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A B S T R A C T

This study is to understand the effect of carbon content on the pyrolysis behaviors and phase contents of silicon
oxycarbides (SiOCs). Flash pyrolysis conditions, evolution of different SiOC phases, and free carbon types/
amounts are compared for C-rich and less C-rich precursors. The C-rich system experiences the flash event at a
much lower pyrolysis temperature with a much higher current density even though the internal temperatures at
flash are very similar. SiC formation is more obvious for the C-rich samples along with a much higher carbon
content under both flash and traditional pyrolysis conditions. The phase contents of SiO2, SiC, and other SiOC
intermediates can be calculated using a Gibbs energy minimization method, showing that the C-rich sample has
more C-rich SiOC intermediates while the less C-rich sample has more Si-rich intermediates. This research
provides a general framework in assessing the pyrolysis behaviors of different SiOC materials.

1. Introduction

Polymer derived ceramics, such as SiOC, SiCN, and SiBCN, are im-
portant materials with excellent mechanical properties, high tempera-
ture stability, and corrosion resistance [1–4]. Traditional processing of
polymer derived ceramics begins with a polymer precursor, which is
heated in an inert atmosphere for pyrolysis and conversion to ceramics.
The most extensively studied systems are related to silicon oxycarbide
(SiOC) derived from polysiloxanes [5–11]. At low pyrolysis tempera-
tures (800 °C–1100 °C), the ceramic is composed of an amorphous SiOC
phase, in which Si is tetrahedrally bonded to either oxygen or carbon to
form SiOxC4-x bonds, as well as a disordered “free carbon” phase, de-
pending on the starting polymer composition [10,12,13]. At tempera-
tures greater than ˜1250 °C, the SiOC phase partially phase separates,
forming SiO2 nanodomains, SiC crystallites, and additional free carbon
[12–18].

From a different perspective, traditional processing of bulk ceramics
involves sintering of a starting powder material. A new field-assisted
technique, termed flash sintering, was first reported in 2010 [19]. By
applying a constant electric field during heating, this process can den-
sify samples in short periods of time at furnace temperatures sig-
nificantly lower than those required in conventional sintering [19].
During the flash event, the electrical conductivity of the sample ex-
periences a sharp nonlinear increase, resulting in sample heating to
several hundred degrees Celsius higher than the furnace temperature

due to Joule heating. Flash sintering has been conducted for numerous
ceramic materials such as yttrium-stabilized zirconia, magnesia-doped
alumina, strontium titanate, and cobalt manganese oxide [19–25].

Recently, the same processing ideology behind flash sintering was
applied to polymer derived ceramics for the first time [26,27]. This
process was termed flash pyrolysis since it involves conversion of a bulk
polymer precursor into a ceramic rather than sintering of a powder
material under an applied electric field. The results of using flash pyr-
olysis at temperatures as low as 780 °C show that the onset of the flash
event is dependent on the nucleation of the free carbon phase. Ad-
ditionally, the samples that are flashed with an electric field between
30–50 V/mm have a more ordered free carbon phase compared to the
samples pyrolyzed at 1300 °C without an electric field [26]. The or-
dering of the carbon phase with an applied electric field is attributed to
the simultaneous Joule heating and electromigration, which is the
collision of electrons/holes and defects [28]. The coupled Joule heating
and electromigration cause a faster flux of defects out of the carbon
lattice, allowing for more complete ordering of the free carbon phase
[26]. Such carbon ordering, e.g., formation of graphene-like and tur-
bostratic carbon, has also been observed for spark plasma sintered SiOC
whereas no graphene is found at the same temperature without an
electric field [29,30].

However, many questions still remain about flash pyrolysis of
polymer derived ceramics. Microstructure evolution and compositional
differences of SiOCs from polymer precursors of different amount of
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carbon are especially important. The phase separation differences in
SiOCs from traditional pyrolysis and flash pyrolysis remain to be
evaluated. For flash sintering, the starting powder materials are often
already in a stable state, no significant mass loss or atomic level
structural reorganization is expected. Sintering mostly occurs through
diffusion-induced densification and grain growth. For polymer derived
ceramics such as SiOCs, radical species can continuously evolve at high
temperatures; new phase formation and existing phase evolution are
simultaneous events; up to 40% mass loss and up to 56% volume
shrinkage can occur [31,32]. The effects of free carbon and carbon
ordering on the phase development of SiOCs remain to be addressed
during the drastic ceramic formation process. Carbon dictates the
electrical conductivity of the samples and thus the flash pyrolysis de-
gree and should be further evaluated. In addition, phase contents of
different SiOC intermediates have never been quantified for SiOCs.

