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Ceramic composite manufacturing typically requires high temper-
atures and a long duration of sintering or pyrolysis and has a low yield. Efforts to
accelerate manufacturing, especially in the case of emerging polymer-derived
ceramics, can result in void and crack formation or even catastrophic failure of the
ceramic product. Research findings reveal that boron nitride nanotube networks
effectively reinforce polymer-derived silicon carbide ceramics, enabling them to
withstand substantial volume changes during pyrolysis. This reinforcement results 1 l 1 ‘ 1 l 1 l \
in the production of high-quality ceramics characterized by extremely low porosity
and enhanced mechanical and thermal properties, encompassing improvements in the elastic modulus, fracture strength, ductility,
and thermal shock resistance. No degradation of mechanical properties was observed after 100 thermal shock cycles with a sudden
temperature drop of about 1100 °C at a rate of about 2190 °C s™". By increasing the nanotube weight concentration to 40%, highly
flexible ceramic thin films were obtained that can be bent to a small radius without failure. With the addition of nanotubes, pyrolysis
can also proceed with a much faster temperature ramping rate for both heating and cooling cycles, enabling much faster

manufacturing throughput than conventional pyrolysis for dense-structure ceramics.

polymer-derived ceramics, SiC, BNNTs, thermal shock, composites, extreme environments

Advanced materials that can withstand elevated temperature,
corrosive liquids, gases, and/or energetic radiation are
demanded for load-bearing and sensing applications in extreme
environments, including hypersonic flights, deep space
exploration, and nuclear power plants.”” Ceramics and their
composites have shown much better stability in such severe
conditions than their polymeric and metallic counterparts.
However, most ceramics are difficult to manufacture due to
their much higher melting temperatures than polymers and
metals. Traditional ceramic manufacturing involves solid-state
sintering of ceramic powders under pressure. This process
tends to create a large density of voids in the ceramics that lead
to their relatively low mechanical toughness.” Liquid phase
sintering has also been explored with lower-melting-point
ceramic additives.” However, those additives negatively affect
the high-temperature mechanical properties of the sintered
ceramics.” In both cases, a fabricated ceramic monolith usually
needs to be further machined into a specific shape and size by
using additional cutting and polishing tools. This subtractive
process is challenging to realize a complex three-dimensional
(3D) geometry that can be desired for a customized
application.

Polymer-derived ceramics (PDCs) have recently been
studied as an alternative approach to manufacturing ceramic
materials and composites.” PDCs are formed by the pyrolysis
of preceramic polymers. As of now, many different polymer
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structures have been synthesized that have led to various types
of ceramics after pyrolysis, including oxides, nitrides, carbides,
their composites, etc. One unique advantage of PDCs is that
the preceramic polymer part can be shaped into different forms
including fibers, thin films, foams, monolithic bodies, and
customized 3D objects prior to the pyrolysis process.”*
However, the pyrolysis of the preceramic polymer (when the
polymer is converted to ceramic) results in a large volume
shrinkage due to material decomposition and densification that
leads to cracking or even shattering of the final ceramic sample.

To mitigate problems in PDC manufacturing, various
methods can be adopted ranging from the design of the
polymer composition to the polymer part’s geometry to careful
control of the pyrolysis conditions. For instance, preceramic
polymers with high char yields can partially mitigate volume
shrinkage during pyrolysis.”'? 3D printed cellular structures or
microimprinted thin-film patterns allow the volume shrinkage
to occur more uniformly and reduce the chance of cracking in
a fast pyrolysis process.' "' However, such approaches are not
applicable to compact ceramic fabrication. In most cases,
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Figure 1. (a—c) Photos showing the first three steps of the manufacturing process toward SiC-BNNT ceramic composites. (d) Photo of a SiC-
BNNT monolith (10 wt % BNNTs) from pyrolysis at 1200 °C. (e, f) Photos of a flexible SiC-BNNT thin film (40 wt % BNNTSs, ~100 ym thick)

before and after being flexed down to a nearly S mm radius.

pyrolysis of a PDC monolith needs to proceed slowly with very
slow heating and cooling rates (as low as 1 °C min™"' or
less).">™"° The thickness of the PDC can be reduced to avoid
nonuniform volume shrinking and stress accumulation.'
Because of these challenges and limited solutions, a large
and thick sample can require multiple cycles of precursor
infiltration and pyrolysis (PIP)."”"® Improving the throughput
of ceramic parts by the PDC process is of great interest.

