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ARTICLE INFO ABSTRACT

In this study, bulk silicon oxycarbides (SiOCs) were fabricated from base polysiloxane (PSO) systems with dif-
ferent carbon content by using Ar or Ar + H,O pyrolysis atmosphere. Compared to the Ar pyrolysis condition,
the SiOC samples pyrolyzed with water vapor plus Ar generally show lower ceramic yield except for the Tospearl
(polymethylsilsesquioxane) sample at 1400 °C. The SiOC ceramics contain significantly less SiC and carbon after
pyrolysis under Ar + H,O atmosphere compared to pure Ar atmosphere. The carbon-poor Tospearl sample
shows a crystalline SiO, structure (cristobalite) after pyrolysis at 1400 °C in Ar + H,O, which is also confirmed
using TEM diffraction pattern analysis. TEM microstructures indicate little change in microstructures for the
carbon-rich samples. The fundamentals, such as total Gibbs free energy, the driving force for crystallization, and
phase contents at different pyrolysis temperatures can be calculated based on a Gibbs free energy minimization
method. The phase content calculations predict considerable decrease in the amounts of SiC and C and sig-
nificant increase in the percent of SiO, after pyrolysis in Ar + H;O compared to Ar. The thermodynamic cal-
culation results match with our experimental observations. This work provides a guided method to synthesize
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high temperature SiOCs with desired phases.

1. Introduction

Silicon oxycarbides (SiOCs) are novel polymer derived ceramics that
show high flexibility in tailoring microstructures and phases with a
composition of SiC,O44 (1 < x < 3) [1]. At lower pyrolysis tempera-
tures (800-1000 °C), SiOC consists of a homogeneous network of mixed
Si—C—O tetrahedral and polyaromatic carbon species. It has an amor-
phous structure, in which Si atoms share chemical bonds with O and C
atoms. At higher temperatures (> 1100 °C), SiOC decomposes into
more thermodynamically stable species (e.g., 3-SiC), amorphous SiO»-
rich nanodomains (mainly SiO, although some Si—O—C species are still
present), and highly disordered graphite-like carbon (termed as free
carbon) [2,3]. Depending on the microstructure, the properties of the
SiOCs, such as electrical conductivity and oxidation resistance, can be
greatly altered [4-6].

SiOC can be expressed as SiOsc; x)Cx + YCeree, Where x + y is the
molar ratio of the C content relative to the Si content [7]. Different C
contents influence the compositions, structural characteristics, and
phase changes of SiOCs. Compositions of SiOCs play important roles in
their properties, especially the thermal behaviors, electric conductivity,
and mechanical properties of the resulting materials.

Many studies attempt to adjust the compositions of SiOCs through
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the selection of precursors, mainly by adjusting the resulting content of
free carbon [8,9]. Narisawa et al. [10] reported SiOC ceramics with
long-lived photoluminescence by pyrolysis of Tospearl 120 (chemical
composition of SiO1 ¢6C1.00H3.36) in a reducing atmosphere of H,. Blum
et al. [11] investigated porous SiOC ceramics by pyrolysis of poly-
hydromethylsiloxane =~ (PHMS) and  vinyl-terminated  poly-
dimethylsiloxane (PDMS) of different molecular weights as precursor
materials. Various methods were reported for tailoring the chemical
compositions of SiOCs that contain a high C content. For example,
Hourlier et al. [12] used aromatic crosslinker divinylbenzene (DVB)
and introduced a significantly higher C content compared to tetra-
methyl-tetravinyl cyclotetrasiloxane (TMTVS). Crosslinking agents
containing Si—CH=CH, were also used to initiate the hydrosilylation
reaction [13] and increase the C content, though to a lesser extent.
The second method to control the phases formed during pyrolysis is
by introducing reactive species into the pyrolysis atmosphere, such as
H,, H,0, or CO, [1,14-17]. Several studies have shown that water
vapor injection during the temperature range at which the chemical
bonds in the polymer break results in an increase in Si—O—Si bonds and
decrease in Si—C bonds [1,15,16]. Narisawa et al. [17] investigated the
dependence of SiOC chemical compositions and molecular structures on
their reaction conditions by varying the pyrolysis atmospheres (Hs, Ar,
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and CO,). The chemical composition, color, residual mass, and electron
spin resonance of the SiOC ceramics differ depending on the pyrolysis
atmosphere. Compared to the sample pyrolyzed in Ar, the H, pyrolyzed
sample contains no free carbon within the SiOC, and the CO, pyrolyzed
sample contains no Si—C bonds [17].

In this study, we selected polysiloxanes with different carbon con-
tent as precursors, and then synthesized different amorphous SiOC
ceramics by using Ar or Ar + H,O atmosphere during pyrolysis. The
derived SiOC ceramics were characterized using X-ray diffraction (XRD)
and transmission electron microscopy (TEM). Carbon content and
pyrolysis atmosphere effects on the phase development of the SiOCs
were studied. The differences in phase formation due to both carbon
content and pyrolysis atmosphere were investigated using thermo-
dynamic modelling to compute the driving force for crystallization as
well as phase fractions in the various systems.

