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Abstract

Selective laser melting (SLM) is an emerging additive manufacturing technology for fabricating aluminum alloys and
aluminum matrix composites. Nevertheless, it remains unclear how to improve the properties of laser manufactured
aluminum alloy by adding ceramic reinforcing particles. Here the effect of trace addition of TiB, ceramic (1% weight
fraction) on microstructural and mechanical properties of SLM-produced AlSi10Mg composite parts was investigated.

mechanism

The densification level increased with increasing laser power and decreasing scan speed. A near fully dense com-
posite part (99.37%) with smooth surface morphology and elevated inter-layer bonding was successfully obtained.
A decrease of lattice plane distance was identified by X-ray diffraction with the laser scan speed decreased, which
implied that the crystal lattices were distorted due to the dissolution of Si and TiB, particles. A homogeneous com-
posite microstructure with the distribution of surface-smoothened TiB, particles was present, and a small amount of
Si particles precipitated at the interface between reinforcing particles and matrix. In contrast to the AlSi10Mg alloy,
the composites showed a stabilized microhardness distribution. A higher ultimate tensile strength of 380.0 MPa, yield
strength of 250.4 MPa and elongation of 3.43% were obtained even with a trace amount of ceramic addition. The
improvement of tensile properties can be attributed to multiple mechanisms including solid solution strengthen-
ing, load-bearing strengthening and dispersion strengthening. This research provides a theoretical basis for ceramic
reinforced aluminum matrix composites by additive manufacturing.
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1 Introduction

Aluminum alloys are known for their lightweight, low
thermal expansion, high specific strength and high
toughness widely used in the industries of aerospace and
automobile. In recent years, there has been an increas-
ing demand for high performance and lightweight met-
als among various industries. However, aluminum alloys
are confronted with great difficulties for their limited
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applicability caused by poor wear resistance and low
hardness [1, 2]. In order to address these problems, alu-
minum matrix composites (AMCs) reinforced with
ceramic particles have been greatly developed, thus bet-
ter adapt to the current and future applications. It is well
known that several crucial factors affect the mechanical
performances of AMCs, including the matrix microstruc-
ture, uniformity of reinforcement and interfacial bonding
strength of reinforcement/matrix [3, 4]. In conventional
processes, some common process problems usually arise
for producing AMCs, including the agglomeration of
reinforcements, interfacial defects and poor adhesion at
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the interface. Indeed, manufacturing complex-shaped
components from AMCs is also severely limited through
conventional methods [5]. To this end, it is particularly
necessary to develop a new processing method for high
performance AMCs with complex shapes [6].

Additive Manufacturing (AM), as an emerging
advanced layer-by-layer manufacturing technology, is
becoming increasingly attractive for industrial applica-
tions. Selective laser melting (SLM) is a newly developed
powder bed technique allowing for the rapid fabrica-
tion of three-dimensional shapes with complex geom-
etries. It uses a moving laser beam that selectively fuses
and consolidates thin layers of a loose powder based on
computer-aided design (CAD) models [7-10]. It has sig-
nificant advantages in saving manufacturing time, pro-
duction cost and reducing personnel error rate [11, 12].
Compared with steels, nickel alloys and titanium alloys
[13-15], previous studies have shown that SLM process-
ing of aluminum alloys is much challenging owing to
their low absorptivity (only 9%) to the laser beam and the
high heat conductivity (237 W/(m-K)) [16]. Up till now,
some studies have been carried out to testify to the pos-
sibility of AMCs reinforced with ceramics by SLM. For
example, Gu et al. fabricated nearly fully dense SLM-pro-
cessed nanocomposites by adding 5%TiC into AlSi10Mg,
wherein obtained high tensile strength of 486 MPa and
microhardness of 188 HV,; [17]. They also investigated
in detail the strengthening mechanisms of aluminum
matrix composites with different ceramic reinforcing
phases, such as SiC [18] and AIN [19] by SLM. The con-
tents of the reinforcing phase were 20% and 5%, respec-
tively. Assorted ceramic reinforcing particles have been
successfully applied to AMCs via SLM technology. Like-
wise, Titanium diboride (TiB,) is an appealing candidate
for its high melting point (3173 K), high modulus (565
GPa), high hardness (2500 HV), and good thermal sta-
bility, which could inhibit or lower the degree of adverse
reaction between TiB, and Al alloys [20-22].

