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Abstract: This paper presents a comprehensive study conducted to optimize the mechanical prop-
erties for a laser-melting-deposition fabricated TC31 (Ti-Al-Sn-Zr-Mo-Nb-W-Si) alloy, which is a
newly developed high-temperature alloy used in the aerospace industry. The results showed that
the laser melting deposition (LMD)-built sample exhibited columnar structures with very fine «-
laths inside. Annealing and solution treatment resulted in an a+ lamellar structure consisting of
a-laths and p-films, of which thicknesses depended on the temperature. Solution treatment and
subsequent aging did not significantly change the lamellar structure. However, aging at 650 °C led
to the formation of nanoscale « precipitates within the remaining (3, while aging at 750 °C resulted
in coarse o precipitates. The solution-treated samples exhibited the best combination of strength
and ductility at room temperature, ultimate tensile strength of 1047 MPa, and elongation of 13.0%,
which is superior to the wrought TC31 counterparts. The sample after solution treatment at 980 °C
and subsequent aging at 650 °C obtained an attractive combination of strength and ductility both
at room temperature and high temperature due to the synergistic effect of the soft o« + 3 lamellar
structure and hard fine « precipitates. These findings provide valuable information on developments
of LMD-built TC31 alloy for aerospace applications and shed light on AM of other titanium alloys
with desirable high-temperature properties.

Keywords: laser melting deposition; TC31 alloy; alpha phase; post-heat treatments; high-temperature
properties; microstructure—tensile properties relationship

1. Introduction

Titanium alloys are extensively used as key structural components in the aerospace
industries because of their specific combination of strength, lightweight, and resistance to
aggressive environments [1,2]. These components are usually fabricated by conventional
processes at a very high buy-to-fly ratio and low material utilization ratio [3]. Recently,
the emerging technique, additive manufacturing (AM), is highly effective in reducing
production time and cost compared to traditional methods, which also get great attention
towards manufacturing of highly complex structural geometries and significant strength-
ening [4-10].

LMD is an advanced AM technique that allows direct fabrication of full density
near-net-shape metal components based on coaxial powder-delivery layer-on-layer de-
position [11]. This process is characterized by a large temperature gradient and rapid
cooling rate, which, thus, result in large columnar prior 3 grains and fine basket-weave
microstructure [12]. This microstructure normally exhibits high strength and low ductility,
and significant mechanical anisotropy [13-16]. Many studies have been conducted to
investigate microstructures and mechanical properties of LMD titanium alloys, mostly
on Ti-6Al-4V [16-18] and Ti-6.5A1-3.5Mo-1.5Zr-0.35i alloy [15,19]. For example, Carroll
et al. [16] investigated the anisotropic mechanical properties of Ti-6Al-4V fabricated by
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LMD. Ren et al. [20] investigated the microstructure and tensile deformation behavior of Ti-
6Al-4V alloy fabricated using a high-power LMD. They reported that the post-heat-treated
microstructure consisted of coarse columnar prior- grains and «-laths, which caused large
elongation (~18%) superior to the conventional Ti-6Al-4V alloy. Wolff et al. [21] investigated
the relationships between the process parameters and the resulting mechanical behavior of
LMD-processed Ti-6Al-4V. Keist et al. [14] studied the role of geometry on properties of
Ti-6Al-4V structures fabricated using LMD. Zhao et al. [22] studied the effect of post-heat
treatment on the microstructure and tensile properties of LMD-processed Ti-6Al-4V. They
reported that a largely improved ductility (25% total elongation) with a comparable ten-
sile strength (860 MPa) was obtained using a triple heat treatment. The previous studies
suggest that LMD-fabricated Ti-6Al-4V alloy exhibited superior mechanical properties
comparable to that of conventionally processed counterparts [23,24]. Post treatments such
as hot isotactic pressing and heat treatments can improve the ductility by changing the
microstructure [24,25].

TC31 (Ti-Al-Sn-Zr-Mo-Nb-W-5i) is a new « + {3 high-temperature titanium alloy, which
exhibits high specific strength and creep resistance at temperatures from 600 to 700 °C.
It has become one of the competitive candidates for the skin and air inlet components of
hypersonic aircraft [26-28]. It has been reported that the ultimate tensile strength (UTS)
of this alloy at 650 °C was approximately 600 MPa, which is almost equal to the UTS of
Ti-1100 and BT36 at 600 °C (630 MPa for Ti-1100 and 640 MPa for BT36) [26,29]. However,
to the best of the authors” knowledge, the microstructure and mechanical properties of
TC31 fabricated by AM have never been studied. TC31 alloy fabricated using AM methods
may exhibit different microstructures and mechanical properties from that of Ti-6Al-4V
alloy because of the large differences in chemical composition.

