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A B S T R A C T   

In this work, we propose a novel hybrid additive manufacturing technique, which combines selective laser 
sintering (SLS) of polyamide powders and subsequent preceramic polymer infiltration and pyrolysis to manu
facture Silicon Carbide components for complex architectures. By controlling the porosity of the sintered poly
meric preform we are able to control the shrinkage upon the first infiltration and pyrolysis. This enabled the 
manufacturing of smaller features than those achievable with other manufacturing techniques. The mechanical 
strength of the resulting ceramic increased with the number of reinfiltration cycles up to 24 MPa, inversely the 
residual porosity decreased to 10 vol%. The microstructure showed two distinct phases of SiOC and SiC. The first 
was attributed to the interaction between the porous polyamide and the ceramic precursor during the first 
infiltration. SiC derived from the pyrolysis of the preceramic precursor alone.   

1. Introduction 

Additive manufacturing (AM) of complex ceramic architectures 
[1–3] has strongly increased in the last years due to the technology 
advancements both in the equipment and the constituent materials 
[4–6]. Among the non-direct manufacturing techniques available the 
best improvements were obtained thanks to new 3D printing equipment 
appearing on the market. They are able to handle liquid or solid beds in a 
better way to achieve high parts resolution with unprecedented powder 
packing. The acceleration in parts production started first with the most 
common oxide-based ceramics [7]. For those materials several compo
nents have been successfully manufactured for biomedical applications 
(bones, teeth) [8,9], heterogeneous catalysis [10,11], concentrated solar 
energy [12], water filters [13], heat management [14,15], porous 
burners [16,17], automotive [18]. These components were produced 
mainly by stereolithography (SLA) [19–21]. This technique is successful 
for many oxide powders because of their favourable optical character
istics. Non oxide ceramics are difficult to process in this way because 
such ceramic powders are in general opaque, absorbing or reflective 
against UV light, not allowing proper photocuring of the photopolymer. 
Few examples of non oxide ceramic green forming by stereolithography 
are present into the literature: some parts were produced in silicon 

nitride [22]. To the best of the authors’ knowledge, only a few examples 
exist of stereolithography of photocurable slurries in which silicon car
bide (SiC) powders were dispersed [23,24]. On the other hand, several 
works have been carried out on stereolithography 3D printing of silicon 
carbide parts using preceramic precursor mixed with photocurable 
polymers [25–28]. 

Other techniques, hybridizing additive manufacturing for polymers 
with conventional processing routes for ceramics have been also 
developed [29–31]. They include: polymer template 3D printing fol
lowed by replica [32,33], 3D printing of a polymer template followed by 
polymer infiltration and pyrolysis (PIP) [34,35], template 3D printing 
by binder jetting and pyrolysis followed by polymer infiltration and 
pyrolysis [36–38], chemical vapour deposition/infiltration [39–41] or 
reactive silicon infiltration [42–44]. There is also an interesting appli
cation employing selective laser sintering (SLS) on dry silicon 
carbide-silicon powders beds. Silicon is used as binding phase for the 
silicon carbide powders. It is further converted by reaction bonding into 
silicon carbide by providing extra carbon to the preform [45]. These 
techniques have all advantages and disadvantages. Among the advan
tages, some of them are easy to use and already industrialised, such as 
the replica method [46] and some of them can realize high precision 
parts. Regarding the disadvantages, in the replica approach it is not 
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possible to achieve high resolution in complex ceramic architectures, 
and parts (e.g. struts of cellular structures) are hollow. For direct ster
eolithography of photocurable polymers and SiC powders, the main 
drawback is the opacity of the powders, which does not allow for high 
powder packing. 

We propose in this paper a new hybrid approach that exploits SLS of 
polymeric powders combined with polymer infiltration and pyrolysis 
(PIP). The significant advantage of this approach, beside the maturity 
and cost of SLS with thermoplastic powders, is the possibility to control 
the microporosity of the plastic preform by adjusting several SLS pa
rameters. By tuning the preform microporosity, we were able to control 
the amount of preceramic polymer that infiltrates the preform during 
the first impregnation cycle and thus, due to the different ceramic yield 
of the thermoplastic polymer and the preceramic polymer, to control the 
shrinkage of the preform after the first pyrolysis step. 