In view of the aforementioned advantages, SLM of
TiB, reinforced mental matrix composites (MMC)
is being pursued actively. Wang et al. [23] fabricated
heat treatable 5%TiB,/Al-3.5Cu-1.5Mg-1Si composites
successfully by SLM, and found that higher strength
was achieved after the addition of TiB, and heat treat-
ment. Xi et al. [24] prepared near-fully dense 2%TiB,/
Al-12Si composites by SLM. The results showed that
improved microhardness (142+6.0 HV, ;) and yield
strength (247 £4.0 MPa) compared to the correspond-
ing HP one. The TiB,/316L nanocomposites were much
studied by Almangour et al. [25, 26]. The influence of
nanoscale reinforcement on densification, microstruc-
ture and strengthening mechanisms were systemati-
cally presented, where TiB, was added at 5% or above.
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Due to the good weldability and well corrosion resist-
ance of AlSil0Mg, it has been widely used in additive
manufacturing. However, limited work has been con-
centrated on TiB, reinforcing AlSilOMg samples by
SLM. Li et al. [27] produced fully dense and crack-free
samples using SLM with an in-situ nano-TiB, decorated
AlSi10Mg composite (NTD-Al) powder, where the
amount of TiB, was as high as 11.6%. Wu et al. [28] ana-
lysed the effect of integrated TiB, nanoparticles on the
anisotropy of the AlSil0Mg component. It is notewor-
thy that the addition amount of the ceramic reinforcing
phase is usually large, and nanoscale ceramic particles
have been widely used in previous studies. However,
nanoscale reinforcement tends to agglomerate due to
the large van der Waals attractive force, therefore high
capital investment and time are extremely required.
To further expand the knowledge of ceramic rein-
forced aluminum matrix composites prepared by SLM,
the influence of the introduction of a trace amount of
ceramics on the aluminum alloy properties needs to
be explored. To the best of the authors’ knowledge,
the effect and mechanism of trace addition of micron
ceramic particles reinforced aluminum alloy using SLM
have not been clearly studied.

In this study, we turned attention to the selective laser
melted 1%micro-TiB,/AlSi10Mg composite. The influ-
ence of processing parameters on densification behavior,
surface morphology and interlayer combination is eluci-
dated. Based on the optimal processing parameters, we
analyzed the morphology, distribution state and inter-
facial behavior of TiB, particles in the composites using
X-ray diffractometer (XRD) and scanning electron micro-
scope (SEM). Simultaneously, their connection with the
mechanical properties was established. Several strength-
ening mechanisms were proposed. These findings would
be meritorious references for fabricating TiB,/AlSi10Mg
parts with excellent properties.

2 Materials and Methods

2.1 Powder Preparation

Spherical gas-atomized AlSil0Mg powder (99.8% purity)
ranging from 20 pm to 63 pm and TiB, powder (99.9%
purity) with a size of 3-5 pm (Figure 1a) were served as
raw materials. The composite powder components con-
sisting of 1.0 wt.% TiB,, which were prepared by high
energy ball milling in a Pulverisette 6 planetary mono-
mill (Fritsch GmbH, Germany) at a rotation speed of
200 r/min for 4 h. After ball milling, TiB, particles were
homogenously dispersed around the surfaces of the
AlSil0Mg particles, as shown in Figure 1b. At the same
time, it can be seen that the ceramic particles have been
fragmented to a certain extent.
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Figure 1 Morphologies of the powder materials: a Initial powder of the TiB, material; b the mixed 1 wt% micro-TiB, reinforced AlSi10Mg alloy
powder after ball milling