In this work, we demonstrated a strategy of incorporating
percolated boron nitride nanotube (BNNT) networks to
reinforce a polymer-derived silicon carbide (SiC) ceramic. We
found that SiC-BNNT composites with a BNNT weight
concentration of 10% or more survived pyrolysis with a 100%
fabrication yield. In contrast, all control samples (without or
with a low concentration of BNNT) catastrophically failed
during pyrolysis. We also found that the addition of BNNT
permitted much faster heating and cooling rates during
pyrolysis (=15 °C min~'). Notably, high-quality thin-film
and bulk SiC-BNNT composite samples have been fabricated
from a single cycle of the pyrolysis process with no need for
subsequent lengthy PIP cycles. The SiC-BNNT composite has
demonstrated a greatly improved elastic modulus, fracture
strength, ductility, and thermal shock resistance. No
mechanical property degradation was observed after 100
thermal shock cycles using a 1100 °C propane torch for
heating and an ice—water bath for fast cooling. By increasing
the BNNT weight concentration to 40%, we obtained highly
flexible SiC-BNNT thin films that can be bent to a small radius
without failure.

To prepare the SiC-BNNT composites, BNNTs'” (Figure la)
were dispersed in acetone with probe sonication. Scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) 1mages of the BNNTSs were shown in an
earlier publication.”” The BNNT /acetone dispersion (Figure
1b) was added with a commercial poly(carbosilane)
preceramic polymer (SMP-10, Starfire) and thoroughly
mixed with probe sonication. The SMP-10 polymer has

3206

about 15% weight loss after 1200—1800 °C pyrolysis. This
weight loss is considered in this mixing step so that the final
SiC-BNNT has the desired BNNT weight concentration. The
BNNT/SMP-10 mixture (Figure 1c) was then dried out in an
aluminum weighing pan to obtain BNNT/SMP-10 films of
20—500 pm thickness. The films were loaded into a stainless-
steel mold and pressed at room temperature to obtain thicker
BNNT/SMP-10 samples. The freshly prepared BNNT/SMP-
10 samples were cured at 200 °C in the air for 12 h to obtain a
green body that will then be transferred into a high-
temperature graphite furnace for pyrolysis at 1200, 1500, or
1800 °C in a high-purity nitrogen atmosphere to convert the
SMP-10 polymer into SiC and obtain the SiC-BNNT ceramic
composite. In the pyrolysis, the temperature was increased
from room temperature (~25 °C) to 1200, 1500, or 1800 °C
with a rate of 15 °C min™', maintained at that temperature for
1 h, and cooled down to ~150 °C with a rate of 25 °C min™!

A thick SiC-BNNT sample is shown in Figure 1d that has 10
wt % BNNTSs. Another thin-film disk with 10 wt % BNNTs
was prepared and dropped onto the surface of an aluminum
bar. Solid knocking sounds were heard (Supporting Video 1),
suggesting that the SiC-BNNT sample in this work is dense
without a significant volume of voids after pyrolysis. Figure le,f
illustrates a thin-film sample, approximately 100 pym thick,
containing 40 wt % BNNTs, which exhibits the capability to be
bent significantly to a small radius. A video file can be found in
the Supporting Information (Supporting Video 2) showing the
flexing of the sample down to about a 5 mm radius for 6 cycles
without breaking.

