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This work presents the densification behavior, microstructural features, microhardness, and
wear property of in situ TiN/Ti5Si3 composite parts prepared by a novel Selective Laser Melting
(SLM) process. The occurrence of balling phenomenon at a low laser energy density combined
with a high scan speed and the formation of thermal cracks at an excessive laser energy input
generally decreased densification rate. The in situ-formed TiN reinforcing phase experienced a
successive morphological change: an irregular polyangular shape—a refined near-round
shape—a coarsened dendritic shape, as the applied laser energy density increased. The varia-
tions in liquid-solid wettability and intensity of Marangoni convection within laser molten pool
accounted for the different growth mechanisms of TiN reinforcement. The TiN/Ti5Si3 com-
posite parts prepared under the optimal SLM conditions had a near-full 97.7 pct theoretical
density and a uniform microhardness distribution with a significantly increased average value of
1358.0HV0.3. The dry sliding wear tests revealed that a considerably low friction coefficient of
0.19 without any apparent fluctuation and a reduced wear rate of 6.84 9 10�5mm3/Nm were
achieved. The enhanced wear resistance was attributed to the formation of adherent strain-
hardened tribolayer covered on the worn surface.
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I. INTRODUCTION

THE titanium silicide Ti5Si3 intermetallic compound
has been considered recently as a promising candidate
material for high-temperature structural applications
because of its high melting temperature [2403 K
(2130 �C)], relatively low density (4.32 g/cm3), capacity
to retain high strength up to 1473 K (1200 �C), and
excellent oxidation and creep resistance.[1,2] Neverthe-
less, because of its complex hexagonal crystal structure
with a low symmetry (D88), the monolithic Ti5Si3 has a
considerably low fracture toughness at ambient temper-
ature.[3] Thus, a major challenge for a successful
application of Ti5Si3 material is to reduce its room-
temperature brittleness. In this respect, the existing work
by Wang et al.,[4] Shon et al.,[5] and Li et al.[6] ascer-
tained that the preparation of ceramic-reinforced Ti5Si3-
based composites by incorporating the stiffer ceramic
phase within Ti5Si3 matrix is an important method to

improve the integrated mechanical properties including
fracture toughness. In particular, the development of
novel in situ composites, in which the ceramic reinforce-
ments are synthesized in the metallic matrix by chemical
reactions between elements, exhibits more significant
advantages, e.g., the refined microstructural scale of
in situ formed reinforcements, the clean reinforcement/
matrix interfaces with stronger interfacial bonding, and
the increased thermodynamic stability and mechanical
properties of the composites.[7] In contrast, a reasonable
selection of the ceramic reinforcement that is feasible for
Ti5Si3 matrix is required. It is known that the coefficient
of thermal expansion (CTE) and the elastic modulus are
two most important material properties that determine
the level of residual stress in composites.[8] Based on the
previous studies,[1,2,9] the TiC has been demonstrated to
be a suitable candidate material used as the reinforce-
ment for Ti5Si3-based composites because of the similar
CTEs (Ti5Si3 9.7 9 10�7/K vs TiC 7.7 9 10�7/K). The
TiN, which has almost the same CTE (9.4 9 10�7/K) as
that of Ti5Si3, matches even better with Ti5Si3 matrix.
Furthermore, the elastic modulus of TiN (250.37 GPa)
is considerably lower than that of TiC (439.43 GPa),[10]

and normally, the stress of composites can be controlled
by using material with a low elastic modulus.[8] There-
fore, the TiN can be regarded as a more promising
ceramic reinforcement for Ti5Si3.
Bulk-form composites containing the in situ formed

reinforcements normally are prepared by conventional
methods including powder metallurgy (PM),[11,12] self-
propagating high-temperature synthesis,[13–15] and cast-
ing.[16,17] However, the production of composites by
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these conventional processes is prone to generate large
agglomerates of reinforcing phases, thereby decreasing
the microstructural homogeneity and resultant mechan-
ical properties. Furthermore, the high-temperature
ceramic reinforcing phases typically remain in particle
morphology in the conventional composites because the
workable processing temperature normally cannot
increase above the melting points of ceramics. The
incorporation of the solid ceramic particles within the
matrix, however, tends to induce the formation of
interfacial microcracks because of the limited wetting
characteristics between ceramics and metals. In contrast,
the conventional processes, which generally need expen-
sive and dedicated tools such as molds or dies, are not
suitable for small-volume production and complex
shapes. The complicated preprocessing and postprocess-
ing steps necessary in conventional routes make them a
time-consuming process. The probability of the forma-
tion of process defects also increases during the long
cycle time. Therefore, novel processing methods are
highly required for the direct net-shape fabrication of
complex-shaped ceramic reinforced composite compo-
nents with favorable microstructural and mechanical
properties.

