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Abstract. The paper describes experiments on selective laser sintering (SLS) of a high-temperature ceramic material – silicon carbide 

powder F320 – using the MeltMaster3D-160 SLS unit equipped with a fiber ytterbium laser with a peak power of 200 W. We inves-
tigated the sintering mechanism and the impact of technological parameters on the microstructure, phase composition, and density 
of the resulting 3D cubic samples. The technological properties of the initial powder were also investigated, including morphology, 
granulometric composition, bulk density, and flow rate. The powder morphology mainly consists of acicular particles with an aspect 
ratio of 1:5. Granulometric analysis revealed an average particle size of 48 μm. Measurements indicated that the bulk density reached 
1.11 ± 0.01 g/cm3, approximately 36.6 % of the theoretical density value. The average time of powder outflow from the Hall funnel was 
21.0 ± 0.1 s, with 2–3 hits on the funnel during the measurement process. Experimental cubic samples of 10×10 mm were manufactured 
using 75 technological modes. Silicon carbide powder particles sinter due to the thermal effect of laser radiation and the release of SiC 
microparticles on the surface of the powder particles, with silicon (average size less than 1 μm) prevailing in the composition, followed 
by mutual bonding of neighboring powder particles in the sintering region. X-ray phase analysis demonstrated that due to the laser 
radiation, the resulting 3D samples contain the following phases: SiC (6H), Si, and C. It was revealed that a scanning step larger than 
the actual spot diameter (spot diameter + thermal influence zone), 60–70 μm in size, causes the formation of unsintered areas between 
sintering tracks. The key parameters affecting the density index of the obtained samples are layer height, energy density, and scanning 
step. The best density index for the obtained samples is 86.7 % relative to the absolute density of the material (3.21 g/cm3). Further 
research will be devoted to the development of techniques for post-processing the resulting porous samples-blanks to obtain a density 
close to 100 %. 
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IntroductionIntroduction
Silicon carbide materials are used in various indus-

tries, including manufacture of critical duty products. 
This is due to their high compressive strength, dimen-
sional stability, wear and heat  resistance, thermal 
conductivity, heat  stability, as well as chemical and 
radiation  resistance. The  listed properties determine 
their use as a material for gas turbine engine nozzles, 
bearings, working units of chemical pumps, atomizers, 
burners, cutting tools, pipelines, heat exchangers, hea
ters, and other critical applications. 

The  operating temperature range of  pure sili-
con carbide material reaches t = 1400÷1500 °C in air, 

and when high-temperature coatings are applied, it 
increases to 2000 °C and higher (depending on the type 
of  coating, the  aggressiveness of  the  oxidizing envi-
ronment and the operating time) [1]. More technologi-
cally advanced composite silicon  carbide materials, 
such as RS–SiC, can be operated in air at temperatures 
up to 1350 °C [2].

The  bulk of  silicon  carbide products are manu-
factured by: simple sintering; activation  sintering 
at  t ≈ 1600÷1800 °C of  workpieces initially pressed 
from powder with sintering additives (Al2O3 , Y2O3 , 
Si3N4 and etc.); reaction sintering; hot pressing (HP); 
hot isostatic pressing (HIP); spark plasma sinte
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Аннотация. Проведены эксперименты по селективному лазерному спеканию (СЛС) высокотемпературного керамического 

материала – порошка карбида кремния марки F320 – на СЛС-установке «Melt-Master3D-160», оснащенной волоконным 
иттербиевым лазером с пиковой мощностью 200 Вт. Изучены механизм спекания и влияние технологических параметров на 
микроструктуру, фазовый состав и плотность получаемых объемных кубических образцов. Исследованы технологические 
свойства исходного порошка с определением морфологии, гранулометрического состава, насыпной плотности и текучести. 
Морфология порошка представлена, в основном, игловидными частицами с соотношением сторон 1:5. Гранулометрическим 
анализом установлено среднее значение размера частиц 48 мкм. Насыпная плотность измерена на уровне 1,11 ± 0,01 г/см3, 
что составляет ~36,6 % от значения теоретической плотности. Среднее время истечения порошка из воронки Холла соста-
вило 21,0 ± 0,1 с при 2–3 ударах по воронке в процессе измерения при остановке течения порошка. Экспериментальные 
кубические образцы 10×10 мм изготавливались по 75  технологическим режимам. Спекание частиц порошка карбида 
кремния происходит за счет теплового воздействия лазерного излучения и выделения на поверхности частиц порошка 
микрочастиц SiC с преобладанием в составе кремния со средним размером <1 мкм при дальнейшем взаимном скреплении 
соседних частиц порошка в области спекания. По данным рентгенофазового анализа, в результате лазерного излучения 
получаемые объемные образцы содержат следующие фазы: SiC (6H), Si, C. Выявлено, что шаг сканирования, превыша-
ющий реальный диаметр пятна (диаметр пятна + зона термического влияния), составляющий 60–70 мкм, вызывает обра-
зование неспеченных областей между треками спекания. Ключевыми параметрами, влияющими на показатель плотности 
получаемых образцов, являются высота слоя, плотность энергии и шаг сканирования. Наилучший показатель плотности для 
полученных образцов – 86,7 % относительно абсолютной плотности вещества 3,21 г/см3. Последующие исследования будут 
связаны с разработкой технологии постобработки получаемых пористых образцов-заготовок с целью получения плотности, 
близкой к 100 %.  