2.2 SLM Process

The as-used device in this study is SLM-150 developed
by Nanjing University of Aeronautics and Astronautics
(NUAA). The SLM system consists of an IPG Photon-
ics Yitterbium YLR-500-WC fiber laser with a maximal
laser power of 500 W and a laser spot diameter of 70 pm,
an inert Ar gas protection system, an automatic powder
layering system and a computer control system. Initially,
an aluminum substrate was set on the building platform
and leveled. The building chamber was sealed and Ar
gas was pumped into it. Then, the TiB,/AlSil0Mg com-
posite powders were uniformly spread on the substrate
using the automatic powder spreading system until a
layer thickness of 50 um was obtained. The process was
repeated until the cubic samples were constructed with
a dimension of 10 mm x 10 mm x 8 mm (Figure 2a). An
“island scanning strategy” was applied to fabricate speci-
mens, and the orientation of the laser was changed by 37°
between successive layers (Figure 2b). The adoption of
the island deposition strategy aims to balance the resid-
ual stresses in the build [29]. Based on previous experi-
ments, a series of SLM experiments using a wide range
of processing parameters, i.e., laser powers of 300-400 W
and scan speeds of 2000-3200 mm/s, were performed to
testify for the SLM process ability.

2.3 Characterization of Microstructures and Chemical
Compositions

The densities of the SLM-processed specimens were
measured using the Archimedes principle. Metallo-
graphic samples were prepared as per the standard pro-
cedures and then etched with Keller’s reagent (HF (1.0
mL), HCI (1.5 mL), HNO; (2.5 mL), and distilled water
(95 mL)) for 30 s. The surface morphology and micro-
structure were characterized using an optical microscope
(OM) and an S-4800 field emission scanning electron

n+1 layer

Figure 2 a Laser manufacturing process; b schematic presentation
of laser scanning strategy (checker board with a rotation angle of 37°
in successive layers)

microscope (FE-SEM, Hitachi, Tokyo, Japan) at a volt-
age of 5.0 kV. The chemical compositions were deter-
mined by an EDAX energy dispersive X-ray spectroscope
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(EDX) (EDAX, Inc., Mahwah, NJ), using a super-ultrathin
window sapphire detector. The phases of the specimens
were identified through a Bruker D8 Advance X-ray dif-
fractometer (XRD) (Bruker AXS GmbH, Karlsruhe, Ger-
many) with Cu Ka radiation at 40 kV and 40 mA, and the
continuous scan mode was used with a scan rate of 4°/
min.

2.4 Mechanical Properties

The Vickers hardness was measured using an HXS-
1000AY microhardness tester (AMETEK, Shanghai,
China) at a load of 0.2 kg and a dwell time of 15 s. Tensile
tests using the machine (MTS E45.105) with 0.2 mm/s
test speed were performed in accordance with GB/T
228.1-2010 standard at room temperature. Ultimate
tensile strength, yield strength and elongation of TiB,/
AlSil0Mg composite and AlSil0Mg alloy samples were
achieved. Fractographs of specimens were analyzed by
SEM.

3 Results and Discussion
3.1 Densification Behavior and Metallurgical Defect
Analysis

Figure 3 shows the variation in the densification behavior
of the SLM produced TiB,/AlSi10Mg composites accord-
ing to different processing parameters. It is obvious that
higher relative densities were obtained under laser power
(P) of 400 W. With different laser scan speeds (v), the
relative densities also exhibited distinct variations. At a
high v of 3200 mm/s, a sample with a relative density of
95.9% was obtained. As the v decreased to 2800 mm/s
and 2400 mm/s, relative densities were 97.4% and 98.6%,
respectively. Near fully dense part with a relative density
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Figure 3 Relative densities of SLM-processed TiB,/AlSi10Mg
composite parts with different process parameters
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of 99.4% was obtained at the lowest v of 2000 mm/s. Thus
the relative densities were increased as the v decreased
under the same P. As the P decreased, the relative den-
sities of the samples decreased accordingly. When the
P decreased to 300 W, the relative densities decreased
sharply as the v increased, implying a high sensitivity to
scan speed.

