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Abstract: Titanium composite strengthened by Ti3Al precipitations is considered to be one of
the excellent materials that is widely used in engineering. In this work, we prepared a kind of
Ti-Ti3Al metallic composite by in-situ synthesis technology during the SLM (selective laser melting)
process, and analyzed its microstructure, wear resistance, microhardness, and compression properties.
The results showed that the Ti-Ti3Al composite, prepared by in-situ synthesis technology based on
SLM, had more homogeneous Ti3Al-enhanced phase dispersion strengthening structure. The grain
size of the workpiece was about 1 µm, and that of the Ti3Al particle was about 200 nm. Granular
Ti3Al was precipitated after the aluminum-containing workpiece formed, with a relatively uniform
distribution. Regarding the mechanical properties, the hardness (539 HV) and the wear resistance
were significantly improved when compared with the Cp-Ti workpiece. The compressive strength of
the workpiece increased from 886.32 MPa to 1568 MPa, and the tensile strength of the workpiece
increased from 531 MPa to 567 MPa after adding aluminum. In the future, the combination of
in-situ synthesis technology and SLM technology can be used to flexibly adjust the properties of
Ti-based materials.

Keywords: selective laser melting; Cp-Ti; aluminum alloy; microhardness; wear performance;
compressive strength

1. Introduction

Pure titanium has the advantages of low density, good ductility and excellent oxidation resistance,
with broad application prospects in aerospace and automobiles [1,2]. However, titanium alloy also
has disadvantages such as low hardness and poor wear resistance, which hinder the application of
pure titanium [3,4]. Therefore, improving the hardness, wear resistance and compressive strength of
titanium alloy has become a research hotspot.

Based on the principle of strengthening solid solution, Ti-Al-Si series alloy materials, such as TC4,
have been prepared by adding Al, Si and other solid solution elements in the melting process. Their
strength and hardness have been greatly improved. For TC4, the element Al forms not only the solid
solution strengthening in the titanium crystal, but also a kind of granular intermetallic compound
Ti3Al with the Ti element in the solidification between grain boundaries [5]. However, owing to the
low content of the Al element in TC4, few Ti3Al particles are precipitated from TC4, which has a small
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impact on the performance. Besides, the TC4 alloy prepared by traditional metallurgical techniques
such as smelting or forging causes a serious segregation of reinforced phase, solid solution element
and intermetallic compound. It leads to the instability of mechanical properties.

As an additive manufacturing technology, selective laser melting (SLM) technology can
theoretically solve the above problems of segregation. Ti–Ti3Al composite materials can be prepared by
melting and depositing the Ti-Al composite powders layer by layer. Based on the rapid solidification
principle, the ultrafine microstructure obtained by selective laser melting (SLM) technology plays a
role in strengthening.

Owing to its huge advantages over traditional processing technologies, SLM technology has
attracted more and more attention [6]. The successful practice of this technology provides not
only a new inspiration of the manufacturing industry, but also a new understanding of the
process-material-property relationship of traditional alloys. At present, a large number of parts
formed by SLM technology have been applied in fields such as medical treatment, aerospace, and
automobiles, which promotes the human science and technology [7,8].