Selective laser melting (SLM), as a newly developed
rapid prototyping (RP) technique,[18–22] has the capa-
bility to fabricate three-dimensional parts with any
complex configurations directly from powder materi-
als.[23–26] SLM creates fully dense parts in a layer-
by-layer manner by selectively fusing and consolidating
thin layers of loose powder using a high-energy laser beam,
without any postprocessing requirements. Recently,
some preliminary research[27,28] focused on the prepara-
tion of in situ composite parts using the SLM process,
considering its flexibility in feedstock and shapes.
Nevertheless, because of the complex metallurgical
nature of in situ SLM system, which involves both
chemical reactions and multiple modes of heat, mass,
and momentum transfer, SLM-processed composites
may suffer from processing problems such as gas
entrapment, aggregation of reinforcements, residual
stresses, and interfacial microcracks. Furthermore,
SLM is performed based on a complete melting/solid-
ification mechanism, and accordingly, the high-melting-
point ceramic reinforcing phases are formed through a
dissolution/precipitation manner. Different to the par-
ticle morphology before melting, the in situ formed
ceramic crystals may have versatile growth morpholo-
gies in the finally solidified structures. Therefore, the
unpredictability and/or uncontrollability of the forma-
tion of in situ phases and microstructures in a SLM
route are still a major challenge. As the microstructural
features of laser-processed powder may influence the
attendant mechanical properties significantly, a detailed
understanding of the crystallization mechanism and
microstructural development of the in situ phases is
required.

In the current work, SLM of Si3N4/Ti powder system
was performed to prepare bulk-form TiN/Ti5Si3 in situ
composites. The evolutions of phases and microstruc-
tures of SLM-processed composites under different laser
processing parameters were studied and the mechanical

properties such as densification rate, microhardness, and
wear property were assessed. The predominant metal-
lurgical mechanisms responsible for the variations
in microstructural and mechanical properties were
disclosed.

II. EXPERIMENTAL PROCEDURE

A. Powder Preparation

The 99.9 pct purity Ti powder with a polyangular
structure and an average particle size of 30 lm and the
99.5 pct purity Si3N4 powder with an irregular shape
and a mean particle size of 4 lm were used as the
starting materials. According to the Si3N4:Ti weight
ratio of 24.55:75.45 (i.e., the equivalent mol ratio of 1:9),
the two components were milled using a high-energy
Pulverisette 6 planetary mono-mill (Fritsch GmbH,
Idar-Oberstein, Germany). Stainless steel grinding balls
and the powder mixture to be treated were charged into
the grinding bowl, with the ball-to-powder weight ratio
of 10:1. High-purity argon was used as the protective
gas. The milling time and the rotation speed of the main
disk were settled at 8 hours and 250 rpm, respectively.
To avoid the excessive temperature increase within the
grinding bowl, ball milling duration of 20 minutes was
followed by an interval of 10 minutes. Details concern-
ing powder preparation have been addressed in the
literature.[29] The as-milled composite powder had a
near-spherical shape and a refined particle size of 8 to
22 lm.

B. Laser Processing

The SLM apparatus, as illustrated schematically in
Figure 1(a), consisted mainly of a 2000 SM continuous
wave Gaussian CO2 laser (k = 10.6 lm) with a maxi-
mum output power of 5 kW and a focused spot size at
the substrate surface of 0.3 mm (Rofin-Sinar Laser
GmbH, Hamburg, Germany), an automatic powder
layering system with a roller, a computer system for
process control, and an inert argon gas protection
system. As the parts were to be prepared, a titanium
substrate was placed primarily on the building platform
and leveled. A thin layer of the milled powder (0.1 mm
in thickness) was then deposited on the substrate by the
roller. Subsequently, the laser beam scanned the powder
bed surface to form layer-wise profiles according to the
computer-aided design data of the parts. A simple linear
raster scan pattern was used (Figure 1(b)) with a scan
line spacing of 0.15 mm. The similar process was
repeated in a layer-by-layer manner until multilayer
parts with dimensions of 8 mm 9 8 mm 9 6 mm were
finished. Through a series of preliminary SLM experi-
ments, the laser power was optimized at 1 kW. Mean-
while, the scan speeds were settled periodically at 0.1,
0.2, 0.3, and 0.4 m/s by the SLM control program. Four
different ‘‘linear laser energy densities’’ (g) of 10, 5, 3.33,
and 2.5 kJ/m, which was defined by the ratio of laser
power to scan speed,[30] were used to estimate the laser
energy input to the powder layer being treated.
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C. Microstructural Characterization

