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ARTICLE INFO ABSTRACT

Keywords: Monolithic polymer-derived SiC is highly desirable for high temperature applications because of its unique ther-
P'olymer derived ceramics mal properties in extreme conditions. The current study focuses on the formation, evolution, and stability of
511:2 polymer-derived SiC at different high temperatures. SiC-based monoliths were pre-pyrolyzed at 1200 °C and then
Phase

Microstructure
High temperature

pyrolyzed at 1600 - 2500 °C in a flowing argon atmosphere. The porosity, density, compositions, and phases of
the SiC samples were studied. Dense SiC monolith was obtained from 1200 °C to 2200 °C. SiC crystallized at
1900 °C and formed a near stoichiometric composition. p-SiC remained stable even at 2200 °C. However, the SiC

monolith experienced continuous mass loss above 1900 °C and disintegrated at 2500 °C with ~89.5% mass loss.
This work opens a pathway for preparing near stoichiometric and dense SiC monoliths through polymer precur-
sor pyrolysis; it also provides fundamental understanding of polymer-derived SiC at different high temperatures.

1. Introduction

SiC is an important non-oxide ceramic with diverse applications due
to its excellent mechanical strength, high hardness, desirable chemical
and thermal stability, high melting point, good oxidation resistance,
high erosion resistance, and excellent thermal shock resistance. [1]
However, the covalent bonding and non-melting nature make it diffi-
cult to process by conventional methods. [2] One solution is to use
polycarbosilanes for pyrolysis because of the desirable solubility in or-
ganic solvents, crosslinkability, moldability, spinnability, and high
yield after pyrolysis from different preceramic precursors. [3,4].

The polycarbosilane precursor developed by Yajima et al. was the
first commercially available precursor for SiC ceramics. [5] However,
the O-containing curing step led to reduced long-term stability for the
resulting SiC ceramic fibers. In addition, as the C/Si ratio in the precur-
sor was 2:1, excess C was also generated after pyrolysis. This excess C
has negative effects on the mechanical strength and high temperature
stability of the targeted SiC fibers. [6].

Researchers have since developed better methods for producing SiC
ceramics with reduced O and C contents. [7] This resulted in SiC ceram-
ics with improved long-term stability and reduced impurities. [8] Vari-
ous techniques were employed for the fabrication of high-density SiC
materials. [9] One of these involves pressureless solid-state sintering,
which, however, produces porous SiC parts. [10] Even though use of
sintering aids such as B and C yields components with excellent resis-
tance to high-temperature creep and oxidation, it does come with the

drawback of reduced fracture toughness. [11] Precursor infiltration and
pyrolysis (PIP), technically a polymer-derived process, helps to achieve
denser SiC without use of sintering aids; however, this multistep
process is time consuming and costly. [9,12] Some pores cannot be re-
moved by PIP and C may be undesirably introduced into the system. For
a porous SiC material, PIP after 4 cycles and pyrolysis at 1700 °C re-
duced porosity from ~22.42 vol% to ~7.87 vol%. [12].

Polymer derived ceramic route addresses all the above-mentioned
issues but fabrication of dense SiC using polymers is rather challenging.
A wide range of precursors has been studied for the fabrication of SiC
ceramics. [6,13-19] Often, there is an excessive amount of C in polymer
derived SiC. [12,14] Off-stoichiometric distributions, mixed carbide
phases, or mixed amorphous and crystalline phases are common issues
in different polymer derived SiC. [20,21] An allylhydridopolycarbosi-
lane (AHPCS) has been considered the best precursor to achieve a near
stoichiometric SiC ceramic at high pyrolysis temperatures. Several stud-
ies have characterized AHPCS-derived SiC. [7,8,12,20,22] There have
been continuous efforts to understand and improve polycarbosilane-
derived SiC, such as on achieving a high ceramic yield, 1:1 C/Si ratio,
and bulk shapes. [23] At ultrahigh temperatures (>1900 °C), the com-
position and microstructure continue to evolve, which has not been
studied up to a sufficiently high temperature. The thermal limit of pre-
cursor derived SiC ceramic in extreme temperature conditions remains
unknown. Understanding the behavior of SiC at ultrahigh temperatures
is essential for various high-temperature applications, including ad-
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vanced structural ceramics, high-temperature electronics, and special-
ized coatings.

