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Abstract. This article continues the research on a-SiC powder preforms produced by selective laser sintering (SLS) [1]. The study
examines the hydrostatic density and microstructure of the surface and internal cross sections of both the porous preforms and
the densified specimens obtained through post-processing. Two post-processing routes were tested to increase the density of porous
SLS preforms. The first method involved densification by silicon infiltration (liquid silicon infiltration, LSI). The second method
was hybrid, combining polymer infiltration and pyrolysis followed by silicon infiltration (PIP + LSI). For conventionally pressed
materials, this hybrid treatment forms a higher fraction of silicon carbide in the structure compared to LSI alone, which has a benefi-
cial effect on mechanical and thermophysical properties. The study established the dependence of SiC, Si, and C phase contents and
the relative density on the number of infiltration and pyrolysis cycles and on the post-processing route. Specimens were fabricated
with different single-layer thicknesses (30 and 50 um). Specimen with a 30 pm layer thickness had a higher initial density than those
with 50 um layers and required only 2-3 infiltration cycles for carbon saturation, compared with 4-5 cycles for the S0 pm specimens.
The final density of the specimens with both layer thicknesses was approximately the same — no higher than 2.88 g/cm?. The density
of specimens subjected only to silicon infiltration was 2.52-2.65 g/cm?, which is lower than that of the fully post-processed speci-
mens. This density difference was not due to porosity; in fact, the porosity was lower in the LSI specimens. According to quantitative
microstructural analysis, the lower density resulted from nearly twice the content of free silicon, which has a lower density than SiC
and thus decreases the overall density of the LSI specimens.

Keywords: selective laser sintering, silicon carbide, densification, siliconization, reaction sintering, liquid silicon infiltration (LSI), high-
temperature ceramics, porous ceramics, post-processing

For citation: Bubnenkov B.B., Zharmukhambetov A.S., Ivanov I.A., Sharapov L.S., Veselkov S.N. Densification of porous SLS SiC
preforms through polymer infiltration, pyrolysis, and liquid silicon infiltration. Powder Metallurgy and Functional Coatings.
2025;19(5):80-93. https://doi.org/10.17073/1997-308X-2025-5-80-93

80 © 2025r. B. b. By6Henkos, A. C. XKapmyxam6eTos, U. A. UBaHos, U. C. lllapanos, C. H. Becesnkos


https://doi.org/10.17073/1997-308X-2025-5-80-93
mailto:bogis13%40yandex.ru?subject=
mailto:bogis13@yandex.ru
https://powder.misis.ru/index.php/jour/search/?subject=selective laser sintering
https://powder.misis.ru/index.php/jour/search/?subject=silicon carbide
https://powder.misis.ru/index.php/jour/search/?subject=densification
https://powder.misis.ru/index.php/jour/search/?subject=siliconization
https://powder.misis.ru/index.php/jour/search/?subject=reaction sintering
https://powder.misis.ru/index.php/jour/search/?subject=liquid silicon infiltration (LSI)
https://powder.misis.ru/index.php/jour/search/?subject=high-temperature ceramics
https://powder.misis.ru/index.php/jour/search/?subject=high-temperature ceramics
https://powder.misis.ru/index.php/jour/search/?subject=porous ceramics
https://powder.misis.ru/index.php/jour/search/?subject=post-processing
https://doi.org/10.17073/1997-308X-2025-5-80-93

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(5):80-93

N PM s FC Bubnenkov B.B., Zharmukhambetov A.S., and etc. Densification of porous SLS SiC preforms ...

MoBbiweHue nnoTHocTu nopuctbix CJIC-3arotoBok
n3 Kapbupa KpeMHus
NMPOMNUTKOM, MMPOJIN3OM U CUSTMLUPOBAHUEM

b. b. By6nenkos!®, A. C. )Kapmyxam6eros', V1. A. Banos!,
N. C. lllapanos?, C. H. Becenkos?

' AO «HITO «IleHTpaabHbIi HAYIHO-HCCIETOBATENbCKHI HHCTHTYT TEXHOJIOTHA
mamuHoctpoenus (HHUUTMAILI)»
Poccus, 115088, r. Mocksa, yi. [llapukonoqunHiukoBcKast, 4
2 A0 «<HUM HIIO «JIYY»
Poccus, 142103, MockoBckast 00i1., I. [Tononeck, yi. XKenesnonopoxHas, 24

&) bogis13@yandex.ru

AHHOTaywms. JlaHHast CTaThs SBISIETCS MPOAODKSHHEM PaboThI [0 HCCIISOBAHIIO 00pa3ioB 13 nmopoika o-SiC, mogydaeMbIX M0 TEXHO-