Ключевые слова: селективное лазерное спекание, карбид кремния, высокотемпературная керамика, технологические свойства 
порошка, плотность энергии лазера, пористая керамика
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ring  (SPS)  – one of  the  types of  hot pressing  [3–5]. 
When HP and its varieties are used for molding prod-
ucts, silicon  carbide powder in combination  with 
sintering additives are applied to  intensify compac-
tion processes  [3; 4; 6]. The process key features are 
high sintering temperature ~1700÷2000 °C and pres-
sure of  ~50÷70 MPa  [3–5], while the  exposure can 
take several hours. The methods based on HP are char-
acterized by high performance, but they are limited 
to manufacturing products of simple geometric shapes 
and require the previous stage when an individual mold 
is fabricated for a specific part.

Additive technologies (AT) have an undeniable 
competitive edge over traditional ones, including fab-
ricating products with complex geometries (branched 
topology), thin-walled products and the  ones with 
closed cavities, which enables to  solve a wide range 
of new design issues in the framework of moderniza-
tion of the energy complex, military and space indus-
tries. There are direct and indirect At  methods for 
manufacturing ceramic products. 

The  direct methods are the  ones that  require one 
stage to  obtain a finished product  – the  product is 
manufactured on an additive unit with minimal subse-
quent mechanical processing or without it. Typically, 
the  objective is to  obtain completely dense products 
or the ones with a density of minimum 98 %. The fol-
lowing methods can yield this result: selective laser 
sintering (SLS) technology – selective layer-by-layer 
laser sintering of ceramic powder; micro-SLS process, 
which uses a laser scanning spot that  is 2–3 times 
smaller than in traditional SLS [7]; SLS of a mixture 
of ceramic powder with a more fusible component, for 
example silicon, which ensures that during the sinter-
ing process, the  pores of  each of  the  product layers 
are filled [8]. The advantage of this approach is that it 
requires less production time and fewer resources due 
to reduced process steps.

Indirect methods include one or more operations 
for post-processing of  a workpiece manufactured 
by  the  additive method. Post-processing typically 
includes 3 additional stages: 

1) impregnation with a reagent; 
2) reagent pyrolysis to form an additional carbon or 

silicon carbide framework;
3) molten silicon  infiltration  to  ensure compac-

tion  and form the  secondary silicon  carbide as mol-
ten silicon  interacts with free carbon  released from 
the reagent [9]. 

Indirect methods include: selective layer-by-layer 
SLS of a mixture of ceramic and polymer powders fol-
lowed by pyrolysis and molten silicon infiltration; SLS 

of a mixture of ceramic powder and elements that form 
the main component during post-processing [10], fol-
lowed by impregnation with polymer to fill the remain-
ing pores, pyrolysis and silicon  infiltration; light ste-
reolithography (SLA) – selective layer-by-layer curing 
of a mixture of photopolymer and base material pow-
der using a light source, followed by pyrolysis and sili-
con infiltration [11–14]; selective layer-by-layer bind-
ing of powder material (binder jetting – BJ) – apply-
ing glue on  the  powder layer, followed by pyrolysis 
and silicon  infiltration  [15–18]; extrusion  (direct ink 
writing  – DIW) of  material (ceramic paste  =  pow-
der  +  binder) using a print head, layer by layer, fol-
lowed by pyrolysis and silicon infiltration [19–23].

