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Abstract: Hot deformation of sintered billets by powder metallurgy (PM) is an effective preparation technique for titanium alloys, which
is more significant for high-alloying alloys. In this study, Ti—6.5A1-2Zr—Mo—V (TA15) titanium alloy plates were prepared by cold press-
ing sintering combined with high-temperature hot rolling. The microstructure and mechanical properties under different process paramet-
ers were investigated. Optical microscope, electron backscatter diffraction, and others were applied to characterize the microstructure
evolution and mechanical properties strengthening mechanism. The results showed that the chemical compositions were uniformly dif-
fused without segregation during sintering, and the closing of the matrix craters was accelerated by increasing the sintering temperature.
The block was hot rolled at 1200°C with an 80% reduction under only two passes without annealing. The strength and elongation of the
plate at 20-25°C after solution and aging were 1247 MPa and 14.0%, respectively, which were increased by 24.5% and 40.0%, respect-
ively, compared with the as-sintered alloy at 1300°C. The microstructure was significantly refined by continuous dynamic recrystalliza-
tion, which was completed by the rotation and dislocation absorption of the substructure surrounded by low-angle grain boundaries. After
hot rolling combined with heat treatment, the strength and plasticity of PM-TA15 were significantly improved, which resulted from the

dense, uniform, and fine recrystallization structure and the synergistic effect of multiple slip systems.

Keywords: elemental powder; powder metallurgy; titanium alloy; hot rolling; strength and plasticity

1. Introduction

Pure-Ti and titanium alloys have been extensively used in
aerospace, marine engineering, biomedicine, and other fields
because of their high specific strength, high/low-temperature
resistance, better corrosion resistance, and excellent biocom-
patibility [1-4]. Traditional ingot metallurgy blocks were
formed through vacuum melting combined with a hot de-
formation process, which contained a lower material usage
rate and a smaller window of hot deformation. High deform-
ation resistance and component segregation make it difficult
and costly to prepare high-alloying titanium alloys using tra-
ditional processes [5—7]. Powder metallurgy (PM) is an im-
portant method for fabricating low-cost titanium alloys in-
cluding rods, tubes, plates, and other alloy products com-
bined with hot deformation, and its near-net forming charac-
teristics greatly improve the utilization rate of materials
[8-9]. The fine uniform structure and high-temperature sta-
bility of PM sintered billets significantly increase the hot
formability and broaden the window of hot processing
[10-11].

Hot deformation and subsequent heat treatment of PM ti-
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tanium alloys have received extensive attention. The hot
rolling process with PM blocks has been studied for pure Ti
and its alloys, and there are already some plates of titanium
alloys for practical applications [12—13]. Hong et al. [14]
fabricated high-density strips by powder direct rolling with
different morphologies and sizes of mixed powder. They
showed that the density increased with the reduction of
powder particle size, rolling speed, and gap, and similar con-
clusions could be obtained in other work [15]. CSIRO in
Australia fabricated pure-Ti or Ti—6Al-4V sheets using
powder direct rolling methods combined with annealing
treatment with pre-alloying and blending element powders.
The oxygen content, tensile strength, and plasticity of the
pure-Ti sheet were 0.12wt%, 517-520 MPa, and 20%—27%,
respectively, which met the requirements of the ASTM B265
standard in process and properties [16—-19]. Gogaev et al.
[20-21] further optimized the powder rolling process and ap-
plied the high deformation stress asymmetric rolling method
to prepare titanium alloy strips, which possessed better
mechanical properties, enhanced contact quality between the
powders, and significantly improved plasticity and fatigue
resistance. O’Flynn and Corbin [22] prepared titanium strips
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by direct cold rolling based on powder-sintered billets, and
the thickness was reduced to 0.15-0.30 mm with a density of
more than 99%. Furthermore, Xu et al. [23] explored the ap-
plication of cold pressing sintering and hot rolling on
Ti-5Al-3Mo—2Fe alloy, which possessed heterogeneous
grains of residual [, acicular secondary o, and equiaxial
primary o phases. The strength and elongation at 20-25°C
reached 1422 MPa and 8.5%, respectively. It has also been
successfully applied to the intake valve of automobile en-
gines. Govender et al. [24] further optimized the process,
which adopted the continuous sintering process under the
protection of argon instead of high vacuum sintering. They
obtained highly dense and highly plastic titanium strips after
sintering at 1100-1200°C for 30-90 min. Recently, Zhou et
al. [25] prepared PM-Ti containing high oxygen and high
plasticity by hot rolling. The oxygen content of the PM-Ti
plate reached 0.56wt%, which was far higher than the oxy-
gen threshold of 0.33wt%. Its tensile strength and plasticity
were 824 MPa and 15%, respectively (higher than the tradi-
tional pure titanium plate). The complete dissolution of the O
and Zr atoms changed the lattice constant and improved the
tensile strength, and the plasticity was enhanced by fine
equiaxed recrystallized grains. Additionally, a finer second-
ary o structure was obtained than that of the traditional solu-
tion treatment, which was connected with the appropriate
composition fluctuation by rapid heat treatment in PM plates,
which broke the strength—plasticity trade-off [26]. In sum-
mary, powder hot rolling is beneficial for broadening the hot
processing window, reducing rolling pressure, increasing
rolling speed, and improving the density and mechanical
properties of titanium alloys. The combination of PM tech-
nology and the hot deformation process is a valuable method
for fabricating low-cost and high-performance titanium al-
loys. However, these studies focus on low-alloying alloys
with fewer components, such as pure-Ti, Ti-6Al-4V (TC4),

