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1. Introduction 

Ceramic materials are currently used in structural applications at high strain rates 
due to their high strengths, high hardness, and low density. Silicon carbide (SiC) 
has high hardness, strength, melting point, and resistance to oxidation while having 
a relatively low density (3.21 g/mL), which makes it ideal for application in extreme 
environments.1 However, traditional manufacturing methods, such as uniaxial hot 
pressing, greatly limit the geometry of produced parts. Additive manufacturing 
(AM) enables the forming of ceramics with complex geometries. Advantages for 
AM of SiC include complex designs, customization, reduced material waste, and 
elimination of cost- and time-intensive postprocess machining. Another added 
value is the ability to optimize and rapidly prototype designs.2 

Binder jetting is an AM process in which an industrial printhead selectively 
deposits a liquid binding agent onto a thin layer of powder particles to build near-
net shape of complex geometry parts. The technique involves repeated layer-by-
layer process of adding the ceramic powder and binder fluid in sequence, according 
to a map from a digital design file, until the object is complete.3 A major restriction 
of binder jetting is that the powder feedstock generally needs to be coarse in size to 
allow the necessary flowability for the additive process.4 This leads to overall low-
bulk density of the formed green bodies that can result in inferior mechanical 
properties of printed parts, a major limitation of binder jetting.5  

To achieve the optimal material properties that are desirable in a ceramic, the green 
body would have to undergo a separate densification process. Traditionally, this 
densification process would occur through sintering, which causes the green body 
to shrink from its printed shape and thereby adding a significant challenge in using 
AM for geometrically complex shapes. In addition, pressureless sintering of SiC 
requires high-processing temperatures as well as fine starting particle sizes6 that 
would be prohibitive for use as a binder jet feedstock powder.7 Du et al.8 showed 
that using a bimodal size distribution in the feedstock can increase the green density 
of the printed part, but only by a modest 5%. As a result, various alternative 
methods to densify these green bodies are required, such as chemical vapor 
infiltration (CVI),9 liquid metal infiltration and reaction bonding (LMRB),10–12 and 
polymer infiltration and pyrolysis (PIP).13,14  

In each case, technical challenges exist for utilizing each densification method. CVI 
requires some dimensional limitations because the maximum thickness of the part 
is limited to the infiltration distance of the chemical vapor. Binder jet parts 
densified by CVI can often exhibit density gradients, where parts have a dense outer 
layer but maintain a porous interior.5 LMRB has incomplete reaction of the liquid 
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silicon that can have detrimental effects on the property and performance of the SiC 
material. Even optimized parts can have residual silicon contents of 15%.11  

PIP processing involves infiltrating the ceramic green body formed by binder jet 
with a preceramic polymer. The infiltrated body is then cured to stabilize the 
infilled polymer via crosslinking, followed by a higher-temperature pyrolization 
step to convert the polymer into an amorphous ceramic matrix. This process 
involves significant volumetric shrinkage of the polymer phase, where cracks and 
pores are opened in the matrix of transformed polymer.15,16 A subsequent 
infiltration and pyrolysis cycle is then performed to fill in the cracks and pores from 
the first PIP cycle. These cycles are repeated until the ceramic body is fully 
densified. Cramer et al.12 used polycarbosiloxane as a preceramic polymer to 
densify binder jet SiC parts by a PIP process. Polycarbosiloxane is a precursor for 
SiOC, so the resultant part was an SiC/SiOC composite.13 Wang et al.14 further 
investigated densification with a polycarbosiloxane polymer and was able to 
increase part density by performing nine iterative PIP cycles. Both studies showed 
the feasibility of using a PIP process with preceramic polymers to densify SiC parts 
formed by binder jet, although any method to reduce the number of iterative PIP 
cycles would reduce processing time and cost. To densify SiC green bodies with 
SiC instead of SiOC, the preceramic polymer chemistry needs to be changed to a 
polycarbosilane. This polymer pyrolyzes with the correct chemistry to produce 
SiC.16  

In this study, we investigated various sizes of SiC powder feedstocks to understand 
their effect on printability and densification by the PIP processing. We used 
commercial polycarbosilane as a preceramic polymer and investigated preheat 
treatment to understand its effect on the infiltration, yield of the polymer, and 
efficiency of the PIP process.  