The current study addresses the above issues related to the fabrica-
tion of dense monolithic SiC and investigates SiC thermal stability at
different high temperatures. A commercially available precursor, SMP-
10, was used to synthesize stoichiometric, dense, and monolithic SiC.
Thermophysical property changes during polymer to ceramic conver-
sion were evaluated. The evolution of the phases and microstructures of
the prepared SiC was studied under different pyrolysis temperatures.
The fate of thus-obtained monolithic SiC and free C was studied to ul-
trahigh temperatures.

2. Experimental procedure
2.1. Starting materials and sample preparation

An allylhydridopolycarbosilane, commercially known as SMP-10
(Starfire Systems, Inc., NY), was used as the precursor. The molecular
weight of this precursor was not well defined but believed to be
> 17,000 g/mol. [24] It was a yellow liquid at room temperature. The
SMP-10 polymer precursor was dissolved into toluene and stirred with
a magnetic stirrer at 50 °C with a Karstedt's catalyst (0.05 wt%) in a
glovebox (Ar atmosphere) for 1 h. The mixed solution was transferred
into an aluminium pan and kept at 40 °C for 24 h for solvent removal
(Fig. 1a). Then the aluminium pan with the precursor was heated to
120 °C for 48 h in the glovebox. The resulted sample was a translucent
solid polymer, which was further shaped through a ~14.5 mm diame-
ter gel-cutting tool (Fig. 1b). The thickness of the samples was main-
tained as ~3.5 mm. After that, the crosslinked samples were transferred
to a vacuum furnace for curing at 250 °C for 2 h at a heating rate of
2 °C/min (Fig. 1c).

The crosslinked pellets were pyrolyzed in two steps. In the first step
the crosslinked specimens were pre-pyrolyzed to 1200 °C for 2 h in an
alumina tube furnace (Horizontal Tube Furnace, CM Furnaces Inc.,
Bloomfield, NJ) under an argon atmosphere. These pellets retained
their shape after this first cycle of heating. Subsequently, the samples
were placed in a graphite crucible and loaded in a graphite furnace
(Oxy-Gon, New Hampshire, USA) for pyrolysis under flowing argon at
temperatures from 1600 °C to 2500 °C for 1 h (Fig. 1d). The tempera-
ture control of the samples was done by measuring the temperature of
the crucible surface with an optical pyrometer. The argon flow was
maintained at a rate of 300 ml/min during heating and cooling. The
chamber pressure was maintained at 30-50 torr during the entire heat-
ing and cooling process. The samples were labelled as SiC-XX00, where
the XX in the sample codes, e.g., 1200 in SiC-1200, indicates the pyroly-
sis temperature of the samples, i.e., 1200 °C.

2.2. Characterization and analysis
Atomic structural changes in the polymeric network during

crosslinking and pyrolysis were analyzed using Fourier transform in-
frared spectroscopy (FTIR, Varian 670-IR, Varian Inc., USA). The mass
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loss of the crosslinked SMP-10 samples during pyrolysis was calculated
by the difference between the initial and final masses of the samples.
The volume changes were calculated by measuring the dimensions of
the crosslinked and pyrolyzed samples using a vernier calliper. The ap-
parent porosity and bulk density of the samples were calculated using
the Archimedes’ principle. After the dry weight (D) of the samples was
measured with an analytical balance (Model USS-DBS8, US Solid digital
analytical balance), the samples were immersed in a beaker containing
deionized water and kept inside a desiccator attached to a vacuum
pump. The vacuum (25 mm Hg pressure) inside the desiccator was cre-
ated and maintained for 4 h so that all the open pores of the samples
was filled with water. After that, the samples were taken out from the
beaker and water on the sample surface was wiped out with soft tissue
paper. After that, the weight of the sample was recorded in air, termed
as soaked weight (W). Then, the suspended sample weight (S) was mea-
sured while the sample was immersed into deionized water with the
help of a titled pan. The apparent porosity and bulk density of the sam-
ples were calculated as:

Apparentporosity (%) = VWV/:? x 100 (€D)]
BulkDensity (g/cc)