In this work, we concentrated on manufacturing bulk components. 
We believe that knowing which the constituent material properties are 
will assist in further designing and manufacturing complex ceramics 
artefacts to be then convert into silicon carbide through the above- 
mentioned hybrid approach. This process will allow for the 
manufacturing of complex SiC periodic architectures with fine resolu
tion and smaller unit cells than those developed to date. 

2. Materials and methods 

Selective Laser Sintering 3D printing was employed to manufacture a 
high-porous polymeric preform which underwent some cycles of infil
tration with a preceramic polymer and subsequent pyrolysis at 1000 ◦C 
in inert atmosphere. Fig. 1 shows a schematic of the process principle. 
High microporosity of the polymeric preform is essential for a better 
precursor infiltration and therefore a more effective conversion into SiC 
after each step. 

2.1. Materials 

Two materials were employed for the fabrication of the final ceramic 
part: (i) polyamide (Nylon12) powder (PA12, Sintratec AG, Brugg, 
Switzerland) and (ii) allylhydridopolycarbosilane (AHPCS) preceramic 
polymer (StarPCS™ SMP-10, Starfire Systems Inc, Glenville, NY, USA). 
Black spherical powder (D50: 60 μm) of PA12 was used for the 3D 
printing of the polymeric preform. PA12 is a thermoplastic and 
semicrystalline-crystalline material suitable for processing with the SLS 
technique, with a density of 1.0 g/cm3. Varying the parameters of the 
SLS process enables the customization of the microstructure and prop
erties of the finished product. AHPCS liquid precursor to silicon carbide 
was used for the infiltration of the polymeric preform and to yield the 
final SiC product after the thermal treatment. The density is 0.998 g/cm3 

and the dynamic viscosity is 40–100 cP s at 25 ◦C. Amorphous (glassy) 
SiC forms when pyrolyzing at 850− 1200 ◦C in inert atmosphere, with a 
72–78 % of ceramic yield. 

2.2. SLS and PIP manufacturing of the materials 

2.2.1. 3D printing of the polymeric preform 
SLS 3D printing (Sintratec KIT, Sintratec AG, Brugg, Switzerland) 

was employed for the production of the polymeric preform: by means of 
a movable laser beam (wavelength: 445 nm; spot size: 250 μm), PA12 
powder was selectively sintered locally, layer-by-layer by solidifying a 
slice of the object. The printing process was performed in air and it 
involved six phases: (i) the STL model of the part was sliced into two- 
dimensional cross-sections; (ii) the printing parameters were defined 
and uploaded in the machine; (iii) the powder bed was heated to reach 
and maintain a uniform temperature within the PA12 sintering window 
(Fig. 2A), in order to optimize the energy required by the laser; (iv) the 
laser started tracing the component section providing thermal energy to 
locally sinter of the powders; (v) once the slice was scanned, the printing 
platform was lowered by a pre-set distance and the delivery platform 
was uplifted; (vi) the recoating blade deposited a new powder layer. 

The goal of our work was to select the proper printing parameters, 
because they affect the sintering rate of the powders and thus the micro 
porosity of the bulk material. Fully or partially sintering influences the 
microstructure morphology and therefore the final properties of the 
component, such as the relative density and mechanical strength. Poor 
sintering leads to low relative density and vice versa. Table 1 shows the 
ranges of the “open parameters” of the Sintratec KIT, which can be 
varied and combined. A screening phase was performed using Design of 
Experiments (DoE) method (Design-Expert 10.0, Stat-Ease, Minneapolis, 
MN 55413, USA) in order to reduce the parameters range. 

Laser speed (v), layer thickness (z) and powder surface temperature 
(Tb) were chosen for the optimization DoE analysis (see Figure S1-S2), in 
order to find the combination that allowed manufacturing low relative 
density preforms with excellent quality and resolution, easy to clean and 
to handle. High porosity is essential for a higher infiltration of the pre
ceramic precursor and therefore for obtaining a higher solid content 
after pyrolysis. Parallelepipeds (8 × 6 ×3 mm3) were printed and 
characterized. A total number of 72 print jobs were performed with 
three replicas for each sample. Finally, the optimal combination of v, z 
and Tb was used to manufacture cylindrical samples (30 mm diameter, 6 
mm thickness). They were then subjected to precursor infiltration and 
thermal treatment as described in the following paragraphs). Forty 
samples were printed and densified to understand the material behav
iour during the different phases of the process and during the pyrolysis 
cycles. 