In this study, flash pyrolysis and traditional pyrolysis were studied
using polysiloxane precursors, one of a high carbon content (PMPS) and
one of a low carbon content (Tospearl). The effects of the flash pyrolysis
characteristics, the carbon content on the SiOC phase evolution, and the
evolution of the free carbon in the SiOCs were investigated in order to
understand and predict the fundamental changes in the SiOC micro-
structures. A Gibbs free energy minimization method was used to pre-
dict the phase contents in the resulting SiOCs.

2. Experimental procedures

In this work, the C-rich polymer precursor was composed of vinyl-
terminated polymethylphenylsiloxane (PMPS, [Si(CH3)(C6H5)O]n,
Gelest Inc., Morrisville, PA) and polyhydromethylsiloxane (PHMS, [Si
(H)(CH3)O]n, Gelest Inc., Morrisville, PA). 2.1–2.4 wt% platinum-divi-
nyltetramethyldisiloxane complex in xylene (Pt catalyst, Gelest Inc.,
Morrisville, PA) was used as the crosslinking catalyst for the above
polymer precursor mixture. A commercially available poly-
silsesquioxane pre-crosslinked in a powder format (Tospearl 120, [Si
(CH3)O1.5]n, Momentive Performance Materials Japan Inc., Tokyo,
Japan) was used as the low carbon content precursor, which has an
average particle size of 2 μm [33], consistent with our own measure-
ment using a transmission electron microscope (JEOL 2100, JEOL USA,
Peabody, MA).

The carbon rich polymer precursor was synthesized by first mixing
85 wt% PMPS and 15wt% PHMS into a solution, followed by sonication
for 10min, and high energy milling (Spex 8000M Mixer/Mill, Spex
Sample Prep, Metuchen, NJ) for 10min. Then the Pt catalyst (5 ppm
relative to PHMS) was added, the mixture was mixed again in the high
energy ball mill for 5min, and then poured into aluminum foil molds.
The filled molds were placed into a vacuum chamber and vacuumed for
10min at 1500 mTorr to remove any bubbles in the mixtures, and then
placed in an oven to crosslink at 50℃ for 12 h and then at 120℃ for 6 h.
The samples were referred to as PMPS. The Tospearl polymer precursor
powder was used without any further modifications.

Both the PMPS and Tospearl precursors were pyrolyzed to 700 °C
before use in order to allow the samples to go through the majority of
polymer chain breakup, mass loss, and sample shrinkage. The pyrolyzed
powders were then uniaxially pressed at ˜500MPa into disks with
diameters of ˜1 cm. For the Tospearl powder sample, liquid PHMS was
used as a binder; for the pre-pyrolyzed PMPS powder, liquid PMPS was
used as a binder. Both liquid binder amounts were 1–2wt% of the pre-
pyrolyzed powder samples. A silver-palladium paste (conductor type
9627, ESL Electro Science, King of Prussia, PA) was applied to the two
faces of the pressed samples and dried in order to achieve good elec-
trical contact and serve as electrodes. The samples were then placed
into a zirconia crucible and connected to the power supply by platinum
wires. A detailed figure showing the flash setup has been given in our
prior work [26].

The samples were put into a tube furnace (1730-20 Horizontal Tube
Furnace, CM Furnaces Inc., Bloomfield, NJ) and pyrolyzed in argon

with a flow rate of about 70 std cm3 s−1 and a heating rate of
5 °Cmin−1 to 770 °C for PMPS and 1100 °C for Tospearl. Upon reaching
the maximum temperature, an electric field was applied. Two com-
mercial DC power sources (Bertan 210-01R Spellman, Hauppauge, NY
and FB200 Fisher Scientific) were used to apply a specific voltage to the
specimen with a current limit of 2 A, at which the power supply au-
tomatically switched to the current control mode. In addition, the PMPS
and Tospearl samples were pyrolyzed in Ar without any electric field to
1400 °C at a heating rate of 1℃/min for 2 h as reference samples.

