Ceramics International 50 (2024) 53701-53711

Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Check for

Effect of boron on phase, nanostructure, and thermal stability of

polycarbosilane-derived SiC ceramics

Rahul Anand*, Vempuluru Madhavi®, Kathy Lu ™"

@ Department of Materials Science and Engineering, Virginia Tech, Blacksburg, VA, 24061, USA

b Department of Mechanical and Materials Engineering, University of Alabama at Birmingham, Birmingham, AL, 35294, USA

ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini

Keywords:

The current study explores the formation, evolution, and thermal stability of polymer-derived SiBC at high
temperatures. It focuses on the phase evolution of SiBC ceramics derived from the doping of boron in an allyl-
containing polycarbosilane preceramic polymer after 1200 °C-1600 °C pyrolysis. Different SiBC ceramic

Boron monoliths have been obtained. Boron is incorporated into the carbon phase at lower pyrolysis temperatures but
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into both the carbon phase and the SiC lattice structure at high pyrolysis temperatures. B-C bonds form in SiBC
and hinder the growth of graphitic carbon and SiC. Boron improves the densification and thermal stability of the
SiBC ceramics. This work provides an improved understanding of boron effects in polymer-derived SiC nano-
structures at high temperatures.

1. Introduction

Materials suitable for use in extreme conditions are attracting sig-
nificant interest [1-4]. Polymer-derived SiCN, SiC, and SiBC are prom-
ising candidates with exceptional chemical, thermal, and mechanical
stability [5]. The polymeric route also enables lower synthesis temper-
ature and offers flexibility in tuning their microstructures, unlike
conventionally produced borides, carbides, and nitrides [6]. Synthesis of
silicon carbide (SiC) ceramics from various polymeric precursors, such
as polycarbosilane, has been established [7-12]. Allylhy-
dridopolycarbosilane (AHPCS) is a preferred polymer precursor in terms
of processing versatility and obtaining stoichiometric SiC [13,14].

Doping different elements, such as boron, iron, lithium, calcium,
chromium, zirconium, aluminum, and aluminum-yttrium, to SiC has
been carried out to enhance or modify pressureless sintering of SiC
[15-17]. Boron is one of the prominent dopants in enhancing densifi-
cation and the corresponding thermal, mechanical, electrochemical, and
electronic properties of SiC [6,13,18,19]. For polymer-derived SiC, the
same benefit is observed. For example, SiC pyrolyzed from the AHPCS
precursor was reported to have ~22.42 vol% porosity [14]. Precursor
infiltration and pyrolysis (PIP) at 1700 °C after 4 cycles reduced porosity
to ~7.87 vol%. In comparison, incorporation of 5 wt% borane dime-
thylsulfide to SiC reduced porosity to 4.27 vol% at 1700 °C without PIP
cycles.

So far, there are few studies to understand the nanostructural
changes due to boron-doping to polymer derived SiC [20,21]. A previous
study suggests that boron doping to polymer-derived SiC does not lead
to phase separation of boron containing crystalline phases such as B4C
[22]. Instead, incorporation of boron into polymer derived SiCN systems
leads to exceptional increase in thermal, chemical, mechanical (creep)
stabilities; oxidation resistance; and electronic properties [6]. Boron also
enhances crystallization of polymer derived SiBCN systems by acceler-
ating p-SiC phase formation while inhibiting Si3N4 phase nucleation [23,
24]. This means that boron decreases the thermodynamic stability of
SiBCN [25] and retards the carbothermal reduction of SigN4 by forming
turbostratic BCxN layers [26]. Boron reduces the self-diffusion constant
by retarding the mobility of N into the Si-B-N system, thus enhancing the
thermal stability of SigN4 [27]. In addition, boron incorporation into
polymer derived SiOC reduces the amount of free carbon in the SiBOC
ceramics by forming B-C bonds, which increases the complexity of the
amorphous network by forming mixed boron oxycarbide units (BO3.4Cy,
0 < x < 3) [28,29]. Overall, the role of boron in the structural trans-
formation of polymer derived ceramics at the nanostructural level is
complex. The behavior of boron in the structural modification of pre-
cursor derived SiC needs to be explored.

In this work, a commercially available AHPCS precursor named SMP-
10 was doped with 0-40 wt% BDMS and pyrolyzed from 1200 °C to
1600 °C. Microstructural and morphological evolution of SiC upon
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modification with different concentrations of boron was investigated.
The role of boron on the thermal stability of SiC at 2200 °C was
evaluated.