The typical surface morphologies of the SLM-processed
TiB,/AlSi10Mg parts using various laser scan speeds at
a laser power of 400 W are displayed in Figure 4. At a
relatively high v of 3200 mm/s, an obvious uneven sur-
face containing a large number of irregular-shaped balls
and pores was generated. As the v decreased, the balling
effect was still present but the pores were reduced clearly,
leading to the surface quality improved. When the v
reached the minimum value of 2000 mm/s, a relatively
smooth surface was obtained with the highest relative
density.

The densification behavior is intrinsically associated
with the viscosity of high temperature metal melt, wet-
tability and liquid-solid fluid characteristics [30]. In the
SLM molten pools, the relationship between dynamic
viscosity ¢ and temperature T can be expressed as:

16 /m
m=1s kBV’ (1)
where m is the atomic mass, k is the Boltzmann con-
stant, and y is the surface tension of the melt. A low scan
speed means a long dwelling time of laser beam and
high energy input, and the resultant high T results in a
decrease of y. The low viscosity of the liquid phase can
improve the liquidity of the metal melt, which also con-
tributes to the wettability between TiB, reinforcements
and the Al matrix.

Generally, the balling effect is a typical metallurgi-
cal defect in the SLM process, which closely related to
the temperature of the liquid phase, wetting ability and
Marangoni convection [31, 32]. At a high scan speed,
the laser tracks easily show a shrinking trend for reduc-
ing the surface tension due to the poor wetting charac-
teristic. Through Arafune and Hirata’s results [33], the
intensity of Marangoni convection can be estimated by
dimensionless Marangoni number (Ma) as follows:

_ AcL
vk’

(2)

where Ao is the surface tension difference of Marangoni
flow, L is the length of the free surface, y is the dynamic
viscosity, and v, is the kinematic viscosity. It can be con-
cluded that the convection can be reinforced by the
decrease of y within the pools. With the decrease of
scan speed, Marangoni convection is intensified as the
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Figure 4 The typical FE-SEM images showing the surface morphologies of SLM-processed TiB,/AISi10Mg composite parts fabricated by various
scan speeds (P=400W): a v=2000 mm/s; b v= 2400 mm/s; c v=2800 mm/s; d v=3200 mm/s

viscosity decreases according to Eq. (2), which improves
the spreading ability of the molten pool. Therefore
molten tracks present a better continuity without balling
phenomenon, owing to the well-wetting characteristic
[34].

The different interlayer microstructures with different
scan speeds are visible upon etching on cross-sections
of SLM-processed TiB,/AlSilOMg parts (Figure 5). At a
high scan speed of 3200 mm/s (Figure 5d), a significant
poor interlayer bonding can be observed including sev-
eral considerable inter-layer pores, which was in line
with the density results. As the scan speed decreased to
2800 mm/s (Figure 5c¢), some small pores still existed, and
cracks can be identified in the molten pool. As the scan
speed further decreased to 2400 mm/s (Figure 5b), there
were no obvious pores and the cross-section showed a
relatively heterogeneous layerwise microstructure, indi-
cating the continuity of scanning trace was poor. When
the lowest scan speed of 2000 mm/s was used, the molten
pool showed a more coherent inter-layer bonding free of
residual pores (Figure 5a). The molten pools had a clear

configuration, showing a stable solidification process
during SLM. The different solidification behaviors are
believed to be controlled by the laser energy input and
fluid flow conditions. Higher viscosity and surface ten-
sion could block the flowability of the melt and reduce
the overall rheological performance of the composite
melt, thus make it difficult for the liquid phase to expand
sufficiently. Simultaneously, balling hinders the spread of
the new layer powder on the previous layer, resulting in
the formation of inter-layer pores.

