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Abstract: One of the main limitations for widespread additive manufacturing is availability and
processability of the precursor materials feedstock. For the first time, this study reports the
development of a “pomegranate-like” structured TiB,-Si ceramic-metalloid powder feedstock suitable
for selective laser melting (SLM) of ceramic-based composite. The powder was produced via
self-propagating high temperature synthesis (SHS) at a moderate combustion temperature of 1530 °C.
The effective activation energy in the Ti-B-Si system for the slow step of the combustion process was
estimated as 184 kJ. Conditions of SHS process demonstrated a strong influence on the properties of
produced powders and, therefore, on SLM parameters and properties of the printed materials. The
powders have demonstrated a high performance for manufacturing bulks of 56 wt%TiB,—44 wt%Si
ceramic-based composite.

Keywords: titanium diboride; ceramic composite; selective laser melting; self-propagating
high-temperature synthesis

1. Introduction

Recent progress in materials science and technology has established a new paradigm in producing
visual models of 3D architectures by additive manufacturing (AM) or 3D printing. AM represents
a continuously growing multi-billion-dollar industry and has a profound impact on society and
culture [1-3] as this technology allows for the fabrication of precisely dimensioned high-value products
with specified internal features without extensive tooling.

The growing interest in the manufacturing of high-performance components for applications
in biomedical, aerospace, and automotive industries exemplifies the need for development of
high-temperature (HT) ceramic materials with the help of AM [4]. While still at its infancy, direct AM
processing of ceramics or ceramic-based composites requires the development of specific precursor
materials and procedures to sinter them.

Thorough selection of feedstock powders, which highly affect structures, properties, and
performance of final product, is urgently needed for the fabrication of defect-free, structurally
sound, and reliable AM parts. An ability to add functionality requires not only the precise control
over the process, but also the efficiency of powders used. Production of AM parts with consistent,
repeatable, and predictable characteristics depends on input materials. Although a wide variety of
available methods offer powerful features and impressive capabilities, one of the key hurdles impeding
wider application of AM is the current severe limitation of materials feedstock suitable for direct or
indirect AM processing [4,5]. The main advantage of the direct AM route is a simultaneous combination
of forming and densification steps, which allows generation of the final component without any
post-treatment. The direct selective laser melting (SLM) is one of the most convenient and reliable
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methods for producing polymer- and/or metal-matrix composites [3,4]. A relatively wide range of
metallic powders has been developed for AM; however, there is a lack of ceramic or ceramic-based
powders available for AM through SLM. The process of building defect-free dense ceramic parts by
SLM remains challenging due to the extremely high melting point, poor thermal shock resistance, and
low or no plasticity of ceramics [5,6]. Commonly, the components fabricated by the direct SLM exhibit
a high level of porosity and poor mechanical properties. One of the approaches is combining ceramic
particles with a metal/metalloid binder, which ideally represents core-shell structures with a ceramic
core responsible for mechanical properties and a metallic shell needed for laser absorptivity and
material ductility. Production of custom-made items of a high performance and economic efficiency
necessitates the utilization of powdered feedstock, which meets the requirements posed by the AM
process conditions [7]. Therefore, the development of powder materials with tailorable physical and
chemical properties has attracted a great deal of attention in the research community and industry.

The quality of the feedstock powders largely depends on manufacturing process. The alloy
powders are mainly prepared with the help of either the gas atomization process, rotary atomization
process, or plasma rotating electrode process (PREP) [8]. The importance of a cost-effective production
of powders with controlled particle size distribution and purity is a driving force for the development
of several innovative concepts.

We report on the exploitation of the energy-efficient and time-saving method of self-propagating
high-temperature synthesis (SHS) or combustion synthesis (CS) [9,10] to design and produce the
ceramic-metal powders for AM process [11,12]. We demonstrate the “pomegranate-like” TiB,-Si
powder particulates to be suitable for SLM of the ceramic-based composite of high ceramic fraction.

The main characteristics of the feedstock materials, which govern the powders flowability during
the layer building, include shape, size distribution, surface morphology, and composition [8]. Fine
particles may undergo a significant aggregation, while large particles reduce the maximum layer packing
density. Optimization and precise control of combustion synthesis (e.g., combustion temperature,
velocity, cooling rate, etc.) ensure production of the feedstock exhibiting the pre-requisite characteristics.