and others. Additionally, there are few reports on the hot de-
formation of multicomponent and high-alloying PM titani-
um alloys, and the sintering process and hot deformation
mechanism need to be further studied.

In this study, a medium-temperature Ti—6.5A1-2Zr—Mo—
V (TA15) alloy was prepared by combining PM technology,
high-temperature hot rolling, and heat treatment. The influ-
ence of sintering parameters on the microstructure morpho-
logy, phase compositions, and mechanical properties was in-
vestigated. Consequently, the evolution mechanism of the
microstructure and strengthening mechanism of the mechan-
ical properties were revealed. This study also described the
feasibility of fabricating low-cost and high-performance
TA15 alloys using PM and hot rolling.

2. Experimental
2.1. Powder and sample fabrication

The irregular hydridehydrogenated Ti (HDH-Ti) and
AlgVy powders were purchased from Tian Tai Long
(Tianjin) Metal Materials Co., Ltd., China. The spherical Al
powder was provided by Angang Industrial Fine Aluminum
Powder Co., Ltd., China, with a size of 5-10 pm in a purity of
99.5wt%. The irregular Zr powder was purchased from
Beijing Xing Rong Yuan Technology Co., Ltd., China, with a
size of 3848 pm in a purity of 99.5wt%. The Mo powder
was supplied by Shanghai Macklin Biochemical Technology
Co., Ltd., China, with a size of 1-5 um in a purity of
99.5wt%. As shown in Fig. 1, raw material powders of TA15
titanium alloy were weighed according to the ratio of chem-
ical compositions in a glovebox (Shanghai Mikrouna) with
high-purity argon (>99.999%). These powders were put into
a polyethylene plastic cylindrical bottle and mechanically
blended in a double-roller blender (GMS5-4, Changsha Miqi
Equipment, China) at a speed of 150 r/min for 12 h and a 1:1
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Fig. 1.
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Morphology of (a) HDH-Ti, (b) Al, and (c) TA15 mixed powder; particle sizes of (d) HDH-Ti and (e) TA1S mixed powder;

(f) phase compositions of HDH-Ti and TA15 mixed powder. D,(10), D,(50), and D,(90) were the corresponding diameter value of the
horizontal coordinate when the cumulative vertical distribution of 10%, 50% and 90%, respectively.
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mass ratio between ZrO, balls and powders. The green com-
pacts ( $53 mm x 110 mm) were compacted using a cold iso-
static pressing technique (CIP200/500-300, Sichuan Bai Rui
Long Equipment, China) under 250 MPa for 10 min with the
mixed powders. Then, the compacts were sintered at 1200,
1250, 1300, and 1350°C for 120 min with 5°C/min of heat-
ing rate in high-purity Ar (600 mL/min). The effects of ele-
ment content on the phase transition temperature of PM-
TA15 were calculated using the differential scanning calori-
metry (DSC, NETZSCH STA 449 F3, Germany) method,
and the phase transition temperature between a-Ti and B-Ti
in PM-TA1S5 was approximately 1050°C, which was evid-
ence for the selection temperature of rolling and heat treat-
ment. The block was then hot rolled by a multifunctional hot
rolling machine (Z1342, Shanxi Ya Yan equipment, China)
at 1200°C with an 80% reduction from 36 to 7.2 mm in
height under only two passes without annealing. Finally, the
plate was subjected to solution and aging heat treatment in a
box furnace (TC50L-14, Wuxi Marit Technology, China), in
which the parameters were heated to 975°C and kept for
30 min with water cooling and heated to 850°C and kept for
120 min with air cooling.