The phase compositions of the pyrolyzed samples were analyzed in
an X’Pert PRO diffractometer (PANalytical B.V., EA Almelo, the
Netherlands) with Cu Kα radiation. Raman spectra were recorded on a
Horiba spectrometer (JY Horiba HR 800) with an excitation wavelength
of 514 nm produced by an Ar laser between the spectral range of
100–4000 cm−1. The microstructures of the pyrolyzed ceramics were
studied using a transmission electron microscope (JEOL 2100, JEOL
USA, Peabody, MA); the TEM samples were prepared by grinding in a
mortar and then dispersing in absolute ethanol. The compositions of the
samples were analyzed by a combustion method for carbon and an ICP-
OES method for silicon. Acid digestion and titration were used to obtain
the silicon content. The oxygen content was extracted based on the
above results and the total mass of the samples. These experiments were
conducted by Galbraith Laboratories, Inc. (Knoxville, TN) based on
multiple measurements.

The power density PW (mW/mm3) has been calculated according to
the relationship [20]:

PW = Ej (1)

where j is current density, A /mm2. E is electric field, V/mm.
During the flash pyrolysis, the insulating nature of the polymer

precursors and decomposed radicals created a state that a large amount
of Joule heating was generated. Joule heating caused drastic sample
temperature increase. The estimated sample temperature during the
flash has been studied based on blackbody radiation using the following
equation [23,24,34]:
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where TF is the furnace temperature at the onset of the flash in Kelvin,
σSF is the Stefan-Boltzmann constant with a value of
5.67×10−8Wm−2 K−4, α is a correction factor to account for emis-
sivity less than that expected for a perfect blackbody (approximately 1),
V is the volume of the specimen in m3, and A is the surface area of the
specimen in m2.

3. Results and discussion

3.1. Flash pyrolysis characteristics

The changes in electric field, current density, and power density for
the PMPS and Tospearl samples as a function of the applied electric
field time are shown in Fig. 1. The actual furnace temperatures for the
PMPS and Tospearl samples were 770 °C and 1100 °C, respectively. For
the flash event to happen, the necessary electric field for the PMPS
sample is 40 V/mm for 26min while it is 100 V/mm for 71min for the
Tospearl sample. Due to the polymer precursor difference, more spe-
cifically the carbon content difference in the precursors, the required
electrical field for the Tospearl sample is 150% higher and the electric
field applied time is 173% longer. This means that a higher driving
force for the flash event is needed for the relatively C-poor samples. In
addition, the current density at the flash for the PMPS sample increases
to 15mA/mm2 in only 26min while for the Tospearl sample it only
increases to 9mA/mm2 in 71min. The current density in the PMPS
sample is 66% higher than that in the Tospearl sample. Because of the
electric field (E) and current density (j) difference, according to Eq. (1),
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the difference in power density (Pw) can be calculated as shown in
Fig. 1(c) along with the sample internal temperature changes calculated
using Eq. (2). The power density for the PMPS sample is 321.7mW/
mm3 while for the Tospearl sample it is 323.3 mW/mm3. Surprisingly,
the power densities in the two kinds of samples are almost the same, a
reflection of the similar energies needed for the phase changes.

A more revealing finding is the internal temperature profile differ-
ence. For the PMPS sample, the temperature increase is precipitous up
to 1345 °C. For the Tospearl sample, following a long incubation period,
the temperature change is incremental until it reaches the peak tem-
perature of 1352 °C followed by a sudden drop. This observation in-
dicates that the build-up process for the flash event in the samples with
different carbon content is very different. However, the flash event ends
at very similar points. The peak temperature for the PMPS sample is
1345 °C and for the Tospearl sample it is 1352 °C, surprisingly very
close to each other even though the two systems experience very dif-
ferent furnace temperatures (770 °C vs. 1100 °C). The similar internal
temperatures mean that the actual pyrolysis environments in the two
kinds of samples are not very different. However, the sudden tem-
perature increase of the PMPS samples leads to sample fracture soon
after the flash event while the Tospearl samples stay intact.

The fundamental difference during the flash pyrolysis for the PMPS
and Tospearl samples can be described as follows. At the flash tem-
perature, the pre-pyrolyzed samples are composed of C-containing and
Si-containing radicals. With the temperature increase to the flash pyr-
olysis point, a conductive free carbon phase forms [35] and causes the
sudden increases in the current density and power density as well as the
sudden drop in the electric field. Since the PMPS sample starts from a C-
rich polymer precursor, the carbon phase percolation for the ending of
the flash event occurs at a lower temperature and in a much shorter
time than that of the less C-rich Tospearl, thus the flash happens at a
lower temperature and in a sudden manner. In Fig. 1(b) and (c), the
increases in the current density and power density for the PMPS sample

are also much steeper than those for the Tospearl sample, another in-
dication of the quick carbon network formation in the PMPS sample.
This can be understood from the point that the C-rich sample has more
conductive carbon available for network formation, only a small
amount of ordering is required before the conductive network is
formed. For the Tospearl sample, the carbon content is low, more time
is required before the conductive carbon network forms; this process is
also gradual because of the lower degree of carbon ordering as to be
shown in Table 2.