3.2 XRD Analysis

Typical XRD characterization corresponding to the a-Al
phase of SLM-processed TiB,/AlSil10Mg parts at differ-
ent processing parameters is depicted in Figure 6. It is
obviously that the 26 locations of the diffraction peaks
for a-Al significantly changed as the variation of applied
SLM parameters. Generally, the standard diffraction
peaks for the a-Al phase are located at 26=38.4° and
20=44.7° (JCPDS Card No. 04-0787). The corresponding
quantitative parameters for composites obtained from
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Figure 5 Morphologies of the molten pool on cross sections of SLM-processed TiB,/AlSi10Mg composite samples at different parameters (P = 400
W):a v = 2000 mm/s; b v= 2400 mm/s; c v = 2800 mm/s; d v = 3200 mm/s
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Figure 6 XRD spectra in the vicinity of the strongest diffraction peak
at different scan speeds, showing the changes of the a-Al diffraction
peak

XRD analysis are listed in Table 1. The specific 26 loca-
tions, intensities and FWHM (Full Width at Half Maxi-
mum) of a-Al peaks show obvious changes on account of
the addition of TiB, and the variation of SLM processing

parameters. With the decrease of scan speed, the loca-
tion of a-Al diffraction peaks shifted to higher 26 angles.
Based on Bragg’s law for XRD analysis [35]:

2dsind = nd (n = 1, 2, 3..)), (3)

the observed increase of 20 revealed that a decrease in
lattice plane distance, implying the crystal lattices were
distorted, which was responsible for a small amount of
Si and partial micro-TiB, particles were dissolved and
supersaturated in the Al matrix. The atomic radius of
Al, Si, Ti and B are 0.1431 nm, 0.1172 nm, 0.1453 nm
and 0.0950 nm, respectively. The replacement solid solu-
tion usually generates in a-Al matrix [36], resulting in
lattice distortion. With the scan speed decreases, the
laser-induced non-equilibrium metallurgical process is
reinforced which could dissolve more Si atoms [37]. It
is clearly that the atomic radius of Si is smaller than Al
causing the decrease of the lattice plane distance. Table 1
showed the value of FWHM decreased as the v increased.
According to Scherrer’s formula [38], the increase of
FWHM reveals the crystalline size reduction of the com-
posite. The high scan speed leads to the rapid cooling
rate, thus the grain growth is prevented, which is sensi-
tive to the SLM processing parameters.
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Table 1 Variation of 20 locations and intensities of the a-Al diffraction peaks in SLM-processed composites with different

scan speeds

Sample 260 (°) Intensity (cps) FWHM (rad) 20(°) Intensity (cps) FWHM (rad)
Standard 38472 - - 44738 - -

v=2000 mm/s 38.720 6329.17 0.268 44981 310417 0.294
v=2400 mm/s 38.679 151292 0.293 44920 6879.17 0.309
v=2800 mm/s 38.620 22679.2 0.286 44880 11079.2 0329
v=3200 mm/s 38619 24795.8 0.301 44.880 115333 0.328

3.3 Distribution State of the Micro-TiB, Reinforcing
Particles

The SEM image and corresponding EDX mapping anal-
ysis reveal the distribution state of the TiB, reinforc-
ing particles at ¥Y=2000 mm/s that obtained the highest
relative density (Figure 7). Figure 7a shows the homoge-
neous distribution state of TiB, particles. To further elu-
cidate the particles were TiB,, the corresponding element
EDX mappings of the Al, Si, Mg, Ti and B are given in
Figure 7b—f, respectively. Obviously, these particles were
TiB, phase as represented by the concentration of Ti.

In the solidification microstructures generated by tra-
ditional casting [39], the majority of TiB, particles aggre-
gate easily. However, in this study, the clustered particles
were dispersed effectively, which could be contributed
to the ball milling procedure and SLM process. For the

low scan speed, the enhanced Marangoni convection and
flowability of the melt promote the movement of TiB,
particles, improving their uniform distribution and the
wettability between reinforced particles and the matrix.
Furthermore, particle pushing and engulfment can not be
ignored in particulate-reinforced metal matrix composite
systems, which contributes to a relatively uniform distri-
bution of particles [39].

