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Abstract

In this study, aluminum matrix composites reinforced with micro-TiN were fabricated using selective laser melting (SLM)
technique. The study investigates the effects of TiN content on densification, microstructure evolution, crystal textures, and
mechanical properties. The results show that the relative density of composite samples containing 0-3 wt. % TiN exceeds
98%. However, further increase in TiN content leads to a decrease in relative density. The TiN particles are uniformly
distributed and wetted by the AlSil0OMg matrix, forming a graded interfacial layer. The TiN particles refine the matrix
grains and significantly reduce the prevalence (001) texture by promoting a heterogeneous nucleation process. In
comparison to the AISil1OMg alloy, the TiN/AISil0Mg composite exhibits improved microhardness, tensile strength, and
wear resistance. The exceptional mechanical properties of the Al matrix composites are attributed to the dispersion
strengthening of the TiN particles and the fine-grain strengthening of the matrix. The optimal TiN content is found to be 3
wt. %, resulting in excellent mechanical performance of the fabricated samples (132.4+4.1 HV for hardness and 379.7+4.6

MPa for tensile strength) with a low friction coefficient of 0.49.
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1. Introduction

Aluminum alloy is the second most prevalent
metal structural material after steel. It is characterized
by low density, high specific strength, excellent
electrical conductivity, and can be used in the
biomedical application after anodizing. By
introducing reinforcement, its strength, heat
resistance and wear resistance can be further
improved [1, 2]. Traditional preparation methods of
aluminum alloy and aluminum matrix composites
(AMCs) include casting, forging and powder
metallurgy, which have problems such as long
manufacturing cycles, high mold costs, difficulty in
forming complex geometric components and material
waste [3]. Selective laser melting (SLM) is a new and
advanced additive manufacturing technology with a
unique layered processing method that facilitates the
formation of solid parts with complex structures,
realizes the new material processing concept of “near
net forming”, improves cost-effectiveness, and
achieves a high performance that is difficult to
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achieve with traditional preparation processes [4, 5].
The literature highlights that selective laser melted
particle-reinforced aluminum matrix composites
(PRAMC:s) have many advantages.

The first is the second-phase strengthening caused
by ceramic particles and the grain refinement during
the SLM process. The reinforcements of AMCs are
generally hard particles, such as SiC, ALO,, TiN,
TiB,, ZrO,, SiO, and other ceramic particles. These
reinforced particles have a high melting point,
hardness, strength, and elastic modulus. Adding them
into an aluminum matrix can not only improve the
strength, hardness and wear resistance of the resulting
composite materials but also provide nucleation sites
for grain refinement [6, 7]. The rapid cooling rate (up
to 10° K/s) during the formation process leads to a
large temperature gradient, resulting in the Marangoni
effect, which causes a thermal capillary force of the
liquid, which in turn acts on the reinforced particles in
the molten pool, resulting in the dispersion
strengthening of the reinforced phase. Wang [8] used
the ball milling method to homogeneously mix
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AlSi7Mg alloy powder with nano-SiC particles.
During the SLM process, Al and SiC underwent a
chemical reaction to form a hard nano-Al,C, phase.
Due to the solution strengthening, fine-grain
strengthening and precipitation strengthening of the
Si, Mg,Si and AI,C, phases, the tensile strength
reached 503 MPa.

In the SLM process, the characteristics of a low
laser absorption and high thermal conductivity of
aluminum alloy seriously affect its formability. The
addition of ceramic particles helps to increase the
laser absorption rate of the composite and thus
improves its forming quality. The laser absorptivity
(A) of the composite powder can be calculated by the
formula

A=Ay, + 4y,

(A, and v, are the laser absorptivity and volume
fraction of the corresponding powder) [9]. Ceramics,
such as TiB,, B,C, SiC, TiN, and TiC, have higher A
values than aluminum alloy powders under 1070 nm
wavelength lasers. The introduction of ceramic
particles into aluminum alloy powder can improve its
high reflectivity. Gao [10] modified the surface of
AlSil0Mg powder by adding nano-TiN particles to
form alloy samples with a density of 97.6% at a low

laser power of 100 W. Li [11] used a 7 vol% nano-
TiB, coating on the surface of AISil0Mg powder,
which increased the laser absorption rate of AISi10Mg
powder from 63% to 71%.