D . o @
= W_s X density of deionized water(g/cc)

The composition analysis was performed by Galbraith Laboratories,
Inc. (Knoxville, TN, USA). C and Si amounts were determined via com-
bustion and Inductively Coupled Plasma — Atomic Emission Spec-
troscopy (ICP-AES) methods, respectively. Further, we assumed that
any trace impurities in the samples were O. Thus, the difference in mass
between the total sample and the combined mass of C and Si gave an es-
timate of the O content. Phase analysis was carried out by X-ray diffrac-
tion (Rigaku Ultima IV, Japan) using CuKa radiation (40 mA current,
40 kV accelerating voltage) from 10 to 80° at a scan rate and step size of
3° minute-1 and 0.03°, respectively. The phases present within the sam-
ples were identified by matching the obtained X-ray diffraction (XRD)
patterns with the standard JCPDS files using X’ Pert HighScore (Philips
Analytical, NL) software. The SiC crystallite size at different pyrolysis
temperatures was calculated using Scherrer’s equation from their re-
spective XRD spectra. Further, Raman spectra of the samples were ob-
tained in the 1000 cm-! to 3500 cm-1 spectral range by using a XploRA
PLUS confocal Raman microscope (Horiba Scientific, Piscataway, NJ,
USA) with an Ar laser at 532 nm wavelength and a laser power range of
1-2 uW. The free C (C free) cluster size in the SiC ceramics was calculated
by fitting the obtained Raman spectra with the Lorentzian function us-
ing Origin Pro 8.5 Software. The in-plane crystallite size (L,) values of
graphite was calculated using the Tuinstra-Koenig equation: [25].

C(n)
La==,~ @)

I

Fig. 1. Synthesis steps of monolithic SiC through gel casting of crosslinked SMP-10 followed by pyrolysis.
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where the C()\) value for the wavelength used was 4.95 nm. The
crystallite thickness (L.)of these Ce clusters was calculated using
Scherrer’s equation from their respective XRD spectra.

To investigate the morphology of the SiC ceramics at high tempera-
tures, scanning electron microscopy (SEM, JSM IT-500HR, JEOL,
Tokyo, Japan) was performed on the pyrolyzed SiC pellets with a 20 kV
accelerating voltage using a Schottky field emission (FEG) electron
source. To understand the nanostructure evolution of SiC ceramics at
different temperatures, bright field and high-resolution imaging was
performed using a transmission electron microscope (STEM - Ther-
moFisher Titan 80/300 (FEI), USA) at an accelerating voltage of 300
kV. Powdered samples were dispersed in ethanol, ultrasonicated, and
drop-cast on C coated copper grids (300 mesh, Ted Pella, USA). For
analysis of the high-resolution TEM micrographs (HRTEM), DigitalMi-
crograph® (Gatan Ametek, USA) software was used. The lattice fringes
were calculated by applying the fast Fourier transform (FFT) algorithm
on selected areas over the micrograph through the Gatan Microscopy
Suite Software. After computation, the fringe width was measured from
the inverse FFT image derived from the micrograph.

3. Results and discussion
3.1. Thermophysical changes

The FTIR results of the ‘as-received SMP-10 precursor (liquid)’,
crosslinked, and 1200 °C pyrolyzed samples are shown in Fig. 2. The
liquid precursor (Fig. 2a) shows the following peaks: ~2915 (-CH
stretching), ~2850 (CH2 stretching), ~2120 cm-1 (-Si-H stretching),
~1630 cm-1 (C=C stretching), ~1350 cm-1 (CH3 bending), ~1255
cm-1 (Si—CH3 stretching), ~1034 cm-! (Si—CHz—Si stretching), ~940
cm-1 (-Si-H deformation), ~820 cm-1 (—Si—CH3 wagging), and ~733
cm-1 (Si—C stretching). [12,22] In the crosslinked SMP-10 sample, all
the bonds remain the same except for the bond at 1630 cm-1. The allyl
(C=C) bond vanishes in the crosslinked sample (Fig. 2b), indicating
the completion of the crosslinking reaction. The crosslinking reaction is
mainly related to the addition reaction of C=C bonds of allyl
(H2C=CH—CH2—) and -Si-H sites among the SMP-10 monomers at
250 °C. This hydrosilylation reaction results in the formation of