3.4 Morphology Variation and Interfacial Behavior

of Micro-TiB, Particles
The morphology of TiB, particles in SLM-processed
composite is illustrated in Figure 8a. Compared to the
initial powder (Figure 1a), it could be observed that the
TiB, particles became more round and smooth after the

Figure 7 a FE-SEM image showing the dispersion morphologies of micro-TiB, particles in the matrix at optimized laser processing parameter (P =
400 W and v = 2000 mm/s); b—f EDX element mappings of (a) showing the distribution of Al, Si, Mg, Ti, B, respectively
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.

between TiB, particle and matrix, taking from the rectangle in a

Figure 8 a FE-SEM images showing the morphology of the TiB, particle after SLM process; b high-magnification image showing the interface

SLM process, indicating that they are partially melted.
No obvious reaction products were observed, implying
the melted TiB, dissolved into the matrix. This is consist-
ent with the XRD results. Generally, the laser absorption
efficiency of ceramics is better than that of metals [18].
Sufficient laser energy input makes the heat concentrate
on the TiB, easily, causing the melt of TiB, particles
although they have a high melting point (3225 °C [40]).
The sharp edges of the particles tend to concentrate
energy, where melt preferentially and generate smooth
edges.

It has been reported that TiB, particles and a-Al grains
tend to form a high-coherency orientation relationship
between the two atomic structures to reduce the solid-
particle interfacial energy [39]. The smooth TiB, particles
in uniform dispersion and attendant enhanced wettability
between reinforcement and aluminum matrix contribute
to the formation of coherent interfaces. There were no
palpable voids or reaction products can be seen near the
interface, indicating that the interface between the TiB,
particles and the matrix was well integrated. Further, a
small amount of spherical particles could be seen pre-
cipitating at the interface (see the rectangle in Figure 8a).
Figure 8b shows a high-magnification SEM image from
the local region of Figure 8a, where coarse particles at
the interface are shown more clearly. For the micro-scale
TiB,, there has not been evidentially reported reacting
with the aluminum matrix. However, eutectic Si tends to
form a rod- or needle-like coarse microstructure (usu-
ally tens to hundreds of microns in size) in conventional
casting Al alloy [41]. It is well known that the rapid cool-
ing process can lead to significant extended (non-equi-
librium) solid solubility in alloys [42, 43]. Thus the SLM
process can dissolve more Si phase compared with the
traditional casting technology due to its extremely high
cooling rate. With the low scan speed of 2000 mm/s,

the cooling rate decreased and the eutectic Si phase has
ample time to precipitate from the Al matrix. The TiB,
particles affect the distribution of Si particles in the
matrix. On the one hand, it has been reported that boride
particles with spherical morphology would increase the
chance of exposing crystallographic plane suitable for
precipitation [44]. On the other hand, the presence of
TiB, particles could cause chemical inhomogeneity, and
these particles can act as good heterogeneous nucleation
sites for the formation of Si particles. Therefore, it can be
concluded that these nano-particles precipitated at the
interface are probably Si particles.

3.5 Mechanical Properties

Figure 9 illustrates the microhardness and its dis-
tribution measured along the building direction of
SLM-processed AlSil0OMg alloy and TiB,/AlSil0Mg
composite parts. Compared with the microhardness
of AlSi10Mg alloy, the average microhardness of the
composite (120.0 HV) was slightly higher than that of
the alloy (117.5 HV). Certainly, compared with cast
AlSi10Mg (95~ 105 HV) [45], the microhardness have
been both greatly improved. This is attributed to the
large distribution of the Si phase in the Al matrix due
to the rapid solidification and cooling rate of SLM.
Furthermore, the microhardness of the AlSil0Mg part
showed a relatively large fluctuation varied from 110.2
HV to 124.4 HV. The values also increased as it was
closer to the bottom of the sample. The closer it is to
the bottom of the sample, the greater the cooling rate
and temperature gradient of the melt will be, causing
the larger residual stress, which increases the micro-
hardness. The heat accumulation near the top surface
could result in stress release, leading to the reduction
of microhardness [45]. The composite part showed
a reduced fluctuation of the microhardness values.
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Figure 10 The tensile properties of the unreinforced SLM-processed
AlSi10Mg alloy and TiB,/AlISi10Mg samples including ultimate tensile
strength, yield strength and elongation