2.2. Characterization

Scanning electron microscopy (SEM, FEI Quanta 450F,
Thermo Field, USA) was performed to characterize the mor-
phology of the powder at 20-kV acceleration voltage. A laser
particle size analyzer (Masterszier 3000, Malvern Panaco,
UK) was implemented to measure the powder size. The in-
terstitial element contents, including O, N, and H of the
powder and alloys, were detected by an O-N-H analyzer
(LECO TCH-600, GOEPE, USA). A Bruker D8 Advance X-
ray diffractometer (XRD, Bruker, Germany) was used to de-
termine the phase compositions of the powder and alloys at
40 kV and 40 mA with 2°/min of scanning speed. The mor-
phology of the as-sintered, as-rolled, and as-treated alloys
was characterized using a microscope (LEXT OLS4100,
Olympus, Japan), where these specimens were prepared by
mechanical polishing and then etched using the Kroll reagent.
The density of the alloys was then examined using the
Archimedes method. A JXA-8530F electron probe X-ray mi-
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croanalyzer (EPMA, JEOL, Japan) was used to estimate the
element distribution of the PM-TA15 sintered alloy. Addi-
tionally, an electron backscatter diffraction (EBSD) was con-
ducted to characterize the microstructure of the alloys
equipped with an AZtec system and Oxford Instruments in
JSM-7900F SEM (JEOL, Japan). The samples were electro-
chemically polished with a solution of ethanol, butoxyethan-
ol, and perchloric acid for 20-60 s at 5.0 V. Two standard
tensile samples within a 15-mm tensile distance were cut by
wire-cutting equipment in PM-TAI1S alloys. The standard
samples were then examined on a universal testing machine
(CMT4204, CMT) at 20-25°C with a strain rate of 1 X
1075, and the fracture morphology was also studied by FEI
Quanta 450F SEM.

3. Results
3.1. Powder characterization

Fig. 1(a)~(c) shows the morphology of the elemental
powders for the Ti—6.5A1-2Zr-Mo-V alloy. Except for the
spherical powder of Al, the other powders were irregular and
angular. HDH-Ti and other elemental powders could be seen
in the mixed powder, indicating that the powder was evenly
mixed. As shown in Fig. 1(d) and (e), the particle sizes of
HDH-Ti and TA15 mixed powders were normally distrib-
uted, and the mean size was 25.5 and 22.0 pum, respectively.
The reduction in particle size is attributed to the adulteration
of fine Al and Mo powders. As shown in Fig. 1(f), the phase
of HDH-Ti powder was the hcp-Ti phase without other mis-
cellaneous phases, and the main phase of TA1S5 mixed
powder was also the hep-Ti phase. The diffraction peaks of
Al and ALV, powder could also be detected, confirming that
the powder was evenly mixed. As presented in Table 1, the
contents of O, N, and H interstitial elements in HDH-Ti mat-
rix powder were 0.20wt%, 0.026wt%, and 0.012wt%, re-
spectively, while the contents of O, N, and H elements in the
TA15 mixed powders were 0.28wt%, 0.029wt%, and
0.030wt%, respectively. The increase in the element content
is attributed to the adulteration of other alloying powders and
the mechanical mixing process.