noruu cenektuBHoro nasepHoro cnekanus (CJIC) [1]. PacemarpuBatoTes rugpocratndeckas INOTHOCTb, @ TAKKE MUKPOCTPYKTYpa
MOBEPXHOCTH U BHYTPEHHUX CEUCHHUH MOPHUCTHIX 3aTOTOBOK M YMIOTHEHHBIX C MOMOIIBIO ocToOpadoTku. IIpoBenena anpobanns
JIByX CIOCOOOB MOCTOOPAOOTKU AJISI TIOBBIIIEHHS MIOTHOCTH MOPUCTBIX 3aroTOBOK. IlepBhlii crocod — ymioTHEHHE 3a CUET CHITH-
LUPOBAHUsI, TaK Ha3bIBAeMOMW mponuTku paciuiaBoM kpemuust (LSI), wmu xuakodasnoii npornutk. Bropoit crmocod yrioTHeHus
SIBIAETCS THOPUAHBIM M3-3a COYETAHUSI METOJA MPOMUTKU MOJIMMEPOM TTOPHCTOH 3arOTOBKH C MOCIEAYIOMINM MUPOIN30M U CHITH-
LUpOBaHNEM — Tak Has3biBaeMblii PIP Meton, coBmemenusiii ¢ LSI. J{na cranmapTHBIX METONOB mpeccoBaHHs ruOpuaHas oOpa-
6otka PIP + LSI no3Bosnsier copMUpOBaTh MOBBILICHHYIO OO KapOuga KpeMHHsI B MaTepHa’e o cpaBHeHuo co criocobom LSI,
9TO OIArONPUATHO CKa3bIBAETCS HA MEXaHHUECKHX M TETIO(PU3NUECKHX cBOWCTBax. 1o pesynabTaTam mccienoBaHuii ycTaHOBICHA
3aBUCHMOCTD coaepskanus a3 SiC, Si, C B MaTepuane U OTHOCUTEIBHON IUIOTHOCTH OT KOJMYECTBA [IUKJIOB MPOIMUTKH, MAPOJIU3a
1 cioco0a moctoopadboTku. OOpa3Lbl H3TOTABIMBANNCH C PA3IMYHON BBICOTON eTUHUYHOTO cl1os — 30 1 50 MkM. OOpasIib! ¢ BBICOTOM
ciost 30 MKM uMenH OOJBIIYI0 Ha4albHYIO TIOTHOCTB, YeM 00pasibl co cioeM B 50 MKM, a Takxe TpeOoBanu 2—3 MPONUTKH A
HACBIILCHNS YIIICPOJOM, B OTIIMUUE OT 4—5 MpomuTOK BO BTOpoM ciydae (50 mxm). PuHaIbHAS UIOTHOCTH 00Pa3LioB P BBICOTE
cnost 30 u 50 MKM HaxoauIach NPUMEPHO HA OJHOM ypoBHE — He Gonee 2,88 r/cm®. s 06pasuoB, MPOIIEAIIMX TOIBKO CTAIUIO
CHJIMIIMPOBAHMUS, TIOTHOCTh COCTaBuia 2,52-2,65 r/cM?, 4T0 MeHbIIE, 4eM y 0OpasLOB MOCIE MOJHOTO MUKJIA MOCTOOPaGOTKH.
Pasnuna minoTHOCTH 00pa3loB HE CBSA3aHA C MOPUCTOCTHIO — HAPOTHUB, OPUCTOCTh MEHbIIE B oOpasnax mocie LSI. [o pesymnb-
TaTaM KOJMYECTBEHHOTO MUKPOCTPYKTYPHOT'O aHaJIM3a pa3HHIIA IUIOTHOCTH 00ycClIoBIeHA B 2 pa3a 0ONbLINM cofep KaHIeM cBOOOA-
HOTO KPEMHHS, KOTOPBIA UMEET MIIOTHOCTD HIKe, 4eM y SiC, CHMKas TeM caMbIM 00LIyI0 IIOTHOCTH LSI-00pa3mos.

KnioueBble csioBa: celicKTUBHOE JIa3€PHOEC CIICKaHUEC, Kap61/1[[ KpEMHUS, YIUIOTHCHUE, CUJIMIIMPOBAHUE, PCAKIIMOHHOE CIICKaHUE, ITPOIUTKA

pacIuIaBOM KPEMHUsI, BEICOKOTEMIIEpaTypHasi KepaMHKa, IIOPHUCTasi KepaMuKa, ocToopadoTka
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catalysts, sensors for aggressive environments, and
medical implants.

Introduction

Porous ceramic materials are widely used in in- . . .
y During SLS, laser exposure sinters SiC powder

dustry for a range of functions, including heaters,
filters, catalysts, and thermal insulators. Silicon car-
bide (SiC) in a porous form is commonly employed as
a filtration element in metal casting operations. Porous
architectures can also be used as catalyst supports for
depositing a catalytice coating; for such applications,
porosity typically ranges from ~70 to ~20 %. In pre-
forms produced by selective laser sintering (SLS),
achievable porosity is ~55 to ~15 %, which is suitable
for manufacturing such components. A further advan-
tage of SLS is the ability to design hierarchical porous
structures within a part — useful for heat-exchange and
thermal-management elements, gas and liquid filters,

via a high-rate evaporation—condensation mechanism:
SiC partially decomposes upon sublimation and then
recondenses. The surfaces of the starting powder par-
ticles undergo this process, which causes spheroidiza-
tion of angular fragments and the formation of submi-
crometer particles of nonstoichiometric SiC, and Si
(average size <l um). These decomposition products
appear on the particle surfaces as spherical inclusions.
Owing to laser heating, lower-melting surface phases
of Si and nonstoichiometric SiC, _form on the SiC
powder particles. These phases promote particle sli-
ding and rearrangement, leading to local densification
within the sintering zone; upon crystallization, the par-
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ticles bond to one another, thereby building the porous
skeleton of the SLS preform [1].

It should be noted that, to impart additional strength
to the porous SLS framework, an extra manufacturing
cycle in the form of pressureless sintering at a tempera-
ture typical for such processes (usually above 1800 °C)
with a short dwell (3—5h) may be required. This
operation is warranted because the interparticle bonds
formed during high-rate sintering via the evaporation—
condensation mechanism are relatively weak and con-
tain a fraction of free silicon, as shown in our previous
study [1]. During pressureless sintering, stronger bon-
ding develops owing to more complete and extensive
diffusion at interparticle contacts under the sintering
temperature with a longer time at temperature than in
the SLS process.

Combining SLS with conventional pressureless sin-
tering enables the fabrication of parts and porous struc-
tures with tailored, controlled porosity and complex
geometries for high-tech, emerging industrial sectors
that require such components.

However, despite a certain industrial demand for
porous SiC components of complex shape, the greater
share of demand is for high-density products. This is
driven by their superior mechanical and thermophysi-
cal properties, which broaden the range of applications.

It is well established that, across various additive
manufacturing (AM) methods for SiC, the as-built rela-
tive density of SiC parts typically lies in the 40—-85 %
range; therefore, porous SLS preforms require post-
processing to increase material density and meet
the property requirements of dense parts [2; 3].