BNNT-reinforced PDCs have been previously reported by
Jia et al.”" In their work, the BNNTs were mixed with a cured
silicon carbonitride (SiCN) preceramic polymer using a ball
milling process, followed by mechanical pressing to shape the
premixed powders into a circular disk and pyrolysis at 1000 °C
(the curing, pressing and pyrolysis method). With 10 wt %
BNNTs, they obtained PDC composites with a density of
about 1.25 g cm™ and a porosity of about 40%. In our
approach, the preceramic polymer was shaped using film
casting or molding before its curing, i.e., in a liquid or gel stage,
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Figure 2. Photos of unsuccessful pyrolysis at 1200 °C for SiC-BNNT composites with (a) 0.1 wt % BNNTs, (b) 1 wt % BNNTs, and (c) S wt %
BNNTs. (d) Photo of SiC-BN particle (20 wt % BN) composites after pyrolysis at 1200 °C. (e) Photo of one freshly prepared BNNT/SMP-10
sample with a diameter of about 0.75 in. (f) Photos of SiC-BNNT samples after 1200 °C pyrolysis. From left to right, the samples have BNNT
weight concentrations of 10, 20, 30, 40, and 80%, respectively. (g) Plot shows the diameter shrinking of SiC-BNNT after 1200 °C pyrolysis
compared with the starting BNNT/SMP-10 vs different BNNT weight concentrations. Four samples were measured in each BNNT weight ratio

group.

to ensure a better connection of the preceramic polymer than
the solid-state pressing. Therefore, our method (the casting,
curing, and pyrolysis or molding, curing, and pyrolysis
method) has achieved a much higher density of 2.30 g cm™
after 1200 °C pyrolysis in the SiC-BNNT sample with 10 wt %
BNNTs. A pore-free SiC sample from SMP-10 pyrolysis was
calculated and experimentally measured to have a density of
~245 g cm™ after 1200 °C pyrolysis,22 and a three-
dimensional hexagonal boron nitride (BN) has a density of
about 2.1 g cm™>. With both density values, we estimated that
a fully dense SiC-BNNT composite with 10 wt % BNNTSs
should have a theoretical density of 2.41 g cm ™, suggesting our
SiC-BNNT composite has about 4.5% porosity. Given the fact
that our BNNTs have a tubular architecture and a density
slightly less than that of the three-dimensional hexagonal BN,
the 2.41 g cm™ theoretical density is likely overestimated. In
this regard, our composite should have an even lower porosity
than 4.5%, which is a lot less than the literature result by Jia et
al”' The density of the SiC-BNNT (10 wt %) sample
increased to 2.35 g cm™ after 1500 °C pyrolysis but decreased
to 2.06 g cm ™ after 1800 °C pyrolysis. In addition to the low
porosity, our new manufacturing process allows us to fabricate
thin-film ceramic composites with both rigid and flexible form
factors.

The BNNT concentration is critical to preventing the PDC
composite from cracking or shattering during pyrolysis. In our
first attempt, we tested the pristine PDC with the SMP-10
preceramic polymer without BNNT incorporation. The SMP-
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10 liquid was cast onto a silicon wafer and baked at 200 °C in
the air to cure the polymer (~20 pm). As shown in Figure S1,
both samples that were made in the same batch severely
cracked after the curing. With 0.1 wt % BNNT addition, all
samples survived the curing step without cracking; however,
they shattered into nearly powders after 1200 °C pyrolysis
(Figure 2a). Increasing the BNNTSs to 1 wt % still did not
resolve this problem, although the samples shattered into
slightly larger pieces after pyrolysis (Figure 2b). This situation
was greatly improved when the BNNT concentration reached
S wt %, by which half of the samples cracked, and the other
half survived without cracking for all 4 samples we fabricated in
a single batch (Figure 2c).

In comparison, three control samples with 20 wt % boron
nitride (BN) particles in the SiC matrix cracked much more
severely after pyrolysis than our S wt % BNNT samples (Figure
2d). While nanoparticle fillers to various PDC preceramic
precursors have been well explored in the literature,® our
observation here indicates that the use of high-aspect-ratio
nanotubes has the advantages of a lower threshold percolation
concentration and possibly a more effective load transfer
between the PDCs and the fillers to mitigate crack formation
during PDC pyrolysis.