In-situ synthesis has technical and economic advantages in the preparation of metal matrix
composites. Currently, this method is often used to prepare particle-reinforced metal composites [9,10].
Sahoo studied the gas–liquid reaction process of in-situ TiC/Al-Cu composites, and prepared the
TiC particles with sizes between 0.1 and 3 µm. The obtained composites have excellent mechanical
properties [11]. The experimental results show that TiC (0.1–3 µm) particles were uniformly precipitated
in the sample. At the same time, the composite retained its room temperature strength at temperatures
up to 250 ◦C. When compared with an AlCu alloy without TiC particles, the additional TiC particles
resulted in an increase in yield strength (130%) and tensile strength (65%). Chrysanthou prepared a
TiC/Cu composite by adding carbon powder to a 1500 ◦C Cu-Ti alloy solution under the protection of
ammonia gas. When the Cu content was 12%, the spherical TiC particles were uniformly distributed in
the metal matrix and had a size of about 1–3 µm. The microstructure of the Cu-55% TiC composite
showed much larger TiC particles of about 15µm average diameter [12]. Wang et al. prepared a TiB/NiAl
composite material by an exothermic dispersion method. During the heating process, the reaction
elements continuously diffused and reacted, and finally a stable reinforcing phase was precipitated [13].
Yang et al. [14] prepared an Mg-Zn metal composite using SLM technology. With the increase in Mg
content, the grain size of Zn gradually decreased, and Mg2Zn11 particles were precipitated between
the grain boundaries. The tensile strength of the sample was increased by 361%, and the degradation
rate was reduced from 0.18 ± 0.03 mm/year to 0.10 ± 0.04 mm/year. Jiang et al. [15] prepared Al4C3

particle-reinforced aluminum-based metal composites by in-situ and synthetic techniques. The tensile
strength of these composites reached 400 MPa at room temperature and 150 MPa at 400 ◦C. However,
the addition of the C element also significantly reduced the plasticity of the material. Ma et al. [16]
prepared Al2O3, TiB2 and Al3Ti composite-reinforced aluminum matrix composites under vacuum
conditions. By reducing the Al3Ti content, the strength and elastic modulus of the composite were
significantly improved. However, traditional in-situ synthesis methods such as direct reactions and
reduction reactions still lead to segregation and cracking. If SLM technology can be combined with
in-situ synthesis technology, the above problems will be solved.

At present, there are few studies on the combination of SLM technology and in-situ synthesis
technology. The work prepared the Ti-Ti3Al composite powder by adding AlSi10Mg powder into
Cp-Ti powder before the forming process, and studied the phase, microstructure, microhardness and
wear resistance of the workpiece formed by SLM.

2. Materials and Methods

2.1. Materials

This work used Cp–Ti powder (AVIC Matt Powder Technology (Beijing) Co., Ltd., Beijing, China)
and AlSi10Mg powder (AVIC Matt Powder Technology (Beijing) Co., Ltd., Beijing, China) mixed
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according to the weight ratio of 90:10. According to the particle size and chemical composition
information given by the manufacturer, the particle sizes of the Cp-Ti powder and AlSi10Mg powder
were 15–53 µm, with the average particle size of 30 µm. Table 1; Table 2 show the chemical composition
of the Cp-Ti and AlSi10Mg powder. Figure 1 shows the EDS mapping photo of the mixed powder
(Figure 1a), and powder morphology of Cp-Ti powder (Figure 1b), AlSi10Mg powder (Figure 1c), Cp-Ti
powder and the AlSi10Mg powder, which were uniformly mixed.
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Figure 1. (a) EDS mapping photo of mixed powder, powder morphology of (b) Cp-Ti and (c) AlSi10Mg.

Table 1. Chemical composition of Cp-Ti powder (wt%).

Ti C Fe N O H

Balance 0.012 0.023 0.010 0.058 0.001

Table 2. Chemical composition of AlSi10Mg powder (wt%).

Al Cu Mg Fe Si Mn Zn

Balance 0.05 0.623 0.010 9.624 0.01 0.03

A vertical planetary ball mill (Hunan Mi Qi Ball Mill, Inc., Nanjing, China) was used to mix the
mixed powder (S1) and Cp-Ti powder (S2) to ensure that the powder was evenly mixed. To prevent
the powder from being oxidized during the ball grinding, the ball-grinding tank was filled with argon.
The parameters of ball grinding were as follows: The quality ratio of ball material was 1:1.5, with the
ball-grinding speed of 200 RPM, the grinding balls were zirconia balls (8 mm), and the ball-grinding
time was 240 min. During the process of ball grinding, in order to make the powder mix evenly and
avoid the high temperature in the tank, the ball-grinding method was used—forward rotation for
10 min, reverse rotation for 10 min, and cooling for 10 min.