To increase the density of porous a-SiC preforms
produced by conventional and additive manufacturing
methods, both chemical vapor infiltration (CVI) — first
tested in the 1910s [4] — and siliconization by liquid
silicon infiltration (LSI), known since the 1960s [5],
can be employed [5].

Densification methods
for porous SiC preforms

Possible implementations of densification methods
for porous SiC preforms are shown in Fig. 1.

Chemical vapor infiltration (CVI) involves the in-
filtration of silane compounds from the gas phase
into porous compacts. According to [6], this method
yields additively manufactured parts with a bulk den-
sity of up to 92 % and a flexural strength of 300 MPa.
The residual porosity results from isolated pores that
are not accessible from the surface [6].

Siliconization, or liquid silicon infiltration (LSI),
is a conventional powder-metallurgy technique used
to increase the density of porous graphite and SiC
components, thereby minimizing production costs —
either by avoiding the need for initially denser com-
pacts or by replacing more time-consuming densifica-
tion processes. The resulting microstructure contains
an increased amount of free silicon, which limits
the use of this method by the compositional require-
ments of the material. During siliconization, pores are
filled by molten silicon through capillary action, which
increases the density and, consequently, enhances
the mechanical properties of the material. Since
the mechanical and thermophysical properties of sili-
con are lower than those of SiC, a drawback of this
post-processing method is the reduced overall property
set caused by the presence of residual free silicon in
the regions formerly occupied by pores.

An important advantage of siliconization is that
the process causes virtually no shrinkage. Solidification
of molten silicon is accompanied by a volumetric
expansion of up to 10.8 % [7], which helps prevent
cracking during cooling. This allows the densification
of not only simple shapes but also complex-profile
parts, where thermal stresses upon cooling are much
higher. However, this volume expansion also means

Porous
SiC preform

Liquid silicon
infiltration
(LSI, siliconization)

Reactive
melt infiltration (RMI):
pyrocarbon

Chemical
vapor infiltration
(CVI)

densification + LSI

Fig. 1. Variants of densification routes for porous SiC preforms

Puc. 1. BapraHThI peanu3aliy YILIOTHEHUS TOPUCTBIX 3ar0TOBOK Jeraneii u3 SiC
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that an excess volume is generated during solidifica-
tion. As the solidification front moves toward the sur-
face, the final freezing of the silicon melt occurs near
the surface and is accompanied by expulsion of free
silicon outward. This makes mechanical removal
of the excess silicon necessary and represents a specific
limitation of the method.

Another densification route is the formation of reac-
tion-bonded SiC (RB-SiC) ceramics via reactive wet-
ting of pyrolytic/free carbon by molten silicon within
the pores — reactive melt infiltration (RMI) — with
the pore space being progressively filled by secon-
dary SiC formed in situ. The process flow is illustrated
in Fig. 2. At the first stage, the preform is impreg-
nated with a high-char-yield, low-impurity polymer
(e.g., phenolic resin) to fill the pores. The polymer
is then thermally decomposed — pyrolyzed — to form
pyrolytic carbon in the regions previously occupied
by the polymer. Alternatively, a carbon source can be
incorporated during the initial preform fabrication, for
example by using a mixture of SiC powder with carbon
powder.

Thermal pyrolysis of the polymer binder phase
generates internal pressure within the SiC preform due
to the active gas evolution associated with the decom-
position of organic components in the binder composi-
tion. As a result, a thermal cycle with a slow heating
rate (about 1-2 °C/h) is required to prevent thermal
deformation and cracking during pyrolysis. In this con-
text, geometric limitations are imposed on the resul-
ting components, particularly on the wall thickness.
Typically, the binder phase is converted into residual
carbon after thermal debinding, but it can directly
transform into SiC when a silicon-containing polymer
precursor, such as polycarbosilane or allylhydridopoly-
carbosilane, is used [8].

After binder burnout, a preliminary sintering step is
performed to form new and strengthen existing necks

Porous
SiC preform

PIP densification

Polymer
infiltration

Pyrolysis
of polymer

Cycle repetition
(1-5 times)

between particles, thereby imparting mechanical integ-
rity to the porous body, similar to conventional porous
ceramics fabrication.

At the next stage — siliconization — densification
occurs through the reaction between the pyrolytic
carbon and molten silicon, resulting in the formation
of secondary silicon carbide:

Si(l) + C(s) = SiC(s). (1)

The liquid silicon infiltration (LSI) process is typi-
cally carried out at 1500-1600 °C. During the exo-
thermic reaction (cementation) between molten silicon
and pyrolytic carbon, B-SiC is formed and remains
stable upon cooling. It is known that the transforma-
tion of B-SiC into a-SiC occurs at temperatures above
2000 °C, although a local thermal spike caused by
the exothermic reaction may induce partial conversion
to the o modification [9; 10]. Densification is gradually
completed during cooling with the formation of a new
secondary SiC phase, which coexists with the ini-
tial a-SiC, residual free silicon, and, in some cases,
unreacted carbon. Depending on its volume fraction,
the pyrolytic carbon is either completely or partially
converted to SiC during siliconization.

After additional polymer infiltration and pyroly-
sis (PIP) cycles, the volume fraction of SiC after LSI
increases due to the growth of the B-SiC phase on
the initial a-SiC particles. The amount of carbon partic-
les decreases as they dissolve in the silicon melt, start-
ing with the smaller ones. The pyrolytic carbon acts
as the nucleation center for the formation of the B-SiC
phase [11]. The reaction leading to the formation
of secondary B-SiC is accompanied by a volumet-
ric expansion of approximately 53 % [12; 13], which
exceeds the expansion occurring during the crystalliza-
tion of silicon in the LSI process.

