y‘ir cooling

Figure 1. BASC and BASCA heat treatment diagram.
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2. Materials and Methods

TC10 titanium alloy bar with a length of 300 mm and a diameter of 103 mm was used
as the test material. The raw materials of the alloy were small particle sponge titanium and
intermediate alloy, which were melted into an ingot by a vacuum self-consumption melting
furnace (VAR) for three times, and then the bar was forged by multi-fire forging. The
chemical composition of the alloy, measured by ICP-AES analyzer, was 5.7% Al, 5.6 %V,
2.3% Sn, 0.65% Fe, 0.65% Cu, 0.121% O and Ti allowance. The phase transition temperature
of the alloy, measured by continuous heating metallographic method, was 940 °C. The
original microstructure of the alloy is shown in Figure 2, in which the morphology of the
o phase is divided into two types: one is the primary o phase () uniformly distributed
in the matrix, and the morphology is mainly equiaxed; the other is the secondary & phase
located in the (3 transformation structure (), and the morphology is mainly fine and
needle-like. Therefore, the original microstructure of the TC10 titanium alloy is a bimodal
structure formed by forging in the two-phase region, which is composed of the primary
o phase and the 3 transformation structure. The 3 transformation structure is composed of
the secondary o phase and the residual 3 phase between the secondary « phase.

TC10 titanium alloy was processed into 8 parts by sawing machine and wire cutting,
and then BASC and BASCA heat treatment were carried out by box resistance furnace with
precision grade 2. The specific heat treatment system was shown in Table 1. When the
heat treatment was completed, the sampling process was carried out. In order to ensure
the consistency and scientificity of the test, the sampling direction of the tensile sample
was the longitudinal direction of the bar. Two samples were tested in each group of tensile
tests, and the average value was taken as the test result. The specific sampling position and
tensile sample size are shown in Figures 3 and 4, respectively.
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Figure 2. Original microstructure of TC10 alloy bars.

Figure 3. Sampling position of tensile specimen.
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Figure 4. Geometry of the tensile specimen.

Table 1. BASC and BASCA heat treatment system.

Process Sample Heat Treatment System
aj 900 °C x 1.5h/FC — 800 °C x 1.5h/AC
BASC ap 920 °C x 1.5h/FC — 800 °C x 1.5 h/AC
az 940 °C x 1.5h/FC — 800 °C x 1.5 h/AC
ay 960 °C x 1.5h/FC — 800 °C x 1.5h/AC
by 900 °C x 1.5h/FC — 800 °C x 1.5 h/AC+560 °C x 4h/AC
by 920 °C x 1.5h/FC — 800 °C x 1.5 h/AC+560 °C x 4h/AC
BASCA bs 940 °C x 1.5h/FC — 800 °C x 1.5 h/AC+560 °C x 4h/AC
by 960 °C x 1.5h/FC — 800 °C x 1.5 h/AC+560 °C x 4h/AC

The optical microscopy (ICX41M) was used to observe the microstructure at low
magnification. The SUPRA 55 field emission scanning electron microscopy was used to
observe the microstructure at high magnification and the tensile fracture morphology. The
Panaco Empyrean X-ray diffraction was used for XRD test, and the scanning angle was set
at 20-80°. The XRD test results were analyzed by Highscore plus software (version: 3.0d).
The JEM 2100F transmission electron microscopy (Japan Electronics, Tokyo, Japan) was
used for high-resolution morphology observation and crystal structure analysis. The tensile
test was performed by GNT100 electronic universal testing machine (NCS, Beijing, China),
and the test standard was implemented according to GB/T 228.1-2020. The test data were
tensile strength Rm, yield strength Ry, elongation after fracture A% and reduction in area
Z%. The extensometer was used during the test.



Materials 2022, 15, 8249

40f11

3. Test Results and Discussion
3.1. Microstructure

Figure 5 is the microstructure of TC10 titanium alloy after BASC heat treatment. Com-
pared with the original microstructure, the morphology of « phase in the microstructure
changes obviously. In Figure 5(aj,ay), the size of equiaxed « phase coarsens and grows
up, and lamellar « phase appears. The content and size of equiaxed & phase in Figure 5a3
decreases obviously, while the content and size of lamellar o phase increases. In Figure 5ay4,
the equiaxed o phase has completely disappeared, and coarse 3 grains and relatively
complete grain boundary « phase appears in the microstructure. At the same time, a large
number of clusters are formed in some coarse {3 grains, and the lamellar « phases in the clus-
ters grow interlaced or parallel, and spherical « phases are formed at the grain boundaries.