With regard to  the  production  of  ceramic struc-
tural materials, direct and indirect SLS has a number 
of advantages compared to other 3D printing methods:

– fewer resources are required to  prepare initial 
materials as powder components of the composition are 
used in their pure form and can be further processed 
and mixed under certain modes in specific proportions 
to obtain the required properties of the final product;

– minimum shrinkage coefficient relative to  the 
CAD model that  ensures high-accuracy manufacture 
of  complex-profile products, including thin-walled 
ones;

– reduced free silicon  content as a result of  post-
processing using reaction sintering technology, which 
helps to enhance the product strength and dimensional 
stability;

– reduced content of a polymer binder with a high 
carbon residue (if used), which during subsequent post-
processing (pyrolysis) decreases stress across the cross-
section  of  the  workpiece during polymer decomposi-
tion, in contrast to BJ and SLA, which require signifi-
cantly larger amount of  binder for effective bonding 
of  particles without high temperature, complicating 
the  manufacture of  thick-section  and complex-profile 
products and causing problems with selecting the opti-
mal post-processing parameters.

The  advantages of  SLS will significantly expand 
the  range of  products to  synthesize from refractory, 
heat-, corrosion- and radiation-resistant materials based 
on  silicon  carbide, in terms of  increased complexity 
of  their geometry and topological optimization, and 
will also considerably reduce the amount of mechani-
cal processing, which is critical for products with inter-
nal geometry and cavities where mechanical operations 
are difficult or impossible. 

This technology is intended for manufacturing parts 
and components of nuclear and thermal energy equip-
ment operating in aggressive environments at  high 
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temperatures and pressures, for example, advanced 
reactors with molten salt as coolant (MSR) and acidic 
coolants (in alkaline coolants, residual silicon  will 
transform into  silicates and pollute it), as well as 
the equipment used in other fields.

We conducted a number of  initial experiments 
to obtain samples from SiC using the direct SLS method 
and proved that  3D samples can be obtained using 
a Russian-made MeltMaster3D-160 unit (JSC  SPA 
CRIMET, Moscow) from silicon  carbide-based pow-
der material produced by JSC “SRI  SIA “LUCH” 
(Moscow). We also studied the impact of the unit tech-
nological parameters on the properties of the resulting 
samples. 

The  research was based on  domestic and foreign 
experience in selective laser sintering of  ceramic 
materials; the  parameters for manufacturing samples 
were adjusted taking into  account the  characteristics 
of the unit and the materials used. The unit design was 
elaborated as the  technological parameters for SiC-
based material were developed. 

For the first time, 3D silicon carbide samples were 
obtained using unconventional part construction modes. 
Based on the findings of the analysis, we provide rec-
ommendations on improving the manufacturing param-
eters to enhance the properties of the resulting samples.

Materials and methods  Materials and methods  
of the experimentof the experiment

Silicon  carbide powder, graded F320 according 
to  FEPA standard, served as the  initial material for 
selective laser sintering.

The  flow rate of  powder was determined using 
a calibrated Hall funnel (according to GOST 20899-98). 
The prepared portion of the powder was poured into a 
funnel with a 5-mm outlet hole. In accordance with 
the  standard, three measurements were made from 
three 50-g portions of powder.

Bulk density was assessed using a Scott volumeter. 
According to  GOST  19440-94, three measurements 
were performed on  three portions of  powder from a 
sample with a volume of 100 cm3.

To  determine the  average particle size, as well as 
the  particles distribution  curve, a Laser Particle Sizer 
Analysette 22 MicroTec plus (Fritsch GmbH, Germany) 
was used in accordance with GOST R 8.777-2011. 
The  measurements were conducted using a disper-
sion unit in a liquid medium, designed for measuring 
solid materials and suspensions in a liquid, mainly 
aqueous, medium. 2–3 measurements of  the  granulo-
metric composition  of  the  powders under study were 
performed and the results were averaged. The shape and 

size of the particles were assessed using a Neophot 21 
microscope (Carl Zeiss Jena, Germany) according 
to GOST 25849-83.

During the incoming inspection at the delivery stage 
and during the repeated circulating powder sieving, an 
ASV-200 sieve analyzer (NPK Mekhanobr-Tekhnika, 
St.  Petersburg) with a set of  sieves with a nominal 
value of 100 and 56 µm was used to separate the target 
fraction. 

Before the  SLS process, moisture was removed 
from the powder by drying it in an NK 7.7.7/3.5 oven 
(JSC  Nakal  – Industrial furnaces, Solnechnogorsk) 
at a temperature of 70–100 °С.