Regarding hard particles, TiN particles have a
good thermal stability (melting point up to 2930 °C),
high hardness and high wear resistance [12], which is
particularly suitable for the strengthening phase. The
laser absorption rates of TiN and AlSil0Mg at a 1070
nm wavelength are 0.78 and 0.48, respectively, and
the addition of TiN can improve the laser absorptivity
of AlSil0Mg powder. In previous works, the laser
reflectivity and process parameters of this composite
were studied. Therefore, on the basis of previous
research, the effects of the TiN content on the
densification behavior, microstructure evolution,
crystal textures and mechanical properties of the SLM
samples are investigated, as well as the mechanism
underlying the improvements in strength, ductility
and wear resistance.

2. Methods and experiments
2.1. Materials and SLM process

The starting materials used in this experiment
were TiN particles (1-4.4 pm, Aladdin, Shanghai) and
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Figure 1. Morphologies of the original powders and their particle size distributions: (a)(b) AlSil10Mg and (c)(d) TiN
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AlSil0Mg powder (20-63 um, Bedorno, Chengdu).
The AISi10Mg powder had a nearly spherical shape
(Fig. 1 (a)) with an average particle size of 34.24 um
(Fig. 1 (b)), and its chemical composition is listed in
Table 1. The micro-TiN particles were irregular (Fig.
1 (¢)), and the average particle size was approximately
1.65 mm (Fig. 1 (d)). TiN/AISilOMg composite
powders with different TiN contents (0, 1, 3 and 5
wt.%) were designed and mechanically ball milled for

Table 1. Chemical compositions of AlSilOMg powder

°C with an applied voltage of 12 V for 15 s. Wear tests
were performed at room temperature using a
tribometer (Bruker UMT-2 TriboLab, Billerica, USA).
Si3N4 with a diameter of 10 mm was used in the test,
and the linear reciprocating friction mode was
adopted with a abrasion length of 4 mm, a load of 3 N
and sliding time of 15 min. Microhardness was
measured by a Vickers hardness tester (MVA-402TS,
Shenzhen, China) with a load of 200 g and a duration

Element Al Si Cu

Mn Mg Zn Ti Fe

Mass fraction (%) Bal. 11 0.3

4 hours in an argon atmosphere. The TiN/AISi10Mg
composite was fabricated using a SLM solution 125
HL device, and the specimens were labeled as S0, S1,
S3, and S5. Before the experiment, the SLM
processing parameters were determined as follows: a
laser power of 350 W, a scanning speed of 1650 mm/s,
a hatching distance of 0.13 mm, and a layer thickness
of 0.03 mm. An argon atmosphere (02<1000 ppm)
was applied to avoid oxidation of the fabricated
samples with a substrate preheating temperature of
100 °C. In addition, a linear scanning strategy with an
interlaminar scanning deflection angle of 67° was
used.

2.2. Characterization

The size of the square specimen formed by SLM
was 10 mmx10 mm. After grinding with sandpaper,
the weight of the samples was measured by an
ME204E analytical balance (Zurich, Switzerland).
The real density of the sample was determined by the
Archimedes drainage method. The relative density is
the ratio of the real density to the theoretical density.
The phase detection of the composite powder and
SLM samples was conducted by X-ray diffraction
(XRD, DSADVANCE, Billerica, USA) with a fast
scan of 4°/min over a (20) 20-80° scanning range
using a Cu-Ka radiation source at 40 V and 40 mA.
After rough grinding and fine polishing, the samples
were etched for 15 s with Keller reagent (1 vol% HF
+1.5 vol% HCI+2.5 vol% HNO,+95 vol% H,0) and
then cleaned by ultrasonication for 15 min before
vacuum drying. Then, the microstructure was
observed using an optical microscope (OM, KH1300,
Tokyo, Japan) and a ficld-emission scanning electron
microscope (SEM, NovaNanoSEM450, Hillsboro,
USA) equipped with an energy dispersion spectrum
(EDS). Electron backscattered diffraction (EBSD)
was used to analyze the grain size, grain orientation
and texture of the samples. The samples were further
electropolished in a solution comprising perchloric
acid and ethanol in a volumetric ratio of 10:90 at -40