An increasing demand for properly designed engineering ceramics needed for armor, hypersonic
aerospace vehicles, and electronically conductive ceramics has resumed an interest in titanium
diboride-based materials due to their high melting point and high temperature stability, remarkable
hardness and stiffness combined with a good fracture toughness, and their electrical- and
thermal-conductivity [13]. The main limiting factor for wide application of these materials is their
poor sinterability related to the exaggerated grain growth and spontaneous mechanical degradation by
an internal stress-induced cracking during cooling from a high sintering temperature [13,14]. Another
disadvantage is reasoned by the economic factors, particularly the high cost of the consolidation
ongoing at temperatures in the range of 1800-2300 °C. One of the approaches to fabricate the materials
of high density is a liquid phase sintering with metallic additives, which promotes a fast particle
re-arrangement and further densification [15]. The liquid phase sintering, however, also fosters rapid
mass transport through the melt and considerably accelerates grain growth. Therefore, to prevent the
grain growth, the use of a minimum volume of liquid phase or the implementation of grain growth
retarding additives is needed.

The drawbacks in producing and shaping products are the main concerns, which can be solved
by a powder-based AM technique such as SLM enabling layer-by-layer fabrication of complex 3D
structures. In [16], the fabrication of TiB, reinforced Al-matrix composites by the combustion synthesis
was reported; however, the printed parts of uncontrolled porosity were obtained. TiB, decorated
AlSi10Mg composite (NTD-Al) powder was prepared in [17] using a gas-atomization procedure. Ti-TiB
(monoboride) cermets were in situ produced from Ti-(5-15 wt%TiB;) mixtures using SLM, and they
demonstrated promising results for future developments [18-20]; however, titanium diboride based
ceramics have not yet been produced with the help of AM.

The present work reports a strategy for the preparation of TiB,-Si powders for AM by the
self-propagating high temperature synthesis (SHS). TiB,-5i bulks were fabricated out of the combustion
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synthesized “pomegranate-like” TiB,-Si precursor powders, which, to the best of our knowledge, are
unique and have not been yet documented elsewhere.

Laser melting of a single-component powder (either Si or TiB,) is a rather complicated process
due to a very narrow processing window, especially for ceramics of a high melting point. A tendency
of melt surface to shrink and minimize the surface energy results in the formation of re-solidified
droplets. Therefore, the high-melting point powders (such as TiB,) are usually mixed with the relatively
low-melting point binding powders (here Si). The addition of silicon to TiB, yields to increase fluidity,
which reduces cracking during solidification and minimizes shrinkage porosity. The presence of
silicon significantly decreases the surface tension and viscosity of the pool. The optical properties of
silicon, studied in a broad range of laser wavelength (500-1500 nm) under the atmospheric pressure,
demonstrated that an average absorption of a silicon slab (20-260 pm) makes 61%, 41%, and 0.5% at
500 nm, 1000 nm, and 1500 nm of laser wavelength, respectively [21]. Generally, powdered materials
exhibit a significantly higher absorptance than their dense form; thus, silicon absorption at 1.07 pm
wavelength of Yb-fiber laser is >41%. On the other hand, borides have been shown to be good absorbers
in the range of 500-900 nm with the reflectance of about 50%. Based on the estimation of borides
absorption given in [22], the absorptance of TiBy-Si powder mixture can be roughly assessed to be
~45% for materials comprising of 60 vol%Si. Therefore, the composition of 56 wt%TiB,—44 wt%S5i has
been chosen for consideration.

2. Materials and Methods

2.1. Self-Propagating High Temperature Synthesis of TiB,-S5i Composite Powder

The commercially pure materials listed in Table 1 were used for the combustion synthesis of
the precursor powder. The density of the synthesized powder in its reference state is 1.2 g mL~!. A
green mixture of reactants was homogenized in a ceramic mortar for 15 min to prepare the cylindrical
samples of 2.1-2.3 g-cm~3 density, 30-35 mm height, and 20 mm diameter with the help of uniaxial
pressing of 5 kN. Two C-type tungsten-rhenium thermocouples (wire diameter 0.1 mm) covered with a
thin layer of boron nitride were positioned in the holes (diameter 1 mm, depth 10 mm) drilled in each
sample to record the temperature-time profiles of the combustion process.