Finished
SiC part

Optional

e Siliconization
sintering

Fig. 2. Flow diagram of densification of porous SiC part preforms by reactive melt infiltration (RMI)

Puc. 2. Cxema peann3alivi yIIOTHEHHs TOPUCTHIX 3aroToBok aetaineit 3 SiC metomoMm peakiponHoit npornutku (RMI)
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A variation of the Reactive Melt Infiltration (RMI)
method involves using a porous carbon preform instead
of SiC for silicon-based densification. The mechanical
strength of such products is significantly lower because
of the high content of unreacted free carbon (matrix)
remaining after siliconization [14].

In the PIP + LSI method, an important parameter
affecting the anisotropy of properties is the unifor-
mity of carbon distribution within the pores across
the section. This factor determines the completeness
of the reaction between free silicon and carbon and,
consequently, the residual amount of free silicon.
In regions with a higher carbon concentration, the local
temperature is elevated, accelerating the C + Si reac-
tion. This, in turn, leads to a pronounced increase in
the rates of phase formation and gas evolution (CO and
Si0,), as well as a rise in the material’s porosity [15].

Another important factor is the carbon content within
the pores, defined as the average fraction of a pore’s
volume filled with carbon. This parameter determines
the infiltration capacity of the pore network during
siliconization — that is, how long the molten silicon
can penetrate through the system of capillary channels
before they become sealed by newly formed SiC. It is
crucial to minimize the residual free silicon and poro-
sity to achieve the desired combination of mechanical
properties. At the same time, this aspect of the process
can be deliberately utilized to fabricate graded mate-
rials by varying the porosity, carbon concentration,
and free silicon content across the section. The number
of PIP cycles directly influences the concentration and
distribution of pyrolytic carbon, as well as the amount
of residual free silicon. Moreover, the number of infilt-
ration cycles can be optimized to reduce residual
porosity and obtain the required mechanical strength
characteristics [16].

With an increase in the carbon content of the pre-
form before siliconization, both the strength and den-
sity initially rise, reach a maximum, and then decrease.
This behavior is explained by the fact that at low car-
bon contents, a large amount of free silicon remains in
the structure, whereas at high carbon contents, free car-
bon persists, and the pores become sealed, hindering
the penetration of silicon into the bulk of the preform.
As a result, the interfacial strength between large SiC
particles and the residual silicon weakens.

At an optimally adjusted carbon concentration, with
appropriate reactivity and pore channel size, the resi-
dual pore volume surrounding the pyrolytic carbon can
be completely filled with secondary silicon carbide.
Thus, the secondary and primary SiC phases can be
bonded without residual components in the structure.

84

Reducing the amount of free silicon directly decreases
the total area of weak SiC/Si interfaces and the number
of regions with localized residual stress concentrations.
Consequently, the likelihood of crack initiation along
the SiC/Si boundary decreases, while both the density
and mechanical strength of the material increase.

The LSI process can also be applied to composites
(e.g.,C f./ SiC), but it has certain specific features. Since
LSI is carried out at a temperature above the melting
point of silicon, the carbon fibers (C)) eact with mol-
ten Si to form SiC [17-19]. This reaction significantly
reduces the carbon fiber content in the composite,
thereby diminishing the reinforcing effect.

In [20], the CVI method was used to produce a pro-
tective SiC interphase coating on the surface of the C o
preventing their reaction with molten silicon. After LSI
processing, the fibers were well protected, and the com-
posite exhibited a flexural strength of 274 + 13 MPa
and a fracture toughness of 5.82 +0.25 MPa-m'?.
The authors of [21] fabricated Cf coated with SiC by
a hydrothermal method. The SiC coating successfully
protected the fibers from erosion and significantly
improved the flexural strength and fracture toughness
of the C,/SiC composite by 32.6 and 26.3 %, respec-
tively. However, both of these protective approaches are
relatively low in productivity and resource-intensive.

Another study [22] demonstrated that the PIP
method can be used to protect fibers prior to siliconi-
zation by forming a pyrolytic carbon layer on their
surface. This approach is considerably faster and more
cost-effective, while increasing the fraction of secon-
dary SiC and reducing the content of free silicon.

The use of various siliconization approaches in com-
bination with SLS offers new opportunities for compo-
nent fabrication, enabling the production of complex
SiC parts with near-net shapes, thereby eliminating
the need for costly final machining by additive methods
and subsequent densification of porous preforms [23].

The objective of this study was to evaluate the effect
of post-processing parameters — polymer infiltration,
pyrolysis, and siliconization — on the density of porous
SiC preforms produced by the SLS method.

Materials and methods

Porous cubic SiC preforms (10x10x10 mm;
Fig. 3) were produced by selective laser sintering in
the vertical build direction on mesh supports using
a MeltMaster3D-160 system (NPO TsNIITMASH,
Moscow) equipped with an ytterbium fiber laser
(up to 200 W). The laser energy density used to form
the porous SLS preforms was maintained at approxi-
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mately 100 J/mm? while varying the layer thickness
from 30 to 50 um according to the following relation:

P

“Vhd @

where E is the laser energy density, P is the laser
power, V' and d are the scanning speed and scanning
pitch, respectively, and % is the layer thickness.

The starting material for sintering was a single-com-
ponent SiC powder (grade F320), pre-dried at 100 °C.
The powder had poor flowability, an average particle
size 0f48 £ 0.5 pm, abulk density of 1.11 £ 0.01 g/cm?,
and a vibrated density of 1.36 + 0.01 g/cm?3. No sinter-
ing aids or other additives were introduced. Layer-by-
layer sintering of the SiC powder was carried out in
an argon flow atmosphere to prevent oxidation and
the formation of SiO,. The synthesis procedure is
described in more detail in [1].

The post-processing of the SLS-fabricated SiC pre-
forms consisted of three main stages:

1. Polymer infiltration — filling the open porosity
with a carbon-rich polymer (furan resin). The process
was repeated until complete saturation, which was
determined by the absence of further mass increase
after each infiltration stage.

2. Pyrolysis — thermal decomposition of the poly-
mer with a high carbon yield. After this stage, the infil-
trated polymer decomposed within the pore network,
leaving free carbon behind. The combined process
of polymer infiltration and pyrolysis is referred to as
PIP (Polymer Infiltration and Pyrolysis).