2. Methodology 

The SiC powders used in this study were sourced by Panadyne (Montgomeryville, 
Pennsylvania), and three variants were investigated: 240, 500, and 500 PHD. The 
preceramic polymer used for the PIP densification process was SMP-10 from 
Starfire Systems Inc. (Glenville, New York). Per the manufacturer, SMP-10 is a 
one-component, liquid polycarbosilane precursor, to form near-stoichiometric SiC 
after thermal treatment. 

Particle-sized distributions were measured using a Horiba (Kyoto, Japan) LA-960, 
and water was used as the dispersant system. The tapped density of the powders 
was measured using a Quantachrome (Boynton Beach, Florida) Autotap system, 
and a 10-mL glass-graduated cylinder was used as the test vessel. Scanning electron 
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microscopy (SEM) was conducted using a Thermo Fisher Scientific (Waltham, 
Massachusetts) Phenom XL, using the back-scattered detector for imaging. 
Calorimetry of the polymer was measured using a TA Instruments SDT Q600 DSC-
TGA (New Castle, Delaware). All samples were run up to 1500 °C at a heating rate 
of 10 °C/min under flowing argon using an alumina crucible.  

To test precursor infiltration of the feedstock powders, sample green bodies  
with deliberately low density were created to simulate the light powder-packing 
and low-density representative of samples typically produced by binder jet 
manufacturing. The sample geometry was round pucks 25 mm in diameter and  
5 mm in height for further testing. To form the samples, 4.5 g of SiC powder along 
with 5 wt% ExOne Aquafuse binder was placed in a Teflon ring and uniaxially 
pressed to a pressure of 10 kPa. The sample was then removed and heated to cure 
the binder at 180 °C for 4 h. The samples were then infiltrated with SMP-10 
precursor using a vacuum infiltration method. To infiltrate these samples, a vacuum 
vessel was equipped with a top drip spout that allowed the precursors to leak into 
the samples under vacuum. The purpose of conducting the infiltration under 
vacuum was to remove gas within the samples after the binder cure and ensure the 
samples became completely saturated with the polymer precursor. The samples 
were placed under vacuum at −760 mmHg pressure for 30 min. The SMP-10 
precursor was then dripped on top of the samples under vacuum until they were 
completely covered. The samples were then held under vacuum for an additional 
30 min to ensure maximum infiltration. Samples were then removed from the 
vacuum and the precursor, and the excess precursor was allowed to drip off before 
the samples were immediately pyrolyzed. 

For the pyrolysis of the infiltrated samples, the sample was heated at 1 °C/min up 
to 650 °C, where it was held for 2 h. The temperature was then raised at 3 °C/min 
up to 850 °C, where it was held for one additional hour. After each of these 
treatments, the mass, geometric volume, and geometric density of the samples were 
taken and recorded.  

3. Results and Discussion 

3.1 Powder Feedstock Characterization 

The SiC powder variants were tested for their suitability as feedstocks for the binder 
jetting process. A powder needs to possess key bulk properties to ensure it is 
suitable for binder jetting, primarily flowability and packability. To measure both 
flowability and initial density, particle sizing and tap density were taken initially. 
Particle sizing is shown in Figure 1 and tap density is shown in Figure 2. The d50 
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percentile of the particle size distribution for Panadyne 500, 500 PHD, and 240 are 
16.01, 12.49, and 60.55 µm, respectively. The Panadyne 500 and 500 PHD powder 
had very similar particle size and exhibited similar packing behavior under tapping. 
The PHD variant of the powder did tap to a higher density, which would be 
advantageous as a feedstock because the green density of a binder jet part would 
therefore be higher. The Panadyne 240 powder has a significantly larger particle 
size and size distribution, which led to a higher tap density. The powder also 
reached its maximum tapped density in fewer taps, which is indicative of a powder 
with increased packability and flowability. 

 
Figure 1. Particle size distributions for Panadyne 240, Panadyne 500, and Panadyne 500 
PHD. 

