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Abstract

This study focuses on the design, additive manufacturing, and characteriza-
tion of silicon carbide-based components with complex geometries. These parts
were produced using a novel hybrid technique, previously developed: powder
bed fusion of polyamide was used to 3D print two different templates with
complex architectures. Preceramic polymer infiltrations and pyrolysis with poly-
carbosilane and furan resin were performed to obtain the ceramic parts. The
final densification was achieved with reactive or nonreactive silicon infiltrations
according to four different strategies, producing ceramics comprised of crys-
talline 8SiC, reaction-bonded SiC, and low residual silicon. The final gyroid
samples (~70 vol% macroporosity) exhibited a maximum compressive strength
of 24.7 + 2.2 MPa, with a skeleton density of 3.173 + 0.022 g/cm?, and a relative
density of 0.935 + 0.016. These findings underscore the potential of this manu-
facturing approach and showcase its effectiveness in fabricating intricate ceramic
structures for engineering applications as heat exchangers and catalytic supports.

KEYWORDS
additive manufacturing, powder bed fusion, preceramic polymers, silicon carbide, silicon
infiltration

AM of SiC ceramics is achieving complete densification
and thus obtaining higher mechanical properties.*° To

The fabrication of silicon carbide (SiC) ceramic structures
with intricate geometries is a cumbersome and expensive
process when using standard techniques and machining.
The development of additive manufacturing (AM) has rev-
olutionized the fabrication of many materials including
SiC.! This approach allows for the realization of complex
architectures, including cellular structures,?> which were
previously unattainable through conventional manufac-
turing methods. One of the most significant challenges in

address it, after green preform printing, subsequent infil-
tration methods have been employed, such as preceramic
polymer infiltration and pyrolysis (PIP),”® liquid silicon
infiltration (LSI),”'° and chemical vapor infiltration.""!?
These infiltration techniques help to increase the rela-
tive density, strength, and overall performance of the SiC
ceramic parts.'*"” The combination of AM and subse-
quent infiltration methods provides several advantages.'®
These include the ability to produce complex parts with
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fine details, rapid prototyping, reduction of material waste,
and the flexibility to customize components for specific
applications. Nevertheless, several challenges remain to
be addressed. One of the limitations of conventional AM
methods, such as selective laser sintering or binder jet-
ting, is the limited control over the ceramic microstructure
resulting after manufacturing, which leads to insufficient
density and poor mechanical properties.'>?° The inte-
gration of AM with the powder bed fusion (PBF) of a
polymeric preform, followed by preceramic PIP and LSI,
has shown great promise for the fabrication of SiC and
SiSiC parts.”! Our previous work on this technique suc-
cessfully demonstrated its feasibility in producing simple
shapes like a disc.”’ However, the potential for manufac-
turing complex Si-SiC parts with intricate geometries was
not yet explored.

In this article, we present the follow up of this novel
technique to produce complex SiC-based parts, highlight-
ing its capabilities and advantages over other AM methods.
The utilization of the proposed technique opens up new
possibilities for the production of complex SiC-based parts.
By designing the polymeric preform and optimizing the
PBF parameters, complex shapes with extremely fine
details and controlled microstructure can be achieved. The
subsequent PIP and LSI processes play a crucial role in
transforming the polymeric preform into a fully dense
SiC-based part. The PIP step allows for the infiltration
of the preform with a ceramic precursor, which upon
pyrolysis, converts into a ceramic matrix. This process
not only enhances the density and mechanical properties
of the part but also allows for the preservation of com-
plex geometries and fine details.?*>~?° The final LSI process
further enhances the density and strength by infiltrat-
ing the pyrolyzed preform with liquid silicon, resulting
in high-dense and net shape components.”’~** The ability
to fabricate complex SiC parts using this novel technique
opens up a wide range of applications.**> These include
aerospace components with intricate cooling channels,
biomedical implants with customized geometries, energy
systems with complex internal flow paths, and catalytic
supports.’® The excellent mechanical properties, ther-
mal stability, and chemical resistance of SiC make it
an ideal material for demanding environments where
performance and reliability are critical.”’” This advance-
ment pushes the boundaries of SiC-based applications,
enabling the realization of complex SiC parts in various
industries.*®*

2 | MATERIALS AND METHODS

The newly developed hybrid technique??>#0 leverages a
combination of 3D printing of polymer powders, precur-

sor infiltration, pyrolysis, and LSI to produce complex
ceramic 3D architectures. The process begins with the
PBF technology to create a polyamide preform with high
microporosity. This microporosity is crucial for achieving
successful infiltration using a liquid preceramic poly-
mer, leading to a more efficient conversion into ceramics.
Subsequently, pyrolysis at a temperature of 1000°C is
employed to produce the polymer-derived ceramic body,
with the decomposition of the polyamide preform, and
few PIP cycles with different precursors are performed to
enhance the relative density of the part. The final densifi-
cation is achieved though infiltration with molten silicon
at 1800°C (The infiltration temperature was selected based
on preliminary tests, as reported in the Supporting Infor-
mation). In this work, four infiltration strategies (see
Section 2.3) were investigated to produce dense Si-SiC
and SiC-SiC parts with high mechanical strength (see
Graphical Abstract).