3. Siliconization (LSI) — infiltration of the preforms
through open porosity with liquid silicon. The process
was carried out in a chamber under excess pressure,
promoting melt penetration into the pores. The molten
silicon reacted with the previously formed free carbon,
resulting in the formation of secondary silicon carbide,

which crystallized upon cooling. A portion of excess
silicon also remained and solidified within the pores,
filling them.

The post-treatment aimed at increasing the density
and strength of the preforms was carried out using two
different methods:

— Liquid Silicon Infiltration (LSI) without prelimi-
nary polymer infiltration;

— PIP + LSI, combining polymer infiltration, pyroly-
sis, and subsequent siliconization.

Polymer infiltration
with a carbon-rich precursor

Polymer infiltration was performed in furfurylidene
diacetone under vacuum, followed by drying at 150 °C
to cure the polymer inside the pores. After each infil-
tration and curing stage, the preforms were subjected
to carbonization (pyrolysis).

Carbonization was carried out in a muffle furnace in
air, using a graphite-chip carburizer bed as the protec-
tive medium according to the following temperature
schedule:

— heating to 240 °C at a rate of 220 °C/h;
— heating to 450 °C at a rate of 20 °C/h;
— heating to 850 °C at a rate of 220 °C/h;
— holding for 1 h;

— cooling to room temperature.

Carbonization of the resin at 850 °C was not
complete but sufficient for performing the subsequent
operations.

The infiltration procedure was repeated n times
until the network of inter-pore channels within the pre-
form volume was saturated. Saturation was evaluated
by measuring the specific mass gain after each infiltra-

Fig. 3. Initial porous SLS SiC preforms

Puc. 3. Ucxonnsbie nopuctsie CJIC-3aroToBku
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tion cycle. The absence of further weight increase indi-
cated complete saturation of the preform, after which
it was subjected to liquid silicon infiltration (LSI). For
different preforms, the number of infiltration cycles
ranged from 2 to 6.

Siliconization in a vacuum furnace

After completing the infiltration and carbonization
cycles, the SLS- preforms were placed in a vacuum
thermal furnace for LSI. The preforms were positioned
in a crucible on a technological support assembly com-
posed of composite materials and spacer elements.
The crucible was placed on a separate stand, taking
into account the temperature-field gradient of the fur-
nace hot zone. Pre-prepared silicon was loaded into
the crucible. Its quantity was determined by calculation
based on the mass of the SLS preform, their free-carbon
content, and porosity. LSI was conducted at 1450 °C.
Capillary infiltration was used as the mechanism for
melt penetration. The temperature was monitored with
a pyrometer and visually through the furnace viewing
ports. The total process time was about 10 h. After LSI,
a small amount of silicon remained on the preform
surfaces; the excess was removed mechanically during
the finishing step.

Hot mounting of specimens

For metallographic preparation, the specimens were
hot-mounted in phenolic resin using a CitoPress-1
mounting press (Struers, Denmark). Mounting was car-
ried out in both longitudinal and transverse orientations
relative to the SLS build direction.

Preparation
of metallographic specimens

Metallographic specimen preparation was per-
formed in several stages using a TegraPol-11 grind-
ing and polishing system (Struers) equipped with
the TegraForce-1 semi-automatic specimen rotation
unit (Struers). The preparation sequence included
grinding, fine grinding, diamond polishing, and oxide
polishing. For grinding, diamond disks with abrasive
grain sizes from 54 to 18 um were used. Running
water was supplied continuously to the grinding area
as a cooling and lubricating medium. Fine grinding was
carried out using composite single-step fine-grinding
disks with diamond suspensions of 15—-6 um particle
size. Polishing was performed on a hard polishing cloth
with 3 pm diamond suspension, followed by final poli-
shing on a soft cloth using an alumina suspension with
a particle size of 0.04 um.
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Microscopy

Optical microscopy. Microstructural constituents
and their relative proportions in the specimens were
examined using an Olympus PNG-3 optical microscope
(Japan) equipped with the Vestra Imaging System (NPO
LATEMI, Moscow) for image analysis. Quantitative
analysis was performed by assigning distinct colors
to individual phases and calculating the number of colo-
red pixels using software-based image segmentation.

Because the structural constituents exhibited diffe-
rent etching behavior, chemical etching for microstruc-
ture revelation was not performed.

Scanning electron microscopy. SEM studies
were conducted using a Tescan Vega 3XMU analyti-
cal system (Czech Republic) equipped with an Oxford
Advanced AZtec Energy EDS unit (UK) based on
an X-Max80 detector (Oxford Instruments, UK).
Observations were performed in high-vacuum mode
at an accelerating voltage of 20 kV.

Density measurement
by hydrostatic weighing

The density of the specimens was determined after
SLS fabrication, during post-processing, and after
the final LSI stage using the hydrostatic weighing
method in accordance with GOST 18898-89. The den-
sity was calculated as

Mp.p,
M, _Ms)Pc - M,p,

p= 3)
(

where M, is the mass of the specimen without protec-
tive coating, g, M, is the mass of the coated specimen
weighed in air, g, M, is the mass of the coated specimen
weighed in liquid, g, M, is the mass of the protective
coating, g; p, is the density of the working liquid, g/cm?,
p, is the density of the coating material, g/cm?.

Results and discussion
Post-processing

As a result of post-processing, final SiC specimens
were obtained from the porous SLS preforms (Fig. 4).
Their outer surface exhibited a characteristic metallic
sheen, which can be attributed to the presence of free
silicon segregated on the surface. During infiltra-
tion, silicon penetrates into the porous SLS preform
by a capillary mechanism. It reacts both with the sin-
tered SiC skeleton of the preform and with the free
carbon present in the pore channels introduced through
the PIP process. Upon crystallization, silicon undergoes
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Fig. 4. Cubic specimens — porous SLS SiC preforms after PIP densification and LSI treatment

Puc. 4. Kyouueckue o0pasiibl — ObiBinue nmopucteie CJIC-3arotoBkH,
MIPOILEIINE CTAJNU MUPOYIIICPOTHOTO YIUIOTHEHHUS U CHIHIIUPOBAHUS

volumetric expansion, which causes the residual melt
to be expelled toward the surface of the specimens.