2. Experimental procedures

The chemicals were obtained from Gelest Inc., Morrisville, PA. All
chemicals were of analytical grade and were used without further
purification. To investigate the effects of different C-containing side
groups from precursors, polyhydromethylsiloxane (PHMS), vinyl ter-
minated polydimethylsiloxane (PDMS), polyvinylmethylsiloxane
(PVMS), and vinyl terminated polyphenylmethylsiloxane (PMPS) were
used as starting materials. For lower C content samples, the precursor
used was Tospearl 120 (polymethylsilsesquioxane, Momentive
Performance Materials, Tokyo, Japan), which was made up of densely
crosslinked silicone resin particles with an average diameter of 2 pm.
2.1-2.4 wt% platinum-divinyltetramethyldisiloxane complex in xylene
(Pt catalyst) was used as the catalyst.

PDMS, PVMS, and PMPS samples were obtained by -catalytic
crosslinking of PDMS (or PVMS, or PMPS) and PHMS. The PHMS/PDMS
(PVMS or PMPS) weight ratio was 15/85. First, solutions with the
polymer precursor (PDMS or PVMS or PMPS) and PHMS were sonicated
for 10 min and then mixed in a high energy mill (SPEX 8000 M Mixer/
Mill, SPEX Sample Prep, Metuchen, NJ) for 10 min to form a homo-
geneous mixture. Next, the Pt catalyst (5 ppm Pt relative to PHMS) was
added, the mixtures were mixed again in the high energy ball mill for
5min, and then poured into aluminum foil molds. The mixtures were
placed into a vacuum chamber and vacuumed for 10 min at 1500 mTorr
to remove any bubbles in the solutions. The filled molds were then
placed in an oven to crosslink at 50 °C for 12h and then at 120 °C for
6 h. When crosslinking PHMS, only 2.5 ppm of the above Pt catalyst
solution was added in order to slow down the crosslinking and avoid
defect formation; other steps were the same. To prepare the samples for
pyrolysis, the cured materials were first cut and polished to roughly
13mm X 13mm X 3mm size. The as-received Tospearl powder was
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pressed into circular pieces with a diameter of 13 mm and a thickness of
3 mm using 10 wt% PHMS as a binder at a pressure of “500 MPa.

Next, the samples were placed into a zirconia crucible between two
graphite melts to reduce friction forces due to the shrinkage of the
green bodies during pyrolysis and allow for uniform outgassing of vo-
latiles during ceramization. They were then put into a tube furnace
(1730-20 Horizontal Tube Furnace, CM Furnaces Inc., Bloomfield, NJ).
The samples were pyrolyzed in an Ar atmosphere with a flow rate of
about 900 std cm®/min at 1300 °C and 1400 °C, respectively, with a
heating rate of 1°C/min for 2h, then cooled to 400 °C with a rate of
1 °C/min, and finally cooled to 50 °C with a rate of 2 °C/min.

To compare the effect of water injection on the properties of the
SiOC samples, similar experiments were carried out by pyrolysis of the
green bodies with water injection using the same pyrolysis conditions.
The temperature range of water injection was chosen at 500 °C-700 °C
for 2h, as the polymer to ceramic transformation and carbon pre-
cipitation mainly occur in this temperature range [18]. The argon flow
rate was “500 cm® std/min. The Ar:H,O molar ratio was “5:1. The
temperature was then raised to 1300 °C and 1400 °C with a holding time
of 120 min, and then cooled down as for the Ar atmosphere. At 1300 °C
or 1400 °C pyrolysis temperature, SiOCs with different amounts of C
were synthesized in an Ar + H,O atmosphere.

The phase compositions of the pyrolyzed samples were analyzed in
an X'Pert PRO diffractometer (PANalytical B.V., EA Almelo, the
Netherlands) with Cu Ka radiation. The microstructures of the pyr-
olyzed ceramics were studied using a transmission electron microscope
(JEOL 2100, JEOL USA, Peabody, MA); the samples were prepared by
grinding the bulk specimens in a mortar and then dispersing them 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.

Thermodynamic simulations were carried out by developing a Gibbs
free energy minimization program on the Mathematica software. Phase
fractions and driving energy for crystallization were calculated for
various SiOC compositions.

3. Results and discussion
3.1. Phase evolution

Fig. 1(a) shows the XRD patterns for the SiOC samples pyrolyzed
from Tospearl, PDMS, and PMPS in Ar or Ar + H,O at 1300 °C. The
XRD patterns for the SiOCs pyrolyzed from the PHMS and PVMS pre-
cursors are shown in the supplement, Fig. S1. In Ar, the PHMS, PDMS,
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Fig. 1. XRD patterns for the Tospearl, PDMS, and PMPS samples pyrolyzed at (a) 1300 °C and (b) 1400 °C.
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Table 1
Ceramic yield of the SiOC samples after 1300 and 1400 °C pyrolysis.