Figure 5. Microstructure after BASC heat treatment: (a1) 900 °C; (az) 920 °C; (az) 940 °C; (aq) 960 °C.

When the BA temperature is in the two-phase region, before the start of the SC phase,
there is a part of the & phase in the microstructure, and the 3 — « phase transition occurs
during the SC phase. At this time, there are two possibilities for the precipitated o« phase.
One is that the precipitated « phase nucleates and grows at the 3 grain boundary, and the
other is that the precipitated « phase nucleates and grows at the interface of the original
o phase and is connected with the original « phase [14]. The orientation of the « phase
precipitated at the original « interface is different from that of the original « phase, and
its size is related to the cooling rate. When the cooling rate is faster, the morphology is
mainly needle like. When the cooling rate is slower, the morphology is mainly plate like.
During subsequent heat preservation process, the size of the o phase will further increase
and stabilize. In the process of air cooling, the morphology of « phase will be retained due
to the fast cooling rate.

When the BA temperature is in the single-phase region, the « phase in the microstruc-
ture has been completely transformed into the (3 phase. In the SC stage, the re-precipitated
o phase nucleates at the 3 grain boundary and grows gradually to form the grain boundary
o phase. In the subsequent heat preservation process, the « phase will expand from the
grain boundary position to the interior of the grain, and its morphology is dominated by
sheets. The expansion process is until each lamellar o contacts with each other [15]. The
group comprised a group of lamellar « phases which are parallel to each other and have
the same orientation in the colony is called « cluster [16]. The « cluster usually presents
discontinuous or continuous lamellar morphology, and there is residual 3 phase between
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the lamellar « phases in the o cluster. When the temperature of the BA stage is higher and
the cooling rate is slower, the formed sheet « is thicker, and the « cluster size is larger. At
the same time, some o phases in the microstructure will nucleate and grow independently
at the grain boundary to form spherical o phases.

Figure 6 shows the XRD diffraction pattern of TC10 titanium alloy after BASC heat
treatment. After heating treatment, TC10 titanium alloy mainly underwent 3 —« phase,
B— o phase and B— " phase transitions during the cooling process. The p— o’ phase
and p— o' phase are martensitic transformations, which are transformed from one crystal
structure into another crystal structure by shear, and this is a non-diffusion phase transition.
The p— « phase is an atomic diffusion phase transition. As the o phase and o phase have
an identical structure (HCP) exhibiting fine needle-like morphology (position A), and the
lattice constants of the two phases are very close, the diffraction peaks of the two phases
in the XRD diffraction pattern are very close and difficult to distinguish. In addition, the
main structures of the two phases are consistent, and the position of the diffraction spots
is almost completely coincident, which makes the identification process more difficult.
Relevant literature pointed out that the cooling rate is an important basis for judging
whether martensitic transformation occurs [17]. When the cooling rate is fast, the elements
in the 3 phase cannot be precipitated in time, and the transformation of the (3 phase will be
carried out in the form of shear to form the o’ phase. When the cooling rate is slow, the
alloy elements in the (3 phase are fully diffused, and the « phase is formed. In the BASC
heat treatment process the SC stage is furnace cooling with a slower cooling rate, and after
the subsequent holding stage at 800 °C the cooling method is air cooling. At this time,
the cooling rate is slow and the undercooling is small. Because the «’ phase is obtained
by the transformation of the high-temperature (3 phase [18], it can be determined that the
needle-like phase formed in the microstructure is « phase. Therefore, the XRD diffraction
peak in Figure 6 is the o phase diffraction peak. As the a axis # b axis in the crystal structure
of the «” phase, the o’ phase reflects different crystal plane spacing. In the low angle
range (41~42°) and high angle range (51~54°) and (61~65°) in the XRD diffraction pattern,
(021)a”, (022)”, (200)e”’, (130)o”” diffraction peaks can be utilized to determine whether
there are o’ phase [17,19]. It can be seen from Figure 6 that after BASC heat treatment there
is no diffraction peak of the above «” phase in the XRD diffraction pattern, indicating that
there is no o’/ phase in the microstructure.