Transmittance (%)

Si-CHsf

- Si-CH-Si'\ |

3500 3000 2500 2000 1500 1000 500

-1
Wavenumber (cm )

Fig. 2. FTIR spectra of (a) liquid SMP-10 precursor, (b) crosslinked at 250 °C,
and (c) pyrolyzed at 1200 °C.
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—CHZ—CHZ—CHZ—SiH(CHz)— containing chains in the crosslinked poly-
mers. [26] Thus, the bond intensity of -Si-H in the crosslinked SMP-10
weakens as compared to that of the SMP-10 liquid. For the pyrolyzed
sample, all the H-containing bonds are absent (Fig. 2c), which con-
firms the complete transformation of polymer to ceramic at 1200 °C.
The only absorption peak is at ~806 cm-1 wavenumber, attributed to
the stretching mode of Si-C bonds. [27] It should be noted that there
are no Si-O-Si bonds present in the pyrolyzed samples, which indicates
negligible O contamination of the SMP-10 samples. These observa-
tions lend support to the formation of O-free SiC samples.

The physical properties of the pyrolyzed SMP-10 samples are given
in Fig. 3. The mass loss is 15.00%, 16.36%, 20.63%, 26.64%, and
89.50% at 1200 °C, 1600 °C, 1900 °C, 2200 °C, and 2500 °C, respec-
tively (Fig. 3a), which are low compared to those obtained in other
studies under similar pyrolysis conditions. [12,22] The total mass loss
remains low up to 2200 °C (~26.64 wt%). However, a sudden mass loss
of 89.50% is observed at 2500 °C. This loss in mass is because the ele-
ment with the highest atomic weight (primarily Si, since C cannot evap-
orate in any form from sample in an argon atmosphere) leaves the sys-
tem from 2200 °C to 2500 °C. The corresponding volume shrinkages of
the samples are also shown in Fig. 3a. The SMP-10 samples shrink by
53.3 vol% at 1200 °C. Moreover, pyrolysis at 1600 °C, 1900 °C, and
2200 °C causes further volume shrinkage of 56.90%, 58.34%, and
83.73%, respectively. It is surprising that further pyrolysis to 2500 °C
causes expansion of the sample, and the shrinkage decreases to 68.20%.
This volume expansion is believed to be due to the formation of exces-
sive graphite. [28] The transformation from the more densely packed
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Fig. 3. (a) Ceramic yield and volume shrinkage, (b) apparent porosity and bulk
density of the SMP-10 samples pyrolyzed from 1200 °C to 2500 °C.
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structure of SiC to the layered structure of graphite leads to an atomic
rearrangement and thus an increase in interlayer spacing, resulting in
volume expansion. [29] Although the mass loss from 2200 to 2500 °C
pyrolysis temperature is 62.86%, the sample volume expands by
15.53% rather than shrinking. This expansion indicates the formation
of graphitic C from 2200 °C to 2500 °C and hence supports the mass loss
curve in Fig. 3a. The sample is likely constituted of porous C skeletons
after pyrolysis at 2500 °C.

Fig. 3b shows the apparent porosity and bulk density of the SiC
samples at different pyrolysis temperatures. At 1200 °C, the porosity is
< 1%. At 1600 °C, the porosity increases to 6.50%. The increase in
porosity may be primarily due to the mass loss in the form of gaseous
species (Fig. 3a), which eventually leaves the system by creating pores.
Further, pyrolysis of the SMP-10 samples at 1900 °C to 2200 °C de-
creases the porosity from 6.50% to 3.30%, respectively and hence den-
sifies the samples. The decrease in porosity is primarily due to the in-
crease of volume shrinkage in this temperature range (Fig. 3a). The
bulk densities of the SiC samples are 2.3 g-em-3, 2.32 g-em-3, 2.4 g-cm-3,
and 2.7 g-em-3 at 1200 °C, 1600 °C, 1900 °C, and 2200 °C, respectively.
Thus, the bulk density increases by 4.40% and 17.40% at 1900 °C and
2200 °C, respectively. It should be noted that the bulk density in-
creases despite the porosity increase. However, the porosity and bulk
density of the samples pyrolyzed at 2500 °C cannot be calculated
through the Archimedes method. At this temperature, there is a drastic
density decrease, the samples are afloat on the water surface even af-
ter the desiccation process, which means that the sample has a lower
density than water.