Table 1. Particle size and interstitial element content of raw powders

Particle size / pm

Interstitial element / wt%

Powder

D,(10) D,(50) D,(90) o) N H
HDH-Ti 11.9 25.5 453 0.20 0.026 0.012
Mixed powder 7.6 22.0 43.0 0.28 0.029 0.030

3.2. Phase and microstructure

Fig. 2(a) shows the XRD spectrum of the TA15 alloys. It
shows that the phase structure of PM-TAIS titanium alloy
comprised hep-Ti and a few B-Ti phases. At high angles in
the range of 50°-80°, the intensity of the diffraction peaks
decreased with increasing sintering temperature, and some
peaks even disappeared between 1250-1350°C. The pre-

ferred orientation peak was (1011),, and the (1011), peak
shifted to a lower angle because of the increase in interplanar
crystal spacing according to the Bragg equation. In the TA15
alloy, Al was the principal alloying element belonging to the
o-Ti phase stable element, and the increase in the spacing
was due to the solid solution of Al atoms [27]. After hot
rolling and heat treatment, the preferred orientation peak was
still (1011),, and the high-angle diffraction peaks in the
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Fig. 2. XRD spectrum and OM images of the PM-TA1S5 sintered and rolled samples: (a) XRD spectrum,
1350°C, (e) as-rolled, and (f) as-treated. ND—normal direction; RD—rolling direction.

range of 50°—80° could also be observed.

Fig. 2(b)—(f) shows the metallographic morphology of
TAL1S5 alloys. Sintering at 1200°C, there were many craters in
the alloy, and the density was the lowest (98.0%). At 1300°C,
the size and number of craters decreased significantly, and
the density of the alloy increased to 98.9%, which was the
highest value. Meanwhile, at 1350°C, the size and number of
craters showed no significant change compared with that at
1300°C, and the density of this alloy was 98.8%. The in-
crease in the sintering temperature could effectively elimin-
ate craters in PM-TA15, and the increasing density is mainly
attributed to the closing of the residual craters [28]. After hot
rolling and heat treatment (Fig. 2(e) and (f)), the craters were
completely closed, where the alloy reached a fully dense state
with 100% density, and the effective bearing area and the
continuity of the microstructure were further increased.
Moreover, the alloy at 1200°C possessed near equiaxial
structure, lamellar structure, and some lamellar colony. The
alloy presented only lamellar structure, and the size of lamel-
lae increased with increasing sintering temperature. As
shown in Fig. 2(e) and (f), the grains were significantly re-
fined, the width and length of the lamellar were also reduced,
and the obvious fiber morphology along the rolling direction
(RD) could be observed. After heat treatment, recrystalliza-
tion occurred, and the near equiaxial and lamellar structures
coexisted in the alloy.

Fig. 3 shows the EPMA results of PM-TA15 alloy as-
sintered at 1300°C. The backscattered electron (BSE) image
(Fig. 3(a)) was mainly divided into two regions containing
the gray lamellar and bright-white lamellar interface regions.
As shown in Fig. 3(b), the Ti element existed in the entire
field of view, and the content of the Ti element in the lamella

20 pm

Rl P reany 20 pm

(b) 1200°C, (c) 1300°C, (d)

was higher than that at the lamellar interface. Al was concen-
trated in the lamellar region (Fig. 3(c)), which is an a stable
element, and the lamellar region could be identified as a-Ti.
As shown in Fig. 3(d), Zr was evenly distributed throughout
the field of view as a neutral element. The Mo and V ele-
ments were concentrated at the lamellar interface as a -
stable element (Fig. 3(e) and (f)), which corresponded to the
XRD spectrum of the alloy at 1300°C (Fig. 2(a)) with fewer
B-Ti diffraction peaks. Moreover, Ti, Al, Zr, Mo, and V ele-
ments belonging to the TA15 alloy could be clearly observed,
and the elements were uniformly diffused and dispersed in
the alloy without element enrichment or segregation.

Fig. 4 shows the EBSD images containing inverse pole
figures (IPF) and grain boundaries (GBs) mappings and the
results of the PM-TA15 alloy at 1300°C and the as-treated
sample. The red and black lines in the IPF and GB mappings
represent the low-angle grain boundaries (LAGBs) and high-
angle grain boundaries (HAGBs). As shown in Fig. 4(a), (c),
and (e), the PM-TAL1S5 alloy at 1300°C has an obvious uni-
form lamellar structure without any orientation gradient
(Fig. 4(al)), and the frequency of LAGBs was 16.2%. As
shown in Fig. 4(b), (d), and (f) of the as-treated alloys in the
RD-ND selected plane, the grains were significantly refined
with a fine lamellar and near equiaxial structure with clear
crystalline orientation (Fig. 4(b1)). The texture characterist-
ics are shown in Fig. 4(al) and (b1). The as-sintered sample
had no texture characteristics. However, a higher intensity of
<0001>,//RD texture and a lower strength of <10T0>a //RD
texture could be detected in the as-treated alloy. As shown in
Fig. 4(c)(f), the GBs distribution mapping verified the in-
crease of LAGBs after hot rolling and heat treatment, and the
GB angle orientation distribution in the alloys indicated obvi-
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The distribution of the local average strain difference in
the alloys was investigated using kernel average misorienta-
tion (KAM) mapping (Fig. 5). As shown in Fig. 5(a) and (b),