2.1 | Computational design of the
complex architectures

Two structures with high geometric complexity were
generated through a parametric computational design
approach in view of their fabrication via PBF. The 3D mod-
els were created using a tool developed into Grasshopper
(McNeel), which allows to generate high complex cellular
structures with different topologies. The unit cells of the
strut-based rotated cube (RC) and the surface-based gyroid
(GY) were modeled with a cell size of 2.9 and 6.8 mm,
respectively. The minimal surface of the GY is described
by the following equation:

GY =sinx- cosy+siny-cosz-sinz-cosx (1)

The single unit cells were then replicated until form-
ing the final cylindrical samples with 25 mm diameter and
44 mm height. The RC lattice consisted of struts with a
diameter of 1.1 mm, whereas the GY structure consisted of
surfaces with a thickness of 1.0 mm. The designs resulted
in two structures with the same specific surface area of
947 m~! (normalized on the occupied volume) and geo-
metric macroporosity of 67 vol%. Figure 1 shows the two
structures in different views.

2.2 | Manufacturing

2.2.1 | Materials

Spherical powders (dsp = 60 pum) of polyamide 12 (PA12,
Sintratec AG) were used for the 3D printing. PAI2 is a
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FIGURE 1

thermoplastic and semicrystalline-crystalline polymer
suitable for the PBF technique, with a density of 1.0 g/cm?.

Two different liquid preceramic polymers were used
for the infiltration of the 3D printed preforms: (i) allyl-
hydridopolycarbosilane (AHPCS) polymer (StarPCS SMP-
10, Starfire Systems Inc) and (ii) furanic (FUR) resin
(Furolite 100, TransFurans Chemicals). Both preceramic
polymers have about the same density of 1.0 g/cm?® and
dynamic viscosity of 40-100 cPs at 25°C. In the cases
of FUR resin, the addition of a catalyst (HM 1448, WIZ
chemicals) was needed to promote its crosslinking. In a
previous work,*’ the authors found that the pyrolysis at
1000°C in inert atmosphere produces amorphous SiC from
AHPCS and amorphous C from FUR with ceramic yield
of 75% and 52%, respectively. Moreover, AHPCS pyroly-
sis at higher temperature forms §SiC with true density of
3.206 + 0.099 g/cm?>.

Graphite (C(g)) powder (dgy = 12.6 ym and ds, = 6.2 um)
(TIMREX KS 10, Imerys) was mixed (13% wt) with the
AHPCS liquid polymer and used for the infiltration case
#4 (see Section 2.2.3) with the aim to achieve the reac-
tion between silicon and graphite to produce silicon
carbide.
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Section view Y
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3D computational design models of the rotated cube and the gyroid structures investigated in this work.

Silicon grains (HQ1, Sicerma) with a size of 0.2-2.0 mm
were used to perform the LSI.

2.2.2 | 3D printing of the polymeric preform

The polymeric preforms were manufactured utilizing a
Sintratec KIT, a commercial PBF 3D printer (Sintratec KIT,
Sintratec AG). The printing process was performed in air
involving three main phases. (i) Preprocessing: The 3D
CAD model of the object was sliced into two-dimensional
cross-sections, the printing parameters were defined and
uploaded in the machine. The chamber and the powder
bed were heated to reach and maintain a uniform tem-
perature within the PA12 sintering window to minimize
the energy required for the melting. (ii) Processing (see
Figure 2): The build platform was lowered by a preset
distance (layer thickness) and the delivery platform was
uplifted. Then, the recoating blade deposited a new powder
layer. Finally, the laser traced the component cross-section
providing thermal energy to selectively melt the powders.
(iii) After natural cooling of the chamber the 3D printed
part was removed. The non-melted powder around and
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Schematic of the powder bed fusion (PBF) technology for polymeric powders: (A) lowering of the build platform by a fixed

layer thickness and uplift of the delivery platform, meanwhile the chamber temperature is regulated by a heat source; (B) deposition of a new
powder layer by the blade and heating of the new powder layer; (C) selectively melting of the polymer powders by the laser beam driven by

motorized mirrors.

inside the part was carefully removed using compressed
air. The following 3D printing parameters were used:

* Laser speed of 848 mm/s.
* Layer thickness of 100 pm.
* Powder surface temperature of 166°C.

This combination of parameters (previously optimized
by the authors®?) allows to 3D print parts with high micro-
porosity and overall quality in terms of resolution and
accuracy.

2.2.3 | Precursor infiltration and pyrolysis

A purpose-built apparatus was used to infiltrate the 3D-
printed complex preforms with the selected liquid precur-
sors, operating in light vacuum (~10~! bar) and at room
temperature. A planetary centrifugal mixer (Thinky Mixer
ARE-250, Thinky) was used to mix the preceramic poly-
mer with its catalyst at 700 rpm for 3 min. The FUR
infiltrated samples were pre-cured in a static furnace at
145°C for 2 h. This was found to be a crucial step in
promoting the crosslinking of the FUR resin and main-
taining the shape of the part after pyrolysis. After each
infiltration, the samples were subjected to heat treatment
in a vertical retort furnace (SPS01, Keos Srl) using high
purity flowing argon (99.99%, 30 L/h) at the temperature
of 1000°C for 1 h (heating rate of 51°C/h). A detailed
description of the thermal cycle is provided in our previous
work.??