MeltMaster3D-160 unit made in Russia (JSC SPA 
CRIMET, Moscow) was used for SLS. The  main 
characteristics of  the  unit: laser type  – fiber; laser 
power – from 5 to  200 W; laser spot size – from 50 
to 150 µm; scanning step – from 10 to 150 µm; scan-
ning speed – from 50 to  1500 mm/s; approach incre-
ment of the construction platform – from 10 to 200 µm; 
protective atmosphere – nitrogen/argon/helium; plat-
form heating – up to  120 °C; working area for sinte
ring a part – 160×160×200 mm. Argon  of  purity 6.0 
(99.9999 %) was used as the working gas.

Preparation  for SLS. The  powder was dried 
at a temperature of 100 °C before selective laser sinte
ring of the samples.

To prepare and support the layer-by-layer prototyp-
ing of  experimental samples on  MeltMaster3D-160 
unit, we used 3Ddigit specialized software package 
(JSC SPA CRIMET, Moscow) designed for plac-
ing a 3D model relative to  the construction platform, 
forming supporting structures, setting technological 
parameters, cutting a 3D model into  layers and gen-
erating the control code. The software functionality is 
responsible for automating all stages of layer-by-layer 
synthesis based on the original 3D model.

Additive production  of  samples using the  SLS 
method includes the following steps:

– setting technological parameters in the software;
– checking the 3D model for integrity and correc

ting errors;
– placing the 3D model relative to the technological 

platform;
– creating technological support for the model;
– cutting a 3D model into layers;
– generating the control code;
– SLS process. 
During preparation for printing, the working cham-

ber was filled with an inert gas – argon, which enables 
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to  process reactive materials. Reliable filtration  and 
efficient circulation provided by the system of blowers 
ensure a high degree of gas purity. Thus, the selective 
laser sintering of  laboratory sample blanks was per-
formed in an argon atmosphere with a stable residual 
oxygen concentration  of  less than 700 ppm, to  avoid 
the  formation  of  SiO2 under high-temperature laser 
action.

SLS process. Based on  the  analysis of  domestic 
and foreign literary sources on SLS of ceramic mate-
rials, the  initial set of  parameters for the  unit opera-
tion was selected, which was gradually changed based 
on  the  analysis of  the  microstructure and density 
of the resulting samples.

Experimental cubic samples of  10×10 mm were 
manufactured using 75 technological modes in order 
to study the impact of SLS process parameters on their 
density and microstructure. The following parameters 
were changed: laser power (P) in the  range from 30 
to 190 W, scanning speed (V) – from 100 to 1000 mm/s, 
scanning step (d)  – the  distance between tracks (line 
marks) – in the range from 20 to 150 µm, layer thick-
ness (h) – from 20 to 60 µm. The combination of these 
parameters forms the  energy density (E) of  laser 
radiation:

The  density of  the  manufactured samples was 
measured on  Discovery DV215CD balance (OHAUS 
Corporation, USA) using the  hydrostatic method 
according to  GOST  25281-82 “Powder metallurgy. 
Method of  determination  of  formings density”. First, 
the  mass of  the  sample in air was determined. Then 
the  sample was covered with a thin protective layer 
of  vaselene to  isolate the  surface pores and to  avoid 

the formation of near-surface air bubbles, and its mass 
in air was measured again. The next step was weigh-
ing in distilled water at  a fixed temperature. Based 
on the measurement results, the density of the samples 
was calculated taking into account the density of vase-
lene, water and air.

Microstructural studies and EDS analysis were 
performed using a Zeiss EVO 50 XVP scanning elec-
tron  microscope (Carl Zeiss AG, Germany) with an 
attachment for energy dispersive analysis to determine 
the patterns of sintering and the impact of technologi-
cal parameters on  the  microstructure of  the  resulting 
samples. 

The  D8 Discover diffractometer (Bruker Optic 
GmbH, Germany) with CuKα-radiation  was used 
to  perform X-ray phase analysis in order to  deter-
mine the  final phase composition  of  the  samples and 
to  confirm the  impact of  manufacturing parameters 
on the phase composition. Bruker AXS DIFFRAC.EVA 
v. 4.1 software and ICDD PDF-2 international database 
were used for phase identification.

Results and discussionResults and discussion
The  morphology of  silicon  carbide powder par-

ticles was analyzed using several visual fields (Fig. 1).
When viewed under a light microscope, SiC par-

ticles look like transparent green crystals without pores 
or inclusions (Fig. 1, а). Most of the particles are non-
spherical and have a non-equiaxial/non-spherical or 
splintered shape; acicular particles with an aspect ratio 
up to 1:5 are also observed (Fig. 1, b). Some particles 
are joined into  agglomerates, their size is larger than 
that  of  most particles. This morphology of  particles 
cannot provide good flow rate or ensure the  forma-
tion of a uniform powder layer. Also, such morphology 

Fig. 1. Morphology of SiC powder (F320)
a – optical microscope (×100); b – electron microscope (×420) 

Рис. 1. Морфология порошка SiC-порошка F320
а – оптический микроскоп (×100); b – электронный микроскоп (×420)
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will affect the  density characteristics of  the  resulting 
samples.