Pyrolysis temperature Sample Pyrolysis atmosphere
Ar Ar + H,O

1300°C Tospearl 80.2 £ 0.1 78.6 £ 0.6
PHMS 84.6 = 0.3 53.6 = 2.0
PDMS 75.0 = 1.2 22.2 + 3.3
PVMS 78.7 £ 0.5 71.9 £ 35
PMPS 78.6 = 1.1 50.1 = 3.1

1400°C Tospearl 67.7 = 0.7 78.9 = 0.1
PHMS 834 = 0.7 53.5 = 15.7
PDMS 74.6 £ 2.46 29.6 £ 9.1
PVMS 78.5 = 2.16 76.0 = 3.2
PMPS 745 = 1.7 57.2 = 7.8

PVMS, and PMPS samples exhibit a very broad peak at "22°, which is
attributed to amorphous SiO,, and the shoulder peaks centering at
26.2°and 44.4° are indexed to be graphite (JCPDS Card No. 00-075-
1621). The diffraction peaks at 35.7°, 60.1°, and 71.9° correspond to the
(111), (220), and (311) crystalline planes of the 3-SiC phase (JCPDS
Card No. 01-073-1665). The SiO,, SiC, and graphite diffraction peaks
appear due to the phase separation of SiOC, as well as the carbothermal
reduction of SiO, into SiC by Egs. (1) and (2).

2Si0C — SiO, (amorphous) + C (graphite) + SiC (3) (€))

@

Eq. (1) represents the SiOC phase separation into amorphous SiO.,
SiC(B), and graphitic carbon at low pyrolysis temperatures
(800-1100 °C) [19]. Eq. (2) indicates that carbothermal reaction occurs
between SiO, and graphite, producing SiC($) and CO gas at above
1100°C [2]. When introducing more C into the sample (PVMS or
PMPS), the vinyl or phenyl groups lead to more volatile species and
pyrolyze into more free C at high temperatures. This explains why the C
peaks are observed.

In Ar + H,0, the PHMS, PDMS, PVMS, and PMPS samples show
reduced SiC peaks at 35.7°, 60.1°, and 71.9° compared to the samples
pyrolyzed in Ar due to the decrease of free C and thus Si—C bonds in the
water vapor environment. With the presence of water vapor between
500-700 °C, the polymer to ceramic transformation occurs with the
following additional possible reactions [14,15]:

SiO, (amorphous) + 3C (graphite) — SiC (8) + 2CO (g)

Si — H (s) + H,bO0(g) — Si — OH (s) + H, (g) 3

Si — CH; (s) + H,O (g) — Si — OH (s) + CH, (g) )

Si — CH = CH, (s) + H,O (g) — Si — OH (s) + C,H, (g) )

Si — C¢Hs (g) + H,O0 (g) — Si — OH (s) + CeH; (g) (6)
The Si—OH bonds further condense to form Si—O—Si bonds:

Si — OH (s) + Si — OH(s) —» Si — O — Si (s) + H,O (g) @

In addition, the free C that precipitates between 500-700 °C also
oxidizes following the reaction [1,14,20]:

C (free) + H,0(g) = H; (g) + CO(g) )

According to Egs. (3)-(8), water vapor facilitates Si—O bond formation
while reducing Si—C bonds and consuming free carbon; the X-ray dif-
fraction patterns in Fig. 1(a) for all of the samples clearly reflect this.
The Tospearl sample shows an amorphous structure with only the
presence of the SiO, halo centered at “22°, which means that the phase
separation is not present at 1300 °C due to the relatively carbon-poor
nature.

Fig. 1(b) shows the XRD patterns for the Tospearl, PDMS, and PMPS
samples pyrolyzed in Ar or Ar + H,0 at 1400 °C. The XRD patterns for
the SiOCs pyrolyzed from the PHMS and PVMS precursors are shown in
the supplement, Fig. S2. In Ar, the PHMS, PDMS, PVMS, and PMPS
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samples show strong SiC peaks at 35.7°, 60.1°, and 71.9° compared to
the samples pyrolyzed at 1300 °C. With further pyrolysis temperature
increase, the B-SiC peaks become more intense, indicating an en-
hancement of B-SiC crystallization. This is because the temperature
increase, another important parameter influencing SiC crystallization,
promotes the carbothermal reaction and generates more SiC(f)
[21-23]. In the same way as at 1300 °C, in Ar + H,0, the PHMS, PDMS,
PVMS, and PMPS samples show reduced SiC peaks compared to the
samples pyrolyzed in Ar due to the decrease of Si—C bonds in the water
vapor environment.