2.2.4 | High temperature pyrolysis (HTP)

Before LSI, all the samples were subjected to pyroly-
sis at 1800°C for 1 h in order to crystallize the ceramic

matrix and to increase their microporosity, which has
been found to be useful in achieving successful subse-
quent infiltration with molten silicon. A graphite resis-
tor furnace (XGRAPHITE 2200, XERION GmbH) was
used for carrying out the high temperature pyrolysis
(HTP). During the process, the chamber was heated at
20°C/min, the absolute pressure was held at 5 mbar, and
an argon flow rate of 1 L/min was imposed for safety
reasons.

2.2.5 | Liquid silicon infiltration

The final densification was performed through LSI at
1800°C for 1 h at the same conditions of the HTP treat-
ment. A silicon content of 120% with respect to the sample
weight was used to infiltrate the materials. The reason for
these conditions is reported in the Supporting Informa-
tion, which shows the investigation of three parameters
affecting the LSI process, namely, temperature, time, and
silicon content.

Two types of LSI techniques were employed: (a) non-
reactive silicon infiltration, which does not involve a
chemical reaction between the molten silicon and the sub-
strate material and (b) reactive silicon infiltration, also
known as reactive melt infiltration, which involves the
reaction between the molten silicon and the free carbon
generated by the pyrolysis of a C precursor (or added
graphite powder) to form a solid matrix of SiC, named reac-
tion bonded SiC (RBSiC),’*! according to the following
reaction:

where [ is liquid, s is solid, and AH is the enthalpy of

formation. Increasing the content of SiC with respect to
the residual Si phase is of significant industrial interest
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because of the benefits achievable in terms of density and
mechanical strength.

2.3 | Summary of the infiltration
strategies

Four different strategies were used to infiltrate the 3D
printed preforms and to produce ceramic templates to be
further infiltrated with molten silicon at higher tempera-
ture. The aim was to find the best strategy to produce dense
and strong SiC-based ceramics. The strategies are listed
below:

1. Five PIP cycles were performed with AHPCS to obtain
a high degree of densification of the amorphous SiC
matrix. Then, HTP was performed to achieve the crys-
tallization of the SiC into 8SiC. The final densification
was performed with a nonreactive LSI cycle to obtain
Si—-f3SiC ceramics.

2. Three PIP cycles were performed with FUR resin to
obtain an optimal degree of densification of the C
matrix. Then, HTP was performed to achieve the partial
crystallization of the C phase. The final densification
was performed with a reactive LSI cycle to obtain RBSiC
ceramics.

3. Four PIP cycles were performed with AHPCS to pro-
duce a dense SiC matrix. Then, HTP was performed to
achieve the crystallization of the SiC into a $SiC. A sub-
sequent infiltration by the FUR resin was performed to
obtain free-carbon on the SiC surface. The final den-
sification was performed with a reactive LSI to obtain
RBSiC-£SiC ceramics.

4. Only one PIP was performed with a mixture of AHPCS
and graphite powder. Then, HTP was performed to
achieve the crystallization of the amorphous SiC phase
into BSiC. The final densification was performed with a
reactive LSI cycle to obtain RBSiC-{SiC by the reaction
between graphite and Si.

Figure 3 schematizes the four cases.

2.4 | Characterization
During the process steps, the mass variation was recorded
with a precision balance (0.1 mg resolution) and the sample
size was measured using a digital caliper. These opera-
tions were performed after PBF, each PIP cycle and after
LSI, respectively, to investigate the weight change and the
shrinkage of the parts.

Mercury intrusion porosimetry tests (PoreMaster
60, Anton Paar Switzerland AG) were performed in

order to evaluate the bulk microporosity, the open pore
size distribution, and the pore volume. Analyses were
performed by using a pressure range from 0.0014 to
414 MPa.

Helium pycnometry (Ultrapyc3000, Anton Paar Quan-
taTec Inc.) was used to assess the density of the materials
after PBF, PIP, and LSI. Analyses were performed by using
a pressure target of 18 psi. A bulk sample piece and sam-
ple powder were used for obtaining the apparent and true
density values, respectively. Eight tests were performed for
each sample.

The phase composition of the ceramic parts after LSI was
investigated on crushed sample powder, using an X-ray
diffractometer (XRD) (D8 Advance, Bruker Italia Srl) with
Cu(k,) radiation, from 10° to 80°, 0.05°/step, 2 s/step. The
Match! Software package (Crystal Impact GbR) was used
for a semiautomatic phase identification, supported by
data from the PDF-2 database (ICDD-International Centre
for Diffraction Data).