(a) (b) (c) _
n g
s g =
52 . 5 s
g8 S & o oo B 3 =
=gl= = = g &§ £ |oso°c S loso ]
960°C = s 3 353 = %» N
Z 3 a2
0s0°C_ 4 . . g PRT 2 loaoe
920°C LJ . . 920°C 920 °C
900 °C JJL - 900 °C 900 °C
T 1 1 1 1 i — 1 1 1 1

20 30 40 50
20/(%)

60

70 80 39 40 41 42 43 51 54 57 60 63
20/%) 20/(")

Figure 6. XRD diffraction patterns after BASC heat treatment: (a) Scanning angle (20~80°);
(b) Scanning angle (39~43°); (c) Scanning angle (51~65°).

The higher the heating temperature is, the more sufficient the driving force of marten-
sitic transformation is. Therefore, the sample with BA temperature of 960 °C was selected
for TEM analysis to verify the above analysis. The o phase is mainly distributed on the
matrix, while the o’ phase is also present in the residual B phase in addition to the distri-
bution in the matrix. These two regions are selected for electron diffraction spot marking.
The specific morphology is shown in Figure 7. It is found that the target area is mainly
o phase and 3 phase, and there is no «’ phase and «” phase.
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Figure 7. TEM morphology and selected area electron diffraction pattern: (a) « phase; (b) 3 phase.

Figure 8 shows the microstructure of TC10 titanium alloy after different BASCA heat
treatment. Compared with BASC heat treatment, the alloy undergoes an additional aging
treatment, resulting in a more stable microstructure of the alloy. The overall change trend is
consistent with BASC heat treatment. After BASCA heat treatment, the staggered region of
some fine needle-like & phases can be seen between the lamellar « phases. This is because
during the aging process, the metastable (3 phase formed during BASC heat treatment will
be decomposed to form smaller lamellar and needle-like & phases [20]. Compared with the
BASC process at the BA temperature of 960 °C, many clusters are formed in all the original
(3 grains, and the clusters scale is larger.
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Figure 8. Microstructure after BASCA heat treatment: (b1) 900 °C; (b2) 920 °C; (bs) 940 °C; (bg) 960 °C.
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Figure 9 shows the XRD diffraction pattern of TC10 titanium alloy after BASCA heat
treatment. As the alloy is cooled to 800 °C by furnace cooling (not cooled to room tem-
perature) in the BASC heat treatment process, a small amount of decomposable residual
metastable (3 phase is retained in the microstructure. During the aging process, the residual
metastable 3 phase is transformed into « phase and 3 phase. This decomposition transfor-
mation process is allotrope transformation. Combined with Figure 8, it can be seen that the
diffraction peak of the weak (200)3 phase appears in the XRD diffraction pattern, which
further verifies the above analysis.
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Figure 9. XRD diffraction patterns after BASCA heat treatment.

Summarily, during the heating process, the content and size of the equiaxed o« phase
will gradually decreases with the increases in temperature. When the temperature reaches
the phase transition point, the equiaxed o phase completely disappears. At the same time,
the content and size of flaky o phase increases continuously. Therefore, when the BA
temperature is at the « + 3 two-phase region, the microstructure type of the alloy changes
from bimodal structure to equiaxed structure after the BASC and BASCA heat treatments.
When the BA temperature is 3 single-phase region, the microstructure type changes from
bimodal structure to lamellar structure.

3.2. Tensile Properties

Figure 10 shows the tensile properties of the alloy after BASC and BASCA heat
treatments, and Figure 11 shows the engineering stress—strain curves. It can be found that
the Rm and Rp.2 of the alloy after BASC heat treatment increase first, and then decrease with
the increase in BA temperature. When the BA temperature is 940 °C, the strength of the alloy
reaches the maximum with Rm being 1083 MPa and Ry being 950 MPa. The A and Z of
the alloy gradually decrease with the increase in BA temperature and reach the minimum
value when the BA temperature is 960 °C, where A is 12% and Z is 19%. After BASCA heat
treatment, the change trend of strength and plasticity of the alloy is consistent with that of
BASC heat treatment. The strength reaches the maximum value when the BA temperature is
940 °C, where Rp, is 1054 MPa and Rpo.2 is 874 MPa, and the plasticity reaches the minimum
value when the BA temperature is 960 °C, where A is 11.5% and Z is 27%.