 
Figure 2. Tap density for various ceramic powders as a function of number of taps.  
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To see if there were improvements to the tap density from homogeneous sample to 
a bimodal mix of powder sizing, tap density was also taken for various 
combinations of Panadyne 240 SiC and Panadyne 500 PHD SiC. Figures 3 and 4 
show the optimization of tap density with bimodal distribution. The results show 
an increase in tapped density with the inclusion of fine Panadyne 500 PHD powder, 
until a maximum tapped density was achieved at 25 wt% inclusion. Above a 
composition of 25 wt% fine particles, the tapped density decreased. Therefore, the 
composition with the maximum tapped density found was 25 wt% Panadyne 500 
PHD SiC. When comparing the tapped density behavior of the blended composition 
to the monomodal powder, the blended powder exhibited a higher tapped density, 
but it also required more taps to reach its maximum tapped density value. The 
increased time to reach maximum packing under tapping is indicative of a powder 
feedstock with a reduced flowability.  

 
Figure 3. Tap density for bimodal distribution of Panadyne 240 SiC and Panadyne 500 
PHD SiC, labeled by wt% fine powder. 
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Figure 4. Effect on maximum tapped density by the composition of bimodal distributions 
of Panadyne 240 SiC and Panadyne 500 PHD SiC, labeled by wt% fine powder. 

3.2 Polymer Characterization 

The SMP-10 preceramic polymer needs to be pyrolyzed in the PIP densification 
process. Therefore, the thermal behavior of the polymer was characterized with the 
differential scanning calorimetry (DSC) data shown in Figure 5. The peaks and 
inflection points in the graph are indicative of heat flow, showing temperatures that 
correspond to curing, pyrolization, and crystallization of the pucks. Key peaks 
identified were 185, 269, 600, 850, 1100, 1290, and 1376 °C. Almost all the mass 
loss in the polymer occurred below 700 °C, with an inflection point and 
corresponding peak in heat flow at approximately 185 °C. The maximum weight 
loss was 30% of the initial weight. The weight of the sample increased after  
1150 °C, but this may be due to the reaction of the sample with the alumina crucible 
during the test as well as potential oxidation of the sample. 
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Figure 5. Differential calorimetry data of SMP-10 showing both heat flow and wt% as a 
function of temperature. 

3.3 Polymer Infiltration and Pyrolysis 

After two cycles of the PIP process, the overall mass and density increased.  
Figure 6 shows the mass of the green bodies after infiltration and pyrolysis. 
Infiltration with the ceramic sample leads to an increase in the mass of the sample; 
however, it is key to note that there is a subsequent loss in sample mass after each 
pyrolysis heat treatment, which is expected due to the mass loss of the polymer 
measured by the DSC. The expectation is that the mass loss during pyrolysis is due 
to various volatile products being released. These products may include CO, H2, 
H2O, and CO2 and various hydrocarbons including low-molecular–weight 
oligomers. However, the average mass loss of infilled polymer is higher than the 
30% observed by DSC due to SMP-10 leakage during the pyrolysis heating cycles. 
This “leakage” is shown in Figure 7, with the polymer creating a “grease stain” on 
the crucible around the sample after heat treatment to 300 °C. 
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Figure 6. Mass changes in samples through PIP cycles with SMP-10. 

 
Figure 7. Image of a 1-inch puck of ceramic after infiltration with SMP-10 and heat 
treatment to 300 °C. Note the ring on the crucible around the base of the puck due to leakage 
of the polymer out of the puck. 

SEM imaging was performed to study the infiltration of the SMP-10 after the 
infiltrations and heat regimes (Figure 8). The sample puck was cross sectioned, and 
images were taken near the center and top surface of the sample. During this, the 
difference in infiltration through the thickness of the samples was apparent. For 
Panadyne 240, the center section of the sample had more porosity, shown by the 
black cavities, compared with the less porous top of the same sample (Figure 8). 
This showed that the distribution of pyrolyzed polymer was inhomogeneous and 
concentrated on the outer surface of the sample. This may be a result of incomplete 
infiltration of the polymer, where the material was unable to reach the center of the 
puck. However, mass comparisons before and after infiltration suggest that 
approximately 90% of the pore volume were filled by precursor after infiltration. 
Another likely reason is an increased pore pressure in the ceramic, created by the 
off gassing of the polymer during the pyrolysis process, with the vapors or volatiles 
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displacing liquid polymer that is internal to the puck. This displacement would 
explain the leakage evident in Figure 7.  