2. Experimental procedure
2.1. Starting materials

For the preparation of SiC and boron-doped SiC monoliths, AHPCS
(SMP-10, Starfire Systems, Inc., NY, USA) was employed as the SiC
source, borane dimethylsulfide (BDMS, BH3-S(CH3),), Sigma Aldrich,
USA) was used as the boron precursor. Toluene (Sigma Aldrich, USA)
served as the solvent. A Karstedt’s catalyst, platinum (0)-1,3-divinyl-
1,1,3,3-tetramethyldisiloxane complex 2.1-2.4 wt% in xylene (Millipore
Sigma, USA), was used as a crosslinking agent. An industrial grade Ar
gas (99.99 % purity, AirGas, Christiansburg, VA, USA) was used
throughout the synthesis process.

2.2. Sample preparation

Synthesis of boron-doped AHPCS specimens was conducted under
controlled Ar conditions within a glove box. The preparation involved
two solutions: solution 1 consisted of the AHPCS precursor dissolved in
toluene (1:6 vol ratio); solution 2 was composed of the BDMS precursor
dissolved in toluene (1:10 vol ratio). Solution 2 was carefully added
dropwise to solution 1, and the resulting mixture was stirred for 15 min
to ensure thorough mixing. The obtained single-source precursor was
transferred into an aluminum pan and kept for 24 h for the reaction and
solvent evaporation. After removing the solvent, the single-source pre-
cursor was dried at 80 °C in an argon atmosphere for 24 h. Argon was a
protective atmosphere that allowed for possible crosslinking reactions
and toluene solvent evaporation. Since the drying was done in the inert
atmosphere of Ar, only toluene evaporation was involved. There were no
reactions associated with the removal of the solvent as the boiling point
of toluene is 110.6 °C. The dried and solidified precursor was punched
out into discs of 14.5 diameter mm and crosslinked at 250 °C under a
flowing Ar atmosphere.

The crosslinked polycarbosilane discs with boron-doping were py-
rolyzed at 1200 °C, 1400 °C, and 1600 °C, respectively, for 2 h with a
heating rate of 2 °C-min~! in a horizontal tubular furnace (CM Furnaces
Inc., Bloomfield, NJ, USA) in a flowing Ar atmosphere. The cooling was
carried out in flowing Ar at a 5 °C/min cooling rate. The flow of Ar was
maintained as 5 ml s~* throughout the process. Several sample batches
were prepared using different weight ratios (5-40 wt%) of BDMS to
SMP-10. For the synthesis of pure SiC, the AHPCS precursor was mixed
with the Karstedt’s catalyst (0.05 wt%) as a crosslinking initiator. After
that, the AHPCS precursor was processed in the same way as described
for the boron-doped AHPCS precursor.

2.3. Characterization

The polymer-to-ceramic conversion of the pure AHPCS and boron-
doped AHPCS samples (after crosslinking at 80 °C) was investigated
by thermogravimetric analysis (TGA, Model TGA 5500, TA Instruments,
DE, USA) from room temperature to 1000 °C. The reason to carry out
thermogravimetric analysis for the samples after crosslinking at 80 °C
was to remove toluene so that the solvent effect was eliminated during
the measurement. The toluene solvent was not part of the crosslinked
polymer system and should not be included in understanding the py-
rolysis process. FTIR spectra were recorded by a Fourier Transform
Infrared Spectrophotometer (FTIR, Varian 670-IR, Varian Inc., USA).
The phase evolution after pyrolysis was explored by scanning the SiC
and SiBC specimens with an X-ray diffractometer (Wide Angle X-Ray
Diffraction, XRD, Bruker D8, Bruker Nano GmbH, Berlin, Germany)
using CuKo radiation (40 mA current, 40 kV accelerating voltage) from
20° to 80° with a step size of 0.03°.
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Micro-Raman spectra were recorded with a confocal micro-Raman
spectrometer (XploRA PLUS, Horiba Scientific, Piscataway, NJ, USA)
equipped with a green laser (irradiation wavelength 532 nm) using a
laser power source ranging from 1 to 2 pW.

To investigate the effect of boron on the morphology of the synthe-
sized SiC monoliths at different pyrolysis temperatures, scanning elec-
tron microscopy (JSM IT-500HR, JEOL, Tokyo, Japan) was performed
with a 20 kV accelerating voltage. X-ray photoelectron spectroscopy
(XPS, PHI Quantera SXM-03, Kanagawa, Japan) was performed using an
Al Ka X-ray (1486.7 eV) source. A low-energy electron beam (20 pA) was
used to neutralize the charge on the surface, which allowed automatic
charge compensation of the charged sample surfaces. The fractured
surfaces of the samples were placed at an electron take-off angle of 55°.
Multiple survey scans at different positions of the samples and the cor-
responding high-resolution peak scans were obtained after the ion
milling. High resolution peaks were analyzed and fitted by PHI MultiPak
software.