Phase identification was performed by a D8 Advance
X-ray diffractometer (XRD) (Bruker AXS GmbH,
Germany) with Cu Ka radiation at 40 kV and 40 mA,
using a continuous scan mode. A quick scan at 4 deg/
min was performed primarily over a wide range of
2h = 30 to 80 deg. A slower scan rate of 1 deg/min was
used over 2h = 34.0 to 36.0 deg and 2h = 39.0 to
41.0 deg to give a more accurate determination of
diffraction peaks. Samples for metallographic examina-
tions were cut, ground, and polished according to
standard procedures and were etched with a solution
consisting of HF (4 mL), HNO3 (6 mL), and distilled
water (100 mL) for 45 seconds. The microstructures
were characterized using a Quanta 200 scanning electron
microscope (SEM) (FEI Company, Hillsboro, OR) in a
secondary electron mode at an accelerating voltage of
20 kV. A UTHSCSA ImageTool 3.0 image processing
and analysis program was used to acquire the sizes of
reinforcing particles. Chemical compositions were deter-
mined by an EDAX Genesis energy dispersive X-ray

(EDX) spectroscope (EDAX Inc., Mahwah, NJ), using
a super-ultra thin window sapphire detector.

D. Mechanical Properties Testing

The density (q) of SLM-processed samples was
measured based on the Archimedes principle. The
Vickers hardness was determined using a MicroMet
5101 microhardness tester (Buehler GmbH, Düsseldorf,
Germany) at a load of 0.3 kg and an indentation time of
15 seconds. Dry sliding wear tests were conducted in a
HT-500 ball-on-disk tribometer (Lanzhou ZhongKe
KaiHua Sci. & Technol. Co., Ltd., Lanzhou, China) in
air at room temperature. The surfaces of the specimens
were ground and polished prior to wear tests. A bearing
steel GCr15 ball with a diameter of 3 mm and a mean
hardness of HRC60 was taken as the counterface
material and a test load of 3N was applied. The friction
unit was rotated at a speed of 560 rpm for 30 minutes
and the rotation radius was fixed at 2 mm. The friction
coefficients of the specimens were recorded during wear
tests. The wear volume (V) was determined gravimetri-
cally using V = Mloss/q, whereMloss was the weight loss
of the specimens after wear tests. The wear rate (x) was
calculated by x = V/(WL), where W was the contact
load and L was the sliding distance.

III. RESULTS AND DISCUSSION

A. Phases

Figure 2 depicted the typical XRD patterns of SLM-
processed composite parts. The strong diffraction peaks
corresponding to TiN (based on JCPDS Card No.
87-0632) and Ti5Si3 (based on JCPDS Card No. 29-1362)
phases were generally identified in SLM-processed parts
at different laser energy input. To reveal the reaction
behaviors of the Si3N4 and Ti constituents in the starting
composite powder, a more accurate XRD scan at a
relatively low rate was performed in the vicinity of the
strongest diffraction peaks of Si3N4 (2h = 35.344 deg)
and Ti (2h = 40.161 deg), as illustrated in Figure 3. It
was observed that the initial Si3N4 and Ti diffraction
peaks disappeared completely in all SLM-processed
parts. Therefore, it was reasonable to conclude that for
the given laser energy densities of 2.5 to 10 kJ/m, SLM
processing of Si3N4/Ti powder system generally led to
the in situ formation of TiN/Ti5Si3 composites free of
any residual impurity phases.
When the high-energy laser beam scans over the

powder layer, the energy is absorbed directly by the
powder through both bulk coupling and powder cou-
pling mechanisms,[31] thereby realizing the thermaliza-
tion of the absorbed laser energy. The Si3N4/Ti powder
particles are heated up speedily, typically within a
considerably short timescale below 4 ms,[32] leading to
the complete melting of Ti constituent as the operative
temperature reaches its melting point [~1943 K
(1670 �C)]. Because of a considerably high thermaliza-
tion caused by high-energy laser irradiation coupled
with the sufficient wetting of Ti liquid in the molten