 
Figure 8. Center (left) and top (right) cross sections of the Panadyne 240 sample after 
undergoing two infiltrations and pyrolyzing temperatures. 

To understand the effect of the leakage during steps of the PIP process, the density 
of samples was evaluated between the initial green body and a single curing step 
(without pyrolization) for each powder (Figure 9). A key takeaway from this graph 
is that the density for Panadyne 240 appears to remain relatively constant. From the 
mass data in Figure 6, we show that all samples were properly infiltrated with 
polymer, but the fact that the density of Panadyne 240 sample does not increase 
significantly suggests that there is loss of material during the curing process. Due 
to the particle size of the powder, the Panadyne 240 sample has the largest pore size 
compared with the other samples, allowing the liquid SMP-10 to readily flow from 
the sample. The heating regime allowed the SMP-10 to heat up and leak out of the 
sample and, due to the higher porosity of the Panadyne 240, allowed significantly 
more SMP-10 to leak out. The finer pore size and lower porosity of finer Panadyne 
powders allowed for more of the polymer to be retained in the sample during curing. 
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Figure 9. Change in density between the initial green body and after a single curing step. 

To track the densification progress of the PIP process, Figure 10 shows the 
theoretical density (TD) of the part starting with the green body and going through 
two PIP cycles. For each, the density was measured after pyrolization of the sample 
and assumes the entire sample consisted of SiC with a density of 3.21 g/mL. This 
assumption likely underestimates the true density of the sample because the 
polymer derived ceramic is likely amorphous with low crystallinity and may have 
a lower density than crystalline SiC. Nevertheless, Figure 10 shows a progressive 
densification of the sample over two PIP cycles. The largest increase was 
experienced by the Panadyne 500 PHD sample, which had an increase of 17% TD. 
This sample also had the lowest green density, suggesting that it had the largest 
porosity volume of the three samples, which may explain why it was so readily 
densified though infiltration. If the results were extrapolated, it would require six 
PIP cycles to reach full density, assuming the increase in density was linear for each 
successive PIP cycle. This assumption likely would not hold true, because the pore 
size distribution of the sample would decrease with each PIP cycle, making it more 
difficult to densify with each successive cycle. More PIP cycles need to be 
conducted to understand that behavior, although the reported data suggests that 
understanding feedstock powder size distribution and initial packing could be used 
to engineer green bodies for more efficient PIP processing. 
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Figure 10. Change in TD of the SiC part over two PIP cycles. 

4. Conclusion 

Optimizing alternative methods to traditional sintering for the densification of 
additively manufactured, near-net shape ceramics is an important processing 
concern for maintaining adequate mechanical performance of the ceramic. This is 
especially true for parts produced by binder jet manufacturing where the powder 
particle size and resulting green densities are inherently limited by the binder jet 
process. PIP processing using polycarbosilane-derived precursors has been used for 
increasing the bulk density of ceramic matrix composites and likewise provides an 
attractive method for infiltration and densification of SiC into porous binder jet-
manufactured parts. In this report, several powder feedstocks were investigated for 
applicability to binder jet manufacturing and screened for flowability and packing 
density. The powders were compacted into low-density green bodies to investigate 
the performance of SMP-10 liquid infiltration and subsequent densification using 
sequential PIP processing. Vacuum infiltration of as-received SMP-10 was able to 
backfill almost 90% of the residual porosity in SiC samples with initial green 
densities of ranging from 49% to 57% TD. However, subsequent out-gassing of 
volatile products increases pore pressure and expels liquid polymer during heating 
before the polymer can fully cure inside the ceramic. This leads to less retained 
polymer and decreased mass yield. These initial results provide a baseline for 
optimizing preheat treatment times and thermal cure cycles focused on improving 
the infiltration and densification of SiC green bodies.  
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