It should be noted that the depth of melt penetra-
tion into the bulk is limited by the presence of closed
porosity, the pore size, and the reactivity of carbon.
Fig. 5 shows a fracture surface of a specimen demonst-
rating limited melt infiltration to a depth not exceeding
1.0-1.5 mm. In this case, the shallow penetration was
associated with an excessive number of PIP cycles,
which led to over-saturation with carbon and, conse-
quently, a reduction in pore size and blockage of most
pore channels, preventing molten silicon from penet-
rating into the interior of the porous SLS preform.

The reaction between molten silicon and carbon
occurred only in the near-surface zone on all sides
of the specimen, since the entire outer surface was in
contact with the melt. However, the observed infiltra-
tion pattern indicates that the melt penetrated the speci-
men volume only within this peripheral region, uni-
formly distributed over the entire cross-section.

Fig. 5. Cross-sectional fracture of a specimen subjected
to an excessive number of PIP densification cycles after LSI

Puc. 5. Tlonepeunslii n3imom o6pasia ¢ n30bITOYHBIM
KOJIMYECTBOM LHKJIOB ITHPOYIIIEPOIHOTO YIUIOTHEHHS
TOCIIE CHITHIIPOBAHUS

Density measurement

The initial density of the specimens fabricated with
a layer thickness of 50 um (hereinafter referred to as
“50 um” specimens) ranged from 1.28 to 1.37 g/cm?,
whereas specimens produced with a layer thickness
of 30 um (“30 um” specimens) exhibited densities
13-16 % higher, in the range of 1.46—1.63 g/cm?. This
difference suggests denser layer packing and more
complete sintering in thinner layers.

The porous SLS preforms were subjected to PIP
densification, which included vacuum infiltration with
furfurylidene diacetone followed by carbonization.
Carbonization, representing the thermal decomposition
(pyrolysis) of the polymer, resulted in the formation
of free carbon. After each PIP densification cycle, all
specimens were re-weighed to evaluate their density.

The density data were used to plot density varia-
tion curves as a function of the number of PIP cycles
(Fig. 6) for preforms fabricated with different techno-
logical parameters — namely, layer thicknesses of 50
and 30 pm.

As seen in Fig. 6, a, the initial density increase
for the “50 um” specimens after the first PIP infiltra-
tion —from 1.28-1.37 to 1.58-1.67 g/cm?® — amounted
to 1624 %. After the second infiltration, their density
rose further to 1.68-1.80 g/cm’, i.e., an additional
7-12 % compared to the first cycle. During subsequent
infiltration and pyrolysis cycles, a stable density
increase of 2—5 % per cycle was observed.

According to the graphs for the “30 um” specimens
(Fig. 6, b), their density after the first infiltration either
remained nearly unchanged or slightly decreased, most
likely due to moisture retained in the pores. However,
after the second infiltration, the density increased
to 1.76-1.85 g/cm?, i.e., by approximately 11-16 %
compared to the previous cycle.
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A noticeable mass increase for the “30 um” speci-
mens ceased after the second PIP cycle, while for
the “50 um” specimens it leveled off after the fourth
cycle, indicating complete saturation. Thus, the limit
of PIP densification was reached after 4-5 cycles
for the “50 um” specimens and after 2-3 cycles for
the “30 um” specimens. Based on the difference in
the number of cycles required to achieve saturation for
specimens fabricated with different layer thicknesses,
it can be inferred that these specimens possess differ-
ent free volumes and, consequently, different porosities
and initial densities, which is consistent with the den-
sity measurements. It is also reasonable to assume diffe-
rences in pore and channel sizes, which could affect pore
permeability and infiltration efficiency during polymer
infiltration. The final density of the “50 um” specimens
after the last infiltration cycle was 1.88-1.94 g/cm?,
while that of the “30 pm” specimens ranged from 1.73
to 1.85 g/cm’.

Subsequently, the densified specimens were sub-
jected to liquid silicon infiltration (LSI). Fig. 7 shows
the relationship between the density of the “30 pm”
specimens after LSI, the number of PIP cycles, and
the density after the final PIP cycle.

p, glem

p, glem

1.3

12 | | | |

Fig. 6. Variation in the density (p) of specimens treated by
PIP + LSI as a function of the number of infiltration cycles n

Layer thickness — 50 pm (@) and 30 um (b)

Puc. 6. VI3ameHenue mIoTHOCTH (p) 0Opa3IoB, MOIBEPTHYTHIX
obpabotke PIP + LSI, B 3aBUCHMOCTH OT KOJIMYECTBA MPOIUTOK (71)

TomnmHa ciost — 50 MM (@) u 30 Mxm (b)
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In addition, a comparative analysis of the density
of specimens fabricated under identical SLS parameters
but subjected to different post-processing routes —
LSI only and the combined PIP + LSI treatment —
was carried out (Fig. 8). According to the resulting
diagram, the specimens after LSI exhibited a den-
sity of 2.52-2.65 g/cm’, while those that underwent
the complete PIP + LSI cycle reached 2.77-2.88 g/cm’.
The average density difference between the speci-
mens after LSI and PIP+ LSI treatments was
approximately 10 %.