0.03 0.4 0.3 0.1 0.15

time of 15 s. Eight points were measured for each
sample, and the average value was regarded as the
Vickers hardness. The as-built rectangular tensile
specimens were tested at room temperature with a
constant strain rate of 0.6 mm/min using a universal
testing machine (INSTRON 2382, Boston, USA)
according to the ASTM ES8-04 standard. The cross-
section size of the tensile specimens was 6 mmx2.5
mm with a standard distance of 20 mm. Three samples
of each component material were tested, and the
average value was taken as the final result.

3. Results
3.1. Densification behaviors

Fig. 2 shows the variation trend of the OM
morphology and density of TiN/AISil0Mg
composites with different TiN contents. There are a
few small pores in the SO and S1 samples shown in
Fig. 2(a-b), respectively. The formability of the
composites deteriorates with increasing TiN addition.
As shown in Fig. 2(c), the pore defects of the S3
sample are large spherical pores. Usually, smaller
pores are formed by pores in the powder itself or by
protective gases trapped in the molten pool. However,
large pores are caused by excessive laser energy input
and usually have high sphericity [13]. The Ramsay-
Shields’ equation defines the relationship between
temperature and molten surface tension:

(1)

where y is the surface tension, V, is the molar
volume, K is the universal constant, and T, is the
powder Dboiling temperature [14]. For the
TiN/AISi10Mg composites, due to the addition of TiN
particles with a high laser absorptivity, the
corresponding absorbed laser energy is greater. More
energy input leads to a faster temperature rise, which
leads to a greater recoil pressure [15]. According to
Formula 1, the surface tension of the metal liquid
decreases with increasing temperature, and the

yV2? =K(T, - T -6.0)
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elements (Al and Si) are more likely to evaporate
from the molten pool, presenting large spherical
defects. Sample S5 has irregular pores accompanied
by a small number of cracks. Irregular pores are
caused by molten solidification and fusion failure, and
the cracks are mainly caused by residual stress. The
thermal conductivity of AISilOMg (~108 Wm'K™) is
much larger than that of TiN (~64 Wm'K"") [16]. Due
to the difference in thermal conductivity between
AlSil0OMg and TiN, the residual stress increases
during thermal cycling. In addition, in the SLM
process, melt cooling and shrinkage lead to tensile
stress in solidification materials, and the temperature
gradient mechanism (TGM) is an important reason for
the formation of residual stress [17]. The relative
densities of the SLM composites are shown in Fig.
2(e). With increasing TiN content, the relative density
of the composites decreases gradually. When the TiN
content is lower than 3 wt. %, the relative density of
the sample is higher than 98%. Further increasing the
TiN content results in a rapid decrease in the relative
density of sample S5 to 96.47%.
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makes the grains grow along the temperature gradient
direction [19]. With the addition of TiN particles, the
intensity of the Al (200) peak for samples S1, S3 and
S5 decreases, while the intensity of the Al (111) peak
increases. The preferred crystal orientation of the
composites weakens. As the content of TiN particles
increases, the intensity of the detected TiN peaks also
increases gradually, suggesting that TiN promotes the
transformation of crystal texture. In addition, due to
lattice distortion caused by the addition of TiN
particles and the increase in thermal stress caused by
the high cooling rate, the diffraction peak
corresponding to Al moves to a higher angle between
37.5-39.5° [20].