Therefore, TC31 bulk samples were fabricated by the LMD process in this study. Mi-
crostructural features of the LMD TC31 samples before and after post-heat treatments were
investigated by using an optical microscope (OM), scanning electron microscope (SEM),
and electron backscatter diffraction (EBSD). Mechanical properties at room temperature and
high temperature of 600 and 650 °C of the heat-treated samples were evaluated. The effect
of post-heat treatments on the microstructure and mechanical properties of LMD TC31
samples was investigated. The room-temperature and high-temperature tensile properties
were also compared with the conventional wrought counterparts.

2. Materials and Experimental

The feedstock used to fabricate the samples was a pre-alloyed TC31 powder produced
by a plasma rotating electrode process from Avimetal Powder Metallurgy Technology Co.
Ltd. (Beijing, China). The powers had a spherical shape and a size ranging from 75 to
180 um, as shown in Figure 1a. The chemical compositions of the powders are shown in
Table 1.
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Figure 1. (a) The SEM of the TC 31 alloy powder and (b) the sample orientation and deposition strategy.
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Table 1. Chemical composition (wt.%) of the alloy powders.

Al Sn Zr Mo Nb W Si Fe C N H (0] Ti
6.79 29 3.1 1.09 1.11 0.46 0.13 0.046 0.008 0.011 0.0014 0.14 Bal.

Samples with a dimension of 200 x 30 x 100 mm were manufactured using an LMD
machine (LMD-8060). The samples were fabricated with the following parameters: 300 W
of laser power, 0.85 m/min of scan speed, 250 um of layer thickness, 500 um of spacing,
and 1.5 g/min of powder distribution rate. Scan strategy and sample orientation are shown
in Figure 1b. During deposition, high purity argon gas was used for the powder flow
(2 L/min), coaxial gas (9 L/min), and shielding gas (5 L/min). O content in the chamber
was controlled below 5 x 10~° during the process. All samples were deposited on a TC31
substrate plate. The as-build samples were stress relieved via a heat treatment at 650 °C for
3 h followed by furnace cooling.

The B-transus temperature was measured to be 1010—1020 °C through a metallog-
raphy method. Post-heat treatments of the samples were conducted in a preheated tube
furnace. Simple annealing was conducted at 800 °C for 2 h and followed by air cooling.
Solution treatment was performed at 980 °C and held for 2 h, followed by air cooling. This
sample is referred to as the ST sample. The samples after solution treatment at 980 °C were
also subjected to aging at 650 and 750 °C for 2 h, followed by air cooling. They are referred
to as the STA1 and STA2 samples, respectively.

The samples for microstructural observation were mechanically ground and polished.
The finished samples were etched in a Kroll etchant for optical metallographic (OM)
observation using an OLYMPUS BX51. Microstructural observations were also performed
using electron back-scattered diffraction (EBSD) mapping and backscatter electron (BSE)
imaging. EBSD maps were taken using a field emission scanning electron microscope
(FE-SEM: JSM-7100F) operated at 20 kV at a working distance of 15 mm and a step size of
0.2 pm. BSE imaging was performed using an FE-SEM (TESCAN MIRA III) operated at
20 kV with a working distance of 10 mm.

The samples for both room-temperature and high-temperature tensile testing had
a gauge dimension of ¢ 5 x 25 mm and were machined along the build direction, as
shown in Figure 1b. The room-temperature tensile tests were carried out using an MTS E45
tensile machine at a constant strain rate of 1 x 1073, which was determined by a contact
extensometer. The high-temperature (at 600 and 650 °C) tensile tests were performed
using the same machine at strain rates of 1 x 10~* and 2 x 1073 before and after yielding,
respectively. During the high-temperature tensile test, the heating rate was 50 °C/min and
the soaking time before the test was 5 min. The tensile tests were repeated three times for
each condition and the average values of the ultimate tensile strength (UTS), yield strength
(YS), and elongation (El) were reported.

3. Results and Discussion
3.1. Microstructures

Three-dimensional meso- and microstructures of the as-build samples are shown in
Figure 2. The mesostructure is primarily dominated by columnar (3 grains. As shown
in Figure 2a, the prior 3 grains are either aligned or slightly inclined to the building
direction, on the YZ and XZ planes, while they exhibit an equiaxed grain shape on the XY
plane. They tended to epitaxially grow along the building direction, owing to the high-
temperature gradient during laser deposition [11]. The columnar grains exhibit a thickness
of approximately 100—200 pm on both of the YZ and XZ planes. High-magnification OM
images in Figure 2b reveal that the microstructure within the columnar grains is dominated
by fine lamellar « grains having a thickness of approximately 1 um. This kind of structure
is typically observed in additively manufactured « + {3 titanium alloys [16,22].
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Figure 2. Three-dimensional optical microscopy view of the as-built sample, (a) low- and (b) high-
magnification, which was dominated by columnar 3 grains.