In general, under the action of external stress, when the stress value is greater than
the critical stress required for the dislocation to start, the dislocation begins to slip. In the
process of slip, the different morphology « in the microstructure has different degrees of
obstruction to the dislocation slip. The equiaxed o phase in the microstructure is the main
factor affecting the plastic properties of the alloy. This is because the equiaxed o« phase
contains more movable slip systems, and the deformation coordination is good, which
promotes the slip. When the alloy is plastically deformed, the slip will be activated first in
the equiaxed o phase with the largest orientation factor. When the microstructure contains
more equiaxed o phase, deformation can be quickly dispersed into more grains, which will
avoid its accumulation in a small number of grains, and then produce stress concentration,
resulting in cracks and fracture of the alloy [21]. Therefore, when the microstructure
contains more equiaxed & phase, the alloy can undergo large deformation so the plasticity
is better. With the increase in BA temperature, the content of equiaxed « phase in the
microstructure gradually decreases, resulting in the decrease in plasticity of the alloy.
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Figure 10. Tensile properties after BASC and BASCA heat treatment: (a) BASC heat treatment;
(b) BASCA heat treatment.
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Figure 11. Engineering stress—strain curves after BASC and BASCA heat treatment: (a) BASC heat
treatment; (b) BASCA heat treatment.

When the BA temperature is in the two-phase region, the strength of the alloy is
opposite to the plastic change trend. As the plasticity decreases, the strength increases. This
is because with the increase in BA temperature, the equiaxed o phase in the microstructure
decreases, while the lamellar « phase increases, increasing the obstacles encountered by
dislocations in the slip process. When the dislocation slips, the staggered lamellar o phase
plays a greater hindering role, resulting in more difficult plastic deformation and increased
strength. When the BA temperature is in the single-phase region, the strength of the
alloy decreases. This is because the equiaxed « phase in the microstructure completely
disappears at this time, and the morphology is mainly composed of coarse « clusters. The
o clusters have a greater hindrance to slip. When the alloy is plastically deformed it is
difficult for dislocations to pass through the «/ {3 phase interface smoothly, and a large
number of dislocated accumulations are generated at the interface. Stress concentration is
easy to occur at the interface, which makes the deformation enter the yield stage in advance,
showing a decrease in strength [22].

Comparing the two groups of processes, it can be seen that the strength of the alloy
after BASC heat treatment is higher than that of BASCA, but the plasticity is lower. This is
because the metastable 3 phase in the alloy will be decomposed into o phase and 3 phase
after BASCA treatment. During this period, the nucleation and growth of the & phase will
occur. Combined with the microstructure of Figures 5 and 8, the equiaxed structure has
a higher degree of equiaxation in Figure 8 and the lamellar structure contains completer
and more stable « clusters, which achieves the effect of stabilizing the structure. This
indicates that the BASCA process mainly focuses on stabilizing the microstructure rather
than strengthening the alloy compared with the BASC process.

Compared with the traditional solution of aging heat treatment, it was found that the
strength of the alloy after BASC and BASCA heat treatments is lower, but the plasticity
is higher. Therefore, it can be used for aircraft structural parts with lower strength and
higher plasticity, such as aircraft skin and heat insulation board. It is also found that after
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these two processes, the alloy can form equiaxed structure and lamellar structure that
cannot be obtained by solution aging treatment. Therefore, different process parameters
can be formulated according to the actual engineering requirements to obtain the required
microstructure and properties.

3.3. Tensile Fracture Morphology

Figure 12 shows the morphology of tensile fracture. When the BA temperature is
in the two-phase region (Figure 12a;,ap,b1,by), the micromorphology of the fracture is
dominated by dimples (position B). The dimples are because during the tensile process of
the alloy, due to the fast strain rate, some dislocations in the microstructure produce stress
concentration, which in turn triggers micropore nucleation. As the tension progresses, the
repulsive force of the dislocation begins to decrease, and some dislocations will be pushed
into the micropores, activating the dislocation source again. This leads to the continuous
formation of new dislocations. The newly formed dislocations are continuously pushed
into the micropores, and the micropores will gradually grow in this process. Micropores
will gradually converge at the fracture position, leaving traces and eventually forming
dimples [23].

Figure 12. Micromorphology of tensile fracture after BASC and BASCA treatment BASC heat
treatment: (aj—aq); BASCA heat treatment: (b1—by).