The XRD patterns of the Tospearl sample pyrolyzed at 1400 °C in Ar
shows an amorphous structure with only the presence of the SiO, halo
centered at "22° and the SiC peak at 35.7° [24], which means that the
phase separation is about to happen. In Ar + H,0, the diffraction peaks
at 22.0°, 28.4°, 31.4°, 46.9, and 48.5° correspond to the (101), (111),
(102), (113), and (212) crystalline planes of the cristobalite SiO, phase
(JCPDS Card No. 01-071-0785). The SiO, crystallization is activated
due to the C loss as well as the conversion of Si—C bonds into Si—O
bonds (Egs. (7) and (8)). In addition, there is not enough carbon to form
SiC. Thus, SiO, crystals are produced at 1400 °C pyrolysis (Eq. (9)).

2Si0C (s) — SiO, (crystal) + C (graphite) + SiC () 9

During the Ar + H,O atmosphere pyrolysis, SiO, nanodomains form
due to phase separation, and the Si—O—Si bonds crystallize into SiO,
nanocrystals (Eq. (9)) [19].

3.2. Ceramic yield

Table 1 shows the ceramic yield for the SiOC samples. As the pyr-
olysis temperature increases in Ar, the yield generally decreases, from
80.2% at 1300 °C to 67.7% at 1400 °C for the Tospearl sample, and from
78.6% at 1300 °C to 74.5% at 1400 °C for the PMPS sample (the PHMS,
PDMS, and PVMS samples have the same trend). The changes of the
ceramic yield are related to the pyrolysis process. Egs. (1) and (2) in-
dicate that carbothermal reaction occurs between SiO, and graphite,
producing SiC(B) and CO gas, leading to the ceramic yield decreases.
Therefore, for the same precursor compositions, increasing pyrolysis
temperature leads to more SiC formation and CO release, thus lower
ceramic yield.

When introducing more C into the sample (PVMS or PMPS), the
vinyl or phenyl groups lead to more volatile species and pyrolyze into
more free C at high temperatures. Higher C formation in general leads
to lower ceramic yield. However, due to the difference in drastic bond-
breaking and re-organization, the trend is not predictable for the
carbon-rich precursors as shown in Table 1.

Compared to the Ar pyrolysis, the SiOC samples pyrolyzed with
water vapor injection generally show lower ceramic yield except for the
Tospearl sample at 1400 °C. The decrease in the ceramic yield for the
Ar + H,0 samples is because water vapor pyrolysis can significantly
remove carbon from the resulting SiOCs and produce small evaporative
gas molecules, according to Egs. (3)-(8) [15]. Moreover, the yields of
the PHMS, PDMS, and PMPS samples are much lower, because losses of
small gas molecules are more likely to occur. This is especially the case
for PDMS. However, it is difficult to predict the trend based on the
precursors. The most likely reason is that the more C-rich nature of the
precursors leads to more C loss under the H,O atmosphere while the
precursors themselves are not able to hydrolyze (such as for PHMS).
However, since the precursors undergo bond breaking and bond re-
arrangement continuously during pyrolysis, the exact reactions with
water vapor for each of the precursors need to be further studied. For
the Tospearl sample, the ceramic yield increases from 67.7% in Ar to
78.9% in Ar + H,O, which can be attributed to the SiO, enrichment
due to the conversion of Si—C bonds to Si—O bonds, as discussed pre-
viously. Further, the slight increase in the ceramic yield for the Ar +
H,0 samples with increasing pyrolysis temperature is simply due to
experimental uncertainty.
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Fig. 2. TEM images for the Tospearl pyrolyzed at 1400 °C in (a) Ar and (b) Ar + H,0. The inset of (b) is the FFT of the entire image.

3.3. Microstructure

The microstructures of the Tospearl samples pyrolyzed at 1400 °C in
Ar or Ar + H,0 are shown in Fig. 2. For the sample pyrolyzed in Ar, the
sample is mostly amorphous due to the dominance of the SiOC phase.
Because of the low carbon content of the polymer precursor, the pyr-
olyzed ceramic does not contain a significant concentration of free
carbon. Although nanocrystalline SiC is detectable using XRD, the
crystallites must be of such a fine size and low concentration that they
are not distinguishable from the amorphous SiOC under TEM. For the
Tospearl sample pyrolyzed in Ar + H,0, although the examined region
does not show any specific features, a fast Fourier transform (FFT) of
Fig. 2(b) is displayed in the inset, showing diffraction spots corre-
sponding to a crystalline polymorph of cristobalite SiO,.

The PMPS sample pyrolyzed in Ar at 1400 °C (Fig. 3(a)) contains a
significant amount of tortuous free carbon (red, wiggly lines) and SiC
crystallites (yellow circles), similar to other carbon-rich SiOCs [25,26].
With the water vapor treatment (Fig. 3(b)), the PMPS microstructure is
not changed significantly, still containing both graphitic carbon (red,
wiggly lines) and SiC crystallites (yellow circles), in agreement with the

XRD results (Fig. 1(b)).