This can be attributed that the uniformly dispersed
TiB, particles relieve the stress release and effectively
restrain the deformation of the matrix during inden-
tation, hence stabilize and elevate the microhardness
value.

The mechanical properties of the TiB,/AlSil0Mg
composite and AlSi10Mg alloy fabricated by SLM were
investigated by room temperature tensile tests and the
results are provided in Figure 10. The ultimate tensile
strength (UTS), yield strength (YS) and elongation of
the composite were 380.0 & 10 MPa, 250.4 + 6 MPa and
3.43 +0.2%, respectively, increased by 9.73%, 64.4% and
4.57% compared to the SLM-processed AlSi10Mg alloy
(346.3 + 8 MPa, 152.3 +4 MPa and 3.28 0.15%) under
the same processing parameters. It can be seen that
both strength and toughness were improved. Figure 11
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illustrates the morphologies of the fracture surfaces for
the AlSil0Mg part and the TiB,/AlSil0Mg compos-
ite part. Some spherical pores on the fracture surface
of the AlSiOMg could be observed clearly (Figure 11a),
these porosities maybe the origin of crack initiation
and lead to the poor mechanical properties [46]. The
fracture surface of the composite shows a flat fracture
surface free of macro-pores (Figure 11c). Moreover,
the fracture surfaces at high-magnification were both
apparently covered with dimples, indicating their plas-
tic fracture characteristics (Figure 11b and d). Obvi-
ously, the dimples of TiB,/AlSilOMg composite were
finer and more uniform than AlSi10Mg alloy, revealing
its enhanced plasticity and excellent ability to absorb
the energy of the fracture.

It is known that the distribution of the reinforc-
ing particles in the matrix and the degree of bonding
between the matrix and reinforcement are the key fac-
tors for composites’ mechanical properties [41]. It has
been proved that TiB, particles dispersed uniformly
and a strong interfacial bonding was generated (Sec-
tions 3.3 and 3.4), which is beneficial for the coordinate
deformation between the strengthening particles and
the matrix. The smooth edge without a sharp angle of
TiB, could release the stress concentration and restrain
the cracks under external loads. Based on our analy-
sis above, the increment in tensile properties of SLM
processed TiB,/AlSi10Mg composite is attributed
to these three reasons: (I) The dissolved Si and TiB,
phases result in lattice distortion of Al, forming local
stress fields which could interact with dislocations and
restrain their motion. Hence, the tensile strength is
improved. (II) The uniformly dispersed micro-TiB, par-
ticles effectively inhibit the slipping of dislocation dur-
ing deformation via the Orowan mechanism. (III) The
strong interfacial bonding between the micro-particles
and the matrix facilitates the transfer of the load from
the aluminum matrix to TiB, particles [41, 45, 47-49].
The strengthening effect caused by load transfer on
yield strength can be specifically expressed by the shear
lag model modified by Nardone and Prewo [50]:

R [VP(SH) 4+ Vm} @
where o, and o, are the yield strengths of composite and
the alloy (~152.3 MPa), respectively. V, and V,, are the
volume fraction of the reinforcing phase and matrix (~1
vol% and ~99 vol%), s is the aspect ratio of TiB, (~2.5). As
such, the calculate ¢, is 153.3 MPa. It contributes more to
the improvement of yield strength. Orowan strengthen-
ing via dispersed TiB, particles in the matrix is expressed
by the equation [50, 51]:
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Flat fracture surface