Fig. 1—Schematics of SLM apparatus (a) and laser scanning pattern
(b).
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pool, the Si3N4 constituent having a slightly higher
decomposition point of ~2173 K (1900 �C) tends to
decompose to releases atomic Si and N. An in situ
reaction system consisting of a ternary Ti–Si–N melt is,
thus, generated. It is known that there are several
possible chemical reactions for the Si3N4/Ti system
during high-temperature processing, depending on the
initial component ratios. The dependence of the stan-
dard Gibbs free energy (DG0, kJ/mol) of these reactions
on the temperature (T, K) is as follows[33]:

5Tiþ Si3N4 ¼ Ti5Si3 þ 2N2ðg)
DG0 ¼ 25:07� 0:06T ðT � 1685K)
DG0 ¼ �5:07� 0:042T ðT>1685K)

8
<

:
½1�

3Tiþ Si3N4 ¼ 3TiSiþ 2N2ðg)
DG0 ¼ 160:25� 0:1298T ðT � 1685K)
DG0 ¼ 110:02� 0:0998T ðT>1685K)

8
<

:
½2�

7Tiþ Si3N4 ¼ 4TiNþ 3TiSi
DG0 ¼ �123:21� 0:0025T ðT � 1685K)
DG0 ¼ �144:74þ 0:0104T ðT>1685K)

8
<

:
½3�

9Tiþ Si3N4 ¼ 4TiNþ Ti5Si3
DG0 ¼ �135:31þ 0:008T ðT � 1685K)
DG0 ¼ �152:31þ 0:0087T ðT>1685K)

8
<

:
½4�

A thermodynamic analysis, as presented in Figure 4,
reveals that when temperature reaches above 1700 K,
reaction [4] is much easier to proceed than others
because the DG0 of this reaction is in a minimal negative
value. SLM of the Si3N4/Ti powder system implies that
a complete melting mechanism is involved. The opera-
tive temperature, thus, approaches or even exceeds
2173 K (1900 �C), favoring the initiation of in situ
reaction [4] as the starting Si3N4/Ti molar ratio of 1:9 is
settled. Furthermore, according to Reference 34, the
change in the enthalpy (DH) of reaction [4] is
�912.912 kJ/mol. A small, negative DH implies an
exothermic nature of the system, which can act as the
driving force for the reaction.

B. Microstructures and Compositions

The characteristic microstructures on the etched cross-
sections of SLM-processed composite parts were pro-
vided in Figure 5. EDX point scans were performed,
respectively, on the reinforcement and the matrix to
determine the elemental distributions. The reinforcing
phase (point A) was composed of the Ti and N elements
with a near-equal atomic proportion (Figure 5(e)). The
Ti and Si elements were detected within the matrix (point
B), in which the Ti:Si atomic ratio was close to 5:3
(Figure 5(f)). Combined with the XRD (Figure 2) and
EDX (Figure 5(e) and (f)) results, it was confirmed that
the in situ TiN-reinforced Ti5Si3 matrix composites were
prepared successfully by SLM of the Si3N4/Ti powder
system. Nevertheless, the microstructural features of the
in situ presented TiN reinforcing phase (e.g., shape, size,
and dispersion state) exhibited distinct changes with the
applied laser-processing parameters. At a relatively low g
of 2.5 kJ/m, the TiN reinforcing phase exhibited a
nonuniform polyangular structure and a certain degree
of agglomeration (Figure 5(a)), having a relatively large
average particle size of 11.7 lm (Figure 6). As g
increased to 3.33 kJ/m, the surface of the TiN-reinforcing
phase showed an apparent smoothening (Figure 5(b)),
although the mean particle size remained almost
unchanged at 11.0 lm (Figure 6). Interestingly, at a higher
g of 5 kJ/m, the TiN reinforcement had a refined granular
morphology with a significantly reduced size of 6.5 lm
(Figure 6) and, meanwhile, distributed homogeneously
throughout the matrix (Figure 5(c)). In this instance, the
TiN particles exhibited a smooth and near-round shape,
with a clear and coherent reinforcement/matrix interface
free of any interfacial microcracks (Figure 5(g)). On
further enhancing the applied g to 10 kJ/m, the growth
morphology of TiN reinforcement changed considerably;
it developed into an entirely different dendritic structure
(Figure 5(d)). However, the TiN dendrites showed a
large degree of coarsening, reaching a considerably large
particle size of 18.3 lm (Figure 6).
As stated previously, SLM is performed based on a