Fig. 1. Schematic of the novel hybrid AM process: (A) 3D printing of the polymeric preform with controlled relative density; (B) preceramic precursor infiltration; (C) 
pyrolysis; (D) additional infiltration (6 cycles); (E) additional pyrolysis; (F) final ceramic material. 
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Fig. 2. TGA/DSC analysis: (A) DSC plot for PA12 in Air; (B)-(C) TGA-DSC plot for PA12 in Argon; (D)-(E) TGA-DSC plot for AHPCS in Argon; (F)-(G) TGA-DSC plot 
for PA12 + AHPCS in Argon (sample infiltrated one time). 
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2.2.2. Precursor infiltration and pyrolysis (PIP) 
The obtained samples were infiltrated with the AHPCS liquid pre

cursor using an apparatus developed at SUPSI. This apparatus is a sort of 
a hermetic container at which bottom is poured the polymer, it allows 
infiltrating samples of various size, by controlling pressure and time. The 
infiltration process involved four phases: (i) the specimen, hanging 
outside the polymer into the thigh container, was degassed at room 
temperature (RT) for 60 s; (ii) the sample was then dipped into AHPCS 
and held for 60 s; (iii) atmospheric pressure was restored and the sample 
kept into the polymer for further 60 s; (iv) the sample was re-emerged 
and excess polymer drained. 

After infiltration, samples underwent heat treatment in high-purity 
flowing Argon (30 L/h). The thermal cycle included three ramps: (i) 
RT- 500 ◦C, with a heating rate of 80 ◦C h− 1; (ii) 500− 960 ◦C with a 
heating rate of 51 ◦C h− 1; (iii) a dwell of 1 h at 960 ◦C; (iv) natural 
cooling to RT. PIP were repeated seven times to obtain the maximum 
densification of the ceramic cylinders. 

2.3. Characterization 

After SLS, the polymeric preforms were weighted and measured 
using a digital caliper in order to calculate their relative density. This 
operation was performed after each PIP in order to investigate the 
weight change and the shrinkage of the parts (after the first PIP cycle). 

The behaviour of PA12 and AHPCS as a function of temperature was 
evaluated by Thermogravimetry (TGA) and Differential Scanning 
Calorimetry (DSC) using a thermal analysis system (TGA/DSC 3+, 
Mettler-Toledo GmbH, Greifensee, Switzerland), in order to understand 
the effect of the SLS and pyrolysis processes. The data were recorded 
with the STARe software package (Thermal Analysis Software, Mettler- 
Toledo GmbH, Greifensee, Switzerland). Analysis in two different con
ditions was performed. PA12 was heated and cooled in air (flow rate: 50 
mL/min; heating/cooling rate: 10 ◦C/min) up to 220 ◦C to determine its 
sintering window. PA12, AHPCS and PA12 infiltrated with AHPCS 
(PA12 + AHPCS) were analyzed in inert atmosphere using Argon (flow 
rate: 50 mL/min; heating rate: 10 ◦C/min) up to 1000 ◦C to investigate 
their behaviour during pyrolysis. The combination of the two materials, 
PA12 + AHPCS, was obtained by infiltrating a PA12 sample with rela
tive density of 52 % with AHPCS (one infiltration cycle). Three analysis 
were conducted for each material. 

The mechanical strength of the ceramic samples was evaluated 
through biaxial flexural tests (Zwick Z050, Zwick GmbH & Co.KG, Ulm, 
Germany) employing the ball-on-three-balls (B3B) setup with stainless 
steels balls of 13 mm diameter [47–49]. Tests were performed at strain 
rate of 10− 3 s-1 and a cell load of 5 kN (KAP-S, AST, Dresden, Germany) 
was used to record the reaction force. The cylinder was placed at the 
center of the three balls and pre-loaded with a force of 2.5 N. A Poisson’s 
ratio of 0.2 was assumed. Five samples were tested for each PIP cycle. 