Figure 11 Typical FE-SEM fracture morphologies taken from the tensile fracture surface of samples at room temperature tensile test: low
magnification a AlSi10Mg and ¢ TiB, /AISi10Mg; high magnification b AlSi10Mg and d TiB, /AISi10Mg

/

Ao,y = 2Gb/J, (5)

9\ 1/2
/.= 0.6d, (%) , ©)
P

where G is the shear modulus of the matrix (2.59 x 10*
MPa), b is the Burger’s vector (0.286 nm), d,, denotes the
average particle diameter (4 pm). The estimated strength
from the Orowan strengthening is just 0.246 MPa. It is
worth noting that this contribution is negligible com-
pared with load transfer strengthening. Solid solution
strengthening has been proved to exist in both alloy
and composites [27, 45]. In this study, the solid solution
strengthening is weakened due to the precipitation of the
Si phase, and it is inappreciable compared with alloy for
composite. Therefore, load-bearing is the major strength-
ening mechanism for micro-TiB,/AlSil0Mg composite.

4 Case Study

Aluminum alloy has become a widely used metal mate-
rial in aerospace parts. Figure 12 shows the tubing parts
for aero engines using TiB,/AlSi10Mg powder by SLM.
The optimal processing parameter (P=400 W, v=2000
mm/s) was adopted. Figure 12a shows the 3D model in
Materialise Magics software. The top view of the model

is shown in Figure 12b. The full picture and details of the
tubing are fully displayed. For details, the inner diameter
of the tubing cylinder is 35 mm. The high quality parts
were successfully fabricated by SLM (Figure 12d). Obvi-
ously, network support structure was used in the fabri-
cation process. These supports ensure the successful
manufacture of complex parts, especially those with over-
hanging structures, and provide a way to dissipate heat
during solidification and reduce thermal deformation.
The study shows that SLM technology has a broad appli-
cation prospect in processing aluminum matrix compos-
ites with tailored microstructures and performances.

5 Conclusions

In this study, SLM was utilized to process TiB,/AlSi10Mg
composite parts with different parameters. The effects of
TiB, micro-addition on the microstructure and mechani-
cal properties of SLM-produced AlSilOMg composite
parts have been investigated in detail. The main conclu-
sions of the study are the following:

(1) The densification behavior was controlled by the
scan speed and laser power. A combination of high
laser power (P=400 W) and low scan speed (v=2000
mm/s) resulted in a high relative density which could
be up to 99.37%. Relatively smooth surface morphology
was generated accordingly owing to sufficient energy
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Figure 12 aThe model in Materialise Magics; b top view of the model; ¢ the photo of SLM processing; d complex shaped Al-based components
fabricated by SLM

input. With the decrease of scan speed, the balling
effect was inhibited and the molten pool became coher-
ent free of residual pores.

(2) The XRD results revealed the lattice plane dis-
tance decreased with scan speed decreased, implying
the lattice distortion was generated after the SLM pro-
cess. The SEM results showed that a uniform disper-
sion of TiB, particles with smooth and round edges was
obtained in the composite part. There was a coherence
and strong interface bonding between the TiB, particle
and aluminum matrix, where some small Si particles
distributed at the interface.

(3) Compared to AlSi10Mg alloy, the trace addition
of TiB, stabilized the microhardness distribution along
the building direction and increased the average value
slightly. Simultaneously, the tensile properties were
remarkably enhanced. Higher ultimate tensile strength,
yield strength and elongation (380.0 MPa, 250.4 MPa
and 3.42%) were obtained for composite. The strength-
ening mechanisms can be summarized in three aspects:
solid solution strengthening, load-bearing strengthen-
ing and dispersion strengthening. Load-bearing is the
major strengthening mechanism for the composite.

(4) Based on the optimal processing parameters, the
high-quality Al-based complex aircraft parts were suc-
cessfully fabricated by SLM (Additional file 1).
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