complete melting/solidification mechanism, and accordingly,

Fig. 2—XRD spectra of SLM-processed composite parts at different
laser energy densities.
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the TiN-reinforcing phase is formed through a dissolution/
precipitation mechanism by means of the heterogeneous
nucleation of TiN nuclei from the ternary Ti–Si–N melt
and subsequent grain growth.[35] The previous studies
on the conventional PM-processed Ti–Si based in situ
composites indicate that the ceramic reinforcement is

typically in a particle morphology[4–6,13] because of a
solid-state sintering or a partially melted liquid phase
sintering mechanism applied. Differently, the in situ TiN
reinforcing phase in SLM-processed TiN/Ti5Si3 com-
posites experiences an interesting change in its mor-
phologies from an irregular polyangular shape to a
refined near-round shape and, finally, to a coarsened
dendritic shape, on increasing the applied laser energy
density (Figures 5(a) through (d)). During SLM, the
local temperature gradient and chemical concentration
gradient in the molten pool give rise to surface tension
gradient and associated Marangoni convection.[30,32]

The formation of convective stream within the pool
induces liquid capillary force, which subsequently exerts
on the precipitated solid-state TiN nuclei by the wetting
liquid around. The intensity of Marangoni flow can be
estimated using the dimensionless Marangoni number
(Ma)

[36]:

Ma ¼
DrL
lvk

½5�

where Dr is the surface tension difference of Marangoni
flow, L the length of the free surface, l the dynamic vis-
cosity, and vk is the kinematic viscosity. The wetting
property of the in situ precipitated reinforcing phase by

Fig. 3—XRD spectra in the vicinity of the strongest diffraction peaks of starting Si3N4 (a) and Ti (b) phases showing the complete exhaustion of
constituents after SLM. The underlying relatively smooth spectra are obtained by XRD scan at a faster rate.

Fig. 4—Relation between standard Gibbs free energy and tempera-
ture for various reactions of Si3N4/Ti system.
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the liquid is crucial in determining its final morphology
and dispersion state. Based on Zhou et al.’s results,[37]

for a reactive wetting system of liquid metal on ceramic
phase, the wettability is predominated by the formation
of ceramic phase during processing. The equilibrium
contact angle heq can be approximately expressed as

cos heq ¼ csv � clsð Þ=clv ½6�

where clv, csv, and cls are the interface tensions of
liquid metal-vapor, reacted ceramic-vapor, and liquid
metal-reacted ceramic, respectively. For the Ti–Si
liquid system, cls is controlled by the temperature T
and can be estimated by[38]

cls ¼ 1656� 0:375T ½7�

A proper increase in the applied g from 2.5 kJ/m to
5 kJ/m tends to increase the workable T, which in turn
lowers cls (Eq. [7]). Therefore, a lower contact angle heq
(Eq. [6]) and, accordingly, an increased liquid–solid

wetting property are achieved. The in situ synthesized
TiN-reinforcing phase, therefore, tends to undergo a
sufficient wetting by the surrounding liquid, leading to a
pronounced smoothening and refinement of the initial
polyangular TiN precipitates (Figure 5(a) and (c),
Figure 7). In contrast, as revealed in Eq. [5], Ma is
inversely proportional to l, which can be further defined
by[39]

l ¼ 16

15

ffiffiffiffiffiffi
m

kT

r

cls ½8�

where m is the atomic mass and k is the Boltzmann
constant. When a considerably high g of 10 kJ/m is used
for SLM, the resultant higher T and lower cls (Eq. [7])
both result in a significant decrease in l (Eq. [8]), hence
intensifying the Marangoni flow and attendant turbu-
lence within the molten pool (Eq. [5]). Because of the
instability of the solid–liquid interface caused by the
perturbation, the in situ TiN precipitates tend to