3.2. Phase and composition evolution

The elemental contents of Si and C are shown in Table 1. The empir-
ical formula of the pyrolyzed samples at different temperatures are also
determined (Table 1). The free C in the SiC system was calculated ac-
cording to literature. [22,30-32] The SiC ceramics after pyrolysis at dif-
ferent temperatures contain 34.9 to 40.3 wt% C and < 0.12 wt% O.
These low amounts of O present are likely due to O contamination in
the precursor. O exposure during synthesis and handling would lead to
higher amounts of O, ranging from 3 to 6.7 wt%. [8,12,21,22,33-35]
C/Siratio and C ree consistently decrease with pyrolysis temperature in-
crease up to 1900 °C. Also, the concentration of O decreases as the py-
rolysis temperature increases and disappears from the sample composi-
tion above 1600 °C. The decreases in O and C are due to the removal of
formed CO through carbothermal reduction of SiC(O) network to SiC.

Sic(0),, + C,_ ., — SiC,, + CO,_1 )

frea ()

The Si concentration increases with the pyrolysis temperature up to
1900 °C. Higher pyrolysis temperature leads to a decrease in the Si con-
tent. Thus, the SiC synthesized at 1900 °C has the highest Si content, the
lowest C/Si ratio (~1.25), and the least amount of free C. The decrease
of Si for the SiC-2200 sample is attributed to the evaporation of Si from
the SiC matrix at 2200 °C. The empirical formulas indicate that the SiC
samples synthesized are not stoichiometric but C-rich at all the pyroly-
sis temperatures. The amount of C e is the least (6.9 wt%) for the SiC-
1900 sample.

Table 1
Elemental compositions and empirical formulas of SMP10-derived SiC mono-
liths.

Samples Element content (wt%) Empirical formula C/Si
Si C 0]
SiC-1200 60.4 39.48 0.12  SiC ((¢) ) + 0.53C 1.53
0.9962 " 0.0075’ free
SiC-1600 60.9 39.09 0.10 SiC (O ) +050C 1.50
0.9969 °  0.0063 free
SiC-1900 65.1 34.9 0 SiC + 0.25C 1.25

SiC-2200 597 403 0 SiC+ 0.58C_ . 1.58
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The phase evolution and crystallization results of the SiC ceramics
are given in Fig. 4. The SiC ceramics are primarily amorphous at 1200
°C, with clear but broad peaks at 26 = 35.6°, 60°, and 71.8°, which are
assigned to cubic $-SiC nanocrystallites; the crystallite size is ~1.9 nm,
based on Sherrer’s equation. [36-39] Further pyrolysis at 1600 °C,
1900 °C, and 2200 °C leads to stronger and sharper peaks at 35.69°,
41.4°, 60.0°, 71.8°, and 75.5°, which are assigned to the (111), (200),
(220), (311), and (222) planes of B-SiC. The crystallinity and crystal
growth of p-SiC increase with temperature. The crystallite size of $-SiC
increases to ~8.9 nm and ~28.50 nm for the samples pyrolyzed at 1600
°C, and 1900 °C, respectively (Table 2). The nanocrystalline nature is
maintained at 2200 °C while the crystallite size increases to ~39.8 nm.
The drastic crystallite growth above 1600 °C is due to the decrease in
free C and thus the C/Si ratio in the SiC matrix (Table 1). A small dif-
fraction peak at 20 = 26° is ascribed to the crystalline C present at 2200
°C. The B-SiC phase remains stable even at 2200 °C.

The X-ray diffraction pattern of the 2500 °C pyrolyzed sample shows
peaks at 20 = 26.3°,42.7°, 44.5°, 54.4°, and 77.7°, which are indexed as
the (002), (100), (004), and (110) planes of graphitic C. The disappear-
ance of the SiC peaks indicates the disintegration of SiC at 2500 °C. The
graphitic C remains as the main crystalline phase at 2500 °C.