Scanning electron microscopy (SEM) analyses (JSM-6010PLUS/LA, 
Jeol Ltd., Japan) were conducted to investigate the microstructure of 
two sets of samples: (i) four PA12 samples with different relative density 
and (ii) the samples obtained from the fractured ceramic discs after B3B 
tests. Surface compositional analysis on selected samples was carried out 
using the Energy Dispersive X-ray Analysis (EDX) probe attached to the 

SEM. 
Mercury intrusion porosimetry (MIP) tests (PoreMaster 60, Anton 

Paar Switzerland AG, Buchs, Switzerland) were performed in order to 
evaluate the bulk porosity, the open pore size distribution and the pore 
volume. Analyses were performed by using a pressure range from 
0.0014 MPa to 414 MPa. The geometric surface of the samples as a 
function of the number of infiltrations was quantified by MIP. 

TGA analyses (TGA/DSC 3+, Mettler-Toledo GmbH, Greifensee, 
Switzerland) were carried out in Air at atmospheric pressure to deter
mine the oxidation behaviour of the produced ceramic materials. Sam
ples taken from the fractured discs after each PIP cycle were tested with 
a heating rate of 10 ◦C min− 1 up to 1200 ◦C. 

3. Results and discussion 

3.1. Thermal behaviour of the starting materials 

Fig. 2A shows the DSC data recorded for sample PA12 in Air. The 
material exhibited a sintering window between the onset of crystalli
zation at 140 ◦C and the onset of melting at 171 ◦C. Melting occurs 
during heating while crystallization occurs during cooling. This range 
defines the temperatures at which the SLS printer must operate. 
Furthermore, the thermal analysis system provided three useful pa
rameters related to the material: the melting temperature peak at 181 
◦C, the melt enthalpy of 87 Jg− 1 and the specific heat capacity of 1.65 
Jg− 1 ◦C− 1. 

Fig. 2B-G shows the TGA/DSC plots recorded for samples PA12, 
AHPCS and PA12 + HPCS in Argon. PA12 behaviour (Fig. 2B-C) un
dergoes the melting between 175 and 220 ◦C without weight change, 
and the decomposes between 280 and 500 ◦C with a 99 % weight loss. At 
960 ◦C the carbon residue was 1% of the initial weight. The melting peak 
occurred at 190 ◦C. AHPCS behaviour (Fig. 2D-E) cross-linked between 
100 and 400 ◦C with 15 % weight loss due to the loss of oligomers, and 
the polymer-to-ceramic transformation occurred between 440 and 1000 
◦C, with an additional 10 % weight loss. At 960 ◦C, the SiC residue 
(ceramic yield) was 75 % of the initial weight. A cross-linking peak is 
visible at 239 ◦C, while the phase change peak occurs at 441 ◦C [50–52]. 
The curve for sample PA12 + AHPCS behaviour (Fig. 2F-G) shows 
melting of PA12 and cross-linking of AHPCS between 100 and 280 ◦C, 
with 2% weight loss due to the release of AHPCS oligomers. PA12 
decomposed between 280 and 520 ◦C, and AHPCS underwent ceram
ization between 520 and 1000 ◦C, with an additional 8% weight loss. At 
960 ◦C, the total residue was 47 % of the initial weight. The melting peak 
for PA12 occurred at 191 ◦C, the cross-linking peak for AHPCS at 250 ◦C 
and the decomposition peak for PA12 at 410 ◦C. 

By analytically summing the two separate contributions according to 
Eq. 1, the PA12 + AHPCS ceramic yield should be 37 %. 

yPA12+AHPCS =
MiPA12 × yPA12 + MiAHPCS × yAHPCS

MiPA12 + MiAHPCS
(1)  

where yPA12+AHPCS is the yield of PA12 + AHPCS, MiPA12 and MiAHPCS are 
the initial weights of PA12 and AHPCS respectively, yPA12 and yAHPCS are 
the individual yields of the two materials (1% and 75 % respectively). 
However, from the TGA results the yield was 47 %, 10 % higher than 
calculated. This increase could be attributed to the portion of PA12 in 
direct contact with AHPCS, according to microstructural investigations 
by SEM and oxidation tests (see later). 

3.2. Preform processing 

Fig. 3 shows the relative density of the printed PA12 samples as a 
function of laser speed at different powder surface temperature and 
layer thickness values. As expected, the highest relative density of 0.66 
was obtained with the lower laser speed of 600 mm/s, the higher tem
perature of 170 ◦C and the smaller layer thickness of 100 μm. This 

Table 1 
Ranges of the open parameters of Sintratec KIT, and screening result.  

