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1 | INTRODUCTION

Xin Guo® |

Gurpreet Singh* | Christel Gervais® |

Abstract

This study presents new experimental data on the thermodynamic stability
of SiC(O) and SCN(O) ceramics derived from the pyrolysis of polymeric pre-
cursors: SMP-10 (polycarbosilane), PSZ-20 (polysilazane), and Durazane-1800
(polysilazane) at 1200°C. There are close similarities in the structure of the
polysilazanes, but they differ in crosslinking temperature. High-resolution X-ray
photoelectron spectroscopy shows notable differences in the microstructure of
all polymer-derived ceramics (PDCs). The enthalpies of formation (AH®¢ ¢jem)
of SiC(O) (from SMP-10), SCN(O) (from PSZ-20), and SCN(O) (from Durazane-
1800) are —20 + 4.63, —78.55 + 2.32, and —85.09 + 2.18 kJ/mol, respectively.
The PDC derived from Durazane-1800 displays greatest thermodynamic stabil-
ity. The results point to increased thermodynamic stabilization with addition
of nitrogen to the microstructure of PDCs. Thermodynamic analysis suggests
increased thermodynamic drive for forming SiCN(O) microstructures with an
increase in the relative amount of SiN, C,_, mixed bonds and a decrease in silica.
Overall, enthalpies of formation suggest superior stabilizing effect of SiN,C,_,
compared to SiO,C,_, mixed bonds. The results indicate systematic stabilization
of SiCN(O) structures with decrease in silicon and oxygen content. The destabi-
lization of PDCs resulting from higher silicon content may reach a plateau at
higher concentrations.

KEYWORDS
glass—ceramics, polymer precursor, silicon carbonitride, silicon oxycarbide, thermodynamics

ceramics in various industries, including their application
as sensors, mechanical seals, and ceramic bearing.'°"'? By

Recent technological advances continue to fuel research
and development of materials for application under
extreme conditions.' Typically, materials like polymer-
derived SiOCs, and SiCNs with high chemical, thermal,
and mechanical stability are desired, as they may possess
properties comparable to refractory ceramics such as ZrB,
for which single-source precursors are not commercially
available.*” This has led to increase in the popularity of

convention, ceramic systems are produced by high temper-
ature sintering of powder mixtures.*> Such techniques
may not permit swift tunability of the microstructure and
dimensions of the ceramics, thus deeming the synthesis
process inefficient.'*" Other common approaches for syn-
thesis of binary SiC and ternary SiOC systems include
chemical vapor deposition and spark plasma sintering.
The former is typically preferred for the production of
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thin films in the semiconductor industry.?’-?* Recently,
polymer-derived ceramics (PDCs) became a popular syn-
thesis route to overcome conventional limitations.

PDCs belong to a class of ceramics derived from the
crosslinking followed by high temperature pyrolysis of
polymeric precursors.”>~?® This route permits fine tun-
ing of the microstructure in PDCs by controlling side
groups in the backbone of the polymer precursor.'?%%3°
The low viscosity of preceramic polymers permits their
use as precursors for polymer infiltration and pyrolysis
(PIP) in the development of ceramic matrix composites
(CMCs).>1** Recent studies demonstrated tunability in
the dimensions of PDCs through utilization of mold-
ing techniques.® This permits development of polymeric
shapes that can be patterned by photolithography, plasma
etching, and laser ablation techniques. These shapes can
then be pyrolyzed into ceramics.*®*’ The viscosity of the
polymer can be adjusted for extrusion-based 3D print-
ing, and this permits more controlled tunability of the
dimensions of PDCs during processing.’**’ The ease
in tunability of microstructure and dimensions of the
ceramics makes the PDC route attractive for large scale
application.