Fig. 4 shows the representative microstructures of
the SLM samples in the x-y plane. The
microstructures of specimens SO, S1, S3, and S5
exhibit a primary a-Al matrix decorated with brilliant
white eutectic Si networks [21]. At the boundary of
the molten pool (MP), due to the different thermal
cycle histories, there are three different morphologies:
MP fine, MP coarse and the heat affected zone (HAZ)

SO S1 S3

Figure 2. (a)-(d) OM images and (e) relative densities of SLM samples with different additions of TiN

3.2. Phase and microstructure analysis

Fig. 3 shows the XRD patterns of composite
powders with different TiN contents and their
corresponding SLM samples. Diffraction peaks of Al
and Si are detected for all of the samples. Wide and
weak Si peaks are observed for the SLM samples,
indicating that a large amount of Si is supersaturated
in the Al matrix. However, the peaks of Mg,Si cannot
be detected because the Mg content is lower than the
detection limit [18]. For sample SO, the Al (200) peak
is the strongest, while the Al (111) peak is weaker,
indicating that a-Al preferentially solidifies along the
<100> crystal direction, which is mainly attributed to
the high heat gradient in the SLM process, which

[22]. The microstructure of the sample is obviously
refined when 1 wt.% TiN particles was added.
However, due to the low TiN content, TiN particles
are hardly observed in the Al matrix. When the TiN
content is further increased to 3 wt. %, the fine
microstructure remains and becomes more
homogeneous. When the TiN content reaches 5 wt. %,
the unmelted TiN particles in the aluminum matrix
can be clearly observed, and some TiN particles are
agglomerated and embedded in the matrix. The TiN
particles that are not fully wetted with the matrix
become the source of crack growth and reduce the
density of the SLM TiN/AlISil0Mg composites.
Compared to the network structure of samples S0-S3,
the eutectic structure of sample S5 gradually changes
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Figure 3. XRD patterns of the composite powders and their corresponding SLM samples: (a) 20 = 20~80° and (b) close-
up view of 20 = 38~39.5°

from a network to thick sheets, part of the network
structure is broken, and a large number of refined Si
particles are dispersed in the a-Al matrix. The eutectic
structure is mainly driven by the hydrodynamic force
of the Marangoni flow, and the strong Marangoni flow
caused by the higher temperature gradient promotes
the continuous solidification of a-Al, resulting in a
gradual increase in the concentration of Si in the
residual liquid phase so that the liquid phase
components gradually move toward the eutectic
region to form an Al-Si eutectic structure. When too
many TiN particles are added, the high melt viscosity
and TiN agglomerates hinder Marangoni convection,
resulting in poor melt fluidity, causing the eutectic
structure to fracture and the cell structure to disappear
[23].

As the melting point of TiN (2930 °C) is much
higher than that of the Al matrix (1020 °C), the
original TiN particles (Fig. 5(a)) are partially melted,
and the irregular edges disappear during SLM
processing. The dark region in the middle of the TiN
particle is the unmelted part, and the surrounding
light-colored annular area is the transition layer
formed by the reaction between molten TiN and the Al
matrix. The composition contents of Ti and N
elements drop sharply in the transition layer, while the
content of Al and Si increased.

3.3. Grain orientation and crystal textures

It can be seen from the XRD results above that the
addition of TiN particles changes the intensity of the
diffraction peak, so it is speculated that the preferred
orientation of the crystal changes. Therefore, EBSD
was used to study the grain orientation and crystal
texture distribution of the AISilOMg and
TiN/AISi10Mg composites, and the results are shown
in Fig. 5. Fig. 5(a) and (c) show the grain size

distribution of samples SO and S3. Among them, the
SO sample has a microstructure that is mainly
composed of coarse equiaxed grains, which have a
higher percentage of red and show a strong (001)
orientation. After the addition of TiN particles, the
microstructure of the S3 sample is mainly composed
of fine equiaxed grains. The average grain sizes of SO
and S3 are 6.64 um and 2.67 um, respectively,
indicating that the grains of the composite are
significantly refined after the addition of TiN
particles, which is consistent with the microstructure
results observed by SEM. Furthermore, in addition, a
decrease in the proportion of grains in red and an
increase in the ratio of grains in blue and green are
observed, indicating a weakening of the (001)
orientation and an enhancement of the (111) and (101)
directions.