2.2. Experimental Equipment and Methods

The self-developed SLM equipment (RAP IV SLM; University of Aeronautics and Astronautics,
Nanjing, China) was used (See Figure 2). During the printing process, argon gas was filled into
the forming chamber for gas protection, and the oxygen content was limited to below 200 ppm.
The workpiece was printed with the optimized process parameters (laser power of 300 W, scanning
speed of 720 mm/s, hatch space of 100 µm, layer thickness of 50 µm, and substrate temperature
of 200 ◦C). The SLM-processed samples are shown in Figure 3. There were four types of samples
printed here, which were eight rectangular samples (10 mm × 10 mm × 5 mm), four vertical
cylinders (10 mm × 12 mm), four horizontal cylinders (10 mm × 12 mm × 12 mm), and three tension
samples (Figure 3b). After printing, the substrate was placed in the forming chamber and cooled to
room temperature.
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2.3. Test Instruments

The printed workpieces, cut from the substrate by wire cutting (HF250; Huafang Instruments,
Inc., Hangzhou, China), were sliced longitudinally into pieces. The specimens were polished and
etched with etchant solution containing 2% of Hydrofluoric acid and 4% of nitric acid (volume fraction).
The microstructure was observed by a field emission scanning electron microscope (SEM) (S-4800;
Hitachi Instruments, Inc., Tokyo, Japan), and elemental mapping scans were determined with energy
dispersive X-ray spectroscopy (EDS) (INCA 200; Oxford Instruments, High Wycombe, UK) coupled
to the SEM. In addition, a transmission electron microscope (TEM) (G2 T20, FEI Technologies Inc.,
Hillsboro, USA) was used to observe the microstructure.

After the workpieces were polished, the phase composition and grain size of the workpieces
were analyzed using an X-ray diffraction (XRD) spectrometer (DMAX-2500PC; Rigaku Corp., Tokyo,
Japan), with Cu Kα radiation at 40 kV and 150 mA, the parameters of the XRD test are as follows: angle
range: 2θ = 30–80◦, wavelength = 0.15406 nm, scanning speed: 10◦/min; and then a digital intelligent
microhardness tester (HV-1000; Haowei Optoelectronic Technology Co., Shanghai, China) was used to
measure the microhardness of the workpieces. The load was 200 g and the loading time was 20 s.

At the same time, a high-speed reciprocating friction and wear tester (HSR–2M; Zhongke Kaihua
Instruments Co., Lanzhou, China) was used for the friction and wear test. The load was 3 N, with a
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rotational speed of 300 RPM and a friction time of 10 min. The counterpart was a GCr15 steel ball with
a diameter of 4 mm.

After the wear test, S-4800 SEM was used to observe the worn surface of the workpiece.
A microcomputer controlled electro-hydraulic servo universal testing machine (SHT4605; Metis
industrial systems co., Ltd., Shanghai, China) was used for the room-temperature compression and
tensile experiment. The test machine was set to the speed control mode during the experiment, the
compression rate was set at 0.5 mm/min, and the tensile rate was set at 1 mm/min.

3. Results and Discussion

3.1. Phase Identification

Figure 4 shows the XRD patterns of the formed workpieces. Compared with the diffraction peak
of S2, the diffraction peak of S1 slightly moves to the left. According to Bragg equation,

2dsinθ = nλ(n = 1, 2 . . .), (1)

where d is the spacing between crystal surfaces; θ the angle of incidence X-ray with the corresponding
crystal surface; λ the wavelength of X-ray; n the diffraction series. The 2θ position of the forming
workpiece with the aluminum alloy was significantly shifted to a large angle. When θ, λ, and n
are constant, the spacing between the crystal surfaces d decreases, which means that the interplanar
spacing of the crystal was reduced. The Ti3Al is a hexagonal crystal, but some of the Ti atoms are
replaced by Al atoms. Due to the change in its lattice structure, the interplanar spacing of the crystal
was reduced. This result is consistent with the experimental results of XRD, which proves that the Al
atom had been solid-dissolved into the Ti crystal to form the Ti3Al phase.
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3.2. Mechanical Characterization