The agglomerates and non-equiaxial particles nega-
tively affect the  sintering characteristics of  the  mate-
rial. The tendency to agglomerate is a natural property 
of powder particles, and the more non-equiaxed their 
shape is, the higher the tendency to agglomerate. Large 
agglomerates interfere with the  process of  “healing” 
pores during the  sintering process, since the  driving 
forces  – their direction  and speed  – of  the  particles 
inside the  agglomerate will significantly differ from 
those of  the particles next to  it. This difference leads 
to significant internal stresses, emergence of large pores 
or even the formation of microcracks. The dimensions 
of  such defects and the  resulting structural heteroge
neity directly determine the density, strength and other 
properties of the material.

For this reason, before being used for the SLS pro-
cess, the powder should be classified to recover the tar-
get fraction  <60 μm by screening off large particle 
agglomerates.

Study of  the  granulometric composition. 
The  powder particles distribution  was obtained 
(Table 1).

Table 1 shows that the average particle size of sili-
con  carbide powder F320 under study, in the  as-
delivered condition is 48.2 μm. After 25 series of pro-
duction  processes, it slightly increases (by 7.2 µm) 
to 55.4 µm. 

The  sizes of  fractions vary from 5 to  110 µm  – 
this wide range is attributed to  the  powder particles 
being non-equiaxed and having a splintered or acicu-
lar shape. This spread is not a typical particle size 
distribution  for the  units operating based on  the  SLS 
method (20–63 μm), which can contribute to  the  for-
mation of defects such as pores and voids and adversely 
affect the  sample manufacturing process. Therefore, 
the target fraction <60 µm was recovered from the total 
mass of the powder by screen sizing. Acicular particles 

cannot be removed from screen sizing using the sieve 
analysis. However, to be used in additive technologies, 
including SLS, these particles should be separated, 
and the remaining particles should be spheroidized, if 
possible.

Determination  of  the  flow rate. The  average 
time of the powder outflow from the Hall funnel could 
not be determined, since the  outflow spontaneously 
stopped. Next, based on the standard, the funnel was hit 
once, but after some time the outflow of powder stopped. 
According to the standard, it means that  the flow rate 
of  the powder does not conform with the  test method 
described in this standard.

Determination  of  bulk density. The  bulk den-
sity of  powders that  do not flow spontaneously from 
a  funnel with a hole 5 mm in diameter is measured 
using a volumeter according to GOST 19449-94.

The  analysis of  the  bulk density of  silicon  car-
bide powder F320 showed that  its average value 
(1.11 ± 0.01 g/cm3) accounts for ~36.6 % of  the  theo-
retical density of  this material (the  vibro-compacted 
density being 45 %). This bulk density value can be 
attributed to  the  fact that  the  powder contains a sig-
nificant amount of acicular particles with a large aspect 
ratio and splintered particles: the  former contribute 
to  the emergence of “bridges” with voids underneath, 
while the  latter, due to  their roughness, additionally 
prevent powder distribution and its free spreading dur-
ing layer formation.

The set of characteristics and properties of the pow-
der used is presented below:

Average particle size, µm . . . . . . . . 48 ± 0.5
Flow rate, s . . . . . . . . . . . . . . . . . . . None1

Bulk density, g/cm3 . . . . . . . . . . . . . 1.11 ± 0.01

Microstructural studies. Determining the size 
of the laser spot area and the effective scanning 
step. As a result of microstructural studies (Fig. 2), it 
was revealed that the scanning step is larger than the 
actual spot diameter (spot diameter  +  heat-affected 
zone), which is 60–70 μm (Fig. 3), causes the formation 
of unsintered regions between the tracks. The  width 
of these areas is comparable to the difference between 
the step size and the laser spot diameter. The unsintered 
regions significantly affect the samples density, as evi-
denced by the results of density determination. 