Microstructural studies

A detailed microstructural analysis was performed
on the “50 pm” specimens after both PIP + LSI and
LSI treatments to determine the relative contents
and distribution characteristics of the SiC, Si, and C
phases, as well as residual closed porosity. In the opti-
cal micrographs (Fig. 9), the initial SiC powder par-
ticles appear as dark gray, irregularly shaped grains,
including fragmented and needle-like morphologies.
Silicon is observed as light gray regions, while carbon
particles appear darker than SiC.
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Fig. 7. Density of the “30 pm” specimens after silicon infiltration
(p.g) as a function of (a) the number of prior infiltration
cycles n and (b) the density after the last infiltration (p,)

Puc. 7. 3aBuCHMOCTB TUIOTHOCTH 00pa3moB «30 MKM»
TOCIIE CUTUIUPOBAHHUS (P ;)
OT KOJIMYECTBA IPEIBAPUTEIBHBIX MTPOIHTOK (71) (a)
H OT IWIOTHOCTH TIOCIIE TocetHel mpormtky (p,) (b)
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3.0 The specimen subjected to the PIP + LSI treatment

3

Prsis Prsi+prp> &M

Specimen

Fig. 8. Comparative density chart of the “50 um” specimens
after silicon infiltration (LSI) and after the complete
PIP + LSI treatment

- LSL - PIP +LSI

Puc. 8. CpaBuuTenbpHas quarpaMma mioTHOCTH 00pasioB
«50 MKM», IPOILIEAIINX TOIBKO cTaguio cuanuupoBanus (LSI),
1 00pa3ioB nocie noiuoro mukiaa (PIP + LSI)

- LSL - PIP+LSI

Pores are displayed as black areas. The secon-
dary SiC exhibits an intermediate gray tone between
the original SiC and silicon — that is, lighter than
SiC grains but darker than free silicon. According
to the analysis, the secondary SiC phase is identified
similarly to the primary SiC. This is most likely due
to the B-SiC — a-SiC transformation, since the resul-
ting a-SiC has a morphology comparable to that
of the initial powder.

exhibits a banded structure formed by the distribu-
tion of carbon and silicon phases of different shapes
and sizes. Carbon and pores are uniformly distributed
throughout the specimen cross-section, while silicon
is distributed nonuniformly. Relatively large silicon
inclusions are localized in regions with high carbon
concentration. Evidence of reaction between silicon
and carbon with the formation of secondary SiC along
the perimeters of these inclusions is observed (Fig. 10).
The specimen exhibits both a regular, ordered struc-
ture, consisting of repetitive rhombohedral SiC cells
surrounded by carbon, and a disordered structure with
locally misoriented phases.

Large carbon inclusions separated by thin sili-
con veins were concentrated in the peripheral region
of the specimen, near the surface, which is likely asso-
ciated with solidification structure formation under heat
dissipation conditions. The specimen also contained
numerous continuous, parallel microcracks extending
through the structure.

According to the examination of the specimens after
LSI, their structures were found to be similar, consis-
ting of uniformly distributed SiC grains embedded in
a silicon matrix. The SiC crystals exhibit a regular
but non-equiaxed morphology with well-defined grain
boundaries. In some regions near the boundaries of SiC
grains and within the silicon matrix, fine, diffuse SiC
precipitates were observed.

Fig. 9. Microstructure of cross-sections of “50 um” specimens

a — original image after LSI; b — the same LSI specimen with phase-colored constituents;
¢ — original image after PIP + LSI; d — the PIP + LSI specimen with phase-colored constituents

Puc. 9. MUKPOCTPYKTypa TOIEPeUHbIX CeUeHuUT 00pa3oB «50 MKM»

a — ucxoHoe n3odpaxenue obpasua nocue LSI; b — usobpaxkenne LSI-06pasiia ¢ OKpanieHHBIMU CTPYKTYPHBIMH COCTABIISIOLIHMH;
¢ — ucxonHoe u3oopaxenue odpasia nocie PIP + LSI;
d — m3o0paxkenne o6pasma nocie PIP + LSI ¢ okpalieHHBIMU CTPYKTYPHBIMHU COCTABIISIIOLIIME
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50 um
—

Fig. 10. Formation of secondary silicon carbide
from the reaction of free silicon with free carbon
in a PIP + LSI-treated specimen

Puc. 10. BzaumozeiicTBre cBOOOIHOTO KPEMHHS M yIIIepoaa
¢ 00pa3oBaHKMEM BTOPUYHOTO KapOuaa KpeMHUs B o0Opasie,
nporueniem oopadorky PIP + LSI

The structure of all LSI specimens is dense, contain-
ing only isolated pores located mainly within the SiC
phase. Across all specimens, sharp-edged recesses
of regular shape were found. These features likely
originated from the pull-out of SiC or other hard-phase
crystallites during metallographic preparation.

Detailed SEM analysis of the SiC phase revealed
the presence of graphitic inclusions within individual
SiC grains (Fig. 11). These inclusions appear as chains
of point-like features localized along the grain boun-
daries of the carbide crystals.

The Table below presents the quantitative contents
of SiC, free Si, and carbon phases in the specimens after
PIP + LSI and LSI treatments. The contents of pores
and the carbon phase in the LSI-treated specimen were
not considered in the calculation because of their neg-
ligibly small amount (<1 %).

Based on the data in the Table, it can be concluded
that the specimens without preliminary PIP treat-
ment contain approximately 50 % less SiC phase than
those subjected to the full PIP + LSI cycle. This dif-
ference may be attributed both to the lower density
of the initial preforms and to the absence of second-
ary SiC formation. From the difference in the SiC
content between the LSI and PIP + LSI specimens, it
can be inferred that the secondary SiC phase (SiC,))
forms in the amount of 25-37 %, increasing the total
SiC content in the material from 43-45 to 70-80 %.
This increase likely enhances both the mechanical and
thermophysical properties of the material. At the same
time, the porosity of the LSI specimens was found to be

20

quantitatively lower, which can be explained by better
capillary penetration of the silicon melt into the bulk
due to larger pore sizes and the absence of pore-
channel blockage by carbon. According to the micro-
structural images, the additional porosity observed
in the PIP+ LSI specimens may be associated with
incomplete wetting of large residual carbon inclusions
and the formation of voids at the interface with the free
silicon phase, resulting in localized porous zones.