Figure 3 shows the microstructures of the annealed and solution-treated samples.
When annealed at 800 °C, the martensites were completely decomposed into « and f3.
Grain boundary o (&) was formed in the shape of continuous layers at the original
columnar boundaries, as shown in Figure 3a. The annealed sample exhibited a fine « + 3
lamellar structure consisting of thin «-laths and B-films, as shown in Figure 3b. The
thickness of «-laths was revealed at the scale of approximately 1 um. EBSD maps in
Figure 3c also confirmed the fine-scale of the lamellar structure. In addition, the original
(3 grains contained three to four different variants. When solution treated at 980 °C, the
sample exhibited a higher fraction of 3 phase, as shown in Figure 3d. agb layers were also
formed in this sample, however, some of them exhibited an equiaxed shape. Thickening
and shortening occurred in terms of the o-laths, exhibiting a thickness of 2—3 um, as shown
in Figure 3e. In addition to the «-laths, some equiaxed « grains with a size of approximately
5 um were formed at this temperature, as shown in Figure 3e,f.

(d) (e) (f)

Figure 3. The alpha phase microstructures of the samples annealed at 800 °C (a—c) and solution
treated at 980 °C (d—f).
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Figure 4 shows the microstructures of the solution-treated and aged samples. The
samples after aging at 650 and 750 °C exhibited similar microstructures to that of the
solution-treated sample, as seen from OM images in Figure 4a,d. The aging treatment at
650 and 750 °C did not significantly change the morphology of the primary « laths, as
shown in Figure 4b,e. However, very fine-scaled secondary o (as) was precipitated within
the 3 regions in an acicular shape, as shown in Figure 4c f. In addition, the s in the sample
aged at 750 °C exhibited a coarser size compared to that in the sample aged at 650 °C.

Figure 4. Alpha phases morphology in the samples after solution treatment at 980 °C and aged at
650 (a—c) and 750 °C (d-f).

3.2. Tensile Properties

Tensile properties of the samples tested at room temperature and high temperatures
of 600 and 650 °C are shown in Figure 5. At room temperature, the samples after post-
heat treatments exhibited a similar strength level, i.e., UTS of 1050—1100 MPa and YS of
approximately 1000 MPa. However, the ductility strongly depended on the heat treatment.
The ST exhibited the highest El of 13% and the annealed sample exhibited the lowest El of
less than 5%. The STA1 sample exhibited slightly higher strength than that of the ST sample,
accompanied by a large loss of room-temperature ductility. The STA2 sample exhibited
similar strength and ductility to that of the ST sample because the aging at 750 °C resulted
in coarse secondary o precipitates in the remaining 3 regions, as shown in Figure 4e.

At 600 °C, the annealed and ST samples showed similar strength and ductility, for
example, UTS of 700 MP, YS of 600 MPa, and El of 27.5%, as shown in Figure 5b. After
aging, the strength and ductility of the samples depended on the aging temperature. For
example, the STA1 sample aged at 650 °C resulted in a slight increase in YS; however,
aging at 750 °C resulted in a decrease in YS. This is similar to the case at room temperature.
Except for the STA2 sample, the other samples at 600 °C exhibited UTS values higher than
650 MPa and ductility values higher than 25%.

At 650 °C, the annealed, ST, and STA1 samples exhibited similar strength levels of
approximately 630 MPa in UTS and 450 MPa in YS, but they showed significantly different
ductility. For example, the annealed and ST samples showed an El of 27.5% and 37.5%,
respectively. The STA1 sample exhibited an El of 35%. Note that the STA2 sample exhibited
lower strength and ductility compared to the other samples owing to the coarse precipitates.



Crystals 2022, 12, 475

6 of 10

Strength (MPa)

1000

1500

®©

o

o
L

(o2}

o

o
!

N

o

oS
!

[N

o

oS
L

1200 [
© | e o BSRRY N e IR
110
% 900 1 — s
£ £
g 600 - 1s g
n
300 —‘
T T 0
Anneal ST ~ STA1 STA2
(a)
. . 50 1000 . .
140 800 q
= == =8 i
1T T T e """"tsoé g (0[O e e e e e o e e o
>
£ g
= o
2o§ § 400 H
n
10 200 -
; ; ; ; 0 0 . ; ; ;
Anneal ST STA1 STA2 Anneal ST STA1 STA2
(b) (c)

[
o

S
Ductility (%)

N
o

N
o

Figure 5. Tensile properties of the heat-treated samples tested at (a) room temperature, (b) 600 °C,
and (c) 650 °C.