3.4. Thermodynamic analysis

Fig. 4 shows the schematic composition diagram for a given SiOC
system. SiO,C, represents the overall composition of a given sample.
The phase separation mechanism of a SiOC system can be divided into
two steps. First, the system phase separates into free carbon and
amorphous SiO,C, located on the tie-line between the SiO, and SiC
phases as shown in Fig. 4(a). The second step involves phase separation
of the SiO,C, phase into SiC, SiO,, and other intermediate SiOC com-
pounds (SiOu—j)2Ci/a (Where i = 1 to 3)) located along the SiC-SiO, tie-
line as shown in Fig. 4(a).

The phase separation of SiO,C;, into free carbon and SiOC, can be
visualized using the C-SiO,C; tie-line in Fig. 4(a). The reaction is given
in Eq. (10), where f. is the fraction of the free carbon phase.
Si0,Cp = f,-C + (1 — f,)-SiO,C, (10)

It can be observed from Fig. 4 that the Si and O compositions along
the C-SiO,G, tie-line remain the same. Therefore, value ‘x’ should be the

Fig. 3. TEM images for the PMPS pyrolyzed at 1400 °C in (a) Ar and (b) Ar + H,0.
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Fig. 4. (a) Schematic composition diagram of a SiOC system, (b) 2D contour plot of different free carbon phase percent in the SiOC composition diagram.

same as ‘a’. Since SiOCy can also be represented as SiO(4_;)/>Ci/s (Where
i = 0 to 4) to account for the stoichiometric requirement of the SiO,-SiC
tie-line, the following equation can be derived:
_4-2x 4-2
4 4

1D

It is clear from the composition diagram in Fig. 4 that SiO,C, is rich
in carbon compared to SiO,Cy. Therefore, the amount of free carbon
and the fraction of free carbon (f.) can be represented based on Egs.
(13) and (14) respectively. Fig. 4(b) shows the 2D contour plot of free
carbon phase percent calculated using Eq. (14). Fig. 4(b) also depicts
the compositions of different SiOC systems from this work. The re-
spective free carbon content for each SiOC system can be estimated
using the 2D contour plot in Fig. 4(b).

4 — 2a
4 12)

Amount of freecarbon =b —y =b —

4—-2a
f= b—y _b_ 4
" 1+a+b 14a+b

13)

In the second step, the remaining SiO«C, phase separates along the
Si0»-SiC tie-line. As discussed earlier, the compositions along the SiO»-
SiC tie-line can also be represented as SiO(_i)>Ci/4, where i = 0 to 4. Eq.
(14) shows the phase separation reaction of SiO4Cy, where fo f;, f5, f3
and f, represent the fractions of the corresponding phases.

= £.(Si03) + fl-(SiO%C%) + fz-(SiOC%) + j;-(SiO%C%) + £,(SiC)
14)

The overall Gibbs free energy of the phase separated amorphous
SiO,Cy system can be represented using the conventional formula:

4 4
Gam=Si0C = N £(T)-G (T) + RT ., f.(T)-logf, (T)
0 0 15)

The stable configuration of a given SiO4C, system depends on the
minimum total Gibbs free energy (G*™51°€). Therefore, the fractions of
various phases (f;) can be calculated for a particular temperature by
minimizing G*™51°¢ (Eq. (15)), obeying the stoichiometric constraints
shown in Eq. (14). In this paper, the Mathematica software has been
used to solve this minimization problem and the codes with an example
system are given in the supplement.

The thermodynamic evolution of the SiOC ceramics with different
carbon contents can be evaluated following a similar procedure as used
for SiCN ceramics [27]. First, it is important to establish values of Gibbs
free energy for all the phases (Gi(T), see Eq. (15)). The Gibbs free

%Free carbon
100.0
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energy of the crystalline phases are obtained using available data for
SiC [27] and cristobalite [28]. Then the Gibbs free energy for the
amorphous counterparts are calculated by:

Gamorphous(T) — Gcrystalline (T) +AE (1 6)

where AE is the vitrification enthalpy. AE for SiC, SiO,, and C are 54 kJ/
mol [29], 6.9kJ/mol [30], and 20.8 kJ/mol [31], respectively. Thus,
GYm=Si02(T) or Gy(T) = G502 + 6.9 kJ/mol and Gam=Sic(T)
or G4(T) = G“=Si°(T) + 54 kJ/mol. The Gibbs free energies of in-
termediate compositions, i.e., G; (for SiOg C% ), G, (for SiOC% ), and G3
(for SiO1C3) can be calculated by assuming their structure as mixed
tetrahedzra ‘wl/vith SiO¢4.HCi (where i = 1 to 3) compositions. By following
a similar mathematical treatment [27], the equation for G;(T) is given
as:

Gi(T)=iEsi—c + (4 — DEsi—o a7
B = l Gcr—SiC(T )

Si-C 4 0. (1 8)
Eain= l Gcr—SiOZ(T )