Fig. 5—SEM images showing characteristic microstructures of SLM-processed composite parts at various scan speeds (v) and laser energy densi-
ties (g): (a) v = 0.4 m/s, g = 2.5 kJ/m; (b) v = 0.3 m/s, g = 3.33 kJ/m; (c) v = 0.2 m/s, g = 5 kJ/m; (d) v = 0.1 m/s, g = 10 kJ/m. EDX anal-
yses showing chemical compositions collected in point A (e) and point B (f). High-magnification micrograph showing interfacial microstructure
of composites prepared at g = 5 kJ/m (g).
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experience a dendrite growth (Figure 7). Furthermore,
because of a markedly increased thermalization of laser
energy in this instance, a large amount of heat is

accumulated around the growing dendrite tips, thereby
offering significant internal energy and thermodynamic
potentials for the coarsening of the finally developed
TiN dendrites (Figure 5(d)).
It is worth noting that in our current study, there is no

apparent change in the microstructures along the layer-
by-layer deposition direction inside the SLM-processed
composite parts. Unlike the RP method based on a

Fig. 6—Change of the mean particle size of TiN reinforcing phase
with the applied laser energy density.

Fig. 7—Schematic of growth mechanisms and morphologies of
in situ TiN-reinforcing phase from the liquid under laser beam irra-
diation.

Fig. 5—Continued.
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semisolid mechanism, e.g., direct metal laser sinter-
ing,[30,32] the SLM process is performed based on a
complete melting metallurgical mechanism. In other
words, each layer is consolidated through the complete
melting/solidification manner. Although to some extent,
the surface of the previously processed layer will remelt
as the subsequent layer is processed, such a remelting
cannot lead to a substantial change of the previously
melted/solidified microstructures.

C. Densification Behavior

Figure 8 showed the typical surface morphologies of
SLM-processed parts under various processing condi-
tions. The obtained relative densities of the correspond-
ing parts were depicted in Figure 9. At a relatively high v
combined with a low g, a considerably rough surface
consisting of a large amount of small-sized spherical
balls with an average diameter of ~20 lm was formed
(Figure 8(a)). Also, narrow microcracks, as indicated
selectively in Figure 8(a), were observed on laser-pro-
cessed surface. The combined influence of these two

defects resulted in a limited densification level of
86.3 pct theoretical density (TD) (Figure 9). On increas-
ing g by decreasing the applied v, the balling phenom-
enon was alleviated, although the residual open porosity
was still present on the surface (Figure 8(b)). In this
situation, the SLM densification response, 89.5 pct TD,
still remained insufficient (Figure 9). As a g of 5 kJ/m
was properly settled, a pretty dense surface consisting of
coherently bonded scan tracks was yielded, free of any
balling effect and crack formation (Figure 8(c)), achiev-
ing a near-full 97.7 pct TD (Figure 9). As a considerably
low v and attendant high g of 10 kJ/m were used, the
surface became even smoother. However, the intercon-
nected deep cracks were elongated on SLM-processed
surface, almost perpendicular to the building direction.
The length of cracks was on the order of 1 mm and the
width was ~15 lm (Figure 8(d)), which decreased the
densification rate to 92.4 pct TD (Figure 9).
From the parameter-dependent surface morphologies

(Figure 8), one can conclude that the relatively poor
densification activity at a lower or a higher g is due to
the occurrence of balling effect (Figure 8(a)) and

Fig. 8—SEM images showing the typical surface morphologies of SLM-processed composite parts at different scan speeds (v) and laser energy
densities (g): (a) v = 0.4 m/s, g = 2.5 kJ/m; (b) v = 0.3 m/s, g = 3.33 kJ/m; (c) v = 0.2 m/s, g = 5 kJ/m; (d) v = 0.1 m/s, g = 10 kJ/m.
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thermal cracking (Figure 8(d)), respectably. As a com-
plete liquid system is generated during SLM, a rapid
laser scanning tends to shape the melt primarily into a
continuous cylindrical molten track because of a con-
siderably short dwelling time of laser spot on each
irradiating region. However, the current molten track is
in a highly unstable state. The surface energy of the
liquid track will keep decreasing to obtain a final
equilibrium state. According to Niu and Chang’s
results,[40] the applied scan speed has a significant
influence on the capillary instability of the liquid track.
A higher scan rate and the resultant lower laser energy
input may result in a rapid decrease of the radius R of
the scan track at a constant laser wavelength k, and thus
an increase of k/R. The increase of the k/R ratio tends to
cause melt instability and, accordingly, enhances the
tendency for balling initiation. Under this condition,
several small-sized liquid droplets tend to splash from
the surface of the molten track because of the reduction
in the surface energy of liquid at short length scales
(Figure 10). After solidification, a large amount of
micrometer-scaled spherical splashes are formed around
the laser-processed surface (Figure 8(a)). A balling
effect, which is regarded as a typical defect associated
with SLM, tends to produce a high amount of interball
residual porosity, severely degrading the densification
rate of SLM-processed parts.[25] In contrast, the shrink-
age rate d(DL/L0)/dt during SLM solidification can be
estimated by[41]