Parameters Unit Default range Screening result 

Laser speed (v) mm/s 1− 1000 600− 1000 
Layer thickness (z) μm 50− 500 100− 200 
Powder surface temperature (Tb) ◦C 20− 180 155− 170 
Chamber temperature ◦C 20− 150 140 
Hatching spacing μm 1− 500 250 
Number of perimeters – 0− 3 1 
Perimeters offset μm 1− 500 100 
Hatching offset μm 1− 500 120  
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combination of printing parameters allows to provide more thermal 
energy during printing and consequently to obtain a higher sintering 
degree of the PA12 particles. Conversely, the relative density decreased 
with increasing laser speed and decreasing temperature until reaching 
the lower value at 0.40 with a 100 μm layer thickness. In general, the 
relative density decreased a layer thickness of 200 μm, but this led to a 
significant decrease in the mechanical strength and handleability of the 
parts. Indeed, with the lowest temperature and highest laser speed, the 
prints failed due to providing insufficient energy for sintering (see 
Figure S3). The DoE analysis thus allowed to define the optimal pa
rameters for the 3D printing of the polymer preform which was subse
quently infiltrated and converted into a ceramic component. The 
selected parameters were the following: laser speed of 848 mm/s, layer 
thickness of 100 μm and powder surface temperature of 166 ◦C. This 
combination allowed to 3D print solid discs with diameter of 30 ± 0.40 
mm and height of 6 ± 0.10 mm, and a relative density of 0.52 ± 0.02 
(Fig. 4A). 

Infiltration and subsequent pyrolysis of the PA12 discs resulted in the 
fabrication of SiC porous ceramic samples without shape distortion and 
macroscopic cracks. The pyrolyzed ceramic discs had a diameter of 23 ±
0.25 mm and a height of 5 ± 0.10 mm. As shown in Fig. 4B, a linear 

shrinkage of 24 % was observed during pyrolysis. This value is corre
lated to the infiltration rate of the PA12 sample and therefore to its 
relative density. Four samples with different relative density values were 
3D printed in order to investigate their shrinkage. Fig. 4C shows the 
chosen pyrolyzed samples after the first pyrolysis and Table 2 reports the 
effect of the printing parameters on the relative density (before infil
tration) and the linear shrinkage after the first pyrolysis. Sample 3 is the 
one manufactured with the optimal parameters previously identified. As 
result of the pyrolysis, the preform with the lower relative density pre
sented the lower shrinkage. This means that during infiltration, it is 
possible to fill more volume with the AHPCS and therefore to obtain a 
higher volumetric fraction of the ceramic phase after pyrolysis. 
Increasing the relative density of the polymeric preform decreases the 
infiltrated volume and consequently the shrinkage of the ceramic part 
increases. By regulating the printing parameters, it is therefore possible 
to control the size of the ceramic part and this can be very interesting for 
the production of very small SiC components with high resolution, such 
as complex cellular architectures. 

Fig. 3. Relative density of the PA12 printed specimens at different combination of laser speed at different powder surface temperature values and at layer thickness 
of: (A) 100 μm; (B) 200 μm. 

Fig. 4. Optical images of: (A) PA12 sample printed with the selected parame
ters (relative density of 0.52 before infiltration); (B) part after the first pyrol
ysis; (C) parts obtained after the first pyrolysis of PA12 samples printed at 
different relative density values (see Table 2). 

Table 2 
Relative density (before infiltration) of four PA12 samples produced using 
different combinations of the printing parameters, and their linear shrinkage 
after the first pyrolysis.  

Sample v z Tb Rel. Density 
as printed 

Linear shrinkage 
after pyrolysis 

– mm/s μm ◦C – % 
1 1000 100 155 0.40 5 
2 600 200 155 0.43 15 
3 848 100 166 0.52 24 
4 600 100 170 0.66 28  

Table 3 
Measured weight and relative density values of the ceramic parts after each PIP 
cycle.  