Si-O 4 0. (1 9)

where T, is the temperature at which the mixed SiO4;C; units form.
Taking Ty to be 1100K, then G; = —805.8kJ/mol, G, = —583.1kJ/
mol, and Gz = —360.5kJ/mol. Fig. 5 shows Gibbs free energies for

0F SiC-amorphous (G4)
= I i SiC-crystalline
E 250 G3 (Si012C3)~
=)
Z -500 T (GO
&5 G2 (Si0C2
g 62 (510C2)
E -750F Gl (SiOs.:C1-4)‘\
B 0 - (G
g -1000 8102 amorphous (GO)
Si0,-crystalline
-1250 B 1 1 1 1 1
1100 1200 1300 1400 1500 1600

Temperature (K)

Fig. 5. Gibbs free energies of amorphous and crystalline phases in the SiOC
system.
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Fig. 6. Minimized Gibbs free energy and driving force for crystallization of the amorphous SiOC system vs. the SiO,C, composition: (a) 1100 °C, (b) 1400 °C.

amorphous and crystalline SiC and SiO, phases as well as amorphous
intermediate phases plotted against pyrolysis temperature. Such Gibbs
free energy data are used in the Gibbs free energy minimization pro-
gram to calculate the fractions of the phases involved.

The composition of SiO4C, along the SiC-SiO, tie-line (Fig. 4(a)) can
also be expressed in terms of the effective fraction of the SiO, phase, f;;,
(no phase separation into intermediate compositions), which can be
calculated using the lever rule:

fo= compositon of O inSiOxCy—compositon of OinSiC
sio — compositionof O in SiO,—compositon of Oin SiC
X
_ l4x+y 0 _ 3x
== =

The Gibbs free energies, assuming no phase separation of SiOxCy
into intermediate SiOC compounds (i.e., only terminal SiO5 and SiC),
can be calculated as follows:

Gam — fSiO' Gam—SiOZ + (1 _f.‘SiO)' Gam—SiC (21)

G =fSiO' Gcr—SiOZ + (1 _fSiO)' Gcr—SiC (22)

Fig. 6 shows minimized Gibbs free energy (G*™5°°) calculated by
the Mathematica Gibbs free energy minimization program as well as the
reference Gibbs free energies (G*™ and G*) per Eq. (14) for various
$iO,C, compositions (fy;,) at 1100 °C and 1400 °C. The driving force for
crystallization calculated using Eq. (23) is also plotted on the secondary
y-axis in Fig. 6.

1.0 —
(a) T=1100°C —1(Si0,)
08 L e t.|'[Si03 :Cl'-t)
' ——f£(SiOC )
o —f(8i0,,C, )
& i —f£(SiC)
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= 04F)
w
B
[~
0.2+
0.0 : .
0.0 0.2 0.4 0.6 0.8 1.0

Composition of Si0xCy (fsio)

Driving  force for crystallization = G¥"~5i0C — Ger (23)

Fig. 6 shows that the highest driving force for crystallization is at
fsio = 0.55. This means that the SiOC system with this composition will
show the least resistance to crystallization during pyrolysis. Fig. 7
shows fractions of the involving phases at different SiO,C, compositions
calculated by the Mathematica program after 1100°C and 1400 °C
pyrolysis. Therefore, by using the 2D contours in Fig. 4(b) for free
carbon percent, and the phase fractions in Fig. 7, the phase separation
behavior of any SiOC system can be estimated.

Table 2 shows the compositions of the Tospearl and PMPS samples
pyrolyzed in both pure Ar and Ar + H,O atmospheres at 1400 °C. The
Ar pyrolyzed Tospearl sample has 9.74 wt% free carbon, much lower
than the Ar pyrolyzed PMPS sample, which has 45.8 wt% carbon. In
addition, the Ar + H,O pyrolysis leads to significantly lower free C
amounts, 0.5 wt% for the Tospearl sample and 37.4 wt% for the PMPS
sample. Both results are expected as PMPS is a very C-rich precursor
and the Ar + H,O pyrolysis removes C-containing radicals at low
temperatures.

Based on the Gibbs free energy minimization method presented in
this study, contents of free carbon and other phases (from SiC-SiO, tie-
line) for various SiOC compositions can be calculated using Eq. (14) and
the Gibbs free energy minimization method respectively. It shows that
the Ar pyrolyzed Tospearl sample has 52.6% SiO,, 28.7% SiOs3,2Cy /4,
7.5% SiOCy /2, and 0% SiO;203,4. For the Ar pyrolyzed PMPS sample,
the SiO, content is only 7.7%, the SiO3,,C;,4 phase content is only
12.9% while the SiOC; » and SiO; »C3,4 contents increase to 13.1% and
13.4%, respectively. Interestingly, both samples have very similar SiC

1.0
(b) T=1400°C —£(Si0,)
il —£(8i0,,C,,)
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Fig. 7. Fraction of different amorphous SiOC compounds, amorphous SiO,, and crystalline SiC vs. the composition of SiO,Cy: (a) 1100 °C, (b) 1400 °C.
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Table 2

SiOC compositions and corresponding phase contents after pyrolysis at 1400 °C.