Scanning electron microscopy (SEM) analyses (JSM-
6010PLUS/LA, Jeol Ltd.) were conducted to investi-
gate the microstructure of the samples after PBF, PIP,
and LSI. Surface compositional analysis on selected
samples was carried out using energy-dispersive X-
ray analysis (EDX). Before the analyses, the samples
were fractured and incorporated in a phenolic resin
mold.

The mechanical strength of the ceramic samples was
evaluated through uniaxial quasi-static compression tests
(Zwick 7050, Zwick GmbH & Co0.KG). Tests were per-
formed at strain rate of 1073/s, and a cell load of 50 kN
(KAP-S, AST) was used to record the reaction force.
The cylindrical sample was placed at the center of the
plates and preloaded with a force of 5 N. Ten sam-
ples were tested for each type. Before testing, the top
and bottom surfaces of the cylinders were machined for
flattening.

3 | RESULTS AND DISCUSSION

3.1 | Manufacturing and densification

The two architectures were both successfully 3D printed
through the PBF of PA12 powders. The desired geometry
of the samples, which consisted of a cylindrical shape with
a diameter of 25 + 0.47 mm and a height of 45 + 0.64 mm,
was successfully produced. The RC lattice consisted of
struts with a diameter of 1.1 + 0.018 mm, whereas the
GY structure consisted of surfaces with a thickness of
1.0 + 0.015 mm (see Section 2.1 for the features of the
computational models). The printed parts had a relative
strut density of 0.56 + 0.04, which was measured with
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FIGURE 4 Optical imagines of the produced samples after each step of the manufacturing process: (A) polymeric samples after powder
bed fusion (PBF); (B) amorphous ceramic samples after polymer infiltration and pyrolysis (PIP); (C) Si-infiltrated ceramic samples after liquid

silicon infiltration (LST).

mercury porosimetry. The optical images of the polymeric
samples after the complete AM procedure are shown in
Figure 4A.

The parts underwent infiltration and subsequent pyrol-
ysis, resulting in the creation of amorphous ceramics that
showed no shape distortion and few macroscopic cracks.

As observed in the previous studies,”*>*° the conversion
process resulted in an isotropic linear shrinkage of approx-
imately 23%.%° According to the authors’ previous work,*
the decomposition of PA (amide group CO-NH) occurring
during the first pyrolysis cycle caused the evolution of
CO/CO,, which introduced some oxygen in the SiC and C
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density/true density) after each polymer infiltration and pyrolysis
(PIP) cycle. Case numbering refers to Table 1.

matrices. Cylindrical ceramic structures with a diameter
0f 19.45 + 0.25 mm and a height of 34.23 + 0.15 mm were
manufactured in this stage. The diameter of the struts
and the thickness of the surfaces also experienced the
same shrinkage. In the subsequent PIP cycles, no further
shrinkage was observed, and the structures retained their
original shape and size (see Figure 4B for optical images of
the samples after the final pyrolysis stage). Figure 5 shows
the evolution of the relative density after each PIP cycle
for the four materials produced. As expected, the results
show that after the first conversion, the samples infiltrated
with AHPCS produced ceramics with approximately the
same relative density and a higher value compared to
sample 2, which had been infiltrated with FUR resin. This
means that AHPCS has a higher conversion rate than
FUR, which is determined by the ceramic yield and the
infiltration rate (dependent on the wettability of PA12
with the precursor used). With subsequent infiltrations,
the volumetric fraction of the ceramic is increased, thus
increasing its relative density. After the fourth infiltration,
sample 1 undergoes a final AHPCS infiltration to further
increase the relative density, whereas sample 3 undergoes
a high-temperature treatment to crystallize SiC and pro-
duce additional porosity (resulting in a decrease in relative
density). This porosity is then useful for infiltrating it
with FUR resin to introduce carbon before LSI. Due to its
lower yield, as observed in the initial conversion, the final
relative density of sample 3 is lower than that of sample
1. Another reason could be poor wettability or difficulty of

it American Ceramic Society

the polymer in reaching the free pores inside the material.
Table 1 reports the results of the helium pycnometry
measurements taken after the final PIP cycle.

Figure 6A,B shows the mercury intrusion porosimetry
analysis of the SiC ceramics after 4 PIP cycles at 1000°C
(black curves) and the SiC ceramics after the thermal
treatment at 1800°C (red curves). As expected, the high
temperature thermal treatment produced a large increase
in the microporosity. The large pores in the range of
100-10 um were present in both microstructures in the
same quantity and size. The difference is the generation
of smaller pores in the range of 0.3-0.05 pm, due to the
crystallization and shrinking of the 5SiC phase and to the
decomposition of the SiOC phase.?” The total microporos-
ity of the SiC sample was of 20.2 vol%, and the one of the
BSiC samples was of 62.8 vol%. The same increase in the
microporosity occurred for the C samples (case #2), due
to the formation of CO/CO, during the thermal treatment.
The obtained increase in the material microporosity was
found to be crucial for achieving an efficient subsequent
infiltration with molten silicon or with preceramic poly-
mers. Figure 6C shows the two $SiC architectures after
the thermal treatment at 1800°C. The pristine shape of the
samples was maintained, and a linear shrinkage of 2.5%
was observed. Moreover, a light gray/yellow surface color
was visible.