Figure 5a is the surface macroscopic morphology of the formed workpiece. It can be observed
that molten pools formed at the cross section of the workpiece during the forming process. The molten
pool has a clear boundary, and there are obvious vortex patterns in the molten pool. This pattern was
caused by the melting of the two metals during the SLM process. In previous studies, this phenomenon
is also observed in the welding pool of Zr-based magnesium alloy and Ti64 alloy [17]. Figure 5b–d
show the EDS mapping. The distribution of Ti and Al in the workpiece is relatively uniform in this
area, which indicates that Ti–Ti3Al metal composite can be produced by this method.

The cross-section is observed at high-powered mode under SEM (See Figure 6). A large number
of off-white particles were precipitated on the surface of the workpiece, with a uniform grid structure.
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According to previous reports, when the content of the aluminum element is more than 5% [18],
the supersaturated aluminum element in the alloy precipitates as white Ti3Al particles [19], which is
consistent with the observed results.
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the workpieces.

By further magnifying this region, the average size of the precipitates was less than 200 nm
(see Figure 6b). Figure 6c shows the TEM of this region. The elliptic Ti3Al particle with a size of about
200 nm was generated between two titanium crystals, which is consistent with the results observed by
SEM. Figure 6d is the selected area diffraction pattern (SADP) corresponding to Figure 6c. The length
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and angle ratio of its SADP are completely in line with the standard diffraction pattern (PDF# 65-7534).
Combined with the above analysis, the particles of the Ti3Al intermetallic compound spontaneously
formed during the SLM forming process of the workpiece.

3.3. Hardness

Figure 7 shows the hardness distribution curve of SLM workpieces along the section of the
forming direction. The hardness distribution of the SLM workpieces had no obvious change in the
forming, with the average hardness of 538.56 HV. Compared with S2 formed by SLM, the hardness of
S1 increased by 82.27% (295.46 HV). This can be attributed to the dispersion strengthening.
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Figure 7. Microhardness distribution of the formed workpiece along the forming direction.

During the forming process, the Ti3Al particles formed by in-situ synthesis were uniformly
dispersed between the grain boundaries, and a large number of dislocations were formed in the
titanium matrix, resulting in dispersion strengthening. In addition, there were a lot of saturated
α phases in the workpiece. The Al atoms dissolved in the α-Ti phases formed the solid solution
strengthening which also increased the hardness of the workpiece.

3.4. Wear Performance

Figure 8 shows the friction and wear curves of S1 and S2. Compared with S2, the friction coefficient
of S1 is smaller. The average friction coefficient of S1 is 0.46, with smoother curve fluctuation, indicating
that the overall friction process was relatively stable. However, the friction coefficient curve of S2 has a
large fluctuation range, and the average friction coefficient is 0.59.

Figure 9 shows the topography of the samples’ surface after the wear test. Corresponding to the
friction curve, the worn surfaces of the two workpieces show two different morphologies. Due to
the movement of steel balls, deep furrow marks were left, which formed typical abrasive wear and
adhesive wear. Owing to the poor wear resistance and poor hardness of Cp-Ti, plastic deformation
appeared with deep furrows during the friction process. As the friction progressed, the continuous
plastic deformation of the surface resulted in cracks, pores, and other defects under the friction surface,
which finally caused spalling on the friction surface.
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However, the surface of S1 was smooth and flat, and the wear mark was thinner than that of
S2. Only a few fine abrasive particles adhered to it. From the micro perspective, the dispersion of
nano Ti3Al particles in the workpiece played the role of dispersion strengthening, improving the
hardness and strength of S1. Meanwhile, these Ti3Al particles prevented the generation of cracks, pores,
and other defects, which delayed its further wear. Macroscopically, the improvement of hardness
and the existence of nano Ti3Al particles made the surface of the workpiece form a strain-hardening
layer during friction. It acted as a protective layer in the subsequent friction process, and ultimately
improved the wear resistance of the workpiece [20].