Typically, the microstructure of PDCs consists of regions
containing X-ray amorphous free carbon and domains
of the SiO,C4_, or SiN,C,_, mixed bonding network,
where 0 < x < 4.*1*? This complexity makes assessment of
structure-property relation challenging.**~*> Nonetheless,
spectroscopic techniques like Fourier transform infrared
spectroscopy (FTIR), X-ray photoemission spectroscopy
(XPS), and nuclear magnetic resonance (NMR) can be
used to determine bonding speciation in the structure of
PDCs. 04

Recently, PDCs fueled the development of com-
mercial and industrial polymeric precursors for the
synthesis of high temperature ceramics with tunable
compositions.**=>! Typically, SiC PDCs are less thermally
stable than SiCN and SiOCs ceramics, which results in
early crystallization of amorphous domains in binary SiC
ceramics.”” Most PDC studies emphasize the application
of PDCs,”>* only few investigate the free-energy land-
scape of ceramic materials derived through the polymeric
route. As ceramics derived from industrial precursors
increase in popularity, it is essential to understand their
structure—property relation, especially the influence of
chemistry and structure on the thermodynamic stability
of PDCs. Such systematic studies help in the development
of a framework for the predictive design and synthesis
of PDCs with high thermodynamic stability and desired
functionality.

This work investigates three ceramic samples derived
from preceramic polymers: SMP-10, PSZ-20, and
Durazane-1800. We report the synthesis, characterization,

and thermochemical analysis of the PDCs synthesized at
1200°C, in flowing argon atmosphere. Systematic varia-
tions in the composition of the samples lead to differences
in enthalpies of formation. This permits quantitative
assessment of the interconnectivity between the chem-
istry, structure, bonding, and thermodynamic stability
in PDCs. Chemical and structural characterization of
the specimen are performed by XPS, high-resolution
XPS (HR-XPS), Raman spectroscopy, FTIR, and NMR.
High temperature oxide melt solution calorimetry is
employed to assess thermodynamic stability of the
materials. The new compositions explored in this
work fill-in gaps of composition-stability relations in
PDCs.

2 | EXPERIMENTAL METHODS

2.1 | Materials

The ceramics are derived from polymeric precursors:
SMP-10 (SiC precursor, from Starfire Systems), PSZ-20
(SiCN precursor, from KiON Ceraset), and Durazane-
1800 (SiCN precursor, from Merck). SMP-10 only con-
tains Si-C-H bonds, whereas Durazane-1800 and PSZ-
20 contain additional Si-N bonds. The SiCN precursors
have comparable structures, the only difference could
be in the ratio of Si-vinyl to Si-CHj; groups. Struc-
ture of the oligomers is shown in Figure 1. We do
not use crosslinking catalysts during synthesis of the
PDCs.

2.2 | Crosslinking

The single-source precursors (without the addition of
catalyst) are employed for synthesis of the SiC and
SiCNs. The as-received precursors are stored in a lab-
oratory refrigerator, the specimens are left to equili-
brate at room temperature before crosslinking. Crosslink-
ing is performed in a beaker using a Benchmark hot
plate (Tp.x ~ 300°C) under magnetic stirring. SMP-
10 (polycarbosilane) and PSZ-20 (polysilazane) oligomers
are crosslinked into infusible solids at ~250°C, using
~5°C/min ramping rate, and 4 h hold at the final crosslink-
ing temperature, in a glove box employing nitrogen
atmosphere (~0.1 ppm oxygen). Durazane-1800 (polysi-
lazane) has a higher curing temperature (~300°C). The
cross-linked polymers are then processed for pyrolysis.
This procedure is decided based on curing requirements
(time, atmosphere, and raping rate) of the precursors,
comparable to experimental parameters used in previous
works. 51,5556
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FIGURE 1 Structure of oligomers used for synthesis of the ceramic powders at 1200°C, under flowing argon atmosphere.
2.3 | Pyrolysis 2.5 | Calorimetry

A Netzsch STA 409 differential scanning calorimeter cell,
using alumina crucibles is employed for pyrolysis of the
cross-linked precursors. The instrument permits precise
temperature control and a low temperature gradient in
samples. The specimens are pyrolyzed under flowing
argon (~50 mL/min). The samples are heated from room
temperature to 1200°C at a ramping rate of 2°C/min. Dur-
ing heating, the samples are held at 400°C for 1 h, this
ensures complete crosslinking of the precursor, as the hot
plate used for crosslinking can only achieve T, ~ 300°C.
The ceramics formed during high temperature pyrolysis
are then ground into fine powders.