Table 1. Granulometric composition  
of SiC powder F320 in the initial state  

and after 25 cycles of use 
Таблица 1. Гранулометрический состав  

порошка SiC марки F320 в исходном состоянии  
и после 25 циклов использования

Powder D10 , 
µm

D50 , 
µm

D90 , 
µm

Davg , 
µm

In the as-delivered condition 15.2 38.5 95.9 48.2
In the as-delivered condition 

after sieving 15.7 40.6 93.6 48.7

After 25 printing series 14.1 44.6 113.3 55.4

1 The average time of powder outflow from the Hall funnel was 
21.0 ± 0.1 s with 2–3 hits on the funnel during the measurement 
process when the powder flow stopped. However, hits on the funnel 
are unacceptable according to GOST; therefore, it is generally assumed 
that the powder under study does not flow.
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This effect may be associated with high thermal 
conductivity of the material, which prevents accumula-
tion  of  the  thermal energy in the  scanned area (laser 
beam path) and its transfer to neighboring areas outside 
the spot diameter, where there was no direct exposure 
to  laser radiation, as it was the case with metal pow-
ders. Laser radiation  sinters powder particles to  form 
a sintered region  only in the  area directly exposed 

to  the  laser spot  +  5÷10 µm, then the  heat  flow fol-
lows the  path of  least resistance or, in other words, 
moves in the direction with greater thermal conducti
vity than that of freely poured powder. For this reason, 
thermal energy is most actively absorbed in the vertical 
direction by the previous, already sintered monolithic 
layers, which are denser and more thermally conduc-
tive compared to  the  area of  unsintered powder sur-
rounding the  part and acting as a heat  insulator with 
a relatively small degree of thermal absorption.

Sintering mechanism. Fig. 4 shows micropho-
tographs of  the  surface of  SiC powder particles after 
sintering in the  resulting samples. Upon  a detailed 
examination of the surface of the original powder par-
ticles, one can note that  microparticles are formed, 
1–7 μm in size, the shape being close to spherical, but 
with an uneven surface. They have a lighter shade than 
the  particles of  the  original powder. These micropar-
ticles form clusters – areas with an increased number 
of cluster-shaped defects – on the surface of the origi-
nal powder particles (including at the points of contact 
between them). The predominant size of  the resulting 
microparticles is less than 1 µm. Thus, we can con-
clude that  after laser sintering, more defects emerge 
on the surface of the original powder particles.

It can be assumed that short-term high-temperature 
exposure of  the  SiC powder surface to  laser radia-
tion result in local overheating and micromelting with 
partial SiC decomposition. This assumption  is also 
made in  [24]. Further, as the  locally overheated area 
cools down, the  oval and spherical microparticles, 
lighter in color than SiC powder, form. They have a size 
of 1–7 μm, sometimes less than 1 μm, and a chemical 
composition  identical to  that  of  silicon  carbide, with 

Fig. 2. Impact of the scanning step (d)  
on the sintering of SiC powder (F320) at a constant speed

d, µm: а – 75; b – 100; c – 125; d – 150 

Рис. 2. Влияние шага сканирования (d)  
на спекаемость порошка SiC марки F320  
при постоянной скорости сканирования

d, мкм: а – 75; b – 100; c – 125; d – 150

Fig. 3. Width of a single sintering zone as SiC powder  
is exposed to laser radiation 

Рис. 3. Ширина единичной области спекания  
при воздействии лазерного излучения на порошок SiC
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silicon prevailing, as evidenced by the results of EDS 
analysis given in Table 2.

The  SiC decomposition  temperature is 2730 °C, 
and the  Si and C melting temperatures are 1414 and 
3367 °C, respectively. At  the  same time, in accor-
dance with reference data  [25], the  vapor pressure 
of  100 kPa (~1 atm) is set at  temperatures of  2613 
and 4985 °C for silicon  and carbon, respectively. 

Therefore, when exposed to laser radiation, SiC pow-
der presumably decomposes, while silicon  simulta-
neously melts and evaporates. At  the  next stage, in 
accordance with the phase diagram, in the Si–C system 
the phase equilibrium during crystallization will shift 
to the “SiC + graphite” region. 