The optical images of the silicon infiltrated samples are
shown in Figure 4C. A linear shrinkage of about 2%-
5% was observed. The samples maintained their pristine
shape, and no macrocracks or distortion were observed.
However, the RBSiC-£SiC sample of case #4 (see Table 2)
showed a dimensional difference with thinner strut and
wall of 0.525 + 0.035 mm, whereas all other materials
had struts and surface thicknesses of 0.853 + 0.089 mm.
The difference was due to the different number of PIP
cycles performed for the densification of the ceramic
matrix before LSI. The #4 ceramics underwent only one
PIP cycle, achieving a final relative density of only 0.501.
The notable result was the possibility to produce SiC-SiC
parts with only one PIP cycle (using a mixture of AHPCS
and graphite powder) followed by LSI, maintaining the
pristine shape of the lattice (same diameter, height, and
topology) but reducing the thickness of the surfaces by
about 50%.

Table 2 reports the density measurements taken with the
helium pycnometer for the four different materials after
LSI.

Figure 7 shows the volume fraction of 8SiC, RBSiC, Si,
and residual microporosity. The analytic estimation was
carried out using Equation (3).

Prst = Vsic - psic + Vi * Psi 3)

85U8017 SUOWILLIOD A1) 3|qe! [dde aup Aq peueob ae Sapiie YO ‘8Sn JO S9N 10} Aeiq1 78Ul UO A8]IM UO (SUORIPUOD-PUR-SLUBILICO" A3 1M AeIq | U1 UO//SdNL) SUORIPUOD pue SWie 1 8yl &8s *[120z/20/9T] uo Ariqiauliuo A8|im ‘Bingsbny [qicsielsieAlun Aq 0G/6T 8% TTTT 0T/I0pAW0D A8 1M ARe.d]1|Bul [UO'SD Wr80//:SdNY WoJj papeojumod ‘0 ‘9T62TSST



s | Journal

PELANCONI ET AL.

£ American Ceramic Society

TABLE 1 Helium pycnometry measurements of strut density after the final polymer infiltration and pyrolysis (PIP) cycle.

Material after Number of PIP True density Apparent density Final relative
Case # the last PIP cycles (g/cm?) (g/cm?) density
1 SiC 5 2.403 + 0.014 2.021 + 0.088 0.841 + 0.024
2 C 3 1.921 + 0.008 1.287 + 0.071 0.670 + 0.040
3 C-fSiC 4+ HTP+1 2.575 + 0.013 1.854 + 0.054 0.720 + 0.032
4 C(g)—SiC 1 2.379 + 0.015 1.192 + 0.042 0.501 + 0.028
0s (A) 06 (B) ©)
_ " | —SiC (4PIP) o0 ~ | —SiC (4PIP)
0 ——BSiC (4PIP+HTP) = ——BSiC (4PIP+HTP)
% 0.5 4 8,05
L )
o E
2 04 = 04 -
S f
203 203 -
Lo =
[ =
Z 02 5 0.2 -
< —
E &
2 0.1 A Q0.1 -
© o 10 mm
—_ —
0.0 - 0.0 -
1000 100 10 1 0.1 0.0 0.001 1000 100 10 1 0.1 0.01 0.001

Pore diameter [pum]

Pore diameter [pum]
FIGURE 6 Mercury intrusion porosimetry of the SiC ceramics before (black curve, 4 polymer infiltration and pyrolysis [PIP]) and after

heating at 1800°C for 1 h (red curve, 4PIP + high temperature pyrolysis [HTP]): (A) Cumulative pore volume and (B) log differential pore
volume against the pore diameter; (C) optical image of the $SiC structures after the HTP thermal treatment.

TABLE 2 Helium pycnometry measurements after the liquid silicon infiltration (LSI) process.

True density Apparent density Final relative
Case # Material after LSI (g/cm?) (g/cm?) density
1 Si-BSiC 2.845 + 0.050 2.694 + 0.112 0.947 + 0.042
2 RBSiC 3.005 + 0.031 2.519 + 0.080 0.838 + 0.032
3 RBSiC-£SiC 3.173 + 0.022 2.966 + 0.047 0.935 + 0.016
4 RBSiC-£SiC 2.686 + 0.045 2.571 = 0.090 0.957 + 0.035

Abbreviation: RBSiC, reaction bonded SiC.

where p;qr is the true density of the material after LSI
measured with gas pycnometry (see again Table 2), Vg;c
and Vg; are the volumetric fractions of SiC and Si, respec-
tively, psic and ps; are the theoretical densities of SSiC
(3.210 g/cm?) and Si (2.329 g/cm?), respectively. The cal-
culation was performed assuming that the density of the
residual graphite or carbon (if present) was equal to that of
the residual silicon. This means that the Si volume frac-
tion also counts for residual C or graphite in cases 2-4.
The reason for this assumption is that the graphite has
a density of 2.267 g/cm?, which is about the same of sil-
icon, and the polymer-derived amorphous carbon had a
density of 1.921 g/cm? after PIP, and the increase in tem-
perature may have produced an increase in its density.