2.4 | Characterization

XPS experiments are performed by use of a Kratos AXIS
Supra+ with a monochromatic Al K, + ion beam (beam
energy = 1486.6 eV). Raman spectroscopy experiments
employed a custom-built multi-wavelengths system with
a 532 nm green laser at a power of 74 mW with a 50x
microscope objective. X-ray diffraction (XRD) experiments
are performed at ambient conditions by use of a bench-
top Bruker D2 powder diffractometer (nickel-filtered Cuk,
radiation, wavelength = 1.5418 A). FTIR experiments are
performed by employing a benchtop Bruker TENSOR with
platinum ATR accessory. Thermal analyses are performed
in an LABSYS evo DTA/DSC, under flowing argon atmo-
sphere. Solid-state °Si MAS NMR spectra were recorded
on a Bruker AVANCE 300 spectrometer (B, = 7.0 T,
vo(*H) = 300.29 MHz, and v,(*’Si) = 59.66 MHz) using
a 4 mm Bruker probe and spinning frequency of 12 kHz.
Single-pulse 2°Si NMR MAS spectra were recorded with
recycle delays of 60 s. Chemical shift values were refer-
enced to tetramethylsilane. The spectra were simulated
with the DMFIT program.”’

Enthalpies of formation from elements (AH®¢ ¢jem)
and components (AH®f c,mp) are obtained by use of
thermochemical cycles and enthalpies of dissolution
(AH®y;s) obtained by high temperature oxide melt solu-
tion calorimetry at 800°C. The calorimetric experiments
are conducted by use of a commercial twin Calvet type
Setaram Alexsys calorimeter, employing molten sodium
molybdate (3Na,0-4Mo0QO3) as solvent. An amount of
~5 mg of sample is weighed using a Mettler Toledo
microbalance with 10 ug accuracy. The weighed sample
is pressed into a pellet using a 1.5 mm tungsten die. The
palletized sample is then dropped from room temperature
into the melt in the hot calorimeter for oxidative disso-
lution. To maintain an oxidative environment, the melt
is continuously under oxygen bubbling (40 mL/min).
Oxygen flushing (100 mL/min) above the melt is used to
expel any gases evolved during dissolution; ensuring a
constant environment in the reaction chamber. This is a
well-established technique, and more details are provided
in previous studies.’®” During dissolution of SiC(O)
and SiCN(O) samples, N, and C evolve as N,, and CO,,
respectively, and Si is oxidized and precipitates as high
temperature cristobalite (SiO,).*
The dissolution of SICN(O) is described as follows:

Sig0pC:Ny (5,25°C) + ((2(a + ¢) — b) /2) O, (g, 800°C)

— aSiO, (s, 800°C) + ¢CO, (g, 800°C) + d /2N,

(8,800°C) AH®gis sicN(0) ey
Reaction (2) describes dissolution of SiOC in the melt:
Sig0pC, (5,25°C) + ((2(a +c¢) —b) /2) O, (g,800°C)
— aSi0; (s, 800°C) + c¢CO, (g, 800°C) AH® g5 sic(0)

2
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TABLE 1

Enthalpies of formation from the elements (AH ¢ je,,)

Thermochemical cycle for calculation of enthalpy of formation of SiCN(O) from elements AH®¢ ¢jem.-

a Si(s, 25°C) + ¢ C(s, 25°C) + b/2 O, (g, 25°C) + d/2 N, (g, 25°C) — Si,0,C.N; (s, 25°C) (s, 25°C)

AHDf, e = ¥

$i,0,C.Ny (s, 25°C) + ((2(a + ¢) — b)/2) O, (g, 800°C) — a SiO, (s, 800°C) + ¢ CO, (g, 800°C) + d/2 N, (g,