ous peaks around the 10°, 60°, and 90° sites, respectively,
with the related rotation axis orientations (Taylor axis) were
<0001>10.5°,<1120>59°-63°,and <1120>90°, respectively.

1 T - L 1
320 465 574 683 791 900 43 92 128 165 201 238

3 10 14 19 24 29 8 25 37 49 62 74 11 30 43 57 71 85

Fig. 3. EPMA images with the element distribution of 1300°C sintered samples: (a) BSE morphology, (b) Ti, (c) Al, (d) Zr, (e¢) Mo,
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Fig. 4. EBSD images containing (a, b, al, b1) IPF and (c—f) GB mappings and results for different samples: (a, al, c, e) sintered at
1300°C; (b, b1, d, f) as-treated.
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the residual strain intensity of the PM-TA15 alloy sintered at
1300°C was very low, and the intensity of the as-treated al-
loy was higher. Especially at the fine grain location, LAGBs
(Fig. 4(b) and (d)) usually existed in regions with high KAM
values (Fig. 5(b)). Fig. 5(c) and (d) shows the grain type dis-
tribution of PM-TAT1S5 alloys related to the forming mechan-
ism of the grains. The grain type of PM-TA1S5 sintered at
1300°C contained sub-structured grains accounting for
76.0%, the recrystallized grains accounting for 23.1%, and
the deformed grains were basically absent. In the as-treated
samples, the sub-structured grains decreased to 69.5%, and
the proportion of recrystallized and deformed grains in-
creased to 25.6% and 4.9%, respectively. The increase in re-
crystallized and deformed grains provided more nucleation
sites for dynamic recrystallization and grain refinement [27].

Fig. 5. (a, b) EBSD images of KAM and (c, d) grain type dis-
tribution mappings for different samples: (a, c) sintered at
1300°C; (b, d) as-treated.

Fig. 6 shows the Schmid factor (SF) of different slip sys-
tems in the PM-TA15 as-treated alloy. Here, every mapping
represents different crystal orientations of the connecting slip
system, and the average value of SF was calculated. As
shown in Fig. 6(b), the average SF value of (1010)<1210>
prismatic slip was 0.186, which was lower than that of other
slip systems resulting from the small critical resolved shear
stress (CRSS) [27]. These grains in the prismatic slip system,
which had an importantly selected <0001>//RD orientation,
could still facilitate the activation of the slip under hot rolling.
As shown in Fig. 6(b) and (d), the area with a lower SF value
in prismatic slip <@ > had a higher SF value in pyramidal
slip <€ +a>. Meanwhile, these grains in the slip systems
still had stronger <0001> orientation connected with the
stronger basal texture in the as-treated alloys. Moreover, the
average SF value of (0001)<1120> basal slip (Fig. 6(a)) was
0.281, in which the higher SF value region in the
(0001)<1120> basal slip was similar to that of the
(1011) <1210> pyramidal slip system (Fig. 6(c)). This con-

firms that the hot rolling deformation of PM-TA15 alloy at
high temperatures originated from the synergistic effects of
different types of slip systems.

W.WSF;: 0281
& 'M- >

SF,,.=0.368

Vgl ,“.\_ avg

avg

Fig. 6. Schmid factor mappings of the as-treated alloy: (a)
basal slip <d> (b), prismatic slip <d>, (©) pyramidal slip
<—a>>, and (d) pyramidal slip <C+a>.