Indeed, literature studies showed that a polycrystalline
graphite structure can gradually appear at temperatures
above 1500°C.**"** Therefore, the density of the residual
carbon after LSI can also be assumed similar to the one of
silicon.

The higher true density value was obtained by the
RBSiC-{SiC of case #3, meaning that the free C reacted
very well with Si, producing an additional SiC phase, the
RBSiC. The total amount of SiC was estimated to be 90 vol%
(36 vol% of BSiC coming from the AHPCS pyrolysis and
54 vol% of RBSiC) with only 3.5 vol% of residual sili-
con and 6.5 vol% of microporosity. The RBSiC of case #2
produced a high true density despite the fact that its rela-
tive density was the lower one. This can be attributed to

85U8017 SUOWILLIOD A1) 3|qe! [dde aup Aq peueob ae Sapiie YO ‘8Sn JO S9N 10} Aeiq1 78Ul UO A8]IM UO (SUORIPUOD-PUR-SLUBILICO" A3 1M AeIq | U1 UO//SdNL) SUORIPUOD pue SWie 1 8yl &8s *[120z/20/9T] uo Ariqiauliuo A8|im ‘Bingsbny [qicsielsieAlun Aq 0G/6T 8% TTTT 0T/I0pAW0D A8 1M ARe.d]1|Bul [UO'SD Wr80//:SdNY WoJj papeojumod ‘0 ‘9T62TSST



Journal | -

PELANCONI ET AL.
1.0 T - T
I 0 I
.
0.81 .
. |
A% 0.6 [ l OPorosity
& \ osi
Q [ ORBSIC
E 04 T B sic
2 I I
i
0.2 1 T
0-0 T T T
1 2 3 4
Case #
FIGURE 7 Volume fraction estimations on the produced

Si-infiltrated ceramic architectures. Case numbering refers to
Table 2. The Si volume fraction might include also some residual
carbon.

the generation of RBSiC from the reaction of C with Si,
which during infiltration produced a clogging of the pore
channels and left several pores inside the material (about
16 vol%). However, the SiC content was of 65 vol%, with
19 vol% of residual silicon. The Si-BSiC of case #1 resulted
in similar values for the true density, relative density, and
volume fractions of the same material of the discs in the
previous study,”’ with 56 vol% of 8SiC produced by the
AHPCS pyrolysis and a high content of residual silicon of
39vol%. However, the lower true density and higher Si con-
tent (57 vol%) were observed in the RBSiC-£SiC sample of
case #4. This was due to the low content of SiC derived
from only one PIP with AHPCS and to the low amount
of graphite added to the infiltrating solution, which did
not allow to produce a considerable volume of RBSiC from
the reaction with molten Si. However, this ceramic had
the higher relative density of 95.7%, probably due to the
higher shrinkage of the struts and surfaces. All the mate-
rials presented incomplete infiltration, which depended
on the pore characteristics, the reactivity of the preform,
and capillary blockage. Moreover, it should be noted that
the remaining unreacted Si expands during solidification,
potentially inducing additional stress concentrations and
microcracks.

Table 3 shows the comparison between the density of
SiSiC ceramics fabricated by different AM technologies
combined with LSI. In general, the true density achieved
with the proposed hybrid AM method was in line with
the average values found in the literature. A notable result
of our work was the very high density values achieved
by the sample cases #2 and #3 of 3.005 and 3.173 g/cm?,
respectively. The latter is the highest value found in litera-

FIGURE 8 Scanning electron microscopy (SEM) micrographs
at two magnifications of the ceramic produced with liquid silicon
infiltration (LSI). The numbering refers to Table 2.

ture for a SiC ceramics produced via AM followed by LSIL.
Accordingly, the silicon content of those samples was the
lowest. Despite that, the relative density values achieved
in our work (see Table 2) were lower than the litera-
ture ones, meaning that more PIP cycles are needed to
increase the ceramics fraction, and a further optimization
of the LSI process is also needed to produce such complex
architectures.

3.2 | Microstructure

Figure 8 shows the SEM images of the produced Si-
infiltrated ceramics taken at different magnifications (the
numbering is the same as in Table 2). The sample of
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TABLE 3 Comparison between the density of SiSiC ceramics fabricated by different additive manufacturing (AM) technologies

combined with liquid silicon infiltration (LSI).