The UTS and El of the laser melting deposited TC31 samples after post-heat treat-
ments tested at room temperature and 650 °C are shown in Table 2, as compared to TC31
manufactured by conventional methods [26]. The laser melting deposited TC31 samples
after properly selected heat treatments exhibited a better combination between strength
and ductility both at room temperature and 650 °C. For example, the ST sample exhibited a
strength of 1047 MPa and ductility of 13.0% at room temperature, while the conventional
ST sample exhibited a similar strength but much lower ductility, 8.0%. The ST sample and
STA1 sample also exhibited both higher strength and ductility than that of the conventional
TC31 samples after similar heat treatments.

Table 2. Mechanical properties of TC31 fabricated by LMD and conventional technique at room

temperature and 650 °C.

Room Temperature 650 °C
Heat Treatments Ref.
UTS/MPa YS/MPa El1% UTS/MPa YS/MPa E1%
Annealed: 800
°C/2h 1064 993 4.0 635 462 27.0
ST:980°C/2h 1047 920 13.0 634 477 30.0
ST:980°C/2h This study
Aging: 650 °C/2 h 1117 1045 43 633 492 34.0
ST:980°C/2h
Aging: 750 °C/2 h 1001 928 7.0 570 426 24.0
ST:980°C/2h 1050 900 8.0 605 400 20.0
ST:980°C/2h
Aging: 600°C/2h 1080 900 8.0 575 370 30.0 [29]
ST:980 °C/2h 1000 900 2.5 545 350 22.0

Aging: 750 °C/2 h
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3.3. Fracture Surface Analysis

Fracture surface analysis of the samples was performed to understand the tensile prop-
erties. The fractography of the samples tested at room temperature and high temperature
are shown in Figures 6 and 7, respectively.

Figure 6. Fracture surfaces of the samples tested at room temperature: (a) annealed, (b) ST, (c) STA1,
and (d) STA2.
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Figure 7. Fracture surfaces of the samples: (a) STA1, (b) STA2 tested at 600 °C, and (c) STA1, (d) STA2
at 650 °C.

When tested at room temperature, the samples exhibited brittle fractures, as shown in
Figure 6. The cracks tended to nucleate at pores and then propagate along the prior 3 grain
boundaries. Cracks were also formed along the prior 3 boundaries as indicated by arrows.
In addition, high magnification images also indicated that the microcracks formed along
the boundaries of the lamellar grains. Therefore, these samples exhibited relatively low
ductility at room temperature.

When tested at 600 and 650 °C, the samples exhibited cup-and-cone shapes, and
fibrous surfaces, indicating typical ductile fractures, as shown in Figure 7. However, high-
magnification images revealed very fine dimples in the samples. In addition, there were
some cleavages observed in the STA2 samples tested at 600 and 650 °C.

4. Conclusions

Highly dense LMD-built TC31 alloy samples with a desirable combination of ten-
sile strength and ductility at room temperature and high temperature were successfully
fabricated via post-heat treatments in this work. The following conclusions can be drawn.

(1) The LMD-built sample exhibited columnar structures with very fine «-laths inside.
Annealing at 800 °C resulted in a fine o + 3 lamellar structure consisting of thin «-laths
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and B-films; both of their thicknesses are less than 1 um. Solution treatment at 980 °C
created a coarse o + {3 lamellar structure, of which the thickness is approximately 2—3 pm.
Subsequent aging at 650 and 750 °C did not significantly change the coarse lamellar
structure. However, aging at 650 °C led to the formation of nanoscale « precipitates
within the remaining 3, and aging at 750 °C resulted in coarse o precipitates within the
remaining (3.

(2) At room temperature, the solution-treated samples exhibited the best combination
of strength and ductility, UTS of 1047 MPa and El of 13.0%, which is superior to the
wrought TC31 counterparts, UTS of 1050 MPa, and El of 8.0%. At 600 °C, the annealed,
solution-treated samples exhibited similar strength and ductility, UTS of ~650 MPa and EIl
of ~25%. At 650 °C, the solution-treated samples and the samples aged at 650 °C exhibited
better combinations of strength and ductility, UTS of 630 MPa and El of 30%, which are
much superior to those of the wrought TC31 counterparts. Aging at 750 °C resulted in low
strength and ductility both at room temperature and high temperature because of coarse
« precipitates.

(3) The sample after solution treatment at 980 °C and subsequent aging at 650 °C
obtained an attractive combination of strength and ductility due to the synergistic effect of
the soft o« + 3 lamellar structure and hard fine o precipitates.
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