3.3. Mechanical properties

Fig. 7(a) and (b) shows the tensile curves and values of the
tensile properties of PM-TA15 alloys under different sinter-
ing temperatures and after hot rolling and heat treatment. As
shown in the curves, the sintering temperature played a cru-
cial role in the properties containing strength and plasticity of
the as-sintered samples. The strength was increased, and the
plasticity first increased and then decreased with increasing
sintering temperatures from 1200 to 1350°C. At 1300°C, the
as-sintered sample possessed better plasticity, which pos-
sessed 1002 MPa of ultimate strength, 892 MPa of yield
strength, and 10.0% of elongation, which was similar to that
of the traditional forging-TA15 alloy. At 1200°C, the lower
strength and poor plasticity resulted from the unclosed resid-
ual craters, and the existence of these craters made the alloy
unable to withstand larger external loads, resulting in poor
load transfer stability. The elimination of craters at high tem-
peratures increased the bearing area and the continuity of the
microstructure, which prevented the uniform deformation of
the alloy from being terminated early due to local strain con-
centration [29]. At 1350°C, the grains were coarsened signi-
ficantly, and the density and plasticity of the alloy were re-
duced. After high-temperature hot rolling, the strength of the
alloy reached 1190 MPa, which was considerably higher than
that of the as-sintered alloys and the traditional forging-TA15
alloy. The ultimate strength, yield strength, and elongation of
the PM-TA1S5 plate after heat treatment reached 1247 MPa,
1003 MPa, and 14.0%, respectively; the increases for PM-
TA15 alloy at 1300°C were 24.5%, 12.4%, and 40.0%, re-
spectively; the increases for forging-TA15 alloy were 27.8%,
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Tensile properties of PM-TAI1S sintered, rolled, and heat treated samples at 20-25°C: (a) tensile curves, (b) tensile values,

and (c) comparison of tensile properties. R,,—tensile strength; R, ,—yield strength; 4—elongation.

13.3%, and 55.6%, respectively. Meanwhile, the tensile
sample of the as-treated plates showed obvious necking mor-
phology, demonstrating its better plasticity. The tensile prop-
erties at 20-25°C of PM-TA1S5 alloys fabricated in this study
complied with the national standard requirements of GB/T
38916-2020, where the requirements in ultimate strength,
yield strength, and elongation for TA1S5 alloy were 930-1130
MPa, >855 MPa and 6%—12%. Fig. 7(c) compares the ulti-
mate strength and elongation at 20-25°C of TA1S5 titanium
alloys under different preparation processes connected with
this study [30-36]. The performance of PM-TA15 sintered
billets in this study was superior to that of traditional melting
and casting blocks, which was comparable to that of tradi-

‘b‘

Fracture morphology of the PM-TAI1S sintered, rolled, and heat treated samples: (a) 1200°C, (b) 1250°C, (c) 1300°C, (d)
1350°C, (e) as-rolled, and (f) as-treated.

Fig. 8.

tional forging or hot rolling samples. The strength and plasti-
city of the PM-TA1S5 alloy after hot rolling and heat treat-
ment were substantially improved, which were superior to
those of traditional alloys, such as forging and forging com-
bined with rolling.

Fig. 8 shows the fracture morphology of PM-TA1S5 alloys
after tensile testing. Some residual craters could be clearly
observed in Fig. 8(a), which severely affected the plasticity of
the alloy sintered at 1200°C. In contrast, the craters in the al-
loy at 1300°C were closed, and the morphology of the
dimples and tear ridges was clearly visible (Fig. 8(c)), which
belonged to a typical ductile fracture mechanism. The micro-
structure was completely refined, and the fracture morpho-
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logy contained more, deeper, and finer dimples and tear
ridges in the as-rolled (Fig. 8(e)) and as-treated samples
(Fig. 8(f)), which was attributed to the better uniform de-
formation ability of the as-treated alloy.

Fig. 9 shows the work hardening curves with the true
strain of the PM-TA15 alloys. Except for the alloy after hot
rolling, an obvious work hardening rate platform existed in
the sintered samples at 1300°C, treated samples, and forging-
TAT15 samples, indicating better uniform deformation ability.
The oblateness of the engineering stress—strain curve (Fig.
7(a)) could also confirm this deformation behavior. However,
there were significant differences in the working hardening
rate of the alloys. The strain platform of the alloys after hot
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rolling was shorter, and the short and fluctuating platform
resulted from the residual internal stress after the larger hot
rolling deformation. As mentioned, the platform of the as-
treated sample was longer than that of the other samples,
which was related to better plasticity. Meanwhile, except for
the rolled sample, the strain curves of the other alloys showed
similar trends at the initial strain stage. Additionally, the
strain-hardening rate of the traditional forging-TA15 alloy
decreased the fastest, and the platform value was reached at a
small strain. Meanwhile, the as-treated alloy displayed a
slower downward trend, a higher strain-hardening plateau,
and a larger platform strain value, indicating better uniform
deformation ability.
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Fig. 9. Working hardening curves of PM-TA1S sintered and rolled samples at 20-25°C: (a) curves and (b) magnified curves. 0—en-

gineering stress; e—engineering strain.