There are two assumptions why oval and spheri-
cal precipitates with silicon  dominating in the  com-

Fig. 4. Scaled representation of the mechanism of laser sintering of SiC powder particles
a – general view of the sample surface with visible strips – “tracks” of the laser passage;  

b, c – images of large groups of sintered SiC powder particles with visible light areas on the powder particles surface;  
d–f – detailed images of the surface of SiC particles after laser sintering, with clearly visible light microparticles on the surface of the initial powder 

Рис. 4. Масштабное представление механизма лазерного спекания частиц порошка SiC
а – общий вид поверхности образца, различимы полосы – «треки» прохода лазера;  

b, c – изображения больших групп спеченных порошковых частиц SiC, различимы светлые участки на поверхности частиц порошка;  
d–f – детализированные изображения поверхности частиц SiC после лазерного спекания, отчетливо видны светлые микрочастицы  

на поверхности исходного порошка
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position  form: the  first one is that  ultra-fast cooling 
of the melt with undissolved graphite results in the for-
mation of microparticles of non-stoichiometric SiC(1–x) 
depleted in carbon; the  second is that  silicon  sweats 
out on  the  surface from the  depths of  the  melt bath. 
Starting from the stage of SiC decomposition, Si con-
centrates in the near-surface zone and evaporates from 
the  melt bath. When crystallization, initiated from 
the bath surface, starts, Si continues to sweat out, since 
the deep layers in contact with the bath are heated due 
to the high thermal conductivity of SiC.

Thus, during SLS of SiC powder, the sintering dri
ving force is not the system (powder particles) striving 
to minimize surface energy and transit to a more equi-
librium state, that is, to acquire a more spherical shape, 
reduce defects and gradually move towards the  state 
of reciprocal slipping and consolidation. On the cont
rary, the  interaction regions are formed at  the contact 
boundary of  powder particles from the  more low-
melting phase. These regions account for reciprocal 
slipping of  powder particles during compaction  and, 
at  the  final sintering stage as they cool down, they 
are “bound” as more defective cluster-like structures 
emerge at  the  point of  contact and on  the  “free” sur-
face of  the  particles, in contrast to  the  less defective 

morphology of  the  particles before exposure to  laser 
radiation (see Fig. 1). It should also be noted that com-
paction during sintering is not facilitated by the curva-
ture of the surface of splintered SiC powder particles, 
which reduces the density of  the initial layer and fur-
ther compaction  during mutual slipping of  particles 
under the influence of laser radiation.

X-ray phase analysis. XRF was performed 
to determine the phase composition of  the  initial SiC 
powder, as well as to  identify patterns of  the  impact 
of laser radiation on the composition of phases in sam-
ples after SLS. The results of X-ray phase analysis are 
presented in Table 3.

The  samples revealed silicon  Si, silicon  carbide 
with a hexagonal crystal lattice of  SiC (6H), traces 
of modification of SiC with a hexagonal lattice of SiC 
(4H), as well as (in some samples) traces of  modifi-
cation  of  silicon  carbide with a rhombohedral lattice 
of SiC (15R), the position of flat layers in the structure 
of which it is repeated every third layer, not every sec-
ond one, as in the hexagonal modification.

Also, the  SiO2 phase was detected in some sam-
ples, which may be due to  insufficient oxygen purity 
of  the  working atmosphere or to  the  initial quality 

Table 2. Results of EDS analysis of the surface of SiC powder particles after laser sintering 
Таблица 2. Результаты ЭДС-анализа поверхности частиц порошка SiC после лазерного спекания

Spectrum
Content

wt. % at. %
C Si C Si

1 29.69 70.31 49.21 50.79
2 34.04 65.96 54.22 45.78
3 32.38 67.62 52.26 47.74
4 34.63 65.37 54.66 45.34
5 36.67 63.33 56.81 43.19

Max 36.67 70.31 56.81 50.79
Min 29.69 63.33 49.21 43.19

Spectrum
Content, wt. %
C Si

1 24.6 75.4
2 28.2 71.8
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Table 3. Phase composition of the initial SiC powder and SiC samples obtained by the SLS method 
Таблица 3. Фазовый состав исходного порошка SiC и образцов, полученных из него методом СЛС

Sample Phase Crystal structure Space group
Lattice parameter, pm Phase amount, wt. %

a b c SiC Si C

Initial SiC 
powder

SiC (6Н) HCP P63mc (186) 3.0815 – 15.1185

100 – –

SiC (168R) Rhombohedral R3m (160) 3.0822 – 37.7446

Test 8
sample
No. 3

SiC (6H) HCP P63mc (186) 3.0852 – 15.1359

86.93 12.79 0.28

SiC (4H) HCP P63mc (186) 3.0821 – 10.0804
Si FCC Fd-3m (227) 5.4344 – –
C HCP P63mc (186) 2.4180 – 13.5203

Test 23
sample
No. 3

SiC (6H) HCP P63mc (186) 3.0777 – 15.1074

87.94 11.15 0.92

Si FCC Fd-3m (227) 5.4263 – –
C HCP P63mc (186) 2.4413 – 13.4977

Test 24
sample
No. 3

SiC (6H) HCP P63mc (186) 3.0815 – 15.1193

78.26 18.97 2.77

SiC (15R) Rhombohedral R3m (160) 3.0802 – 37.8227
Si FCC Fd-3m (227) 5.4291 – –
C HCP P63mc (186) 2.4206 – 13.5228
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of  the  supplied powder. However, this phase was not 
identified during incoming inspection, from which we 
can conclude that it probably emerged during the SLS 
process at  the  early stages, when the  first layers 
of the sample were formed.