We continued to prepare BNNT-preceramic polymer
samples with different BNNT weight concentrations. Figure
2e shows a representative picture of freshly prepared BNNT/
SMP-10 samples that were punched into a circular disk shape
with a diameter of about 0.75 in. All samples with 10, 20, 30,
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Figure 3. (a) XRD patterns of SiC-BNNT (20 wt %) composites after pyrolysis at 1200, 1500, and 1800 °C. (b, c) TEM images of SiC-BNNT (20
wt %) composites from 1200 and 1800 °C pyrolysis, respectively. The insets show the fast Fourier transform (FFT) of selected regions. (d, e) SEM
images of SiC-BNNT (20 wt %) composites from 1500 °C pyrolysis. (f, g) SEM images of SIC-BNNT (20 wt %) composites from 1800 °C

pyrolysis.

40, and 80 wt % BNNTSs survived the pyrolysis process at 1200
°C with 100% yield. The pictures of those samples after
pyrolysis are shown in Figure 2f. The plot in Figure 2g shows
the relative diameter shrinkage after pyrolysis compared to the
starting BNNT/SMP-10 for all samples with different BNNT
concentrations. The average shrinkage is about 18.7% among
four measured samples with 10 wt % BNNTSs with a tendency
of fast decrease with increasing BNNT concentration up to 40
wt %, after which the decreasing trend becomes much more
gradual.

Figure 3a shows the X-ray diffraction (XRD) patterns of
SiC-BNNT (20 wt %) samples after pyrolysis at 1200, 1500,
and 1800 °C, respectively. All samples exhibit a strong
diffraction peak at about 25.9° that can be attributed to the
(002) basal plane of hexagonal BN or BNNTs.”* This
observation indicates that BNNTs were preserved even after
1800 °C pyrolysis. There are no noticeable diffraction peaks
associated with SiC crystals after 1200 °C pyrolysis, indicating
that the pyrolysis of the preceramic polymer at 1200 °C has
mostly resulted in amorphous SiC. This statement is well
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supported by the TEM image in Figure 3b. Broad peaks start
to appear in the 1500 °C pyrolysis sample at peak positions of
35.5, 60.1, and 71.8° that can be attributed to the (111),
(220), and (311) planes of B-phase SiC, respectively.”” With a
further increase of the pyrolysis temperature to 1800 °C, the
above diffraction peaks for the J-phase SiC become more
intensified and narrower. Three new peaks have appeared at
33.7, 41.4, and 75.5° that are correlated with the stacking fault
and (211) and (222) planes of f-phase SiC, respectively.” The
improvement in crystallinity with 1800 °C pyrolysis is also
supported by the TEM image in Figure 3c. The stacking fault
in the SiC crystals can be seen in the TEM image in Figure S2.

The cross-sectional SEM images of the 1500 °C pyrolysis
sample are shown in Figure 3d,e. BNNTSs were seen to be
tightly embedded in the SiC matrix. No microscopic pores are
presented, which is in good agreement with our previously
measured high density and calculated low porosity. On the
contrary, the BNNTSs appeared to largely separate from the SiC
in the 1800 °C pyrolysis sample, as shown in Figure 3f,g, likely
due to the crystallization of the SiC matrix that formed
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Figure 4. (a) Representative stress—strain characteristics from 3-point bending tests for SiC-BNNT (20 wt % BNNTs) samples with different
pyrolysis temperatures. (b) Flexural strength, (c) elastic modulus, and (d) strain to failure of SIC-BNNT (20 wt % BNNTs) samples with different
pyrolysis temperatures. Four samples were measured in each temperature group. (e) Representative stress—strain characteristics from 3-point
bending tests for SiC-BNNT samples with different BNNT weight ratios after pyrolysis of at 1500 °C. (f) Flexural strength, (g) elastic modulus,
and (h) strain to failure of SiC-BNNT samples (1500 °C pyrolysis) with different BNNT weight ratios. Four samples were measured in each
BNNT weight ratio group.

submicron size particles surrounding the BNNTs (Figure 3g) modulus of about 26.9 GPa and flexural strength of about 98
and left many microscopic voids in the composites. It is argued MPa. Such results are in support of the microscopic void
that the thermal degradation of BNNTs at 1800 °C can formation, as shown in Figure 3f,g. The strain to failure
negligibly contribute to void formation. As reported by Tank et remained at about 0.36% for the 1800 °C pyrolysis samples.