Table 1. Precursor powders.

No Precursor Particle Size, um Producer Purity, %
1 Ti 20 Alfa Aesar >99
2 B <1 amorphous powder (Sigma-Aldrich) >95
3 Si 20 Sigma-Aldrich >98

The samples were placed into a reaction chamber CPR-3.5], which was sealed, evacuated, purged,
and filled with argon of 99.999% purity to the pressure of 0.5-2 MPa. To initiate the combustion
reaction, a short-term annealing of a tungsten coil (12 V, 1-2 s) positioned on the upper surface of a
sample was employed. Maximum combustion temperature (T;) for each sample was calculated as an
average of the maximum for two temperature profiles. The average value of combustion velocity was
calculated as U, = L-t~1, where L is a distance between the thermocouples, and ¢ is a time between the
signals of the thermocouples. The standard error of measurement for T, and U, was +20 °C and 5%,
respectively. After the combustion process, TiBp-Si samples were ground into powder in a laboratory
porcelain mortar by pestle and sieved to the fraction of 2045 pum.

2.2. Selective Laser Melting of TiB,-Si

The SHS-ed TiB,-5i powders were printed as solid cylinders (10 x 5 mm) with the help of
SLM apparatus (ReaLizer 50 GmbH, Germany) at the conditions listed in Table 2. The SLM machine
employs a high powered continuous-wave laser, which is modulated to function like a pulsed laser
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system. The Yb:YAG fiber laser with a maximum power of 120 W and wavelength of 1.07 um was
used to solidify the structures under consideration. The process of SLM was performed in the argon
atmosphere of high purity (99.999 vol.%) using 1400-2200 mA, at a scanning speed of 80 mm-s~!. Point
distance and exposure time were chosen as 10 um and 125 ps, respectively. As median diameter (D50)
of the synthesized TiB,-5i particles was measured to be 21 um, the single layer thickness of 25 pm was
chosen accordingly. A “zig-zag” scan strategy, in which the laser pattern rotates by 60° after each layer,
was used to fabricate the samples.

Table 2. Laser current and volumetric energy density applied to produce TiB,-5i solid parts.

No. Laser Volumetric Energy Density
Current(mA) (J-mm~3)
Cylinder 1 1400 280
Cylinder 2 1800 360
Cylinder 3 2200 440

2.3. Characterization of Powders and Printed Parts

Standard feedstock characterization techniques for industry are defined in ASTM F3049
(Standard Guide for Characterizing Properties of Metal Powders), which is specified for the powder
metallurgy. Nevertheless, these techniques may be used to estimate powders flowability for AM
processing. In this work, the flowability was evaluated using the Hall Flowmeter test as a time of 50 g
of powder flowing through the 2.5 mm hole in a funnel according to the EVS-EN ISO 4490:2018
standard. At least five measurements were carried out and values were averaged. The particle size
distribution was assessed with the help of laser diffraction using a Malvern Mastersizer 3000.

The bulk density of the prepared composites was measured by Archimedes’ method (Mettler Toledo
ME204, Australia) using distilled water as the immersion medium. The theoretical density was
estimated assuming a rule of mixture and taking the density of TiB, and Si as 449 g cm™ and
2.33 g cm ™3, respectively. Phases analysis of the samples, which were crashed into powders, was
performed by X-ray diffraction (XRD) using a Philips X'Pert PRO diffractometer (40 mA, 40 kV,
CuK« radiation, A = 0.1542 nm, step size of 0.02°, PANalytical, Netherlands) for both powders and
as-printed specimens. The XRD peaks were determined from the HighScore Plus software database
(ICSD-cross referenced). The relative contents of the phases presented in the structures were estimated
by the Rietveld refinement method, which was performed by quantitative analysis of the crystalline
phases detected by corresponding XRD patterns (TiB,-ICDD card No. 04-002-0799 and Si-ICDD card
No. 04-014-8844).

For microstructural analysis, a field-emission scanning electron microscope (FE-SEM, Zeiss Evo
MA15, Germany) equipped with an EDS (energy dispersive spectroscopy) detector was utilized.
Samples were subjected to a hot conductive (resin) mounting, polished with the diamond abrasives
down to 0.5 um finish and coated with a thin layer of Pt for better conductivity.