Based on the obtained quantitative phase compo-
sition, it can be assumed that the LSI specimen, with
a SiC content of 43—45 %, would be expected to have
a theoretical density of 2.70-2.73 g/cm?® instead
of the actual 2.52-2.65 g/cm?, while the PIP + LSI
specimen, containing 70-80 % SiC, should theoreti-
cally reach 2.94-3.03 g/cm?® instead of the measured

1
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Spectrum| C, at. % | Si, at. % | Z, at. %
1 37.80 62.20 | 100.00
2-1 100.00 - 100.00
2-2 100.00 - 100.00
2-3 100.00 — 100.00
3-1 40.08 59.92 | 100.00
3-2 40.45 59.55 | 100.00
3-3 40.19 59.81 100.00

4 14.20 85.80 | 100.00

Fig. 11. Carbon-phase inclusions within the SiC phase
in a PIP + LSI-treated specimen
a—1500%; b, ¢ —5000*
Local chemical composition analysis

Puc. 11. Bxirouenus yriepoanoii ¢assl B SiC-aze
B oOpasiie mocie oopadorku PIP + LSI

a—1500%; b, ¢ — 5000"
JlokabHBINA aHAIH3 XUMHYIECKOTO COCTaBa

Proportions of structural constituents
in “50 pm” specimens after PIP + LSI and after LSI

CooTHOIIEHNE CTPYKTYPHBIX COCTABJISIIOIIMX
B o0pa3zuax «50 mxm» mocje oopadorox PIP + LSI u LSI

) Phase fraction, % Density,
Specimen Jom?
Pores | Si C sic giem
PIP+LSI | 1-2 6-17 | 9-13 | 70-80 <2.88
LSI <1 55-57 | <1 43-45 <2.65
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2.77-2.88 g/cm®. However, the lower actual density
values indicate the presence of additional low-density
phases and residual porosity, both of which affect
the overall result — findings that are consistent with
the quantitative microstructural analysis.

Further research aimed at optimizing the post-pro-
cessing parameters to achieve maximum densification
of SLS SiC preforms and evaluating the mechanical
properties will help establish a correlation between
the mechanical strength and the quantitative phase
composition of the final specimens after different post-
processing routes. Planned future studies also include
mechanical testing to determine the fracture mecha-
nisms of specimens fabricated along different build
directions, in order to assess the possible anisotropy
of mechanical properties.

Conclusions

1. The initial density of the specimens fabricated
by SLS was 15-30 % higher than the bulk density
of silicon carbide. For the “50 pm” specimens, the den-
sity was comparable to that of vibratory-compacted
powder, while the “30 pm” specimens exhibited densi-
ties 10—15 % higher than that of vibratory-compacted
powder. The SiC powder particles had irregular (elon-
gated) shapes. To achieve higher final density, it is
necessary to increase the initial preform density, for
example, by using more spherical SiC powder.

2. The increase in the initial density of the SLS pre-
forms with decreasing layer thickness is likely asso-
ciated with improved vertical heat transfer in thinner
layers (30 um). This thermal profile promotes particle
sliding/rearrangement, reduces interparticle pore size,
and improves adhesion to the previously sintered layer.
In contrast, for 50 um layers the packing density may
decrease because of a double-layer effect: two needle-
like SiC particles can stack vertically, leading to addi-
tional heat absorption (thermal shielding) and difficulty
achieving full, uniform heating during laser sintering.
Consequently, interlayer sliding and consolidation pro-
ceed less efficiently than in the “30 um” specimens,
where each layer is approximately one particle thick.
In the “50 pm” specimens, the initial density was
1.3-1.4 g/cm3, whereas in the “30 um” specimens, it
reached 1.5-1.6 g/cm’.

3. The SLS specimens can be densified by poly-
mer infiltration and pyrolysis (PIP) to a density
of 1.85-1.94 g/cm’, indicating a carbon mass uptake
of up to 0.62 g/cm? — sufficient for the subsequent forma-
tion of secondary SiC within the pores, thereby increas-
ing the overall density toward the theoretical value.

4. Comparison of the densities of specimens sub-
jected to PIP + LSI treatment shows a linear correla-

tion, indirectly confirming a high degree of carbon
conversion into secondary SiC and demonstrating
the potential for further material quality improvement.
The quantitative microstructural analysis directly sup-
ports this conclusion, showing that the secondary SiC
(SiC},) accounts for 25-37 % of the total SiC content.

5. It is necessary to optimize both the amount and
reactivity of carbon introduced into the SLS preforms,
as well as the method of its incorporation, to achieve
maximum final density with minimal porosity.
Introducing excess carbon (to generate more than ~35 %
of secondary SiC) results in high residual carbon con-
tent and significant closed porosity due to pore-channel
blockage during infiltration and pyrolysis. Improved
results may be obtained by modifying the polymer pre-
cursor or by using alternative infiltration polymers.

6. The “30 pm” specimens achieved maximum
carbon densification after only 23 infiltration cycles,
while the “50 pm” specimens required 4—5 cycles. This
difference can be attributed to variations in total poro-
sity and pore-channel cross-section size, which affect
the saturation efficiency during infiltration.

7. The final density after siliconization (LSI) was
insufficient for both the “50 pm” and “30 pm” speci-
mens. The maximum achieved density was 2.88 g/cm’.
The specimens subjected to only one PIP infiltration
showed the lowest post-LSI density (2.62-2.80 g/cm?).
To reach maximum densification, 4-5 infiltrations
are required for the “50 um” specimens, and 2-3 for
the “30 pm” specimens.

8. The results demonstrate that SLS-fabricated
specimens subjected to LSI without preliminary PIP
treatment exhibit lower density (2.52-2.65 g/cm?)
compared to those that underwent the full PIP + LSI
process (2.62-2.88 g/cm?). In earlier experiments
with infiltration, visible voids and delaminations
were observed, whereas in the present specimens no
delaminations or large pores were detected, confirming
improved structure integrity.
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