Determination of the density of SLS samples. 
Our objective was to determine the impact of the unit 
technological parameters on the properties of the resul
ting samples, including the  relative density. For this 
purpose, during the experiments, we performed statisti-
cal analysis, which revealed that the parameters such as 
speed (V), scanning step (d) and the height (thickness) 
of the layer (h) exert a decisive influence on the density 
of the resulting samples. 

Based on the experimental data obtained, the graphs 
were plotted to show dependence of the samples’ rela-

tive density on  the  technological parameters – scan-
ning step, layer height and energy density (Fig. 5). 
It has been established that  the  density of  the  samp
les depends nonlinearly on  the  scanning step  – as 
the scanning step increases, so does the density, reach-
ing a peak at d = 50÷70 μm, and then it reduces. It  is 
important that  for this material, the  scanning step 
significantly affects the  density of  the  samples and 
cannot be considerably increased with a decrease in 
scanning speed due to  the  thermophysical properties 
of the material. On the contrary, there is a linear depen-
dence of the samples’ density on the layer height – as 
the  height increases, the  density reduces. Speaking 
about the  impact of  the  layer height, we should note 
the  stage-by-stage selection  of  the  optimal value 
of this parameter. The choice of h = 30 μm contributed 
to higher density of  the samples and lower delamina-
tion between the sintered layers. There is a certain peak 
value for the energy density, as well as for the scanning 
step, after which these values plummet, which is also 
typical for other materials [26; 27].

The best density index for the obtained samples is 
86.7 % relative to the absolute density of the material 
(3.21 g/cm3). This result exceeds the values of foreign 
studies of  previous years, and is also consistent with 
the data of  foreign publications  [28–31]. It should be 
noted that we used pure SiC powder without a binder 
and the shape of the powder particles had a large aspect 
ratio (up to 1:5). Despite this, we succeeded in achiev-
ing fairly high density values of the resulting samples 
given the  material and technique used. In the  future, 
the  samples density can be increased by refining 
the  unit and manufacturing parameters, improving 
the composition and quality of the initial materials, as 
well as by developing the technique for post-process-
ing of the resulting samples.

ConclusionsConclusions
1. This study proved that  samples-blanks can be 

formed from silicon carbide powder by the SLS method 
without using a binder. The resulting SLS blanks have 
a density of  up to  86.7 %, which can be increased 
by subsequent reaction sintering at temperatures from 
1600 to 1800 °C.

2. A set of  technological parameters affecting the 
properties of  the  resulting samples was determined: 
scanning speed, scanning step and layer height.

3. One of  the  factors limiting an increase in the 
samples density is the  combination  of  properties 
of  the  initial powder material  – particle morphology 
and a wide size range, which results in insufficient 
density when the  layer is formed. As a consequence, 
additional pores emerge after SLS.

Fig. 5. Main dependences of the density of silicon carbide 
samples on technological parameters (a, b) and energy density (с) 

Рис. 5. Основные зависимости плотности образцов  
из карбида кремния от технологических параметров (а, b)  

и плотности энергии (с)
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4. When exposed to laser radiation, the silicon car-
bide powder particles sinter due to  the  decomposi-
tion of SiC (6H; 15R) into C, Si and SiC of another mod-
ification (4H), as confirmed by X-ray diffraction data. 
However, it should be noted that, according to  EDS 
data, non-stoichiometric SiC(1–x) , with silicon prevail-
ing in the composition, can form. Decomposition pro
ducts are present on the surface of the original powder 
particles in the form of microparticles with an average 
size of  less than 1 µm. The  formation  of  more low-
melting phases Si and, probably, SiC(1–x) on the surface 
of the initial powder result in mutual slipping and com-
paction of powder particles in the sintering region, fol-
lowed by relative binding during crystallization.

5. Further research will involve improvement 
of the technological characteristics of the initial mate-
rials and development of  the  technique for post-pro-
cessing of the samples obtained during SLS.
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