Micro-hardness measurements were conducted using the Vickers microhardness tester
(Indentec 5030 SKV) at a load of 1 kg for a dwell time of 10 s. The measured hardness value
for each specimen was taken as the average of 10 indents.

The surface roughness analysis was performed by a Keyence VK-X250 profile-analyzing confocal
laser microscope (Keyence Corporation, Osaka, Japan). Maximum height (5z) and arithmetical mean
height (Sa) were averaged for four scanned areas with the dimensions of 500 pm X 700 pm. Sz is a sum
of the maximum peak height and the maximum valley depth in the defined area, and Sa is the average
value of the absolute height at each point.
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3. Results and Discussion

3.1. Combustion Dynthesis in the Ti-B-Si System

The SHS process is a self-sustained combustion where the heat is generated by the direct
synthesis reaction to support combustion wave propagation. The combustion synthesis was performed
based on thermodynamic calculations taking into consideration a temperature of TiB,/Si formation
(~1430 °C) [15]. The combustion limit was achieved for the mixture with n (Si) = 2.75 regardless to the
ambient gas pressure (0.1-2 MPa) and the relative density of the initial specimen (30-60%). Combustion
temperature was 100-500 °C lower than the adiabatic temperature, which is conditioned by large heat
losses through radiation and the geometrical set-up of the apparatus. According to the thermodynamic
model of the Ti-B-5i system, the formation of TiB, is a spontaneous process due to negative Gibbs
free energy (AG't) at the calculated temperature interval (1500-2000 K). At temperatures exceeding
1700 K, the evolution of titanium monoboride (TiB) and titanium silicides (TiSi) may be considered as
the competitive processes to TiB, formation. Therefore, the combustion synthesis was performed in
the Ti-2B-nSi system at a temperature around 1700 K to avoid by-products and to provide formation
of TiB,-5i fine particles. An amount of silicon was varied from 1 up to 3 moles to ensure a sufficient
quantity of liquid silicon fuse to cover titanium diboride particulates.

Parameters of the combustion process in the Ti-B-nSi mixtures are highly affected by the amount of
silicon. At a silicon content of n = 2.75 moles, Si occupies ~63 vol.% of the Ti-B-Si mixture. Considering
the packing geometry of Ti, B, Si particles, a heat transfer at the Ti-B interface mostly occurs through
silicon particles during the combustion reaction.

Low thermal conductivity of boron (0. 26 W-cm~ 1K1 at 300 K) and silicon (1.42 W-cm™ 1K1 at
300 K and 0.287 W-cm~!-K~! at 1400 K) may result in an inhomogeneous heat transfer and consequent
interruption of the CS reaction. Both combustion temperature and velocity decrease with an increase
in Si amount in the initial mixture. As illustrated in Figure 1a, a combustion limit is achieved below
the melting point of silicon. The combustion wave propagation in the Ti-B-Si system is also governed
by the size of the specimen. Pilot batches of 30 x 40 x 120 mm?® provided a complete conversion of
reagents attributed to decreased radial heat losses; therefore, the combustion temperature was equal to
the adiabatic temperature.
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Figure 1. Combustion law for Ti + 2B + nSi system (a), and combustion thermograms of Ti + 2B + 2Si
mixture (b) at P(argon) = 1 MPa.

At a lower than stoichiometric amount of the boron source, the formation of titanium silicides
(TiSi, Ti5Siz) and titanium monoboride (TiB) becomes favorable. In terms of preparation of the TiB,-Si
composite powder, where nano- or ultra-fine scaled TiB, particles are held together by molten silicon,
the stoichiometric amounts of titanium and boron are relevant at the silicon amount of 2 moles at the
combustion temperature over the melting point of silicon. The interaction of the solid Ti particles
with the melt of Si or eutectics in the combustion wave was reported in the temperature interval
1330 °C < T < 1670 °C [23,24] accompanied by the formation of TiSi; and TiSi. In these works, it was
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shown that the interaction between the reagents at a temperature of 1330 °C, which is below all reactant
melting points, occurs through the eutectic reaction, L = TiSi, + Si (L-liquid). At higher temperatures,
the fusion of both silicon and titanium appears to proceed almost simultaneously and results in the
formation of Ti5Sis. In the system under consideration, the formation of only trace amounts of TiSi was
observed in the non-stoichiometric mixtures. At a high temperature, the amount of silicon is deficient
for TiSi, formation, while at a low temperature, the TiSi, formation is unlikely. At a temperature below
the Si melting point (1414 °C), the eutectic reaction (L = Ti + TiSi3) is not detected.