PIP cycle Weight Gain in weight Rel. Density 

– g % – 
1 1.65 – 0.30 
2 2.30 40 0.59 
3 2.72 65 0.80 
4 2.99 81 0.79 
5 3.18 93 0.82 
6 3.32 101 0.85 
7 3.42 107 0.90  
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The pyrolysis of the selected PA12 preform (#3) produced a ceramic 
part with relative density of 0.30 ± 0.02 after the first pyrolysis. This is 
due to the PA12 degradation that produced pores inside the part and to 
the ceramic yield of the AHPCS precursor. In order to increase the 
relative density, the samples were re-infiltrated six times with liquid 
AHPCS and then re-pyrolyzed after each infiltration. Table 3 reports the 
measured weight of the ceramic parts after each PIP cycle and their 
relative density. During the second cycle, the gain in weight was about 
40 % due to the filling of the larger pores and cracks. Increasing the 
number of cycles, the weight gained increased but at a lower rate. 
During the last cycle, the gain was much lower than in the other cases 
and consequently the relative density increases only slightly. This 
behaviour is due to the strong decrease in the size of the pores and cracks 
present in the sample, which then becomes very difficult to infiltrate. 
The final ceramic part, after 7 infiltration and pyrolysis cycles, had a 
relative density of 0.90 ± 0.01, meaning that the material was not fully 
dense and therefore micropores and microcracks were still present. By 
performing seven PIP cycles, the density of the ceramic components 
doubled. 

3.3. Mechanical properties 

Stress-strain curves of SiC samples after each PIP cycle are shown in 
Fig. 5A. In general, the stress increased with increasing strain until the 
maximum strength was reached, after which the specimens collapsed 
with brittle fracture. As a result of the fracture, the samples were split 
into three almost-equal parts. It can be observed that increasing the 
number of PIP cycles increased the fracture stress and decreases the 
strain of the samples. Samples pyrolyzed up to three times showed about 
the half of the maximum stress of the other samples. In Fig. 5B, the 
strength of the samples as a function of their relative density is shown. 
The relative density and the average strength increased with increasing 
the PIP cycles. After the fourth cycle, the increase rate of the relative 
density was lower meaning that the infiltration was reduced by the drag 
force of the remaining small pores. Closed pores cannot be filled (see 
Fig. 6-7PIP). Increasing the infiltration time can definitely increase the 
infiltration rate of AHPCS, providing a final ceramic part with a higher 
relative density. After the last cycle, the relative density was still 0.90 
showing the limits of PIP processing [50,51,53,54]. 

3.4. Microstructure 

Fig. 6 (1–4) shows the SEM images of the fractured surface of PA12 
samples previously presented in Table 2. It is clear that the micro
structure of the samples is affected by the sintering rate of the PA12 
during SLS. In sample 1, the particles are separated, and few small ag
glomerates can be observed. The material relative density was 0.40 
(before infiltration). In sample 2, more agglomerates of particles can be 
observed, and the relative density was slightly higher at 0.46. The 
relative density of sample 3 was about 10 % higher, and a many large 
agglomerates are visible. Sample 4 shows that the particles are more 
sintered and large agglomerates are visible all over the cross section. 
Furthermore, the different fracture behaviour of the four samples can be 
observed: (i) the fracture of samples 1 and 2 was characterized by the 
separation of the particles without any breakage of the agglomerates; (ii) 
the fracture of samples 3 and 4 was characterized by the breakdown of 
the agglomerates. This is due to the energy that holds the particles 
together which is related to the energy applied for sintering the powders. 

Fig. 6 (1PIP-7PIP) shows the SEM images of the polished fracture 
surface of the SiC samples after each PIP cycle. By analyzing the 
composition of the samples, three different phases were found: (i) the 
black/dark area represents the pores that were in many cases filled with 
the resin used to incorporate the samples; (ii) the dark grey area is the 
SiOC produced by the pyrolysis of AHPCS which was directly in contact 
with the PA12 particles (i.e. the one deriving from the first infiltration); 
(iii) the light grey area is the SiC produced by the pyrolysis of AHPCS 
incorporated in subsequent infiltration (cycles 2–7). The polymeric 
preform was not dried before processing, and therefore we can posit that 
some adsorbed water was present at their surface during the first infil
tration with AHPCS and resulting in the trapping of oxygen molecules 
[55]. This is confirmed by a 22 % oxygen content in the dark grey phase 
after EDX analysis, therefore attributable to a SiOC material, while the 
light grey area had an oxygen content of 9% and thus attributable to a 
SiC phase (see Table S1). An image analysis was performed in order to 
further distinguish and quantify the three phases in the SEM images (see 
Figure S4). Samples 1PIP, 2PIP, 3PIP and 4PIP possessed the three 
phases in different volumetric fractions: the SiOC phase has a volume 
fraction of about 15 % in all cases, while the SiC phase increased from 21 
% to 55 % and the porosity decreased from 65 % to 29 %. Samples 5PIP, 
6PIP and 7PIP showed a different composition due to the large preva
lence of SiC in spite of the presence of SiOC: SiC increased from 75 % to 
80 %, the porosity decreased from 24 % to 18 % and SiOC occupied only 