d DL=L0ð Þ
dt

¼ DPW
Dl

½9�

where DP is the capillary pressure, D the grain diameter,
and W is the liquid thickness. As analyzed in Eq. [8],
using an excessive laser energy input (10 kJ/m) produces
a considerably low l, which in turn increases the
shrinkage rate during solidification (Eq. [9]). Conse-
quently, a large amount of thermal stresses tend to
generate in the solidified parts. A theoretical and
experimental study by Mercelis and Kruth[42] revealed

that, in general, the residual stress profile in a SLM part
consists of two zones of large tensile stresses at the top
and bottom of the part, and a large zone of intermediate
compressive stress in between. The residual of such
complicated tensile stresses on the surface results in the
formation of thermal cracks and the decrease in
densification response of SLM parts (Figures 8(d) and 9).
Recent work by Kim et al.[43] reported the preparation
of TiN-based Ti5Si3/TiN composites by the pyrolysis of
preceramic polymer with filler. The obtained maximum
density reaches 99.2 pct TD. Besides the difference in
processes, the composites developed in Kim et al.’s work
are TiN-based, whereas the composites in our current
work are Ti5Si3 based. Ti5Si3, as an intermetallic
material, is much more brittle than TiN, which will
inevitably influence the final densification.

D. Microhardness and Wear Property

Figure 11(a) depicted the microhardness and its
distribution measured on the cross-sections of SLM-
processed composite parts. On increasing the applied g
from 2.5 kJ/m to 3.33 kJ/m, the mean microhardness
increased from 1083.5HV0.3 to 1161.7HV0.3. Neverthe-
less, the microhardness distribution remained a large
degree of fluctuation. Differently, a uniform distribution
of the microhardness with a considerably high average
value of 1358.0HV0.3 was achieved using a suitable g of
5 kJ/m because of the formation of homogeneously
dispersed and significantly refined TiN reinforcement
(Figure 5(c)). Another increase in the applied g to 10 kJ/
m, however, decreased the obtained microhardness to
1264.2HV0.3 and, meanwhile, intensified the fluctuation
of hardness values. The coarsening of TiN dendrites and
the resultant decrease in microstructural homogeneity
(Figure 5(d)) were responsible for this phenomenon. For
a comparison purpose, the pure Ti parts without any
reinforcement were prepared using the same SLM
parameters and the obtained mean microhardness was
generally below 290HV0.3. The microhardness of the
in situ TiN/Ti5Si3 composites prepared by SLM of
Si3N4/Ti system, thus, showed at least a 4-fold increase
on that of the unreinforced Ti. Furthermore, based on
Tsukuma et al.’s[44] and Wani et al.’s[45] work on hot

Fig. 9—Effect of laser energy density on densification rate of SLM-
processed composite parts.

Fig. 10—Schematic of balling effect during SLM of composite pow-
der using a high scan speed.
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pressing of pure Si3N4, the obtained microhardness was
approximately 1500HV. The maximum microhardness
of SLM-processed in situ TiN/Ti5Si3 composites,
accordingly, was close to that of Si3N4.

The changes of friction coefficients and wear rates of
SLM-processed parts were illustrated in Figure 11(b)
and (c), respectively. A comparative study revealed that
the in situ TiN/Ti5Si3 composite parts generally demon-
strated much lower friction coefficients than that of the
unreinforced Ti part with an average value of ~1.3.
Furthermore, the friction coefficients of TiN/Ti5Si3 parts
exhibited a considerably slight local fluctuation as
relative to the Ti part. A significantly enhanced wear
performance of TiN/Ti5Si3 parts was thus ascertained.
In contrast, the applied g exerted a significant influence
on the wear performance of TiN/Ti5Si3 parts. An
increase in the g from 2.5 kJ/m to 3.33 kJ/m led to a
decrease in the average friction coefficient from 0.50
to 0.30 and the attendant wear rate from
8.86 9 10�5 mm3/Nm to 7.31 9 10�5 mm3/Nm. The
TiN/Ti5Si3 part prepared at 5 kJ/m exhibited the supe-
rior wear property. A uniform distribution of friction
coefficient with a considerably low mean value of 0.19
was obtained, leading to the lowest wear rate of
6.84 9 10�5 mm3/Nm. However, at an even higher g
of 10 kJ/m, the average friction coefficient and wear rate
of TiN/Ti5Si3 part increased markedly to 0.65 and
9.73 9 10�5 mm3/Nm, respectively.
To disclose the microstructural features accounting