Further analysis of the grain size distribution
shows that after adding TiN particles, the size of large
grains decreases more obviously, and the maximum
grain size of composite materials does not exceed 10
pm. The effect of grain refinement is mainly caused
by the following two reasons: (1) TiN produces a
pinning effect at the grain boundaries and within the
grains, thereby hindering the growth of grains; (2)
TiN acts as an effective heterogeneous nucleation site
during aluminum alloy solidification, which can
strongly promote the nonuniform nucleation of melt
and thus refine the grain [24].

As shown in Fig. 5(b) and (d), the volume fraction
of the low-angle grain boundary (LAGB) increases
from 18.3% to 22.6% [25]. An increase in LAGB
indicates an increase in the density of dislocations.
When the dislocation encounters obstacles during
movement, the dislocation easily accumulates after
being nailed, so the density of the dislocation
continues to increase, making slip difficult to carry
out and hindering the internal deformation of the
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Figure 4. SEM images showing the microstructures of the SLM samples with different TiN contents: (a) SO; (c) S,

(e) S3; (g) S5. (e-h) are the high-magnified SEM images of (a-g)
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Figure 5. Microstructure of unmelted TiN, and (b) distribution of Al and Ti elements along the EDS scanning direction

material, resulting in increased strength. In addition,
after the addition of TiN with low thermal
conductivity, the heat transfer efficiency of the matrix
decreases, and the rapidly changing thermal
environment leads to the aggravation of local plastic
deformation, forming more LAGBs [8].

According to the polar figure (PF) information, the
texture index values of SO (Fig. 6 (a)) and S3 (Fig. 6
(b)) are 5.19 and 2.42, respectively. This means that
by adding TiN particles, the texture strength of the
composites is weakened. Fig. 6(a) shows that the area
with the highest intensity in the SO polar diagram of
the specimen is in the center of the polar diagram. The
microstructure has a preferred orientation in the (001)
direction; that is, the fiber texture appears on the
longitudinal section of the building direction. Fig.
6(b) shows that there is no obvious preferred grain
orientation of the SLM samples; instead, the grain
orientation is randomly distributed.

3.4. Mechanical properties
3.4.1. Friction and wear properties

The coefficient of friction (COF) and wear rate of
the AlSi10Mg and TiN/AISi10Mg composites under a
contact load of 3 N are shown in Fig. 7. As the TiN
content increases, the wear resistance of the
composites improves. The average COFs of S0, S1,
S3 and S5 are 0.66, 0.62, 0.49, and 0.51, and the wear
rates are 0.40, 0.31, 0.30, and 0.33 mm’/h,
respectively. Compared with that of the AlSil0Mg
sample, the COF of S3 is reduced by 26%, and the
wear amount is reduced by 33%. The friction
coefficient curve of S5 is generally stable compared
with that of the AISi10Mg alloy. Since the hardness of
the TiN particles is substantially higher than that of
the aluminum matrix, there are several higher peaks in
the friction coefficient results. Under the influence of
compressive stress, numerous abrasive particles are
forced into the friction surface repeatedly, causing the
friction coefficient to cyclically increase. The results

show that the addition of an appropriate amount of
TiN particles can significantly improve the wear
resistance of the alloy and change the wear
mechanism. The high hardness and fine grain size of
the TiN/AlSi10Mg composite material are the main
reasons for the improved wear resistance. The
significant increase in hardness indicates that the
composite has good resistance to plastic deformation.
On the other hand, the frictional heat generated in the
process of the wear test results in the softening of the
AlISi10Mg matrix, but the introduction of TiN
particles can improve the high-temperature strength of
the matrix and alleviate the wear effect of the matrix.