Fig. 5. Mechanical test results for the SiC samples after each PIP cycle: (A) flexural stress-strain curves; (B) average strength as a function of the relative density.  
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2% of the total volume. However, it is clear that by increasing the 
number of PIP cycles the volume fraction of pores decreased and the SiC 
phase greatly increased, as expected, and no additional oxygen 
contamination appears to have been introduced after the first infiltra
tion cycle, indicating that processing of the AHPCS preceramic polymer 
in air is possible. Performing more cycles enabled filling the smaller 
pores (< 50 μm), but not all the large ones. As observed in samples 5PIP, 
6PIP and 7PIP, the microstructure is characterized by several pores in 
the 50− 100 μm size range. This is probably due to the effect of capil
larity and surface tension, or by the physical impossibility of the poly
mer to reach those pores. Fig. 6-1PIP shows that after the first pyrolysis 
cycle, the channels and holes left by the PA12 particles shrunk and their 

dimensions was smaller than the original particle size. After 3PIP, the 
material densified until reaching the maximum solid volumetric fraction 
of 0.90 with the last cycle. Fig. 6-7PIP shows that the microcracks were 
filled and converted into new SiC, but inside the solid phase there was 
still residual porosity. 

Fig. 7A-C shows the porosimetry results of the PA12 samples previ
ously presented in Table 2. The pore size distribution is plotted against 
the cumulative pore volume (Fig. 7A) comparing the four specimens. 
Two common behaviour patterns can be observed: the first pore size 
range (10− 45 μm) is attributed to the inter-agglomerate porosity pre
sent between the PA12 sintered regions generated by SLS; the second 
pore size range (0.004− 0.5 μm) comprises the intra-agglomerate 
porosity present within the individual sintered regions. The results 
show that the microstructure of the samples is characterized by similar 
pore size distributions, but different amounts of pores. This means that 
the sintering rate of the PA12 particles influences the number of pores 
and not their size [56]. It is clear from Fig. 7B that the inter-agglomerate 
porosity of the PA12 samples before PIP was controlled by the SLS 
conditions, while the intra-agglomerate porosity was negligible. Fig. 7C 
shows the comparison between the relative density obtained from the 
porosimetry analyses and the one calculated according to equation 2 
[57]: 

ρ̃ =
ρ

ρbulk
(2)  

Where ρ̃ is the relative density, ρbulk is the density of the PA12 powder 
and ρ is the density calculated by the ratio between the weight and the 
measured volume of the sample. 

Fig. 7D-F reports the porosimetry results of the SiC samples after 
each PIP cycle taken from the fractured ceramic discs. The pore size 
distribution is plotted against the cumulative pore volume (Fig. 7D) for 
seven specimens. The final cumulative volume decreased with 
increasing of the PIP cycles and accordingly the relative density 
increased, but the behaviour of the samples is clearly different. The 
microporosity of sample 1PIP is bimodal: larger pores from 0.1 to 40 μm 
exist together with smaller pores from 0.004 to 0.05 μm. The two dis
tributions are also distinguishable by observing the changes in the curve 
slope. Sample 1PIP is the only one that has small pores in large quantity, 
while the other samples contain only larger pores (Fig. 7E). This means 
that the second PIP cycle enabled filling the smaller pores and reducing 
the amount of the larger ones. Fig. 7F shows the comparison between the 
relative density obtained from the porosimetry analyses against the one 
calculated using Eq. 2. According to literature [52,58,59]and to helium 
pycnometer analysis, the value of ρbulk was set to 2.1 g/cm3. The dif
ference could be attributed to the excess material attached to the 
external surface after the pyrolysis, which cannot be removed in order to 
avoid altering subsequent infiltrations. 