T T
o:B-SiC 7
* : Carbon 7

* 1

9 o SiC-2500 1

SiC-2200 1

Intensity (a.u.)

SiC-1900

SiC-1600

P |

SiC-1200
PR NI I I R R T

10 20 30 40 50 60 70 80
20 (%)

Fig. 4. X-ray diffraction patterns of the SiC samples pyrolyzed from 1200 °C to
2500 °C.

Table 2
C and SiC nanocrystallite sizes at different pyrolysis temperatures.

Samples  SiC crystallite size Raman peak I (D)/ I  Graphitic C crystallite
(nm) position size (nm)
@
(cm)
D G L) @)
a c
SiC- 1.9 1342 1599 1.64 3.02
1200
SiC- 8.9 1350 1581 0.79 6.28
1600
SiC- 28.5 1343 1580 0.81 6.11
1900
SiC- 39.8 1350 1583 0.11 44.55 7.1
2200
SiC- 1346 1579 0.09 55.15 9.9
2500
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The structural evolution of the free C phases in the SiC samples at
different pyrolysis temperatures was studied by analyzing the Raman
spectra shown in Fig. 5, and the crystallite size (L,) was calculated us-
ing Eq. (3). The D band at 1342-1350 cm-! originates from the A . vi-
bration mode of the graphite lattice defects. The G band in the range of
1579-1599 em-1 originates from the E, . stretching vibration mode of
the graphite lattice plane, proving the existence of graphitic C struc-
ture in the SiC samples. Moreover, the 2D band near 2700 cm-1 origi-
nates from the two-phonon resonance of graphene, indicating the
stacking of graphene layers. [40] With the pyrolysis temperature in-
crease, the D band becomes weaker while the G and 2nd order Raman
spectrum bands (2D, D”, and 2D’) gradually become sharper. This indi-
cates the reduction of defects, crystallization enhancement, and forma-

. - )/ . . -
tion of a graphene-like structure. Also, the I—ZG’ (ratio of the intensities of

the D and G bands, Table 2) values decrease with the pyrolysis tempera-
ture increase, demonstrating increased ordering or graphitization (sp2
C) in the SiC samples.

The bands at 781 cm-1! and 950 cm-1 are attributed to the scattering
peaks of the B-SiC transverse optic and longitudinal optic phonon
modes. [41,42] There are obvious Raman characteristic peaks in SiC-
1600 and SiC-1900. Even though SiC is not observed in the XRD pattern
of the SiC-2500 sample, a vague SiC peak is present in Fig. 5 for SiC-
2500, which is likely due to the presence of a low amount of SiC at 2500
°C not detectable by XRD. A Si Raman band at 520 cm-1 for the SiC-
2200 sample indicates that at 2200 °C, the Si-C bond breaks and Si
leaves the SiC matrix as elemental Si. In addition, the crystallite size
(L,) of C at 1900 °C remains in the range of ~3 to 6.3 nm. However, the
in-plane crystallite size of C rises drastically for the SiC-2200 (L, =
44.55 nm) and SiC-2500 (55.15 nm) samples. Further, the crystallite
thickness (L.) of C at 2200 °C and 2500 °C are 7.1 nm and 9.9 nm, re-
spectively.

3.3. Microstructure evolution

The SEM micrographs of the SiC samples pyrolyzed at different tem-
peratures are shown in Fig. 6. The samples prepared at 1200 °C show
dense and pore free microstructure (Fig. 6a), consistent with the density
and porosity calculated by the Archimedes method (Fig. 3b). However,
the samples pyrolyzed at higher temperatures (1600 °C and 1900 °C)

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500 4000
Raman Shift (cm")

Fig. 5. Raman spectra of the pyrolyzed samples from 1200 °C to 2500 °C.
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Fig. 6. SEM micrographs of the monolithic SiC samples prepared at: a) 1200 °C,
b) 1600 °C, ¢) 1900 °C, d) 2200 °C, and e) 2500 °C.