The combustion front progresses from top to bottom of the specimen with an undulating movement
in the presence of silicon. This combustion mode differs from the smooth planar wave observed
in an undiluted Ti-B. As the combustion temperature is decreased by the silicon diluent, the wave
propagation is recorded to be unstable. The undulating movement produces a layered structure in the
product as shown in Figure S1. This type of wave propagation is influenced by a liquid phase in the
front; thus, the Arrhenius plot of the activation energy for the slow step in the combustion reaction
may be determined. The effective activation energy was estimated as 184 kJ assuming no change in the
phase composition, Figure S1.

In [25], the effective activation energy of 539 k] and 318 k] has been reported for the reaction to
form TiB, and 410 kJ for the combustion of Ti + 1.5B with the formation of the TiB, + TiB mixture.
Inferior values of the activation energy suggest a liquid state mechanism rather than the participation
of a solid phase in the combustion reaction in the Ti-B-Si system. During the combustion of the

Ti + 2B + 2Si mixture, a wave is propagated with a velocity of 0.24 cm-s~!

reaching the maximum
combustion temperature of 1530 °C, as in Figure 1b. Figure 2 represents the product after the SHS
process demonstrating a highly porous bulk, which easily can be powdered by milling. Figure 2b
demonstrates the SEM image of the product of Ti + 2B + nSi (n = 1.5-2 moles) mixture after milling,
which represents a collection of particles (<50 pm) and their agglomerates (~0.1 mm). The diameters
of the chosen particulates, labelled as Dal, Da2, Da3 in Figure 2c, were estimated to be 436 nm, 349 nm,

and 267 nm, respectively, asserting particulates sizes in the 200450 nm range.
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Figure 2. Scanning electron microscope (SEM) images of porous bulk TiB,-Si product produced by SHS
(a), the TiB,-Si powder after milling (b,c), and the X-ray diffraction (XRD) pattern of the combustion
product (d).
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Morphology of the starting powders defines the degree of particles packing throughout the
deposited layer. It is well-documented that spherical particles improve the flowability of powders and,
therefore, highly affect the quality of the printed product. The SHS method utilized for the preparation
of the TiB,-Si feedstock allows for the production of irregular-shaped particles with the required size.
The “pomegranate-like” particle represents the collection of nano- and ultra-fine TiB, particulates
“gluing” together by silicon, as in Figure 2c. This kind of structure may positively contribute to
the process of melting/solidification. During laser heating, the ceramic phase TiB,, which is tightly
embedded in Si without formation of the chemical bonds, attains affinity to viscous silicon, thus
promoting the sintering and compaction process. Figure 2d displays the XRD pattern of the powder
revealing the presence of hexagonal titanium diboride (PDF#65-1073) and no spurious phase formation.

The as-synthesized products of Ti+2B+2Si, corresponding to a composition of 56 wt.%TiB,—
44 wt.%5i, were grinded and sieved to the powder fractions of 90 pum, 45 um, and 20 pm particle size.
Particle size distribution (PSD) and shape factor influence flowability; moreover, the quality of the
final product is affected by the thickness and uniformity of each powder layer in the build box [26].
The PSD and flowability of the powders are specified in Table 3. The flowability of the powders with a
particle size less than 20 um was negligible, and no meaningful result was recorded. The powders
with a particle size in the range of 2045 pm demonstrated moderate flowability, which nevertheless
was acceptable for the SLM processing to ensure a homogenous and non-porous microstructure.

Table 3. Particle size distribution (PSD) and Hall flow rate of TiB,-Si powders.

Powder Size, um PSD, um Hall Flow Rate (FRy), s/50 g
n<20 - -

Dv10 -5.48

20 < u< 45 Dv50-21.2 29.75 + 0.31
Dv90-41.4
Dv10-12.3

45 < <90 Dv50 - 57.56 24.68 + 0.34
Dv90 - 85.4

3.2. Selective Laser Melting

The structures designed by CAD were adjusted to optimize the SLM procedure in terms of a laser
current ([, mA).