Journal of the European Ceramic Society 39 (2019) 2846-2854

Sample Composition (Wt%) Phase percent (%) % Free carbon
Si o) [¢ Sio, Si03C1 SioC1 Si01C3 sic
2 4 2 2 4
PMPS (Ar-1400 °C) 326 21.6 45.8 7.7 12.9 13.1 13.4 0.4 52.6
PMPS (Ar + H,0-1400 °C) 31.7 30.9 37.4 30.4 15.9 4.5 1.2 0.2 47.7
TP (Ar-1400 °C) 45.8 445 9.7 52.6 28.7 7.5 0.0 0.4 10.8
TP (Ar + H;0-1400 °C) 45.9 53.6 0.5 99.2 0.0 0.0 0.0 0.0 0.8
O

1 Ha 800 18 PHMS-40%DVB

2 Ar 800 19 PHMS-60%DVB

3 H2 1100 20 PHMS-80%DVB

4 Ar 1100 21 Gel-2-1100

5 CO: 1100 22 Gel-2-1300

6 CO; 800-Ar 1100 23 Gel-2-1500

7 SiOC-El 24 Gel-3-1100

8 SiOC-E2 25 Gel-3-1300

9 SiOC-E3 26 Gel-3-1500

10 MKII00 27 PhTES

11 MK1300 28 PhTES:MTES 2:1

12 MKI1400 29 PhTES:MTES 1:1

13 Ar-1300-Before HF 30 PhTES:MTES 1:2

14 Ar-1300-After HF 31 MTES

15 Ar-1300-Before HF 32 SiOC-1100

16  PHMS-0%DVB 33 SiOC-1300

17 PHMS-20%DVB

c 00 0.2 04 gic 06 0.8 1o

Fig. 8. Ternary composition diagram showing various SiOC systems from the literature. The specific references are given in Table 3 for each sample.

content. A high free C content leads to higher contents of SiOC, » and
Si0;,2C3/4 phases while a high SiO, content also means a higher
amount of the SiO3,,C;,4 phase. For the Tospearl and PMPS samples
pyrolyzed in Ar + H,0, the free C content decreases significantly. For
the Tospearl sample, the free carbon amount is only 0.8%. The pyrolysis
of PMPS with Ar + H,O atmosphere shows reduced free carbon from
52.6% to 47.7%. However, the amount is still much higher compared to
the Tospearl samples. At the same time, the SiO, phase for the PMPS
sample increases to 30.4% while for the Tospearl sample it increases to
99.2%. This means that most of the Tospearl has been converted to SiO,
along with the formation of a small amount of free carbon. Since the
sample is predominantly SiO,, at the high temperature of 1400 °C, it
crystallizes into cristobalite even with a low driving energy for crys-
tallization. The PMPS sample shows significant increase in the SiO,
phase in the Ar + H,O atmosphere (30.4%) as compared to that of
argon (7.7%). Both samples show significant amounts of intermediate
amorphous SiOC compounds. The TEM images in Fig. 3 show SiC
crystallites in the microstructure. The estimated SiC phase percent for
the PMPS sample is 0.2% for the Ar + H,O atmosphere.

To show the broad applicability of the phase content prediction
method for the SiOC system, Fig. 8 shows locations of various SiOC
compositions obtained from literature in the ternary composition dia-
gram. As expected, all the compositions fall within the C-SiO,-SiC
composition triangle. Table 3 shows the phase fractions of these SiOC
compositions calculated using the current approach. It shows that the
phase fractions are affected by the polymer precursor, the pyrolysis
temperature, and the pyrolysis atmosphere. In general, the SiC phase
content is very low. The only exception is SiOg 61C1 67 (#26). Due to its
low oxygen content, the SiC phase percent is highest, at 4.8%. In gen-
eral, a higher SiO, content also means more SiO3,5C;,/4. A higher SiC
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content also means higher SiOC,,» and SiO,,C3,4 contents. A H, at-
mosphere (#3) also encourages equal phase amounts for SiO3,5Cy 4,
SiOC; 5, and SiO; 5C3,4. CO5 atmosphere pyrolysis can only lead to the
formation of free carbon and SiO, (#5 and #6). Simply increasing the
pyrolysis temperature (#23) is not conducive for SiC formation. Re-
ducing O content in a given SiOC system is key for SiC formation (#26,
#33).