800°C)
Si (s, 25°C) + 0, (g, 800°C) — SiO, (s, 800°C)
C (s,25°C) + O, (g, 800°C) — CO, (g, 800°C)
0, (g, 25°C) — O, (g, 800°C)
N, (g, 25°C) — N, (g, 800°C)
AH¢ ¢lem = —AH i sicn + AAH, + cAH; + (b/2)AH, + (d/2)AHs

Enthalpy of formation of SiC(O) and SiCN(O) from
elements is described by reactions (3) and (4), respectively:

aSi(s,25°C) + b /20, (g, 25°C) + cC(s, 25°C)
= Si,04C, (5,25°C) AH® ey =? 3)
asi(s, 25°C) + cC (s,25°C) + b/20,(g, 25°C) + d /2N,
(g,25°C) = Siz0,C.Ny (5,25°C) (5,25°C)  AH®¢glepy =?
4)

Reactions (5) and (6) describe formation of SiC(O) and
SiCN(O) relative to crystalline components (5-SiC, SiO,
[cristobalite], 3-Si;Ny, and C [graphite]):

(a — (b/2))SiC(s,25°C) + (b/2) SiO, (s, 25°C)

+(c —(a—(b/2))) C(s,25°C) — Si, 0O,C,

(s,25°C) AHof,comp =? ©)
(a—(b/2)—(3d/4))SiC(s,25°C) + (b/2) SiO, (s, 25°C)
+(d/4)Si3Ny (s,25°C) + (¢ — (a — (b/2) — (3d/4)))
C(s,25°C) — Si,0,C:Ny (s,25°C) (8,25°C) AH ¢ comp="?

(6)

By identifying the initial and final state of the sys-
tem during dissolution, we employ thermodynamic cycles
(Tables 1-4) for thermochemical calculation of enthalpies
of formation.

3 | RESULTS AND DISCUSSION

FTIR experiments permit identification of functional
groups in the structure of cross-linked polymeric precur-
sors and corresponding ceramics. The results in Figure 2a
confirm presence of organic groups in the structure of
cross-linked precursors. The functional groups in the spec-

AH (kJ/mol)

o
AH® gis, sicn(0)

AH, = —883.13 £ 2.1
AH, = —381.35 + 0.13
AH, = 2534 +0.10
AH; = 24.77 + 0.10
AH elem

tra are consistent with structure of the oligomers. The
intensity of peaks in the spectra is proportional to the rela-
tive amounts of the corresponding bonds. The cross-linked
polysilazanes (PSZ-20 and Durazane-1800) have compa-
rable structures, and the higher intensity of Si—-CH,-Si
stretching vibrational peaks (1020 cm™!) in Durazane-1800
may indicate higher relative amounts of Si-CH, bonds per
unit volume.®*%! Figure 2b summarizes results from FTIR
of the PDCs pyrolyzed at 1200°C. The spectra in Figure 2b
suggest absence of C-H, N-H, and Si-H bonds, which is
consistent with evolution of H as organics during high tem-
perature pyrolysis. The results in Figure 2b further point
to the presence of C=C (~1600 cm~!) and maybe some Si-
0-Si (~1060 cm™!) bonds in the samples.®*%* Additionally,
Si-N bonds are identified in PDCs derived from Durazane-
1800 and PSZ-20. PDCs derived from SMP-10 yield SiC
ceramics, whereas each PSZ-20 and Durazane-1800 are
precursors for SiCN. It is well known that it is difficult to
obtain oxygen-free SiCNs and SiCs, especially since it is in
part an impurity in the precursors.** The peaks assigned
to Si-O bonds in the structure of the polymeric precursors
and corresponding PDCs may indicate oxygen contami-
nation during processing; therefore, to acknowledge the
presence of oxygen, we refer to the pyrolyzed materials as
SiC(0) and SiCN(O) ceramics.