Fabrication True density
method g/cm3
PBF + PIP + LSI 2.845
3.005
3.173
2.686
iSLS + LSI 3.06
iSLS + LSI 2.69
iSLS + LSI 2.73
iSLS + LSI 2.64
ROB + LSI 2.94
BJ + LSI 2.49
iSLS + CIP + LSI 2.96
LOM + LSI 2.60
BJ + LSI 3.05
SLA + PIP -
SLA + PIP =
SLA + LSI 2.75
SLA + PIP + LSI 2.759
SLA + PIP -
SLA + PIP + LSI -
SLA + LSI 2.894
SLA + LSI 2.68

Relative Si content

density vol% Reference
0.947 41 This work
0.838 23

0.935 4

0.957 59

~1 16.4 17
- - 45
0.990 54 46
~1 65 47
0.979 22.9 16
0.910 41 12
0.940 7 48
- - 49
~1 15-25 15
0.848 - 50
0.935 = 51
- - 52
0.977 44 53
0.826 - 54
0.962 - 54
- - 55
- = 56

Abbreviations: BJ, binder jetting; CIP, cold isostatic pressure; iSLS, indirect selective laser sintering; LOM, laminated object manufacturing; ROB, robocasting;

SLA, stereolithography.

case #1 showed a nearly fully dense material with the
presence only of silicon (light gray areas) and beta sili-
con carbide (dark gray areas), as expected. The volume
fractions for BSiC and Si were of 59% and 41%, respec-
tively. The high volumetric presence of Si was due to the
nonreactive infiltration, which nevertheless promoted the
full crystallization of the amorphous SiC matrix into the
BSiC phase; the faceting of the crystals’ boundary is also
visible.

The sample of case #2 showed the presence of silicon
(light gray area) and SSiC (dark gray area). The black
area is the resin used to incorporate the material, and an
undistinguishable small amount of residual carbon. As
expected, the residual silicon was always surrounded by
the SiC phase. This demonstrates that, during infiltration,
the silicon reacted with the amorphous carbon and pro-
duced the RBSIC. The silicon that could not reach the
surface of the carbon present within the material became
trapped into the formed SiC matrix. Furthermore, 16% of
microporosity remained into the material, evidencing an
incomplete infiltration. This was due to the clogging of
the infiltration channels by the SiC formed on the C sur-

face. In an ideal infiltration, all the silicon should react
with all the carbon to form fSSiC and leave no residue
and no microporosity. The notable result was the pos-
sibility to obtain a continuous arrangement of crystals
to form a fSiC layered matrix, while in the sample of
case #1 the crystals formed individually and separately.
The micrographs showed that a large quantity of 8SiC
was produced during the infiltration, as confirmed by
Figure 7.

The sample of case #3 showed an intermediate
microstructure with respect to the previous ones. In
this case, a large amount of 8SiC is visible (dark gray
areas) with respect to the silicon phase (light gray areas).
Two (SiC phases were formed: one derived from the
crystallization of the preceramic polymer, and another
derived from the reaction between the carbon and the
silicon during infiltration RBSiC. These two phases were
not distinguishable with SEM. However, the outstanding
result was the production of a nearly fully dense part, with
96 vol% of BSiC and only 4 vol% of residual silicon.

The sample of case #4 showed the presence of three
phases: A high amount of residual silicon (light gray areas),

85U8017 SUOWILLIOD A1) 3|qe! [dde aup Aq peueob ae Sapiie YO ‘8Sn JO S9N 10} Aeiq1 78Ul UO A8]IM UO (SUORIPUOD-PUR-SLUBILICO" A3 1M AeIq | U1 UO//SdNL) SUORIPUOD pue SWie 1 8yl &8s *[120z/20/9T] uo Ariqiauliuo A8|im ‘Bingsbny [qicsielsieAlun Aq 0G/6T 8% TTTT 0T/I0pAW0D A8 1M ARe.d]1|Bul [UO'SD Wr80//:SdNY WoJj papeojumod ‘0 ‘9T62TSST



Journal | =

PELANCONI ET AL.
(A) (B)
l J WY | M MLLJMLJM
- — 1
3 3 —?
< = .
g g n i
£ 2 » -J u L /u ® fsSiC
£ g ‘ W RBSIC
| * -JL,_LA_M-_A_WJ__ SN U“b \ /Lubuu/uw NN
l J A N JJULJ
A i Ak R b A U».JL‘,\_J
. % e o & s  se.0 DAL A SR ALY
20 30 40 50 60 70 80 20 30 40 50 60 70 80
29 (degrees) 29 (degrees)

FIGURE 9 X-ray diffractometer (XRD) analysis of the Si-infiltrated ceramic architectures: (A) full chart and (B) higher magnification.

The numbers refer to the cases in Table 2.

the 8SiC (dark gray areas) derived from the precursor, and
the RBSIC (black areas) derived by the reaction between
the silicon and the graphite powder. In this case, the
high quantity of residual silicon (59 vol%) was justified by
only one PIP cycle having being performed for this mate-
rial. The sample before LSI had a microporosity of about
50 vol%. After LSI the microporosity was only 4 vol%, so the
lowest obtained between the four cases. The 8SiC formed
by the AHPCS conversion was clearly visible in higher
quantity (24 vol%) with respect to the RBSiC (17 vol%),
which was probably masked by the large amount of silicon
present. No significant differences in terms of composition
were observed between the two types of produced SiC, as
assessed by EDX analysis.