3. Results and discussion
3.1. Thermal changes

The FTIR spectra of the pure AHPCS and boron modified AHPCS
precursors crosslinked at 250 °C are shown in Fig. 1. The pure AHPCS
precursor sample shows peaks at wavenumbers of ~2915 cm ™! (—-CHs
stretching), ~2120 em ! (=Si-H stretching), ~1350 em ! (-CH3
bending), ~1255 cm ! (Si-CH3 stretching), ~1034 cm ! (Si—-CH--Si
stretching), ~940 em™! (-Si-H deformation), ~820 cm ™ (-Si—CH3
wagging), and ~733 em ! (Si-C stretching) [14,30]. The formation of
Si-CH2-Si chain is mainly due to the hydrosilylation reaction between
the monomers of AHPCS, an indication of polymerization. Further, the
polymerization of AHPCS occurs as a result of dehydrocoupling reaction
in which two Si-H groups combine and form Si-Si bonds. The peak in-
tensities of stretching bond -CH3 and -CHy— diminish for the
boron-modified AHPCS precursor samples at all BDMS concentrations.
In addition, the peak intensity of deformed -Si-H bonds decreases
significantly. The stretched -Si-H peak intensity decreases gradually as
the concentration of boron increases. This indicates the reaction be-
tween the borane group (BH3) in the BDMS precursor and the
allyl-containing monomers in the AHPCS precursor (hydroboration re-
action). A vague allyl (C=C) stretching bond peak at 1680-1640 cm ™! is
present in the pure AHPCS sample but is absent in the boron doped
AHPCS samples. This indicates crosslinking in the BDMS-AHPCS pre-
cursor due to allyl group polymerization with borane [22]. Although
B-C and Si-Si bonds are not identified in the FTIR spectra, the decrease
of the Si-H bond intensity in the boron-doped AHPCS samples is
believed to be caused by the same crosslinking process.

The ceramization of the crosslinked AHPCS and boron modified
AHPCS samples with different concentrations of boron was studied by
thermogravimetric (TG) analysis. A single step mass loss is observed for
the pure AHPCS precursor sample (Fig. 2), which starts at ~300 °C and
lasts until 950 °C. This mass loss can be attributed to the release of C,Hy,
hydrocarbons and hydrogen [31,32]. The mass loss for the AHPCS
sample is low compared to that reported elsewhere [14,30,31]. The
decreased mass loss indicates better crosslinking of the AHPCS precur-
sor. The total ceramic yield at 1000 °C is ~91.5 %. The BDMS containing
AHPCS samples show single step mass loss curves similar to that of the
pure AHPCS precursor, and the mass loss starts after 350 °C. The mass
loss at 1000 °C for the sample containing 5 wt% BDMS (~5.2 wt%) is
less compared to that of the pure AHPCS (~8.5 wt%). The increase in the
ceramic yield (~94.8 %) is ascribed to the addition of boron containing
group to the AHPCS monomers. For the AHPCS sample with 20 wt%
BDMS, a negligible mass loss is observed. However, with further BDMS
concentration increase, the ceramic yield of the BDMS-modified AHPCS
sample decreases compared to that of the 5 wt% BDMS even though it is
still higher than that of the pure AHPCS sample. The AHPCS sample with
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Fig. 1. FTIR spectra of BDMS (0-40 wt%)-doped AHPCS after crosslinking: a) overall spectra, b) enlarged spectra from 500 to 1500 cm™".

Fig. 2. Thermogravimetric curves of the crosslinked AHPCS and boron modi-
fied AHPCS samples.

40 wt% BDMS addition has a ceramic yield of 92.7 % at 1000 °C, which
is lower than that of the 5 wt% BDMS (~94.8 %) and 20 wt% BDMS
(~94.2 %) samples. Overall, the incorporation of BDMS increases the
ceramic yield of AHPCS. We believe this is due to reduced volatilization
of low-molecular-weight species, identified in the low temperature re-
gion during the AHPCS decomposition. The addition of BDMS acceler-
ates the overall ceramization process.

3.2. Phase evolution

Fig. 3 shows the XRD patterns of the pure AHPCS and boron doped
AHPCS pyrolyzed from 1200 to 1600 °C.