3.2. Evolution of SiOC phases

The XRD patterns for the PMPS and Tospearl samples after the flash
pyrolysis are shown in Fig. 2(a). The Tospearl sample shows a broad
halo peak at ˜22° due to the formation of amorphous SiO2, as well as the
tiny, almost invisible peaks at 35.7°, 60.0°, and 71.9° corresponding to
the diffraction peaks of crystalline β-SiC. The PMPS sample shows a
higher intensity halo at ˜22.5° along with multiple and well-defined SiC
peaks at 35.7°, 41.4°, 60.0°, and 71.9°, corresponding to the (111),
(200), (220), and (311) crystalline planes of the β-SiC phase (JCPDS
Card No. 01-073-1665). Based on the phase contents in Table 3, even
for the flash pyrolyzed PMPS samples, the SiC amount is still very low,
at 0.1%. The sharper SiC peaks in Fig. 2(a) may be more related to the
SiC crystallite size than the amount. The peak shift from ˜22° to ˜22.5°
indicates graphitic carbon formation for the PMPS sample. Compared to
the XRD patterns of the corresponding samples from the traditional
pyrolysis at 1400 °C (Fig. 2(b)), the flash pyrolysis can lead to more
obvious phase separation at much lower furnace temperatures.

The resulting compositions for the flash pyrolyzed and traditionally
pyrolyzed samples are given in Table 1. As seen, the PMPS samples have
much higher carbon contents at both pyrolysis conditions, 40.9 wt%
after the flash pyrolysis and 45.8 wt% after the traditional pyrolysis.
The Tospearl samples are more Si-rich and O-rich, with only 12.3 wt%

Fig. 1. Changes in electric field (a), current density (b), and power density (c) for the PMPS and Tospearl samples as a function of the applied electric field time.
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(flash pyrolyzed) and 9.7 wt% (traditional pyrolysis) carbon, respec-
tively. It also shows that the flash pyrolysis leads to a higher carbon
retention for the Tospearl sample (increased from 9.7 wt% for the tra-
ditional pyrolysis to 12.3 wt% for the flash pyrolysis) but a lower
carbon content for the PMPS sample (decreased from 45.8 wt% for the
traditional pyrolysis to 40.9 wt% for the flash pyrolysis).

Based on the well-known phase separation reaction for SiOC and
carbothermal reaction for SiO2 (Eqs. (3) and (4)), SiO2 formation is the
pre-condition for SiC formation. Eq. (3) represents the SiOC phase se-
paration into amorphous SiO2, SiC(β), and graphitic carbon at low
pyrolysis temperatures (800–1100℃) [36]. Eq. (4) indicates that car-
bothermal reaction occurs between SiO2 and graphite, producing SiC(β)
and CO gas at above 1100℃ [37]. For the PMPS sample, the C-rich
nature is not conducive for SiO2 formation even though Eq. (4) should
proceed more easily. For the Tospearl sample, the free carbon content is
low, so Eq. (3) should proceed more easily; however, SiC formation is
hindered due to the lack of carbon. The final phase contents are a
combined result of these two related processes.

→ + +SiOC SiO amorphous C graphite SiC β2 ( ) ( ) ( )2 (3)

+ → +SiO amorphous C graphite SiC β CO g2 ( ) 3 ( ) ( ) 2 ( )2 (4)