To investigate the influence of the TiN content on
the wear mechanism of samples, the worn surface
morphologies of SO, S1, S3, and S5 were observed, as
shown in Fig. 8. The worn surfaces of the four
samples display parallel grooves with some detached
edges, indicating that microcutting-mode abrasive
wear occurred during sliding wear. Adhesive wear has
the characteristics of flaky spalling, large surface
damage and high plastic deformation. The wear marks
on the surface of the AISi10Mg samples are deep and
continuous along the sliding direction, while the wear
marks on the TiN/AlISil0Mg composite are shallow
and discontinuous along the groove. In the process of
friction, severe plastic deformation and cyclic wear
occur at the same time, which causes the soft
AlSi10Mg to peel away from the worn surface and
embed in the wear track as debris. The debris slides
along the grinding ball and acts as a third body
abrasive to produce microcuts, forming deep and long
grooves on the worn surface. The physical properties
of TiN particles and the matrix in the composites are
very different, the lattice is discontinuous, and
metallurgical bonding cannot be formed. The matrix
falls off under cyclic shear stress and contact stress.
When the particles are embedded in the surface of the
sample, cracks occur in this area, and the cracks
continue to extend under the drive of load stress,
resulting in spalling pits, as shown in the figure.
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Frictional heat is generated with the relative
movement of the specimen and the grinding ball, and
the Al in the specimen reacts with oxygen to form
oxidation products, such as AL,O, and SiO, [26], that
is, the mechanical mixing layer (MML). The EDS
results also confirm the presence of O elements in the
worn area. The MML protects the matrix by
preventing the friction pair from directly contacting
the material surface [27-29]. It can be clearly seen that
the surface of AlSilOMg is severely worn by
delamination, and the MML is peeled off under cyclic
shear stress. However, the wear traces on the worn
surface of TiN/AISilOMg composites are very

(@)

shown in Fig. 9(a), the average hardness of SO is
114.28 HV, and after the addition of TiN, the hardness
of samples S1 and S3 increases to 116.46 HV and
132.36 HV, respectively, which are 1.9% and 15.52%
higher than that of the unenhanced AISi10Mg sample.
With a further increase in TiN, the microhardness of
the composites decreases to 124.14 HV. SLM layer-
by-layer processing allows a material to achieve a
nonequilibrium state of high frequency and rapid
cyclic heating, which inhibits the precipitation of Si
and results in solution strengthening. On the other
hand, TiN is added to the AISilOMg matrix as a
reinforcing phase to become a heterogeneous
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Figure 8. Friction and wear properties of SLM AlSi10Mg and TiN/AISil10Mg composite samples with different additions
of TiN. (a) coefficient of friction; (b) wear rate

shallow, and there is only a small amount of wear
debris on the surface. The results show that the wear
resistance of the TiN/AISi10Mg composites is higher
than that of AlSi10Mg. The improvement in the wear
resistance of the TiN/AlISilOMg composites can be
attributed to the following two reasons. First, the
presence of uniformly dispersed TiN particles in the
composites hinders dislocation movement so that the
surface strength of the matrix is higher and the
corresponding wear resistance is better. Second, the
frictional heat generated by the TiN/AISil0Mg
composites under a high load is conducive to the
formation of a thick and stable MML, thereby
reducing the contact between the grinding ball and the
wear surface and reducing the wear rate of the
material.

3.4.2. Tensile properties and fracture behaviors

To determine the effect of the TiN content on the
mechanical properties of the SLM TiN/AlSil0Mg
composites, the Vickers hardness and tensile
properties of samples SO, S1, S3, and S5 were tested,
and the results are shown in Fig. 9 and Table 2. As

nucleation agent, and the grain size of the formed
samples is gradually refined, resulting in fine-grain
strengthening. According to the Hall-Petch formula,
the strength of composites is directly related to the
grain size, and the finer the grain size is, the higher the
hardness value [30]. In addition, TiN particles are
uniformly distributed in the matrix with the
disturbance of the Marangoni flow during the
fabrication process, resulting in dispersion
strengthening and further improving the hardness of
the material. The density of the sample also
significantly affects the hardness of the material.
When the TiN content is 5 wt.%, the defects caused by
TiN agglomeration reduce the density of the sample
and offset the strengthening effect caused by the TiN
particles, reducing the hardness of sample S5.