For the pure AHPCS pyrolyzed at 1200 °C, a vague graphitic carbon
peak is observed at ~26.5°, revealing the (002) diffraction peak of
graphitic carbon. The graphitic carbon peak intensity increases with
increasing BDMS concentration up to 10 wt%. With further BDMS
content increase, the graphitic carbon peak stays largely the same. p-SiC
peaks are also present, indicating crystalline SiC formation, and the
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crystallinity gradually increases with the BDMS content, demonstrated
by more defined SiC peaks, especially at 40 wt% BDMS.

For the samples pyrolyzed at 1400 °C and 1600 °C, an increase in the
boron concentration above 5 wt% BDMS decreases the graphitic carbon
peak intensity to an undetectable level (Fig. 3b and c), indicating that
boron-doping to the AHPCS system makes the crystallization of the sp?
carbon phase at high pyrolysis temperatures less significant as the boron
atoms disrupt the regular arrangement of carbon atoms during pyrolysis.
The p-SiC peaks sharpen with the increase of the pyrolysis temperature.
A high concentration of boron (>5 wt% BDMS) seems to lead to nar-
rower SiC peaks and accelerate the crystallization of SiC. However, the
boron content effect on the SiC crystallization is less important than the
pyrolysis temperature effect (Fig. 3b and c).

Shifts in the diffraction peak maxima for the p-SiC and sp? carbon
phases are observed due to boron incorporation into the SiC matrix,
which is illustrated in Fig. 4. At 1200 °C, the p-SiC peak indicates little or
no right shift (Fig. 4a, diffused SiC peaks at 35.5°). At 1400 °C, however,
the right shift of the p-SiC peaks for the boron-doped SiC (vs. pure SiC) is
clear as given in the supplement (Fig. S1). At 1600 °C pyrolysis tem-
perature, the p-SiC peaks for the boron-doped SiC again shift towards a
higher Bragg’s angle compared to that of the pure SiC sample (Fig. 4b),
even though the fluctuation in the relative magnitude of shifts is not
understood. The shifts indicate decreases in the p-SiC lattice spacing
with increasing pyrolysis temperature, which we believe is primarily
due to boron dissolution into the SiC lattice structure. Boron, being
smaller in size than silicon, can lead to changes in the distances between
neighboring atoms and introduce lattice distortions. In addition, boron
introduces a hole (positive charge) due to the lower valence state
compared to silicon. This charge compensation can lead to changes in
the local environment of neighboring atoms and alter the lattice pa-
rameters. Such changes include bond lengths and angles within the SiC
crystal lattice. Boron doping may also induce strain in the SiC crystal
structure due to the size mismatch between boron and silicon, leading to
local deformations in the lattice. The strain can affect the lattice pa-
rameters, causing shifts in X-ray diffraction peaks.

For the carbon phase, our observation is slightly different. At 1200 °C
pyrolysis temperature, the graphitic carbon peaks are well-defined from
the pure AHPCS pyrolyzed sample to the boron-doped AHPCS samples
and shift to a higher diffraction angle (Fig. 4c), even though this effect
diminishes at high BDMS concentrations again. This indicates boron
incorporation into the carbon atomic structure, causing the lattice
spacing to decrease. At 1600 °C pyrolysis temperature, the carbon

53703



R. Anand et al.

Ceramics International 50 (2024) 53701-53711

Fig. 3. XRD patterns of undoped and boron-doped AHPCS samples pyrolyzed at (a) 1200 °C, (b) 1400 °C, and (c) 1600 °C.

diffraction peaks still demonstrate the right shift even though some
graphitic peaks are weak (Fig. 4d). This means that boron dissolves into
the graphitic carbon even though this effect is overshadowed by other
factors. At higher pyrolysis temperatures, boron incorporation into the
lattice of graphitic carbon is less obvious but the incorporation into the
B-SiC lattice is more observable, especially at higher BDMS concentra-
tions. In general, boron diffusion into the graphitic carbon is more
dominant at lower pyrolysis temperatures while the same is true for
B-SiC at high pyrolysis temperatures. It should be noted that boron, even
at 1600 °C, does not crystallize into a stable B4C phase.

The effect of boron on the size of $-SiC crystallites is shown in Fig. 5.
The crystallite size of p-SiC was calculated for all the samples following
Scherrer’s formula and using the maximum intensity peak at ~35.5° 26.

d=(0.891) / (p Cos 6) (€Y

d is the crystallite size, A is the wavelength of the X-ray, § is the full width
at half maximum of the most intense peak (in rad), and 6 is half of the
diffraction angle.