As shown in Fig. 3(a), the flash pyrolyzed PMPS sample has a sig-
nificant amount of free carbon, demonstrated by the graphene layers
around the crystallites (shown by the red circles) among an amorphous
matrix. For the crystallites, the diffraction pattern on the right side of
Fig. 3(a) has separated rings with sparsely distributed bright diffraction
spots and the species is identified as β-SiC. For the flash pyrolyzed
Tospearl sample, Fig. 3(b) shows a largely amorphous structure with
mostly SiOC species and possibly the amorphous SiO2 phase; very little

free carbon can be observed. As a result, the electron diffraction pattern
only shows a large halo (right side of Fig. 3(b)) without any diffraction
spots. It should also be mentioned that even though the SiC peaks are
fairly strong in Fig. 2(a) and (b), the SiC crystallites are mostly buried in
the amorphous SiOC matrix and free carbon as shown in Fig. 3(a). For
the PMPS sample pyrolyzed using the traditional process to 1400℃, the
SiC crystallite size is even smaller as shown in Fig. 3(c) (indicated by
the red circles) and there are only two very weak diffraction spots in the
diffraction pattern on the right side of Fig. 3(c) (top, between 11–12
o’clock direction). The electron diffraction pattern difference in
Fig. 3(a) and (c) is consistent with the XRD diffraction pattern differ-
ence in Fig. 2. The SiC nanocrystallite size and crystallinity differences
(larger size, better developed crystallinity for the flash pyrolyzed
sample) lead to the diffraction pattern difference. For the traditionally
pyrolyzed Tospearl sample at 1400 °C, the image and diffraction pattern
are very similar to those in Fig. 3(b) and omitted here for brevity.

3.3. Evolution of free carbon

For the PMPS sample, the ceramic yield is 53.4% under the flash
pyrolysis condition and 74.5% under traditional pyrolysis at 1400 °C.
For the Tospearl sample, the ceramic yield is 89.6% with the flash
pyrolysis and 78.9% under traditional pyrolysis at 1400 °C. This means
that the polymer to ceramic conversion occurs differently and thus has
opposite effects on the ceramic yield. Based on the compositions of the
flash pyrolyzed PMPS and Tospearl samples in Table 1, the free carbon
phase amount can be calculated from = ⋅ + − ⋅SiO C f C f SiO C(1 )a b c c x y
and the results are shown in Table 2. For the flash pyrolyzed PMPS
sample, it is 50.3mol%. For the flash pyrolyzed Tospearl sample, it is
16.2 mol%. For the traditionally pyrolyzed PMPS sample, it is 52.6 mol

Fig. 2. XRD patterns for the PMPS and Tospearl samples: a) flash pyrolyzed, b) pyrolyzed at 1400 °C without an electric field.

Table 1
SiOC compositions after pyrolysis from different precursors with and without
flash.

C (wt%) Si (wt%) O (wt%)

PMPS, flash pyrolysis at 770 °C 40.9 31.5 27.6
Tospearl, flash pyrolysis at 1100 °C 12.3 43.3 44.4
PMPS, traditional pyrolysis at 1400 °C 45.8 32.6 21.6
Tospearl, traditional pyrolysis at 1400 °C 9.7 45.8 44.5

Table 2
Carbon contents after pyrolysis with and without flash for the samples from different precursors.

Total free carbon content (mol%) D carbon content
(mol%)

G carbon content
(mol%)

PMPS, flash pyrolysis at 770 °C 50.3% 36.5% 13.8%
Tospearl, flash pyrolysis at 1100 °C 16.2% 12.9% 3.3%
PMPS, traditional pyrolysis at 1400 °C 52.6% 39.4% 13.3%
Tospearl, traditional pyrolysis at 1400 °C 10.8% 8.8% 2.0%

Table 3
Different SiOC phase amounts (mol%) after flash and traditional pyrolysis.

SiO2 SiO C3
2

1
4

SiOC1
2

SiO C1
2

3
4

SiC

PMPS, flash pyrolysis at 770 °C 20.1 16.6 8.5 4.4 0.1
Tospearl, flash pyrolysis at 1100 °C 56.6 20.9 5.1 1.1 0.1
PMPS, traditional pyrolysis at 1400 °C 7.7 12.9 13.1 13.4 0.4
Tospearl, traditional pyrolysis at 1400 °C 52.6 28.7 7.5 0.0 0.4
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%. For the traditionally pyrolyzed Tospearl sample, it is 10.8 mol%. The
significantly higher free carbon contents in the PMPS samples are a
direct consequence of the C-rich precursor used.