3.3 | Phase composition

Figure 9 reports the results of the XRD analyses. The phase
composition of the sample of case #1 (black curve) showed
the presence of fully crystallized 5SiC and of a large quan-
tity of Si, besides a limited amount of graphitic carbon.
Amorphous SiC appears to have been completely elim-
inated from the sample after Si infiltration. The phase
composition of the sample of case #2 (blue curve) was
comprised by a lower amount of Si, much more graphitic
carbon, and fSSiC. However, there was a notable differ-
ence between the SSiC derived from the crystallization of
AHPCS and the one generated by the reaction between
amorphous carbon and silicon RBSiC. In particular, two
additional peaks located at ~34°and 38° could be observed,
which can be attributed to stacking faults®”>® in the crystals

(these peaks are typical for a-SiC, but the formation tem-
perature of this phase is higher than 2000°C). As expected,
the phase composition of the sample of case #3 (green
curve) was comprised by a very low amount of Si, a limited
amount of graphitic carbon, and SSiC. The good crystal-
lization of 8SiC and its large volume fraction is visible. The
phase composition of the sample of case #4 (red curve)
comprised SiC, a limited amount of graphitic carbon, and
a large amount of Si.

3.4 | Mechanical properties

Figure 10 shows the compressive strength of the tested
ceramics after LSI as a function of the true density of the
samples, measured with helium pycnometry. No signifi-
cant differences were observed when testing the different
materials despite the infiltration methods being different,
and in all cases a brittle fracture occurred followed by the
propagation of microcracks in the cells of the structure.
The large error bars can be attributed to the uneven bot-
tom and top surfaces of the specimen, despite attempts
made to level them. It is clear that the cellular morphol-
ogy has a marked influence on mechanical performance,
because the two architectures have the same geometric
macroporosity (see again Section 2.1). The strength of the
GY structures was double than that of the RCs lattices.
Therefore, the morphology plays a critical role in deter-
mining the mechanical properties. In general, superior
stiffness is achieved by cellular structures with features ori-
entated along the loading direction (such as GY surfaces)
which outperform the others (RC struts). As expected, the
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30 Subsequently, these porous preforms underwent a series of
: ; PIP cycles to convert them into ceramics. It was observed
231 8 3 GY ’%‘ that a small amount of oxygen derived from PA12 was
LK present in all compositions. Despite a substantial linear
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FIGURE 10 Mechanical tests result of the ceramics produced
with liquid silicon infiltration (LSI): compression strength against
true density. The numbering refers to Table 2.

overall mechanical properties increase with increasing of
the true density, since adding more SiC phase is contribut-
ing to the stiffening and strengthening of the material.
The influence of residual microporosity on mechanical
performance appears to be insignificant. Samples #1 and
#4 possessed lower microporosity compared to samples
#2 and #3. Notably, sample #2 possessed a volume of
microporosity three times higher than the others, yet had
significantly superior mechanical strength. This observa-
tion suggests the potential for further improvement in
mechanical performance if the samples achieve full den-
sity. The compression strength of the GY samples was
found to be superior to that reported in the literature for
cellular SiSiC ceramics obtained by the replica method,
which had a strength ranging from 1 to 16.3 MPa at a true
density of 2.765 g/cm?, a relative density of 0.99, and a
geometric macroporosity ranging from 45 to 80 vol%.*%>°

Table 4 shows the comparison of the compression
strength, density, and macroporosity between the pro-
duced SiSiC ceramics and other SiSiC lattices produced
with other AM methods from the literature.*>> The pro-
duced ceramic architectures had superior compressive
strength (more than double) with respect to ceramic struc-
tures of the same materials found in literature. Moreover,
the density achieved by the RBSiC-SiC ceramics is much
higher.

4 | CONCLUSIONS

In this study, the utilization of the previous developed
hybrid AM process proved to be a successful method for
producing intricate SiC-based ceramic architectures by
reactive infiltration. By employing PBF of PA12 powders,
two complex structures were designed and 3D printed.

shrinkage of 23% during the initial conversion process,
the parts maintained their original shape without any
macrocracks or distortions. The final stage of densifica-
tion involved LSI of four distinct ceramic matrices: SiC
ceramics, C ceramics, C-SiC ceramics, and graphite-
SiC ceramics. During LSI, the ceramic phase crystallized,
facilitating complete infiltration by molten silicon and
resulting in the production of the final Si-3SiC, RBSiC, and
RBSiC-{SiC ceramics. Notably, the RBSiC-£SiC samples
(case #3) had a microstructure comprised of crystalline
BSiC, reaction-bonded §SiC, and residual Si with volume
fractions of 36%, 54%, and 3.5%, respectively, with only
6.5 vol% of residual microporosity. The GY samples exhib-
ited a compressive strength of 24.7 MPa, which is much
higher than that of other SiSiC cellular ceramics found in
the literature. These findings demonstrate the potential of
the novel developed approach and highlight the successful
fabrication of complex ceramic structures with desirable
properties. This manufacturing approach also allowed to
produce complex structures with wall thickness <0.5 mm,
which cannot be achieved with other AM techniques on
the market (binder jetting and direct ink writing above all).
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