Fig. 9(b) shows the tensile properties of the SLM
AlSi10Mg and TiN/AISi10Mg composites. Due to the
compactness of the sample, the tensile strength of
sample S1 decreases from 359.7 MPa to 296.7 MPa
compared with that of AISi10Mg. Due to the solution
strengthening of Si and the significant fine-grain
strengthening and dispersion strengthening of the TiN
particles dispersed in the a-Al matrix [31], dislocation
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Figure 9. SEM images showing the worn surfaces of the SLM samples. (a) SO; (b) SI, (c) S3; (d) S5; and
(e) EDS result of point 1 in (d)

Table 2. Densification and mechanical properties of the SLM TiN/AlSi10Mg composite

and defect interactions in the plastic deformation
process of the tensile samples hinder dislocation
movement. The tensile strength of S3 peaks at 379.7
MPa, and the elongation shows the same upward
trend, reaching 13.0%. In addition, those MP coarse

Specimen UTS (MPa) EL (%) RD (%) Hardness (HV)
SO 359.7+ 144 8.1+0.8 99.25 1143+4.4
S1 296.7 £ 10.5 83+0.6 98.51 116.5+3.9
S3 379.7+4.6 13+£0.9 98.2 132.4+4.1
S5 324.8 +13.6 51+0.7 96.47 124.1+£54

and HAZ regions located at the boundary of the
molten pool also have a certain influence on the
tensile properties. Xiong [32] et al. claimed that the
MPB was the weakest part of the SLM alloy. As the
TiN content increases, the microstructure of the
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molten pool boundary becomes more uniform. When
the mass fraction of TiN reaches 3 wt.%, there is no
obvious MP coarse or HAZ regions. The molten pool
boundary can withstand the plastic deformation
caused by the extension of the larger sample and
improve the overall strength of the composite
material. With a further increase in TiN content, the
cracks caused by the agglomerated TiN particles are
first destroyed during the stretching process and then
rapidly expanded. Specifically, the tensile strength of
S5 drops to 324.8 MPa, and the elongation also drops
to 5.1%.

Fig. 10 shows the tensile fractography of SO, S1,
S3, and S5. The macroscopic fracture morphologies
of the SLM samples are shown in Fig. 10(a-d). The
fracture surfaces of all specimens are rough and
irregular, with obvious cracks and holes, and there is
also obvious spheroidization for SO and S5. Generally,
small and round holes are caused by the pores present
in the powder itself or by the protective gas trapped in
the molten pool. The spheroidization phenomenon
occurs during the SLM process, which is caused by

excessive surface tension between the solid phase and
the liquid phase due to the insufficient laser energy
density in the local area of the molten pool. During the
tensile tests, a large stress concentration is formed
near the irregular pores, and the crack spreads rapidly
along the crystal close-packed plane. The formation of
a macroscopic failure zone results in the release of
stress [33]. In the tensile fracture of S0, the cleavage
platform characteristics of brittle fracture are
observed, accompanied by tiny dimples, which belong
to the mixed-mode of ductile and brittle fractures, and
the brittle mode is given priority over the ductile
mode. The fracture mode of the TiN/AISil0Mg
composite is similar to that of the AISi10Mg material,
but the difference lies in the larger number of dimples,
the TiN particles present in the dimples, and the TiN
clusters in the fracture. The large TiN particles or TiN
clusters distributed at the grain boundaries of sample
S5 were not melted during the SLM forming process
and then remained in the matrix, and the brittle
clusters acted as crack sources during the deformation
process to reduce the strength and plasticity [10].