al,” the tubular structure of BNNTs remained wholly stable Using the 1500 °C pyrolysis temperature, we also prepared

up to 1800 °C that is further confirmed by the XRD (Figure additional samples with BNNT weight concentrations of 10,
3a) and TEM (Figure 3c) observations in this study. Overall, 40, and 80%. Their 3-point bending test results, together with

the void formation is attributed to the density decrease after the 20% samples, are shown in Figure 4e—h. It is obvious that
1800 °C pyrolysis, as discussed earlier. both the flexural strength and elastic modulus of the samples
The mechanical properties of the SiC-BNNT composites keep decreasing with increasing BNNT weight concentrations.
were evaluated with 3-point bending tests. We first tested SiC- Specifically, the average flexural strength is 347 MPa for the 10
BNNT samples with 20 wt % BNNTs and different pyrolysis wt % samples, decreasing to 269, 174, and 60 MPa in the 20,
temperatures. The results are presented in Figure 4a—d. In the 40, and 80 wt % samples, respectively; the average elastic
four measured samples in each group, the 1200 °C pyrolysis modulus is 152 GPa for the 10 wt % samples, decreasing to 72,
samples have an average elastic modulus of 32 GPa, a 16, and 5 GPa in the 20, 40, and 80 wt % samples, respectively.
maximum flexural strength of about 156 MPa, and a strain to It is worth noting that the 80 wt % sample suffers from high
failure value of about 0.49%. The elastic modulus and void contents as shown in the SEM images in Figure S3. This
maximum flexural strength have improved to 72 GPa and problem can partially contribute to the greatly reduced flexural
269 MPa, respectively, and the strain to failure reduced to strength and elastic modulus in the 80 wt % samples. It is also
about 0.37% after 1500 °C pyrolysis. The mechanical property observed that the strain to failure keeps increasing with
changes are consistent with an increase of crystallinity for the increasing BNNT weight concentrations. Specifically, the
SiC matrix from 1200 to 1500 °C pyrolysis temperature meant average strain to failure is 0.23% for the 10 wt % samples,
to make the composite stronger and stiffer. On the other hand, increasing to 0.37, 1.1, and 1.3% in the 20, 40, and 80 wt %
the 1800 °C pyrolysis samples exhibited the least elastic samples, respectively. The high strain-to-failure values obtained
3209 https://doi.org/10.1021/acsaenm.3c00524
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Figure S. Photos showing the experimental setup and different measurement stages for evaluating the thermal shock resistance of one SiC-BNNT
(20 wt % BNNTs, 1500 °C pyrolysis) composite sample. (a) Burning the sample with a propane torch in the air (~1100 °C), (b) within about half
a second, moving the sample away from the flame and immersing it into an ice—water bath (~$ °C), (c) taking the survived sample out of the ice—
water after one cycle of thermal sock testing. (d) Storage modulus and loss modulus vs numbers of thermal shock testing cycles for the sample in

(a—c).

in the 40 and 80 wt % compositions lead to highly flexible thin-
film ceramics, as shown in Figure 1g—i.

PDC bulk ceramics were reported with a relatively low
elastic modulus and fracture strength due to their high porosity
after pyrolysis. For instance, the best SiCN PDCs processed
through the curing, pressing, and pyrolysis method had an
elastic modulus from 105 to 118 GPa and fracture strength
from 104 to 170 MPa.’® Therefore, we have achieved a 30—
50% improvement in modulus and a 2—3 times improvement
in strength in our 1500 °C pyrolysis SIC-BNNT (10 wt %),
which can be attributed to the low porosity in such samples.””
It is worth noting that SiC (with 10 wt % ALO;—Y,0,
additive) via liquid phase sintering at 2000 °C in an argon
atmosphere was reported to exhibit an elastic modulus of ~430
GPa, fracture strength ~600 MPa, and strain to failure
~0.14%.”° Both the modulus and fracture strength are
significantly higher than those of PDCs, likely due to their
much higher processing temperature than the best pyrolysis
temperature (1500 °C) in our study. To support this
argument, we noticed that de Mello et al. reported an elastic
modulus of 209—228 GPa with a similar material composition
of SiC (AL,O;—Y,0;) when 1750 °C was used for sintering.”’
Nonetheless, PDCs and their composites can be advantageous
in manufacturing more versatile and customized product forms
and geometries, accompanied by continuing efforts, including
this work, to further reduce the mechanical property gap.”