The crystallite size of p-SiC from the pure AHPCS is 3 nm, 3.2 nm, and

4.5 nm at pyrolysis temperatures of 1200 °C, 1400 °C, and 1600 °C,
respectively. This increasing trend is as expected because higher py-
rolysis temperatures cause more SiC crystallite growth. However, for the
SiBC systems pyrolyzed at 1200 °C and 1400 °C, the crystallite size of
B-SiC decreases with the BDMS concentration increase up to 10 wt%. For
the SiBC ceramics pyrolyzed at 1600 °C, the crystallite size of p-SiC
decreases from 4.5 to 4 nm when the BDMS dopant concentration
changes from 0 to 5 wt%. At >5 wt% BDMS, the -SiC crystal size in-
creases again. This change occurs at a lower BDMS concentration than
those at 1200 °C and 1400 °C pyrolysis temperatures. This result in-
dicates that a small amount of boron hinders SiC crystallite growth; the
same results were observed previously in the case of low concentration
boron doping [21]. We believe boron inhibits carbon diffusion for SiC
crystallite growth by dissolving into carbon atomic structures. However,
a BDMS concentration of >10 wt% generally leads to increased p-SiC
crystallite size, which increases rapidly with further boron content in-
crease to 40 wt% BDMS (up to 11.7 nm). The same trend was reported in
the case of polymer-derived boron-doped SiBOC system [28,29]. We
conjecture that this is due to boron-induced fast diffusion in SiC, which
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Fig. 4. SiC XRD peaks for the pure AHPCS and B-doped AHPCS pyrolyzed at (a) 1200 °C and (b) 1600 °C; graphitic carbon peaks for the corresponding samples

pyrolyzed at (c) 1200 °C and (d) 1600 °C.

Fig. 5. Crystallite size of SiC at different boron concentrations and pyrolysis
temperatures.

leads to the rapid growth of p-SiC crystals at 1600 °C. However, this
boron-doping effect mainly happens at high pyrolysis temperatures,
such as from 1400 to 1600 °C in Fig. 5. Some studies claim viscous flow
promoted by the Si-B-C liquid phase formed at higher boron concen-
trations [33,34], which is yet to be confirmed. Also, the fast diffusion
from boron doping at high pyrolysis temperatures for SiC growth is
much higher than the steric hindrance effect from boron, thus leading to
the SiC crystalline growth results in Fig. 5.

To understand the effect of boron incorporation into the carbon
phase of the AHPCS-derived ceramics, the Raman spectra of the undo-
ped and boron doped SiC pyrolyzed at 1200 °C and 1600 °C are shown in
Fig. 6. As expected, the characteristic D peaks are observed near 1344
em ~1; the characteristic G peaks are observed at ~1580 cm ™! and 1600
cm ™}, respectively, for all the specimens pyrolyzed at 1200 °C and
1600 °C.

At 1200 °C, the G peak, which is ascribed to sp? carbon, remains at
the same wavenumber with a gradual increase in intensity and peak
width as the BDMS content increases to 5 wt% and then to 30 wt%
(Fig. 6). The G peak becomes less symmetrical and broadens toward
higher wavenumbers, as the boron content is increased. This effect can
be attributed to the broadening of the phonon spectra towards higher
frequencies from the mixed bonds with boron, i.e., SiBxC [35]. For the
1600 °C pyrolyzed samples, the broadening of the G peak for the 20 and
40 wt% BDMS samples indicates that boron doping does not facilitate
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Fig. 6. Raman spectra of AHPCS and boron modified AHPCS pyrolyzed at
1200 °C and 1600 °C.

the crystallization of the graphitic carbon proportionally (Fig. 6). Also,
the G peak has a left shift, again a sign of less graphitized carbon.
Furthermore, the D peak becomes more intense for the 20 and 40 wt%
BDMS samples, indicating increased carbon disorder, even at a much
higher pyrolysis temperature of 1600 °C. Overall, boron doping to the
SiC system increases the defective state. In conjunction with the XRD
results (Figs. 3 and 4), this means that at relatively lower pyrolysis
temperatures, boron doping to the SiC matrix increases the amorphous
carbon more even though an increasing amount of graphitic carbon also
forms. At higher pyrolysis temperatures, the total carbon amount is
lower due to a more complete conversion to SiC ceramics, the graphitic
carbon becomes undetectable. At the same time, the amorphous carbon
phase becomes more defective, as shown in Fig. 6.

The graphitic carbon crystallite size (L,) can be calculated using Eq.
(2) [36]. C()) is assumed as ~4.95 nm at A = 532 nm [37-41].