4. Discussions

As depicted in Fig. 5, the mechanism of microstructural
evolution of PM-TAL1S alloy under hot rolling relied on dy-
namic recrystallization (DRX), which was confirmed again
by the extremely ultrafine a grains in Fig. 4(b) of the as-
treated alloys. Nucleation and growth in traditional recrystal-
lization were caused by the fluctuations of compositions or
energy, defined as discontinuous DRX (DDRX). However,
titanium alloys with high stacking fault energy tend to have
continuous DRX (CDRX), resulting from the accumulation
of dislocations in the alloy and substructures surrounded by
LAGBS, which further rotate and absorb the dislocations and
finally complete the DRX process [37]. Changes related to
the local peak of KAM at LAGBs confirmed the presence of
CDRX [38], which provided refined grains. Moreover,
CDRX was completed by cross-slip of different dislocations
rather than the slips alone [39], and the synergistic effect of
multiple slip systems provided a good basis for cross-slip for
completing DRX. As illustrated in Fig. 6, the as-treated
sample possessed positive activity of several slip systems
containing a lower CRSS in prismatic slip and a higher SF
value in pyramidal slip, which provided better foundations
for cross-slip to complete the DRX. Additionally, the split-
ting peaks could not be observed at 59°-63° in Fig. 4(d), in-
dicating an obvious selection of variants from f to a trans-
formation in hot rolling. This is attributed to the lower cool-
ing rate after hot rolling, resulting in a greater difference in
the nucleation activation energy of the o variants. The PM-

TA1S5 alloy has already transformed into the $-Ti phase with
random crystalline orientation after densification and sinter-
ing at a higher temperature (1200-1350°C) than the phase
transition temperature (~1050°C). Meanwhile, the a-Ti in the
treated sample had a specific texture resulting from its lim-
ited slip systems, in which the crystalline orientation has been
indicated in Fig. 4(al) and (b1).

The deformation ability of titanium variants was quite dif-
ferent, and the difference in strain distribution led to geomet-
rically necessary dislocations at the lamellar interface to alle-
viate the uneven deformation, thus providing attached
strength to the alloy [40—41]. In this study, the hot rolling
temperature, which was much higher than the B phase trans-
ition temperature, provided a greater driving force for DRX.
During the phase transition from high-temperature to low-
temperature, the nucleation of lamellar a was always accom-
panied by the generation of new phase interface and strain
energies. Therefore, the lamellar o preferentially nucleated at
the high-temperature  boundary to reduce the strain energy.
As illustrated in Fig. 4(a) and (c), the microstructure of the
PM-TAL15 sample sintered at 1300°C was compact, uniform,
and dense. Additionally, smaller grains accompanied by
LAGBEs, high KAM, and several light gray lines or spots
(Fig. 4(b) and (d) and Fig. 5(b) and (d)), which resulted from
dislocation entanglement and rearrangement in the grains
during hot rolling, forming the substructure. These grain
boundaries continuously absorbed dislocations to form DRX,
and o-Ti nucleated uniformly and formed refined lamellae
through sufficient diffusion because of the relatively slow air
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cooling rate. Therefore, the as-rolled and treated samples had
a good strain-hardening and considerably improved strength.
The improvement of plasticity in the deformed structure was
multifaceted. In each small lamellar colony of the as-treated
sample (Figs. 4(b) and 5(b)), the orientation of the lamellar a
was nearly the same, indicating that the orientation of the ad-
jacent grains accorded with the Burges orientation relation-
ship. This type of interface made it easy for dislocation accu-
mulation to slip rather than premature microcracking
[42-43], thus improving the plasticity of the as-treated
sample. Meanwhile, the slip systems of the as-treated sample
were discussed in Fig. 6. The coexistence of multiple slip
systems made it homogeneous on deformation. For titanium
alloys with a less effective slip system, activating deforma-
tion twins with better smoothness also played a crucial role in
obtaining better plasticity [42].