The X-ray diffraction pattern of the SLM-ed sample reveals no new or spurious phase formation
during the SLM process (Figure 3). The XRD patterns of the SHS powder indicate the presence of
441 %Si, while after the SLM process, the amount of Si is calculated to be 43.5%. The difference might
be attributed to the accuracy of the Rietveld refinement method; moreover, some evaporation of silicon
during the SLM process cannot be avoided at 10-20 mbar pressure. Comparative analysis of the XRD
patterns of the powders and printed parts revealed no changes of peak shapes.

The geometric density of the TiB,-Si compacts printed at the laser current ranging from
1400 to 2200 mA is specified in Table 4. Taking into consideration the theoretical density of the
56 wt.%TiBy— 44 wt.%Si composite (3.19 g-cm~3), the density of the bulks varies from 2.77 to 3.05 g-cm ™3
corresponding to a relative density range from ~87 to ~97%. Therefore, a laser current of a high
intensity (at least I = 2200 mA) is needed for the production of a high-density material. Cylinder 3,
printed at a high energy input, exhibits the highest density due to larger/deeper melt pools, which
provides sufficient stitching, melt track overlapping, and improved interlayer connection, resulting in
the elimination of the defects caused by lack of fusion. Rapid infiltration of liquid Si into the pores
implies readiness of Si to wet TiB,, assuming a low contact angle resulting in the restricted removal
of TiB, solid inclusions from silicon [17]. With an increase in a laser current, the viscosity of liquid
silicon decreases, and the flattened silicon inclusions homogeneously occupy the distance between the
titanium diboride particles being promoted by the “pomegranate-like” morphology of the feedstock.
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Due to the “pomegranate-like” structure of the initial powder particles, during the process of cooling,
ultra-fine grained TiB, particles serve as nucleation centers making the solidification of molten silicon

more homogeneous. This prevents the coarsening of silicon grains and decreases the chance of cracking
during shrinkage.
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Figure 3. XRD pattern of TiB,-Si composite after selective laser melting (SLM) (I = 1400 mA).

Table 4. Density and hardness results of TiB,-5i solid parts.

No Geom. Density Relative Density Vickers Hardness
) (grem™3) (%) (GPa)
Cylinder 1 2.77 87 -
Cylinder 2 2.86 90 44+1
Cylinder 3 3.05 97 761

The microstructures of the composites processed at different laser currents are shown in Figures 4
and 5, which demonstrate some reduction in porosity level with increase in the laser current.

20 ym

! 40 pm > 20 pm

Figure 4. Top surface backscattered electron (BSE) images of TiB,-Si bulks printed by SLM at 1400 mA

(a—¢, Cylinder 1) and 1800 mA laser current (d-f, Cylinder 2). Cracks and pores are pointed out by
yellow and red arrows, respectively.
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Backscattered electron images

100 pm 21 40 pm | S 20 pm

Secondary electron images

100 pm Y 20 pym

Figure 5. Top surface backscattered electron (a—d) and secondary electron (SE) images (e-h) of TiB,-Si
bulks printed by SLM at 2200 mA laser current. Unmelted or partially melted particles are pointed out
by green arrows; pores and surface defects are pointed out by blue and pink arrows, respectively.

Process induced non-spherical (irregular shaped) porosity was substantiated by an insufficient
energy density (or unexpected disturbances during the printing process) that is needed for complete
melting of the feedstock and for promoting consolidation (Figure 4a). If insufficient power is supplied,
a lack of fusion regions is identifiable by un-melted powder particles visible near the pores. During the
powder bed fusion process, the powder layer and some amount of the underlying substrate undergoes
melting; however, an insufficient energy input can result in a decrease in molten pool dimensions and,
therefore, in the deficient melting of powder particles and/or re-melting of previously solidified layers.

With the application of a high-power laser, the powder absorbs higher energy as compared to a
solidified layer; hence, the temperature of the molten pool increases above the boiling point leading
to the vaporization of silicon and possible formation of a plasma state during the SLM process. This
immoderate vaporization of silicon melt causes a different kind of defect in the microstructure of the
as-built part due to the interplay between the thermo-capillary force introduced by the temperature
gradient, drag force induced by the melt flow, and recoil pressure due to material vaporization. The
excessive heat input results in enhanced Marangoni flow and the probability of dragging gaseous
species (formed by the turbulence of the molten pool or transferred from the as-synthesized TiB;-5i)
into the molten mass. The pressure applied by the silicon vapors leads to the development of spherical
pores, which are well-recognized in Figure 4.