3.5. Oxidation tests 

Fig. 8 shows the oxidation behaviour of the ceramic specimens tested 
up to 1200 ◦C in static air at atmospheric pressure. Two trends were 
observed: active oxidation of carbon and passive oxidation of silicon 
carbide. The conditions adopted in this work should cause oxidation 
according to the reactions [60–64]: 

C(s) + O2(g)→CO2(g) (3)  

2SiC(s) + 3O2(g)→2SiO2(s) + 2CO(g) (4) 

Oxidation first occurs on the material’s surface exposed to air. 
Therefore, C oxidations is higher in sample 1PIP and 2PIP, which has 
free carbon at the surface. This is confirmed by their mass loss. From 
3PIP the loss of carbon by active oxidation is hindered by SiC active 
oxidation. Oxygen progresses much slowly by diffusion into the formed 
SiO2 and in the SiC denser core. Another factor is the relationship 

Fig. 6. SEM micrographs: (1-4) Fracture surface of PA12 samples with different 
relative density; (1PIP-7PIP) Fracture surface of SiC samples after each 
PIP cycle. 
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Fig. 7. Porosimetry of PA12 samples (see Table 2): (A) cumulative pore volume and (B) log. Differential pore volume as a function of the pore diameter; (C) relative 
density for the different specimens. Porosimetry of SiC samples: (D) cumulative pore volume and (E) log. Differential pore volume as a function of the pore diameter; 
(F) relative density as a function of the PIP cycle. 
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between the relative density and the geometric surface area of the 
interconnected pores (open porosity). After the first pyrolysis, the ma
terial is highly porous (63 %) and by carrying out several PIP cycles, the 
porosity decreases due to the filling of the open pores, and moreover 
some interconnections among pores is eliminated. Consequently, the 
geometric surface area is reduced allowing less material to be exposed to 
the oxidation. The weight loss of sample 1PIP corresponds to the amount 
of the carbon that is oxidized. As the relative density of the material 
increases, the amount of exposed surface area decreases and the carbon 
remains trapped inside a SiC matric, while the SiC oxidizes and adds 
mass to the material due to its passive oxidation. This can be observed 
also in the SEM results (Fig. 6): by increasing the number of PIP cycles, 
the products of the first pyrolysis were totally covered by the new SiC 
phase, resulting in the trapping of carbon inside the matrix. Therefore, 
the carbon that is first on the surface is oxidized and this prevails over 
the oxidation of SiC (black data points in Fig. 8), while after carbon is 
embedded by the new SiC phase with increasing number of infiltrations 
and is no longer at the surface, the passive oxidation of SiC prevails (red 
data points in Fig. 8). 

4. Conclusions 

This study demonstrated that it is possible to obtain SiC components 
using an indirect Additive Manufacturing approach that employed SLS 
for the consolidation of a polymeric (polyamide) powder into a part 
possessing the desired shape and residual porosity. This was then infil
trated a few times (up to 7) using a preceramic polymer precursor 
(AHPCS), leading to the fabrication of SiC parts. 

Key for the success of the AM and PIP processes was the optimization 
of the printing parameters (in particular, laser speed, layer thickness, 
powder surface temperature, printing chamber temperature and 
hatching spacing), which enabled the production of a polymeric preform 
possessing a suitable degree of interconnected residual porosity (48 vol 
%), leading to the fabrication of SiC parts with a residual porosity of only 
~10 vol% after reinfiltration and pyrolysis. 

The strength of the components increased with the number of 

reinfiltration cycles and the decrease in residual porosity, as expected, 
and we showed that handling the preceramic precursor in air during 
infiltration led to only a limited oxygen contamination deriving from 
environmental humidity. 

This optimized manufacturing approach can now be extended to the 
fabrication of components possessing more complex (e.g. cellular) ar
chitectures, leading to parts with much smaller features (e.g. pores) than 
those achievable using binder jetting or thicker and denser struts than 
those obtainable through the replica method [32,33] of structures 
manufactured by Digital Light Processing [65,66]. 
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