La = C() / (Upy/ 1)) (2)
Table 1

Raman peak positions, peak intensity ratios, and carbon crystallite sizes in
different pyrolyzed SiC and SiBC samples.

Samples Raman peak Ipy/ Carbon crystallite size
positions Ie) (nm)
(em ™1
D G (La)

0 wt% BDMS, 1200 °C 1346 1600 1.64 3.0

5 wt% BDMS, 1200 °C 1347 1595 1.93 2.6

30 wt% BDMS, 1200 °C 1346 1598 2.10 2.4

0 wt% BDMS, 1600 °C 1347 1581  0.67 7.4

20 wt% BDMS, 1600°C 1344 1581  1.47 3.4

40 wt% BDMS, 1600°C 1344 1580 1.72 2.9

Ceramics International 50 (2024) 53701-53711

As shown in Table 1, the L, value of the boron-free samples is higher
than that of the boron-containing samples. Boron doping to the SiC
matrix reduces the size of the graphitic carbon clusters. This is the case
for both low and high pyrolysis temperatures, which is also consistent
with the XRD results in Fig. 3 that show stabilized graphitic peaks at
1200 °C with high BDMS contents and negligible graphitic peaks at
1600 °C with high BDMS contents. For the Raman spectra, higher in-
tensity D peaks mean higher numbers of defects, and smaller clusters
and rings (L,) [22,42]. Doping boron creates defects in the carbon lattice
and hinders graphitic carbon cluster growth. However, at lower pyrol-
ysis temperatures, the boron doping effect cannot counter the effect of
the large amount of graphitic carbon. Thus, graphitic carbon is detected
through XRD (Fig. 3). However, the higher boron contents are able to
keep the graphitic carbon peak at about the same intensity. At 1600 °C
pyrolysis temperature, boron has an increased dissolution into SiC,
which causes the SiC XRD peak to shift to the right (Fig. 3b) and SiC
lattice spacing to decrease. Still, boron dissolves into carbon, the main
effect is introducing a higher amount of disordered carbon.

To investigate the structural changes of boron-containing SiC, high-
resolution XPS was performed on the pure and boron-containing SiC
specimens pyrolyzed at 1600 °C. The deconvoluted XPS slow scan
spectra of B 1s and C 1s (Fig. 7) reveal information about the nano-
structure of the SiBC ceramics. The Bls peak at 190 eV and the C 1s peak
at 281.7 eV indicate the formation of B-C bonds in the pyrolyzed SiBC
ceramics, which is absent in the undoped SiC sample (Fig. 7a and b).
This confirms the boron doping into the AHPCS-derived SiC matrix.
Further, the peak intensity of the B-C bonds increases up to 20 wt%
BDMS and becomes relatively stable above this concentration, indi-
cating limited dissolution of boron into the carbon phase.

The other bonds are characterized as C-O (286.3 eV), C=C (284.5
eV), C-C (282.3 eV), and Si-C (280.1 eV) (Fig. 7b). The small amount of
oxygen content in the SiBC (C-O bonds) is primarily due to the atmo-
spheric exposure of the specimens after polymer casting and during
transfer for cross-linking.

Fig. 7c shows the distributions of C-O, C-C (spz), c-C (sp3), Si—-C, and
B-C bonds as a function of boron concentration in the SiBC ceramics.
Each bond content was calculated by the ratio of deconvoluted areas of
the corresponding C 1s peak. With the boron concentration increase, the
amount of C-C (sp3) bonds decreases and the amounts of Si—-C and B-C
bonds increase in the samples up to 20 wt% BDMS (Fig. 7c). Thus, boron
consumes carbon in the SiBC matrix in the form of B-C bonds. The
remaining free carbon is consumed in the form of new Si—C bonds. This
is consistent with the understanding that boron is not conducive to the
formation of graphitic carbon in the SiBC system. Above 20 wt% BDMS
concentration, the samples show similar bond ratios. Thus, the
maximum boron concentration that can be introduced into the SiC/C
system is ~20 wt% BDMS, which is ~3.1 wt% boron (calculated based
on the AHPCS ceramic yield) at 1600 °C. This boron solubility is higher
than the maximum solubility of boron in graphite, i.e., ca. 2.35 wt%
[43], which means that boron is incorporated into both carbon
(graphitic carbon and amorphous carbon) and the SiC lattice structure,
supported by the XRD and Raman results for the 1600 °C pyrolyzed
samples.