According to the wear rate formula,

K = V/P L, (2)

where K (mm3/N ×mm) is the wear rate; V (mm3) the volume wear; P (N) the normal load; L (mm) the
relative sliding distance between friction pairs. The volume wear of the material can be expressed
as follows:

V =
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where r (mm) is the track radius of the wear mark; b (mm) the width of the wear mark.
According to the data obtained from the formula, the wear-mark widths of the two workpieces

were 678.25 and 699.25 µm, and the wear rates of the two workpieces were 4.373 × 105 and 4.792 × 105,
respectively. The wear rate of S1 was 8.74% lower than that of S2, which is consistent with the
SEM results.
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3.5. Tensile and Compression Test

The compression test, which is different from the tensile test, cannot be easily affected by micro
machining defects in the forming process. Therefore, the compression test results can be used to test
the intrinsic properties of the material (strength/work hardening) and to predict the tensile properties
of the material [21].

Figure 10a shows the compression curve of the formed workpiece. Compared with S2, the plasticity
of S1 decreased significantly. When the strain reached 0.11, a brittle fracture occurred. However, the
strength had been greatly improved, with compressive yield strength (CYS) and ultimate compressive
strength (UCS) reaching 1410 MPa and 1568 MPa, respectively. The tensile properties of S1 and
S2 were studied at room temperature, and the obtained typical stress–strain curves are depicted in
Figure 10b. It can be seen that S1 exhibited obvious brittle characteristics and could not resist large
plastic deformation. Its YS (yield strength) and UTS (ultimate tensile strength) were 554 MPa and
567 MPa, respectively. S2 exhibited good toughness under tensile stress and had an obvious plastic
deformation zone. Its YS and UTS were 432 MPa and 531 MPa.

The main reason for the improvement in compression performance is that aluminum atoms form
solid solution strengthening in titanium crystal, which greatly improved the hardness and compressive
strength of the workpiece. At the same time, the precipitated Ti3Al particles formed a large number
of dislocations in the metal matrix. Due to the Orovan mechanism [22], these enhanced phases can
hinder the movement of dislocations. When plastic deformation occurs, the sample needs to overcome
greater resistance.
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Figure 11 shows the compression test workpieces of S1 and S2 and the microstructure of S1.
S2 showed plastic deformation during compression, while S1 obtained a brittle fracture. The fracture
of the workpiece presented a mixture of smooth shear belt and rough belt at low magnification.
In the work, titanium contributed to the plasticity of the workpiece as the ductile phase, while Ti3Al
played a role in strengthening as the reinforcing phase [23]. The increase in flow stress during the
deformation process of composites is mainly due to the load transfer from the matrix to the reinforcing
particles, as well as the effect of the particles on the dislocations. Ti3Al particles can be expressed as
the reinforcing phase in the composite [24].
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4. Conclusions

The Ti-Ti3Al composite was prepared with Cp-Ti powder and AlSi10Mg powder using SLM and
in-situ synthesis technology. The microstructure and mechanical properties of the Ti-Ti3Al composite
were studied. The following conclusions can be obtained.

(1) Nano Ti3Al particles were precipitated out of the formed workpiece, with the technological
parameters used in the work. The α phase in the titanium matrix was transformed into a
supersaturated α phase.

(2) Due to the dispersion strengthening of Ti3Al particles and the solid solution strengthening of
the Al element in Ti crystal, the microhardness of Ti-based composites treated by SLM was
significantly improved. With parameters of 300 W and 720 mm/s, the microhardness of the
workpiece with Al was 538.56 HV, almost twice that of the Cp-Ti workpiece (218.10 HV).

(3) Compared with the Cp–Ti sample, the wear resistance, tensile resistance and compression
resistance of the sample were improved after adding aluminum. The wear and deformation
of the sample were prevented by the interaction of the precipitated Ti3Al particles and the
supersaturated α-Ti.
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