In general, the number and size of the dimples can reflect the plasticity of the alloy.
When the number and size of the dimples are large, the plasticity is good; when the number
and size of dimples are small, the plasticity is poor. It can be found that when the BA
temperature is in the two-phase region, the number of dimples in the fracture microstructure
is large and deep. This is because the slower cooling rate and higher holding temperature
in the SC stage will make the recovery and recrystallization in the microstructure more
thorough, forming more equiaxed « phases and improving the plasticity of the alloy. Thus,
the microstructure is dominated by ductile fracture. At the same time, it was found that
there are a certain number of secondary cracks (position C) in addition to many dimples
in the fracture micromorphology. Both the secondary crack and the main crack propagate
along the main direction of the tension, and there are finer microcracks at the end of the
secondary crack, which indicates that the conditions for crack propagation are easy to meet.
When the crack propagates in the microstructure, it can propagate along the «/f grain
boundary junction position and can also propagate through the grain so that the crack
propagation path is relatively smooth, indicating that the plasticity of the alloy is high [24].

When the BA temperature is in the phase transition temperature (Figure 12a3,bz) there
are still dimples in the fracture morphology, while the number is small, and the depth
is shallow. In addition, there is a tendency of the fracture to develop into a rock-like
morphology, which is consistent with the characteristics of the BA temperature at the phase
transition point. When the BA temperature is in the single-phase region (Figure 12a4,by),
the fracture morphology of the two processes is mainly crystalline. The dimples are small
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References

and shallow. There are obvious dissociation steps (position D) and obvious tearing edges
(position E), and a small number of smaller dimples are distributed on the surface, which is a
brittle fracture morphology characteristic. This is because after the single-phase region heat
treatment of the alloy, the equiaxed « phase in the microstructure completely disappears
and the coarse 3 phase with « clusters is formed. During the deformation process the grain
boundary position is easier to form voids and expand rapidly, which leads to the decrease
in the plasticity of the alloy.

4. Conclusions

In this paper, the effects of BASC and BASCA heat treatments on the microstructure
and mechanical properties of TC10 titanium alloy were studied. By changing the BA
temperature, the relationships among heat treatment process, microstructure and tensile
properties were studied. The following conclusions can be drawn:

1. The content and morphology of « phase in microstructure are affected by BA temper-
ature. With the increase in BA temperature the content and size of equiaxed « phase
decrease and finally disappear, while the content and size of lamellar « phase increase.
Thus, the structure type changes from an equiaxed structure to a lamellar structure.
Therefore, reasonable BA temperature can be formulated to obtain the corresponding
microstructure according to the different needs of engineering applications;

2. Itisverified that after the BASC process, only o phase and 3 phase are contained in
the microstructure of the alloy, and no «’ phase and «” phase is precipitated. For alloy
treated by the BASCA process, the metastable 3 phase is decomposed;

3. Itis found that the strength of the alloy is higher after BASC process, and the mi-
crostructure is more stable after the BASCA process. By comparison, it is found that
the comprehensive properties of the alloy are best when the BA temperature is 940 °C.
After BASC process treatment, Ry, Rpo,z, A, and Z can achieve 1083 MPa, 950 MPa,
14.5%, and 28%, respectively, and these properties can achieve 1054 MPa, 874 MPa,
13.5%, and 35%, respectively, after the BASCA process treatment;

4. By analyzing the fracture morphology it is found that the fracture morphology of
the equiaxed structure is mainly dimples. The fracture morphology of the lamellar
structure is mainly crystalline, and there are a small number of shallow dimples with
obvious dissociation steps and tearing edges.

Author Contributions: Conceptualization, M.Z. and H.F,; methodology, M.Z.; software, M.Z.; valida-
tion, M.Z., H.F. and X.Y,; formal analysis, M.Z.; H.F; investigation, M.Z. resources, M.Z.; data curation,
M.Z.; writing—original draft preparation, M.Z.; writing—review and editing, H.F,; visualization,
M.Z.; supervision, X.Y.; project administration, X.Y.; funding acquisition, X.Y. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, no.
51675074, the Department of Education of Liaoning Province, no. JDL2019001, and the Dalian Science
and Technology Bureau, no. 2018]J11CY027.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1. Huang, S.F; Ma, Q.Y,; Liu, C.; Shi, X.C.; Wang, C.S. Research on electrochemical discharge milling of TC4 titanium alloy. Mater.
Manuf. Process. 2022, 37, 1823-1828. [CrossRef]