for the wear properties, the morphologies of worn
surfaces were characterized in Figure 12. At a relatively
low g of 2.5 kJ/m, the worn surface was considerably
rough and loose, consisting of parallel grooves and
granular wear debris (Figure 12(a)). Such a microstruc-
ture illustrated that the specimen suffered a severe
abrasive wear, which in turn resulted in a relatively high
wear rate (Figure 11(c)). As g increased to 3.33 kJ/m, a
large portion of the worn surface was covered with the
smooth adhesion tribolayer (Figure 12(b)). When an
increased g of 5 kJ/m was settled properly, a smooth
strain-hardened tribolayer was continuously sticking to
the worn surface, showing no local plowing or fractur-
ing of the surface (Figure 12(c)). During wear tests, the
counterface ball slid against the surface continuously.
The worn surface experienced the sufficient plastic
deformation at a temperature below its recrystallization
temperature. The material strengthening, thus, occurred
because of the dislocation movements within the crystal
structure of the material, typically in the sliding-treated
layer, which was known as strain-hardened tribolay-
er.[46] It was believed that the in situ homogeneous and
refined TiN reinforcement (Figure 5(c)) was not easy to
split during sliding but had a high tendency to adhere to
each other and get strain-hardened, favoring the com-
plete formation of tribolayer to enhance wear resistance.
However, the severely fragmented tribolayer, deep
cracks, and large debris were observed on the worn
surface of SLM-processed TiN/Ti5Si3 part at 10 kJ/m
(Figure 12(d)). The resultant wear rate showed an
approximately 1.5-fold increase on that of the TiN/
Ti5Si3 part prepared at 5 kJ/m (Figure 11(c)). The poor
densification caused by thermal cracking (Figure 8(d))
and the significant coarsening of the dendritic TiN
reinforcement (Figure 5(d)) might account for the spall-
ing of tribolayer and, accordingly, the decrease in wear
property.

Fig. 11—Effect of laser energy density on microhardness and its
distribution (a), friction coefficient (b), and wear rate (c) of the
SLM-processed composite parts.
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IV. CONCLUSIONS

A novel SLM process was applied to prepare bulk-
form in situ TiN/Ti5Si3 composites starting from Si3N4/
Ti powder system. The main conclusions were summa-
rized as follows:

1. The densification response of TiN/Ti5Si3 composite
parts was controlled by the applied laser energy
density. A combination of a low laser energy den-
sity (2.5 kJ/m) and a high scan speed (0.4 m/s) initi-
ated the balling effect, whereas an excessive laser
energy input (10 kJ/m) resulted in the thermal
cracking. Both defects that were caused by an
improper laser process control lowered the densifi-
cation rate. A near-full 97.7 pct theoretical density
was achieved as an optimal laser energy density of
5 kJ/m was settled properly.

2. The in situ-formed TiN reinforcing phase experi-
enced a successive change in its morphologies: an
irregular polyangular shape—a refined near-round

shape—a coarsened dendritic shape, on increasing
the applied laser energy density. The variations
in the liquid–solid wettability and the intensity of
Marangoni flow within the molten pool were
responsible for the different growth mechanisms
and morphologies of the TiN phase.

3. The optimally prepared TiN/Ti5Si3 composite parts
had a uniform microhardness distribution with an
increased mean value of 1358.0HV0.3, showing at
least a 4-fold increase on that of the unreinforced
Ti. A considerably low friction coefficient of 0.19
without any apparent fluctuation and a decreased
wear rate of 6.84 9 10�5 mm3/Nm were obtained in
sliding wear tests. The formation of adherent strain-
hardened tribolayer covered on the worn surface
accounted for the improvement of wear performance.
However, the microhardness and wear resistance
decreased at an excessive laser energy input because
of the formation of thermal cracks and the signifi-
cant coarsening of TiN dendritic reinforcement.

Fig. 12—SEM images showing characteristic morphologies of worn surfaces of SLM-processed composite parts at various laser energy densities
(g): (a) g = 2.5 kJ/m; (b) g = 3.33 kJ/m; (c) g = 5 kJ/m; (d) g = 10 kJ/m.
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