As seen in Table 2, under the flash pyrolysis, slightly less free carbon

forms in the PMPS sample, which is consistent with the lower yield for
the flash pyrolyzed PMPS sample (compared to the traditionally pyr-
olyzed sample) and indicates more carbon loss during the flash pyr-
olysis. For the Tospearl sample, flash pyrolysis leads to more free

Fig. 3. Microstructures and diffraction patterns of: (a) flash pyrolyzed PMPS, (b) flash pyrolyzed Tospearl, and (c) traditionally pyrolyzed PMPS at 1400 °C. The red
circles outline the profiles of the SiC crystallites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article).
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carbon formation under the flash pyrolyzed condition (less C-con-
taining radical loss); thus, the ceramic yield is also higher.

The evolution of the free carbon phase can also be understood from
Fig. 1. For both kinds of samples, the conductivity of the SiOC is de-
termined by carbon. Before the flash event, the carbon phase exists in a
disordered state. The flash temperatures correspond to the tempera-
tures at which the free carbon phase begins to evolve significantly into
ordered carbon, creating a percolating conductive network. For the
PMPS sample, this percolating carbon formation temperature is 770 °C.
For the Tospearl sample, the percolating carbon formation temperature
is as high as 1100 °C. Since the internal pyrolysis temperatures at flash
are about the same (1345 °C for the PMPS sample vs. 1342 °C for the
Tospearl sample), the early formation of the percolating carbon (more
ordered graphitic carbon) in the PMPS sample also means an earlier
onset of SiC crystallization along with CO loss (Eq. (4)). For the Tos-
pearl sample, the ordered carbon network forms at 1100 °C. The ‘de-
layed’ flash event allows carbon retention. However, the SiC formation
is hindered due to the ‘lack’ of carbon.

Fig. 4 shows the Raman spectra of the flash pyrolyzed PMPS and
Tospearl samples. Carbon can exist as either amorphous/disordered or
ordered/graphitic, all of which can be determined using Raman spec-
troscopy. The D band at ˜1350 cm−1 is believed to arise from the de-
fects and disordering in the free carbon, whereas the G band (in-plane
vibrational mode) at 1588 cm−1 is attributed to the ordered graphitic
structure [38]. The broad Gʹ band at 2682 cm−1 and the weak band at
2934 cm−1 can be assigned to a combination of the defective/dis-
ordered and graphitic modes (G+D). From our previous studies on
flash pyrolysis, it is known that the ordering of the free carbon phase
occurs as the amorphous carbon phase is rearranged into an ordered
state [26]. The same ordering should occur for the carbon-rich PMPS
while it is more limited in the Tospearl sample. Correspondingly, for the
flash pyrolyzed PMPS sample the ID/IG ratio is 1.94, while for the flash
pyrolyzed Tospearl sample it is 1.38. Theoretically, the C-rich PMPS
sample should experience significant graphitization because of the
readily available G phase; the relatively C-poor Tospearl sample should
not experience significant graphitization because there is no conductive
carbon phase in which electromigration can occur.

Based on the split peak area fitting results of Fig. 4, the amounts of
ordered and disordered carbon for the flash pyrolyzed and traditionally
pyrolyzed PMPS and Tospearl samples can be calculated as shown in
Table 2. The PMPS sample has 36.5% disordered carbon at the flash
pyrolysis condition and 39.4% at the traditional pyrolysis condition.
The Tospearl sample, on the other hand, has 12.9% disordered carbon
at the flash pyrolysis condition and 8.8% at the traditional pyrolysis
condition. At the same time, the PMPS sample has 13.8% graphitic
carbon at the flash pyrolysis condition and 13.3% at the traditional

pyrolysis condition while the Tospearl sample has 3.3% graphitic
carbon at the flash pyrolysis condition and 2.2% at the traditional
pyrolysis condition. Fundamentally, the higher graphitic carbon con-
tent should lead to earlier and easier flash event and the higher dis-
ordered carbon content should be more beneficial for SiC formation.
This explains why the flash event happens at a much lower temperature
for the PMPS sample while the SiC formation is also more obvious.

3.4. Phase contents based on Gibbs free energy minimization

As mentioned, for the PMPS and Tospearl samples, the total SiOaCb

composition can be separated into = ⋅ + − ⋅SiO C f C f SiO C(1 ) .a b c c x y The
remaining SiOxCy phase separates along the SiO2-SiC tie-line in the C-
SiC-SiO2 composition triangle. The compositions along the SiO2-SiC tie-
line can also be represented as −SiO Ci i(4 )/2 /4, where i= 0–4. Eq. (5)
shows the phase separation reaction of SiOxCy, where f0, f1, f2, f3 and f4
represent the amount of the corresponding phases.