2. Verestiuc, L.; Spataru, M.C.; Baltatu, M.S.; Butnaru, M.; Solcan, C.; Sandu, A.V.; Voiculescu, I.; Geanta, V.; Vizureanu, P. New
Ti-Mo-5i materials for bone prosthesis applications. J. Mech. Behav. Biomed. Mater. 2021, 113, 104198. [CrossRef] [PubMed]


http://doi.org/10.1080/10426914.2022.2065006
http://doi.org/10.1016/j.jmbbm.2020.104198
http://www.ncbi.nlm.nih.gov/pubmed/33181439

Materials 2022, 15, 8249 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Wang, M.S.; Wang, Y.F,; He, Q.; Wei, W.; Guo, EJ.; Su, W.L.; Huang, C.X. A strong and ductile pure titanium. Mater. Sci. Eng. A
2022, 833, 142534. [CrossRef]

Spataru, M.C.; Butnaru, M.; Sandu, A.V,; Vulpe, V.; Vlad, M.D,; Baltatu, M.S.; Geanta, V.; Voiculescu, I.; Vizureanu, P.; Solcan, C.
In-depth assessment of new Ti-based biocompatible materials. Mater. Chem. Phys. 2021, 258, 123959. [CrossRef]

Zhou, Y.S,; Liu, Y.D.; Sun, X.H.; Shi, W.T.; Han, Y.F; Li, ].H.; Wang, K. Effect of heat treatment on the formed specimen of TC4
titanium alloy by selective laser melting variable parameter forming process. Appl. Phys. A 2022, 128, 917. [CrossRef]

Zhang, M.Y,; Fu, HW.,; Yun, X.B. Effect of Isothermal Annealing on the Microstructure and Impact Properties of TC10 Titanium
Alloy. J. Phys. Conf. Ser. 2021, 2044, 012037. [CrossRef]

David, C.-Y.; Guillermo, R.; Federico, S.; Cecilia, P.; Fernando, W.; John, D.; Norbert, S.; Andreas, S. Load partition and
microstructural evolution during in situ hot deformation of Ti-6Al-6V-25n alloys. Mater. Sci. Eng. A 2016, 657, 244-258. [CrossRef]
David, C.-Y,; Cecilia, P.; Fernando, W.; John, D.; Guillermo, R. Load partition and microstructural evolution during hot deformation
of Ti-6Al-6V-25n matrix composites, and possible strengthening mechanisms. J. Alloys Compd. 2018, 764, 937-946. [CrossRef]
Wang, Q.R.; Lei, X.F,; Hu, M.; Xu, X.; Yang, R.; Dong, L.M. Effect of Heat Treatment on Microstructure and Tensile Property of
Ti-6Al-6V-25n Alloy. Metals 2021, 11, 556. [CrossRef]

Zhu, B.H.; Zeng, W.D.; Chen, L.; Hu, X.C. Influences of Solution and Aging Treatment Process on Microstructure and Mechanical
Properties of Ti-6Al-6V-25n Titanium Alloy Rods. Trans. Nonferrous Met. Soc. China 2018, 28, 677-684. [CrossRef]

Huang, R.-T.; Huang, W.-L.; Huang, R.-H.; Tsay, L.-W. Effects of microstructures on the notch tensile fracture feature of heat-treated
Ti-6Al-6V-25n alloy. Mater. Sci. Eng. A 2014, 595, 297-305. [CrossRef]

Wang, H.; Zhao, Y.q.; Zhao, Q.Y.; Xin, S.W.; Zhou, W.; Zeng, W.D. Microstructure evolution and fracture behavior of Ti-5A1-3Mo-
3V-2Zr-2Cr-1Nb-1Fe alloy during BASCA heat treatments. Mater. Charact. 2021, 174, 110975. [CrossRef]

Wang, H.; Zhao, Q.Y.; Xin, S.W.; Zhao, Y.Q.; Huang, S.X.; Zhou, W.; Zeng, W.D. Fatigue crack propagation behaviors in
Ti-5A1-3Mo-3V-2Zr-2Cr-1Nb-1Fe alloy with STA and BASCA heat treatments. Int. J. Fatigue 2021, 151, 106348. [CrossRef]
Sadeghpour, S.; Abbas, S.M.; Morakabati, I.M.; Bruschi, S. Correlation between alpha phase morphology and tensile properties of
a new beta titanium alloy. Mater. Des. 2017, 121, 24-35. [CrossRef]