16
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Figure 10. (a) Microhardness and (b) ultimate tensile strength (UTS) and elongation (EL) of SLM samples with different
TiN contents

Figure 11. SEM images showing the tensile fractography
contents: (a) SO; (b) S1; (c) S3; (d) S5; (e-h) are magnified images of the fracture surfaces

of the SLM TiN/AISi10Mg composites with different TiN
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4. Conclusions

In this study, TiN ceramic-reinforced AlSi10Mg
composites (AMCs) were produced through the SLM
of TiN/AISi10Mg composite powders. The effects of
the TiN content on the densification behavior,
microstructure evolution, crystal textures, and
mechanical properties were investigated. The main
conclusions are summarized as follows:

(1) The relative density of composite samples
with 0-3 wt. % TiN is higher than 98% and further
increasing the TiN content leads to a decrease in
relative density. During SLM, TiN particles
agglomerate and form defects, such as atmospheric
pores and cracks.

(2) The addition of TiN has a significant effect on
the microstructure. The microstructures of the
AlSilOMg and TiN/AISilOMg composite samples
exhibit a primary a-Al matrix decorated with brilliant
white eutectic Si networks. When the TiN content
reaches 5 wt. %, the eutectic structure gradually
changes from a network to thick sheets, and part of the
network structure is broken. TiN acts as an effective
heterogeneous nucleation site during the solidification
of the aluminum alloy, strongly promoting the
nonuniform nucleation of melt, significantly refining
grain size, and weakening the texture in the (001)
direction.

(3) The improved wear resistance of the
TiN/AISi10Mg composites can be attributed to two
reasons. Firstly, the presence of uniformly dispersed
TiN particles in the composites hinders dislocation
movement resulting in a higher surface strength of the
matrix and improved wear resistance. Secondly, the
frictional heat generated by the TiN/AISilOMg
composites under high load conditions promotes the
formation of a thick and stable MML, reducing the
contact between the grinding ball and the wear surface
and reducing the wear rate of the material.

(4) The optimal addition amount of TiN is
determined to be 3 wt. %. The optimized
TiN/AISil0Mg composites exhibit excellent
mechanical performance (132.44+4.1 HV for hardness
and 379.7+ 4.6 MPa for tensile strength) with a low
friction coefficient of 0.49. The enhanced strength is
mainly attributed to the dispersion strengthening and
the fine-grain strengthening.
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RAZVOJ MIKROSTRUKTURE, MEHANICKA SVOJSTVA I OSNOVNI
MEHANIZAM AlSi10Mg KOMPOZITA OJACANIH MIKRO TiN
PROIZVEDENIH SELEKTIVNIM LASERSKIM TOPLJENJEM
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Apstrakt

U ovoj studiji, kompoziti sa aluminijumskom matricom ojacani sa TiN izradeni su primenom tehnike selektivnog laserskog
topljenja (SLM). Studija istrazuje efekte sadrzaja TiN na gustinu, razvoj mikrostrukture, kristalne teksture i mehanicka
svojstva. Rezultati pokazuju da relativna gustina uzoraka kompozita koji sadrze 0-3% TiN prelazi 98%. Medutim, dalje
povecanje sadrzaja TiN dovodi do smanjenja relativne gustine. Cestice TiN pokazuju ravnomernu raspodelu i efikasnu
kvasljivost sa matricom AISil10Mg, uz formiranje slojevite medufaze. Cestice TiN vise rafinaciju zrna matrice i znacajno
smanjuju prevalenciju preferirane teksture (001) promovisuci heterogenu nukleaciju. U poredenju sa legurom AlSil0Mg,
kompozit TiN/AISi10Mg pokazuje poboljsanu mikrotvrdocu, cvrstoéu na pritisak i otpornost na habanje. Izuzetna
mehanicka svojstva kompozita aluminijumske matrice se pripisuju efektu disperzionog ojacavanja cesticama TiN i
ojacavanju granicama zrna matrice. Optimalan sadrzaj TiN odreden je kao 3%, Sto rezultuje izuzetnim mehanickim
performansama izradenih uzorvaka (132.4+4.1 HV za tvrdocu i 379.744.6 MPa za zateznu ¢vrstocu) uz nizak koeficijent
trenja od 0.49.

Kljucne reci: Selektivno lasersko topljenje; TiN/AlSi10Mg kompoziti; Razvoj mikrostrukture; Mehanicka svojstva
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