3.3. Atomic structure and morphological evolution

The addition of boron also leads to changes in the atomic structure of
the AHPCS-derived SiBC ceramics. The results for the SiC and SiBC ce-
ramics pyrolyzed at 1600 °C are given in Fig. 8. The micrographs are
also analyzed by inverse FFT (the images are provided in the supple-
ment, Fig. S2). The inverse FFT image of the selected ‘region 1’ shows an
interplanar distance of 0.379 nm, which corresponds to graphitic carbon
in the SiC ceramic matrix [44]. For ‘region 2’, the inverse FFT-filtered
image exhibits an interplanar distance of 0.251 nm, which corre-
sponds to fB-SiC [44]. This means the AHPCS-derived ceramics are
C-excessive, consistent with the XRD results (Fig. 3). Some of the p-SiC
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Fig. 7. XPS spectra of (a) B;s and (b) Cys, and (c) bond composition of SiBC for different BDMS content samples pyrolyzed at 1600 °C.

crystallites are adjacent and the graphitic carbon is located at the
neck/junction area of these SiC crystallites. Only a few diffraction spots
of graphitic carbon are observed. This is due to the low volume fraction
of the graphitic carbon, and carbon remains mostly in the amorphous
state.

In the case of boron-doped SiC (Fig. 8b and c), many crystal faults are
visible. Different regions of 5 wt% BDMS doped SiBC (Fig. 8b, regions 3,
4, 5) were analyzed by inverse FFT. The d value in ‘region 4’ is 0.251 nm,
corresponding to the B-SiC phase. However, d values of 0.371 nm and
0.359 nm are observed in ‘region 3’ and ‘region 5’, respectively. This
lattice width corresponds to graphitic carbon. The slight decreases in the
d values are due to the formation of the solid solution of boron and
carbon (B4C). This graphitic carbon is also observed in SiBC with 30 wt%
BDMS (Fig. 8c). ‘Region 6’ shows lattice widths of 0.359 nm and 0.239

nm, which can be ascribed to the (111) plane of graphitic carbon and
(200) plane of p-SiC crystals, respectively. The d value in ‘regions 7 and
10’ is calculated as 0.256 nm, which corresponds to the (111) plane of
B-SiC crystals. Inverse FFT values in ‘region 8’ are 0.500 nm and 0.256
nm, which correspond to carbon (mostly in the form of carbon nano-
tubes) and B-SiC crystals, respectively. In ‘region 9°, the lattice width is
0.126 nm, corresponding to the (222) plane of $-SiC. This lattice spacing
difference is due to the incorporation of boron into the SiC lattice.
Regardless, no B4C is identified. In some regions, such as ‘region 11 and
region 12’, the lattices are distorted and short-ranged, promoted by the
doping of boron into the SiC lattice [45]. These observations support the
results obtained from the XRD (Figs. 3 and 4) and Raman analyses
(Fig. 6). The FFT images of marked regions ‘10-12’ show lattice defects
of B-SiC crystals due to the high concentration of boron in SiBC.
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Fig. 8. TEM images showing features from (a) pure AHPCS, (b) AHPCS doped with 5 wt% BDMS, and (c) AHPCS doped with 30 wt% BDMS. All the samples were

pyrolyzed at 1600 °C.

Fig. 9 shows that the pure SiC has a fully dense and defect-free
microstructure at 1200 °C (Fig. 9a). With the pyrolysis temperature
increase to 1400 °C (Fig. 9e), the microstructure still has an amorphous
matrix, but some crystalline phases also form. A few pores are present.
At 1600 °C pyrolysis temperature (Fig. 9i), the microstructure becomes
mostly crystalline (the higher magnification image on the right); some
small pores appear throughout the samples. For the boron-doped sam-
ples pyrolyzed at 1200 °C (Fig. 9b-d), the microstructure is amorphous,
and no grains are observed at 1200 °C. The boron-doped SiC micro-
structures are mostly defect-free up to 20 wt% BDMS. At 40 wt% BDMS,
a large pore is present. This means that the volatile species from the
BDMS + AHPCS precursors are effectively removed through pyrolysis
until this high BDMS content.

At 1400 °C pyrolysis temperature, boron doping causes the micro-
structure to change from an amorphous matrix to a crystalline structure
(Fig. 9e-h). Boron addition promotes the crystallization of SiC, again
consistent with the XRD results (Fig. 3). As the boron concentration
increases, the SiC crystal size decreases. However, the pyrolyzed SiBC
samples have pinhole defects of 1-3 pm at 1400 °C (Fig. 9f-h). Such
defects are larger and more prominent at higher boron contents of 20 wt
% and 40 wt% BDMS, as shown in Fig. 9g and h. These pores are
believed to be from the removal of oxygen as CO/CO5. The precursors
used, allylhydridopolycarbosilane and borane dimethylsulfide, are
highly reactive species. Even though the crosslinking was carried out in
a controlled atmosphere glovebox, a trace amount of oxygen may be
introduced. Also, during the transfer from the glovebox to the vacuum
oven, the samples were briefly exposed to ambient air. Thus, we believe
a very low amount of oxygen was present. Since excessive C is present in
the pyrolyzed SiBC system, the following reactions occur to create the
sparse pores observed: 2C + O2,—CO and C + O3—COs.