show partially porous structures (Figs. 6b and 6¢). At 1600 °C, only
pores of < 1 um are observed (Fig. 6b). The top surface of the SMP-
1600 sample is vermicular because of the formation of pits and chan-
nels throughout the SiC monolith. For the 1900 °C pyrolyzed sample, a
rather diffused porous structure, with pore sizes up to a few microns, is
seen (Fig. 6¢). Pits and channels form because of the release of various
gaseous species, such as CO and SiO, during the carbothermal reduction
(Eq. 4). The bright phase on the surface is believed to be melted and so-
lidified Si. The detail mechanism is discussed in Section 3.4. Figs. 6d
and 6e show the surface morphologies of the samples pyrolyzed at 2200
and 2500 °C, respectively. The microstructure of the 2200 °C sample is
highly porous (Fig. 6d) and the pore channels are uniform throughout
the samples. The bright surface phase disappears. This is mainly due to
the evaporation of Si from the top layer and even the interior of the SiC
monolith. [43] The SiC layer beneath the top surface, which has a ver-
micular morphology, remains dense. After being treated at 2500 °C for
1 h, the SiC grains of the monolith mostly disappear (Fig. 6e) and the
surface is converted to a porous graphitic C structure. These results are
consistent with the XRD results (Fig. 4).

To understand the phase evolution and crystallization process, the
TEM images of the pyrolyzed SiC specimens are shown in Fig. 7. SiC-
1600 exhibits no appreciable contrast throughout the imaged area
(Figs. 7a and 7b) because the nanostructure is rather homogeneous. The
inverse FFT filtered image (Fig. 7b, inset 1) shows an interplanar dis-
tance of d at ~0.25 nm, which corresponds to the interplanar spacing of
the B-SiC crystalline phase and hence endorses the pseudo-crystalline
nature of SiC-1600, consistent with the XRD results (Fig. 4). The crystal-
lization of graphitic C, as seen in the Raman spectra (Fig. 5), is not ob-
served in the TEM. However, the inverse FFT image of a selected region
(inset 2, Fig. 7b) shows an interplanar distance of d at ~0.39 nm, corre-
sponding to the graphitic C in the SiC ceramic matrix. Due to the low
volume fraction of this phase, only a few diffraction spots of graphitic C
are observed (Fig. 7b), C remains mostly in the amorphous state. Some
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100 nm

Fig. 7. (a) TEM image of 1600 °C pyrolyzed SiC, (b) HRTEM image of the SiC
pyrolyzed at 1600 °C; insets 1 and 2 show inverse FFT images of the marked
regions, (¢) TEM image of 2200 °C pyrolyzed SiC, and (d) corresponding
HRTEM image of the SiC pyrolyzed at 2200 °C; the inset shows the inverse
FFT image of the marked area.

SiC crystallites remain adjacent and a few graphitic C rings are spotted
on the neck/junction area of these SiC crystallites. The amorphous and
lamellar C species are mainly in the exterior region of the SiC cluster.
Therefore, it can be inferred that the crystalline B-SiC phases remain
embedded in the amorphous C/SiC matrix. Further, these C phases can
be observed in the sample pyrolyzed at 2200 °C in an abundant amount
(Fig. 7c). The graphitic phase is confirmed by the inverse FFT analysis
(inset image, Fig. 7d) of the marked region. The C phases are distrib-
uted all over the SiC network and the SiC crystals remain embedded in
the graphite matrix. There remains empty space between graphite crys-
tals due to SiC disintegration followed by evaporation of Si from the SiC
lattice.

Fig. 8 shows the elemental distribution map of Si and C in the SiC
matrix at 1600 °C and 2200 °C pyrolysis temperatures. It reveals uni-
form elemental presence of Si and C in the SiC matrix after pyrolysis at
1600 °C (Fig. 8a). This confirms the uniform distribution of SiC
throughout the matrix. The surface region of SiC is richer in C com-
pared to the interior of the SiC matrix. This validates the amorphous

500 nm

Fig. 8. Elemental maps showing Si and C distributions in (a) SiC-1600, and (b)
SiC-2200 samples.
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and lamellar C matrix structure around the SiC clusters as shown in Fig.
7b. For the SiC pyrolyzed at 2200 °C (Fig. 8b), Si and C have non-
uniform distributions in the SiC matrix. The clusters with ‘Si’ persist
with ‘C’ in the center region, confirming the presence of SiC crystals.
However, C remains in excess near the neck region of the SiC crystals,
the excess C bridges and encapsulates the SiC crystals in the matrix.