At a higher laser current (1800 mA), the specimens with a smoother surface and a higher density
can be produced; however, the surface cracks are found in both samples, as seen in Figure 4d—f. In the
system under discussion, the fusion defects were observed in the samples produced at 1400-1800 mA
laser current, while the spherical pores are identifiable in all bulks caused by the absorbed gas release
or by evaporation of the melt.

Hot-tearing porosity is related to the shrinkage during solidification. Upon cooling through the
mushy zone, there is an insufficient amount of material to fill the voids in the solidifying material
(Figure 4a—d). No clearly recognizable large cracks were observed in the probed region of the sample
produced at 2200 mA laser current. The overall microstructure mostly consists of the columnar
dendritic grains (Figure 5d,h) with an average spacing in the submicron range, which is formed along
the deposited direction due to the high thermal gradients of around 103-10% K-s™! [27].

An influence of the residual porosity onto the hardness is a well-established phenomenon.
Expectedly, the hardness of Cylinder 2 is lower as compared to Cylinder 3. For the sample produced at
the lowest laser current (1400 mA), no reliable hardness values were measured due to a high porosity.

The microstructures of the 56 wt.%TiB,—44 wt.%S5i composites are comprised of relatively large
columnar grains with 2-10 microns length and hundreds of sub-microns of rather equiaxed grains of
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TiB, distributed in the silicon matrix. On the SE images of Cylinder 3, the unmelted or partially melted
particles (marked with green arrows in Figure 5) trapped on the surface of the sample are clearly
recognizable. The relatively large grooves (marked with blue arrows) are generated by material chips
removal from the surface, and a few surface defects (marked with pink arrows) are either scratches
essentially produced during polishing or segregated silicon in a solidified melt pool; however, further
detailed analysis is required to prove or disapprove this statement.

EDS mapping of 3D printed solid parts is shown in Figure 6. Figure 6b—e demonstrates the
prevailing presence of Si and a minor concentration of Ti atoms (possible formation of TiSi or Ti5Sij is
not detectable by XRD) between TiB, grains. The images indicate Ti and B atoms mostly located at the
TiB, sites.

Figure 6. SEM and EDS mapping analysis of selective laser melted TiB,-Si Cylinder 3 (2200 mA laser
current): (a) SEM morphology, and (b—e) is the TiB,-Si-B map (TiB, is marked by orange, Si by blue,
top view).

The evaluation of side surface profiles (500 um x 700 pm) and surface roughness has indicated
that both Sa and Sz values are prone to gradually decrease with an increase in the applied laser power,
as seen in Figure 7. Cylinder 3 prepared at a laser current of 2200 mA demonstrates the lowest Sa
(11.92 pm) and Sz (117.69 um) for the side surface, i.e., the outer boundary is properly sintered and
comprises insignificant surface irregularities.
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Figure 7. Surface profiles of Cylinders 1, 2, and 3 (a—c). Average arithmetical mean height (Sa) (d),
and average maximum height (Sz), (e) for Cylinders 1, 2, and 3.
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4. Conclusions

For the first time, the “pomegranate-like” structured TiB,-Si ceramic-metalloid powder feedstock
suitable for AM process was prepared by combustion synthesis at a moderate combustion temperature
of 1530 °C. As for SHS process, an effective activation energy in the Ti-B-Si system for the slow step was
estimated to be 184 kJ. The powder particulates consist of huge amount of nano-scaled TiB; particles
glued together by silicon. No spurious phases were detected assuming no phase transformation or
reaction between the constituents during processing. The powders consisting particles in the range of
2045 um demonstrated flowability that may be considered to be acceptable for AM through SLM
without any post-treatment/atomization.

The “pomegranate-like” powders demonstrated a high efficiency for manufacturing solid bulks.
The 56 wt.%TiB,—44 wt.%Si composites with a relative density of around 97% and hardness of
6.7 + 1 GPa (HV1) were processed employing a laser current of 2200 mA and a scanning speed of

80 mm s~ 1.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/9/3283/s1,
Figure S1: Arrhenius plot for the effective activation energy of the Ti-B-Si combustion reaction.
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