It has been confirmed that the hot rolling deformation of
PM-TALIS treated samples at high temperatures originated
from the synergistic effects of different slip systems.
Moreover, several slip systems have been activated connec-
ted with higher average values of SF (Fig. 6), which resulted
from the larger resolved shear stress than the CRSS [27]. The
pyramidal slip systems act as the predominant slip mode,
which plays an incremental role in the tensile properties
along the RD connected with higher tensile strength and plas-
ticity (Fig. 7(a) and (b)). In the tensile process of the PM-
TA15-treated sample at 20-25°C, work hardening occupied
the main mechanism with few activated slip systems under
lower strain, resulting in an increase in the tensile strength
[27,30-31]. Additionally, the basal and prismatic slip sys-
tems could not complete the deformation, which was limited
by the number of independent slip systems in the near-a ti-
tanium alloys with high stacking fault energy under large
strain. The pyramidal slip system was activated to complete
the plastic deformation and delay the occurrence of fracture
failure [30-31,35]. As mentioned above, the work hardening
behavior of the samples was obviously different with respect
to the initial strain-hardening rate, length, and value of the
strain platform (Fig. 9). Below a strain of 0.025, work
hardening occupied the main mechanism with the decreasing
work hardening rate, which resulted from CDRX and the ac-
tivation of the slip systems. After a strain of 0.025, the pyr-
amidal slip system was activated and gradually occupied the
main mechanism to complete the deformation [30-31,35],
and the interaction among dislocation accumulation, twin
nucleation, DRX, and work hardening reached equilibrium to
maintain the strain platform [35,38,42]. Certainly, PM-TA15
possessed better work hardening behavior than the tradition-
al forging-TA15 alloy based on the strain-hardening rate,
length, and value of the strain platform, which originated
from the raw materials (oxygen content) and fabrication pro-
cess [32,37].

5. Conclusions

In this study, elemental powders were used as raw materi-
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als to prepare TA15 alloys by PM cold pressing sintering
combined with high-temperature hot rolling technology. The
effects of sintering temperature on the microstructure mor-
phology, phase compositions, and mechanical properties
were investigated. The evolution mechanism of the micro-
structure and strengthening mechanism of the mechanical
properties during hot rolling were simultaneously explored.
The main conclusions of this study are summarized as fol-
lows.

(1) The combination of elemental powders and PM tech-
nology could effectively decrease the preparation cost of ti-
tanium alloy. After sintering, the alloy had a lamellar struc-
ture and uniform chemical compositions, and increasing the
sintering temperature accelerated the closing of the craters.
At 1300°C, the density of the alloy reached 98.9%, and the
strength and elongation at 20-25°C were 1002 MPa and
10.0%, respectively, which was similar to the performance of
traditional forging-TA15 samples and satisfied the require-
ments of the GB/T 389162020 national standard.

(2) The microstructure of the PM-TA1S5 alloy was signi-
ficantly refined after hot rolling, and the strength and plasti-
city of the as-treated sample improved cooperatively after
solution and aging. The microstructure of the as-rolled
sample was fine, dense, and exhibited obvious fiber orienta-
tion. After heat treatment, the grains were fine, dense, and
uniform. The ultimate strength and elongation of the as-
treated alloy were 1247 MPa and 14.0%, respectively, which
increased by 24.5% and 40.0% compared with the as-sintered
sample at 1300°C and increased by 27.8% and 55.6% com-
pared with the traditional forging-TA15 sample.

(3) The microstructure evolution of the alloy under hot
rolling resulted from CDRX, and the refined lamellae
provided more nucleation sites for the generation and accu-
mulation of dislocations. The mechanical properties, includ-
ing strength and plasticity, of the as-treated alloy were im-
proved by the cooperation of the fine, uniform, and dense re-
crystallization microstructure and multiple slip systems. Ad-
ditionally, the pyramidal slip system acted as the predomin-
ant slip mode to complete the plastic deformation and delay
the occurrence of fracture failure. Different work hardening
behaviors of the samples were related to different raw mater-
ials, fabrication processes, and heat treatments.
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