3.4. Fundamental understanding

As shown in Table 1, the Si content increases with temperature in
the SiC samples up to 1900 °C, mainly because of C loss as CO/CO X This
is supported by the SEM images (Fig. 6b-c, formation of micro/nano
pores in the SiC monoliths due to released gases) as well as the composi-
tion changes (Table 1). As a result, the SiC pyrolyzed at 1900 °C has the
lowest C and O contents, which leads to near stoichiometric SiC. Fur-
ther, the Si wt% decreases at > 1900 °C pyrolysis temperature (Table 1)
because the Si atoms in the SiC lattice start to evaporate. The Raman
analysis of the samples shows the existence of the elemental ‘Si’ under
1900 oC and 2200 oC pyrolysis conditions (Fig. 5). Simultaneously, C
forms in the SiC samples as evidenced by the XRD patterns (Fig. 4) and
compositions of the sample pyrolyzed at 2200 oC. The XRD pattern also
illustrates the disappearance of the SiC peak in the 2500 °C pyrolyzed
sample, which shows no other peaks than that of graphitic C (Fig. 4).
Thus, the disappearance of the SiC peaks indicates the complete disinte-
gration of SiC at 2500 °C.

In addition, the sizes of SiC nanocrystals and the L, of C at 2200 °C
are nearly the same (Table 2). This means that the C formed in the SiC
matrix is a result of C residuals after the evaporation of Si from p-SiC
crystals. Literature suggests that the surface Si of p-SiC starts to evapo-
rate at even lower temperatures (~1400 °C). [44] The probable reac-
tions for the decomposition of SiC are as follows.

ﬁ'SiCm - Sim + Cm (5
Sim - Sira\ (6)

At high temperatures, Si-C bonds gain enough thermal energy to
break and become individual species (Eq. 5). Si thus forms a liquid
(since the temperature is above its melting point). The metastable Si
can further transition from a liquid to a vapor phase through vaporiza-
tion (Eq. 6). This gaseous Si is typically monatomic and leaves the sys-
tem.

The C network forming on the surface of the SiC core as graphene
sheets can be seen in the TEM images of SiC-2200 (Fig. 7c and Fig. 7d).
Fig. 9 also shows a porous and flower-shaped morphology (Fig. 9a) due
to the partial decomposition of SiC and evaporation of Si (marked area,
Fig. 9a). Fig. 9b shows complete Si evaporation and formation of a
sheet-like graphene structure at 2500 °C after SiC disintegration.

The structural evolution of the SMP-10 precursor from crosslinking
to ultra-high temperatures can be illustrated in Fig. 10. It forms a disor-
dered SiC network at 1200 °C. With further temperature increase to
1900 °C, the disordered network transforms into an ordered p-SiC struc-
ture. The disintegration of Si-C bonds and formation of graphene layers
occur at 2200 °C. At 2500 °C, SiC crystals disintegrate completely, re-
sulting in a fully layered graphene structure.

Fig. 9. SEM micrographs of SiC pyrolyzed at (a) 2200 °C, and (b) 2500 °C.
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Fig. 10. A schematic demonstrating the atomic evolution of SMP-10-derived SiC.

4. Conclusions

In this study, dense SiC monolith was prepared by casting of the
SMP-10 precursor followed by crosslinking and pyrolysis. The p-SiC
crystallite size was 1.9 nm at 1200 °C but grew drastically beyond 1900
°C. The SiC formed at 1900 °C was structurally dense, thermally stable,
near stoichiometric and consisted of a low amount of C oo 111 the SiC ma-
trix. Further pyrolysis at 2200 °C initiated the disintegration of ‘B-SiC’
and led to excessive C in the SiC matrix. The p-SiC nanocrystallites were
embedded in an amorphous matrix below 1900 °C. At 2200 °C, with the
evaporation of Si, the excess C encapsulated the B-SiC crystals. Pyrolysis
at 2500 °C resulted in the complete disintegration of SiC due to the
evaporation of “Si” from B-SiC; a highly porous structure formed. The C
formed at 2500 °C had a graphene like structure. This study provides a
complete map about the polymer-derived SiC monolith formation,
structural evolution, and decomposition process.
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