4. Conclusions

The effects of pyrolysis atmosphere on the phase formation of SiOC
from different precursors are investigated at pyrolysis temperatures up
to 1400 °C. For the high C-containing polymer precursors, PMPS and
PVMS, the water vapor treatment has little influence on the phase
formation between 1100 °C-1400 °C compared to Ar, with the samples
showing similar contents of SiO,, SiC, and carbon. For the samples with
intermediate carbon contents, PDMS and PHMS, the phase separation of
the SiOC matrix into SiO,, SiC, and carbon occurs at 1300 °C for the
water vapor condition. In all cases, SiC formation is reduced in the
water vapor pyrolysis condition. The only exception is the Tospearl
sample, which crystallizes at 1400 °C into cristobalite for the water
vapor condition. From a thermodynamic viewpoint, phase evolution in
both Ar and Ar + H,O atmospheres can be understood based on the
driving force for crystallization. Different phase contents at various
pyrolysis conditions can be calculated based on a Gibbs free energy
minimization method. The driving force for crystallization is highest for
the Tospearl sample pyrolyzed in Ar + H,0O, which matches with the
experimental findings.
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Table 3
SiOC compositions and fractions of free carbon (f.) and other phases (f;) calculated using Eq. (14).
Composition Pyrolysis temperature and atmosphere Phase percent (%) % Free carbon References
Si0, Si03C1 SioC1 Si01C3 sic
2 4 2 2 4

1 Si0; 67Co.48 H,, 800°C 45.5 31.3 9.9 3.2 0.0 10.1 [321
2 Si01.71Co.65 Ar, 800°C 48.0 27.9 7.2 1.9 0.0 15.1

3 Si01.51Co.05 H,, 1100°C 36.9 35.9 17.9 9.1 0.1 0.2

4 Si0; 83Co.38 Ar, 1100°C 66.0 19.8 4.3 0.7 0.1 9.1

5 Si02,02Co.19 CO,, 1100°C 94.2 0.0 0.0 0.0 0.0 5.8

6 Si01.66Co.54 CO, up to 800 °C, then Ar till 1100 °C 81.2 2.8 0.8 0.3 0.1 14.8

7 SiO1.60Co.70 N>, 1000 °C 39.1 29.5 11.8 4.5 0.0 15.2 [33]
8 Si01.63Co.80 N, 1000 °C 44.2 26.7 8.1 2.4 0.0 18.6

9 Si0; §1C N, 1000°C 52.7 20.1 4.5 0.8 0.0 21.9

10 Si01.52Co.57 Ar, 1100°C 33.0 32.2 16.0 8.1 0.1 10.7 [34]
11 Si04.53Co.53 Ar, 1300°C 35.9 30.8 15.4 7.9 0.4 9.6

12 Si0; 53Co.52 Ar, 1500 °C 37.2 30.1 15.3 7.8 0.2 9.4

13 Si01.23C4.15 Ar, 1300 °C, before HF etching 8.3 12.5 10.6 9.4 0.3 59.0 [15]
14 Si01.50Cg.41 Ar, 1300 °C, after HF etching 9.8 8.4 4.6 2.3 0.1 74.8

15 Si01.77C1.74 Ar + H0, 1300 °C, before HF etching 41.7 16.6 4.2 1.3 0.2 36.0

16 Si01 65Co.55 Ar, 1200°C 48.0 27.3 9.3 3.3 0.1 12.1 [35]
17 Si02,02Co.92 Ar, 1200°C 76.6 0.0 0.0 0.0 0.0 23.4

18 Si01.96C1.39 Ar, 1200°C 64.6 2.9 0.8 0.1 0.1 31.6

19 Si0;.04Cy 75 Ar, 1200°C 56.6 4.4 1.2 0.4 0.2 37.1

20 Si01.92C1.95 Ar, 1200°C 52.2 6.3 1.6 0.4 0.2 39.3

21 Si01.25C1 83 Ar, 1000°C 12.7 20.4 17.0 14.2 0.0 35.7 [36]
22 Si0; 15C1.63 Ar, 1300°C 11.4 19.4 18.7 18.1 0.5 31.9

23 Si01.20C1.52 Ar, 1500°C 13.4 19.7 18.4 17.8 0.6 30.1

24 Si01.03C1.o6 Ar, 1000 °C 6.6 15.3 18.4 22.6 0.1 37.1

25 Si01.17C1.77 Ar, 1300°C 11.0 18.7 18.0 17.4 0.5 34.3

26 Si0.61C167 Ar, 1000 °C 0.7 3.2 12.2 48.8 5.4 29.7

27 Si0163C2.05 Ar, 1000°C 24.3 17.7 6.2 2.2 0.0 49.6 [371
28 Si01.39C 82 Ar, 1000°C 17.8 22.2 14.9 9.2 0.0 35.9

29 Si0; 36C145 Ar, 1000 °C 18.6 24.3 16.4 11.0 0.0 29.6

30 Si01.33C1.40 Ar, 1000°C 17.8 24.3 17.4 121 0.0 28.5

31 Si01.55C0.68 Ar, 1000 °C 37.5 30.1 12.7 5.2 0.0 14.5

32 Si00.92C3.45 Ar, 1100°C 2.8 8.5 13.2 21.1 0.2 54.2 [38]
33 Si00.93C3.45 Ar, 1300°C 3.2 8.4 13.3 20.2 0.7 54.2
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