Ceramics and their composites are often used in high-
temperature environments, where rapid heating and cooling
can be expected. We evaluated the thermal shock resistance of
the SiC-BNNT composite with 20 wt % BNNTs and from
1500 °C pyrolysis. The sample was first burned with a propane
torch in the air (Figure Sa) for 30 s. One K-type thermocouple
was placed right next to the sample. The highest temperature
reading from the thermocouple reached about 1100 °C after
the 30 s burning. Within about half a second, the sample was
moved away from the flame and quickly immersed in an ice—
water bath (~5 °C) (Figure Sb). This quenching process
corresponds to a temperature change rate of about 2190 °C
s~". Surprisingly, the sample still survived after this quenching
test (Figure Sc). A real-time video can be found in the
Supporting Information (Supporting Video 3) to see the
above-described heating—quenching cycles.
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We also collected the storage modulus and the loss modulus
of one sample after finishing a certain number of test cycles,
and the data are plotted in Figure 5d. The storage modulus
gradually increased from the initial about 73 GPa to about 84
GPa after the 30th heating—quenching cycle and then
remained steady until the completion of 100 test cycles. The
initial storage modulus improvement is possibly caused by a
thermal annealing effect of SiC in the air that formed a
conformal oxide overcoating and densified the surface of the
test sample.”’ The loss modulus fluctuated slightly at around
2.2 GPa, leading to a loss tangent of 0.025 to 0.03 for all of the
test cycles. It is worth noting that boron nitride has limited
oxidation stability in the air (<1000 °C).*> However, burning
the SiC-BNNT PDCs with a propane torch in the above
heating—quenching tests did not alter their appearance or
mechanical properties. It is speculated that the BNNTSs in the
composite are well encapsulated and protected by the SiC
matrix that has better temperature stability in the air.”'

SiC is believed to have good thermal shock resistance due to
its high thermal conductivity, low thermal expansion, and high
strength. In one report, de Mello et al. studied the thermal
shock resistance behaviors of a liquid phase sintered SiC
(ALO;—Y,0;) processed at 1950 °C. It was discovered that
the elastic modulus had dro%)ped by 15—25% after 20 thermal
cycles with AT = ~725 °C.* In another study by Besisa et al.
with SiC (AL, O;—Y,0;) sintered at 2080 °C, the fracture
strength decreased by about 16.5% after 20 thermal cycles with
AT = ~700 °C.”> Comparing the above two studies with
similar materials and temperature range of the thermal shock
test, it is plausible to conclude that both elastic modulus and
fracture strength can be used with good agreement to each
other for quantifying thermal shock degradation.

The thermal shock resistance of SiC PDCs, however, has not
been well studied in the literature. In one related report by
Bergero et al, a silicon oxycarbide (SiCO) PDC composite
reinforced with MoSi, microparticles was found to exhibit
much worse thermal shock resistance than the above liquid
phase sintered ceramics: for the SiCO—MoSi, samples, the
fracture strength had reduced by about 75% after one thermal
cycle with AT = 700 °C.>* In contrast, our SiC-BNNT
composite does not show any mechanical degradation (Figure
5d) even after 100 thermal cycles with AT = ~1100 °C. This
greatly improved thermal shock resistance, as compared to
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Figure 6. (a—d) Photos showing the experimental setup and resistance reading of one SiC-BNNT (20 wt %, 1500 °C pyrolysis) sample in the air
while a propane torch was getting closer, and the sample became hotter and brighter. The sample had two platinum wound wires on both ends. The
resistance was measured by a digital multimeter (Keithley 2400). (e) Logarithm of resistance (In R) vs the reciprocal of absolute temperature (1/T)
for one SiC-BNNT (20 wt %, 1500 °C pyrolysis) sample measured in a tube furnace in the air.

both PDCs and liquid phase sintered ceramics, can likely be
attributed to the embedded BNNT network in the SiC matrix
that effectively attenuates the propagation of microcracks
during thermal shock testing.