At 1600 °C pyrolysis temperature, all the samples (from 0 to 40 wt%
BDMS) have a crystalline structure. The size of the SiC crystallites

increases compared to that at 1400 °C at the same boron concentration
(Fig. 9j-1). The densification of the SiBC crystallites increases with the
boron concentration at 1600 °C (Fig. 9i-1). The SiC crystal size has a
minimal increase. The micropores/pinholes are few and the size gets
smaller as the concentration of boron increases. Thus, the SiBC samples
pyrolyzed at 1600 °C show few pores from 5 to 40 wt% BDMS concen-
trations (Fig. 9j-1). The 40 wt% BDMS sample has a dense microstruc-
ture except for one pore (Fig. 91).

From the above observations, it can be stated that boron doping
enhances the diffusion of silicon and carbon species, promoting the
attachment and incorporation of these species into the SiC crystal lattice.

To investigate the effect of boron incorporation into SiC on micro-
structure stability at very high temperatures, the pure SiC samples and
the samples with 5, 30, and 40 wt% BDMS (after pre-pyrolysis to remove
all the evaporative species at 1000 °C) were annealed at 2200 °C for 1 h
in an argon atmosphere. The pure SiC shows a continuously porous
structure (Fig. 10a). In contrast, the boron-doped SiC (5 wt% BDMS)
shows a denser structure (Fig. 10b). Increasing the boron content to 30
wt% BDMS leads to a fine crystalline, increasingly denser microstructure
(Fig. 10c). Further increasing boron to 40 wt% BDMS shows complete
densification of SiC (Fig. 10d). The porosity in the SiC at this high
temperature is primarily due to the disintegration of Si-Si and Si-C bonds
followed by sublimation of Si [44,46]. Thus, doping boron into the SiC
structure enhances thermal stability by preventing the disintegration of
Si-C bonds via the formation of a Si-B—C solid solution (Fig. 6).

As the boron concentration increases at 2200 °C, the SiC crystallite
size decreases drastically. This suggests that boron can be incorporated
into AHPCS-derived SiC to hinder the SiC grain growth and thus facili-
tate the densification of the SiBC specimens. At such a high temperature,
we believe that boron and carbon form a low melting liquid phase B,C
and help to maintain the dense microstructure of the SiC monolith [33].
The addition of boron is also reported to accelerate the formation of
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Fig. 9. Low (500%, left-hand side) and high (30000x, right-hand side) SEM micrographs of AHPCS modified with 0, 5, 20, and 40 wt% BDMS after different pyrolysis

temperatures: (a—d) 1200 °C, (e-h) 1400 °C, and (i-1) 1600 °C.

point defects, improving the densification kinetics of SiC ceramics [47].
A solid solution of boron in SiC lowers the activation energy for
self-diffusion through the SiC lattice and hence enhances densification
[48,49]. This observation is consistent with the XRD results in Fig. 5.

4. Conclusions

The present work explores the influence of boron doping on the
microstructure and thermal stability of polymer-derived SiC ceramics.
Incorporation of boron into AHPCS improves the SiBC ceramic yield to
as high as ~94 % after 1000 °C pyrolysis. Boron interacts with carbon in
the SiC matrix and forms B-C bonds. The crystallite size of graphitic
carbon decreases continuously with an increase in the boron concen-
tration. The introduction of 5 wt% BDMS to AHPCS reduces SiC crys-
tallite size during pyrolysis. However, higher concentrations of boron in
SiC accelerate SiC crystal growth, especially at a high pyrolysis tem-
perature of 1600 °C. Boron is incorporated into the lattice of graphitic
carbon at lower pyrolysis temperatures (<1400 °C) but also diffuses into
the B-SiC lattice at higher pyrolysis temperatures. Defect-free and dense
microstructures of SiBC are obtained for the samples pyrolyzed at
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1200 °C with up to 20 wt% BDMS. At 1600 °C and 40 wt% BDMS, the
SiBC microstructure is also almost fully dense. The BxC/SiB«C solid so-
lution improves the microstructural stability of boron-doped SiC at
2200 °C.
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