Mironov, S.; Murzinova, M.; Zherebtsov, S.; Salishchev, G.A.; Semiatin, S.L. Microstructure evolution during warm working of
Ti-6Al-4V with a colony-o microstructure. Acta Mater. 2009, 57, 2470-2481. [CrossRef]

Miller, R.M.; Bieler, T.R.; Semiatin, S.L. Flow softening during hot working of Ti-6Al-4V with a lamellar colony microstructure.
Scr. Mater. 1999, 40, 1387-1393. [CrossRef]

Li, C; Li, G;; Yang, Y.; Yang, K. Influence of Quenching Tempetrature on Martensite Type in Ti-4Al-4.5Mo Alloy. Acta Met. Sin.
2010, 46, 1061-1065. [CrossRef]

Zhao, Q.Y.; Sun, Q.Y.; Xin, S.W.; Chen, Y.N.; Wu, C.; Wang, H.; Xu, ]JW,; Wan, M.P,; Zeng, W.D.; Zhao, Y.Q. High-strength
titanium alloys for aerospace engineering applications: A review on melting-forging process. Mater. Sci. Eng. A 2022, 845, 143260.
[CrossRef]

Barriobero-Vila, P.; Oliveira, V.B.; Schwarz, S.; Buslaps, T.; Requena, G. Tracking the o” martensite decomposition during
continuous heating of a Ti-6Al-6V-25n alloy. Acta Mater. 2017, 135, 132-143. [CrossRef]

Wang, L.; Ma, H.; Fan, Q.B.; Yao, ].H.; Shen, X.Y.; Zhang, S.Y.; Zhou, Y,; Peng, Y.; Gao, Y.; Wang, D.D. Simultaneously enhancing
strength and ductility of Ti-6Al-4V alloy with the hierarchical structure via a novel thermal annealing treatment. Mater. Charact.
2021, 176, 111112. [CrossRef]

Xu, J.W.; Zeng, W.D.; Zhou, D.D.; He, S.T;; Jia, R.C. Evolution of coordination between « and (3 phases fortwo-phase titanium
alloy during hot working. Trans. Nonferrous Met. Soc. China 2021, 31, 3428-3438. [CrossRef]

Wang, J.; Zhao, Y.Q.; Zhou, W.; Zhao, Q.Y.; Lei, C.; Zeng, W.D. In-situ study on tensile deformation and damage evolution of
metastable § titanium alloy with lamellar microstructure. Mater. Sci. Eng. A 2021, 824, 141790. [CrossRef]

Han, C.-S.; Gao, H.J.; Huang, Y.G.; William, D. Nix. Mechanism-based strain gradient crystal plasticity—II. Analysis. ]. Mech.
Phys. Solids 2005, 53, 1204-1222. [CrossRef]

Shan, D.; Zhao, M.Y,; Shao, H.; Fang, C.Q. Fracture behavior of notched TC21 alloy observed by In-situ SEM. Results Phys. 2019,
15, 102604. [CrossRef]


http://doi.org/10.1016/j.msea.2021.142534
http://doi.org/10.1016/j.matchemphys.2020.123959
http://doi.org/10.1007/s00339-022-06080-0
http://doi.org/10.1088/1742-6596/2044/1/012037
http://doi.org/10.1016/j.msea.2016.01.059
http://doi.org/10.1016/j.jallcom.2018.06.097
http://doi.org/10.3390/met11040556
http://doi.org/10.1016/S1003-6326(18)64636-9
http://doi.org/10.1016/j.msea.2013.12.024
http://doi.org/10.1016/j.matchar.2021.110975
http://doi.org/10.1016/j.ijfatigue.2021.106348
http://doi.org/10.1016/j.matdes.2017.02.043
http://doi.org/10.1016/j.actamat.2009.02.016
http://doi.org/10.1016/S1359-6462(99)00061-5
http://doi.org/10.3724/SP.J.1037.2010.00157
http://doi.org/10.1016/j.msea.2022.143260
http://doi.org/10.1016/j.actamat.2017.06.018
http://doi.org/10.1016/j.matchar.2021.111112
http://doi.org/10.1016/S1003-6326(21)65740-0
http://doi.org/10.1016/j.msea.2021.141790
http://doi.org/10.1016/j.jmps.2005.01.004
http://doi.org/10.1016/j.rinp.2019.102604

	Introduction 
	Materials and Methods 
	Test Results and Discussion 
	Microstructure 
	Tensile Properties 
	Tensile Fracture Morphology 

	Conclusions 
	References