The BNNT-reinforced SiC PDC composite can also be used
to sense temperature through resistance changes. As shown in
Figure 6 a—d, burning a sample (SiC-BNNT, 20 wt %, 1500
°C pyrolysis) with the propane torch in the air could reduce its
resistance by nearly 1000 times. This resistance reduction can
also be seen in one of the videos in the Supporting Information
(Supporting Video 4). The same video also shows that moving
the torch away then gradually restored its resistance back to
the original value, accompanied by cooling of the sample. A
quantitative plot in Figure 6e shows that the logarithm of
resistance is proportional to the reciprocal of absolute
temperature with an activation energy of 182 meV. This
observation suggests that the conductivity in the SiC-BNNT
PDC composite is limited by charge carrier concentration that
exponentially increases with increasing temperatures. Given
the high thermal shock resistance, the SiC-BNNT composites
in this work can be useful for temperature sensing in addition
to load-bearing structures in extreme environments with large
and rapid changes in temperatures.

In conclusion, we demonstrated a strategy to use percolated
BNNTSs to accelerate the manufacturing of SiC PDC thin films
and bulk monoliths. The BNNT network is essential for
reinforcing the SiC matrix to sustain the large volume change
during pyrolysis without cracking. The resulting SiC-BNNT
composites showed low porosity and significantly improved
mechanical properties. They also exhibit high thermal shock
resistance. No mechanical degradation has been observed after
100 thermal shock cycles with a sudden temperature change of
about 1100 °C. This extraordinary thermal shock resistance
has greatly surpassed the state-of-the-art performance in
ceramics of similar compositions fabricated from either liquid
phase sintering or preceramic polymer pyrolysis. With the high
thermal stability of the BNNTSs, this approach can be more
generic for future manufacturing of various high-temperature
ceramics for extreme environment applications.

BNNTs (SP10-R) were provided by BNNT, LLC. SMP-10 was
purchased from Starfire Systems, Inc. Acetone (ACS reagent,
>99.5%) and BN powder (~1 um, 98%) were purchased from
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Sigma-Aldrich. All materials were used as received. The BNNT
puftballs were dispersed in acetone by using a probe sonicator
(Qsonica Q500 Sonicator) at $ mg mL™". Pyrolysis was conducted in
a high-temperature graphite furnace (Thermal Technologies HP-
4560—20). The furnace was pumped to 107> Torr and then filled with
high-purity nitrogen gas to atmospheric pressure. After that, a
nitrogen gas flow of 2 SCFH was used throughout the pyrolysis
process. SEM imaging was conducted using a Helios G4 UC (Thermo
Fisher Scientific) with a 5 kV accelerating voltage. TEM images were
collected using a JEM-ARM200cF (Cs corrected scanning/trans-
mission electron microscope from JEOL) at 80 kV. A copper grid was
used to support the TEM sample, which was prepared by a focused
ion beam. A commercial X-ray diffractometer (SmartLab SE, Rigaku)
with a Cu Ka radiation source was used for XRD analysis. The density
of the composite was determined by using the Archimedes method.
The porosity was calculated from the measured density value and the

P,
‘measured

theoretical density value using (1 - ) Mechanical stress—

Ptheoretical
strain curves were obtained using a 3-point bending module with the
DMA Q800 (TA Instruments, Inc.). The samples were 10 mm long, $
mm wide, and 100 pym thick. Measurements were done with a
controlled static force with a ramping rate of 0.1 N min~". Storage and
loss moduli before and after thermal shock experiments were obtained
using the same 3-point bending setup with a constant frequency of 1
Hz.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.3c00524.

Photos of SMP-10 films without BNNTs on silicon
wafer (Figure S1); TEM image of SiC-BNNT with 1800
°C pyrolysis (Figure S2); and SEM images of SiC-
BNNT with 80 wt % BNNTs (Figure S3) (PDF)
Sample dropping onto aluminum bar (AVI)

Flexing of the sample (AVI)

Heating—quenching cycles (AVI)

Temperature sensing (AVI)
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