∑= = ⋅ + ⋅ +

⋅ + ⋅ + ⋅

=
− ( )

( )( )
f SiO f SiO C f

SiOC f SiO C f SiC

SiO C f (SiO C ) ( )

( )

i
i i i ox y

0

4

(4 )/2 /4 2 1 2

3 4

3
2

1
4

1
2

1
2

3
4 (5)

The overall Gibbs free energy of the phase separated amorphous SiOxCy

system can be represented using the conventional formula:

∑ ∑= ⋅ + ⋅−G f T G T RT f T f T( ) ( ) ( ) log ( )am SiOC
i i i i

0

4

0

4

(6)

The stable phase contents of a given SiOxCy system depend on the
minimum total Gibbs free energy (Gam−SiOC). The Gibbs free energy of
the crystalline phases can be obtained using available data for SiC [39]
and cristobalite [40]. Then the Gibbs free energy for the amorphous
counterparts can be calculated based on:

= +G T G T ΔE( ) ( )amorphous crystalline (7)

where ΔE is the vitrification enthalpy. ΔE for SiC, SiO2, and C are 54 kJ/
mol [41], 6.9 kJ/mol [42], and 20.8 kJ/mol [43], respectively. Thus,

= +− −G T or G T G( ) ( ) 6.9am SiO cr SiO
02 2 kJ/mol and −Gam SiC

= +−T or G T G T kJ mol( ) ( ) ( ) 54 /cr SiC
4 [40]. The phase contents for

the PMPS and Tospearl samples can be calculated using Mathematica as
shown in Table 3. The detailed Mathematica codes are provided in the
supplement.

Table 3 shows that the flash pyrolyzed PMPS sample has sig-
nificantly more SiO2 and SiO3/2C1/4 phases and much lower SiOC1/2

and SiO1/2C3/4 phases compared to the traditionally pyrolyzed sample.
For the Tospearl sample, this change is less obvious; since there is not as
much free carbon available to react and form SiC, the microstructure
will still contain predominantly Si-rich phases. The reason that the flash
pyrolyzed samples have more Si-rich phases and less C-rich phases is
believed to be due to the formation of more well-ordered carbon do-
mains (graphitic carbon) during the fast flash process, which prevents
silicon diffusion and reaction with amorphous (disordered) carbon to
form C-rich tetrahedrals or SiC. In addition, the sudden temperature
drop with the quick ending of the flash event intrinsically prevents si-
licon diffusion to carbon to form SiC. However, both Figs. 2 and 3 in-
dicate more developed SiC crystallites in the flash pyrolyzed PMPS
samples. This can be due to the better co-mixing state of localized si-
licon and carbon at the low temperature of flash, 770 °C, followed by
the extremely fast heating rate from Joule heating. When the sample
quickly heats up from this initial state, localized silicon and carbon can
react to form SiC.

Surprisingly, the SiC amounts for the PMPS and Tospearl samples
are very similar at each pyrolysis condition (Table 3) even though based
on Figs. 2 and 3 the SiC phase can be more easily detected for the PMPS
samples, especially at the flash pyrolysis condition. This discrepancy
can be explained by the better SiC crystallinity and/or larger SiC

Fig. 4. Raman spectra for the flash pyrolyzed and traditionally pyrolyzed PMPS
and Tospearl samples.
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crystallite size for the PMPS samples as explained earlier. It also means
that the Gibbs energy minimization model is too idealized as it is only
based on the thermodynamic data without considering the SiC crys-
tallite size and phase development kinetics. This issue can be especially
the case when the phase amount is low (such as for SiC).

4. Conclusions

In this study, flash and traditional pyrolysis studies were conducted
for two different polysiloxane precursors: C-rich PMPS and less C-rich
Tospearl. The flash event occurs at a much lower temperature for the
PMPS sample than for the Tospearl sample. SiC crystallization is only
observed for the PMPS sample. Both can be attributed to the carbon-
rich nature of the PMPS precursor. The carbon content and type have
been quantified to illustrate the phase evolution difference. Using a
Gibbs energy minimization approach, different phase amounts in the
pyrolyzed samples can be calculated. On a relative basis, the PMPS
samples have more C-rich tetrahedrals (OC1

2
and SiO C )1

2
3
4

and the
Tospearl samples have more Si-rich tetrahedrals such as SiO2 and
SiO C3

2
1
4
. Flash pyrolysis leads to more Si-rich phase formation for the C-

rich PMPS precursor.
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