Thermogravimetric (TG) and differential scanning
calorimetric (DSC) curves during pyrolysis are shown in
Figure 3. To account for buoyancy effect of the carrier gas,
baseline TG-DSC signal (empty crucible) was subtracted
from the sample run. All precursors undergo ~76 wt%
loss between ambient temperature and 1200°C. Overall,
the cross-linked precursors display acceptable ceramic
yields of about 76%, even without the use of crosslinking
catalysts, and this is in good agreement with previous
work.’® The exothermic peaks near 200°C likely corre-
spond to further crosslinking of precursors.’®® In these
samples, the initiation of polymer to ceramic conversion
may be indicated by the exothermic DSC peak near
400°C.%7 Durazane-1800 displays the highest crosslinking
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temperature (~300°C) and lowest ceramic yield relative to
the cross-linked precursor (~75.8 wt%). In contrast, PSZ-20
cross-linked polymers display lower thermal stability with
an onset decomposition temperature of ~250°C. Figure 3
further shows that SMP-10 (polycarbosilane) has the
greatest ceramic yield and lowest crosslinking tempera-
ture (~200°C). The crosslinking temperatures suggested
from DSC curves (Figure 3) are consistent with initial
crosslinking temperatures of the oligomers, which point
to PSZ-20 as a lower temperature curing polysilazane.
These results show significant differences in the thermal
behavior of cross-linked polymers, even in polysilazanes
(PSZ-20 and Durazane-1800) with comparable chemical
structures (see Figures 1 and 2). Overall, major changes in
mass conclude near 900°C, however, SMP-10 undergoes
minor secondary exothermic mass loss between 900 and
1150°C, which may indicate carbothermal reduction of
silica networks (SiO,) by free carbon and this results in
the crystallization of SiC domains.%%%

XRD permits identification of crystallization and can
help determine structural differences in crystalline mate-
rials including some SiC PDC fibers.*® Typically, PDCs
pyrolyzed at lower temperatures are amorphous.’*”’ At
high temperatures, crystallization in PDCs is promoted
by carbothermal reduction.”””® The XRD patterns of
the PDCs are summarized in Figure 4 and the results
point to growth of poorly crystalline 3-SiC grains in the
SiC(O) derived from SMP-10. This may indicate carboth-
ermal reduction, which results in phase separation and
crystallization of amorphous domains.”>”*”> The XRD
patterns suggest amorphous microstructures in SiCN(O)
samples derived from PSZ-20 and Durazane-1800. The
results summarized in Figure 4 suggest superior resis-
tance to crystallization in SICN(O)s than in SiC(O)s PDCs,
which is expected, as addition of N to SiC structures
has been found to result in higher persistence to ther-
mal degradation and crystallization.” Differences in the
crystallization temperature/rates of these materials likely
result from kinetic rather than thermodynamic factors,
since in general PDCs evolve toward thermodynamically
more stable structures with increasing pyrolysis tempera-
ture 30937678 Some kinetic factors for consideration may
include difference in the activation energy for carboth-
ermal reduction of distinct oxides and nitrides domains,
as well as dissimilarities in the diffusion rate of different
species.*70

The types of carbon in the microstructure of the ceramic
powders can be identified by Raman spectroscopy. The
spectra are collected between 900 and 1900 Raman shift
(cm™!) and the results are summarized in Figure 5. D
(~1330 cm™) and G (~1600 cm™') bands correspond to
presence of sp?>-hybridized disordered and graphitic-like
carbons, respectively.***® The integrated intensity of D

= —1770.95 + 4.0

AH,
AH,
AH,
AH®¢ comp

—1192.28 +2.15
= —381.35+0.13

AH, =501+ 0.10

AH (kJ/mol)
AH® dis, SiCN(O)

=7
—AH g3, sienoy + (B/2)AH, + (a — (b/2) — (3d/4)) AH; + (d/4)AH, + (¢ — (a — (b/2) — (3d/4))) AH;

Thermochemical cycle for calculation of enthalpy of formation of SiCN(O) from components AH®¢ ¢omp.

(a — (b/2) — (3d/4)) SiC (s, 25°C) + (b/2) SiO, (s, 25°C) + (d/4) SizN, (s, 25°C) + (c — (a — (b/2) — (3d/4))) C (s,25°C) —

$i,0,C.N, (s, 25°C) (s, 25°C) AH®; comp
$i,0,C.N (s,25°C) + ((2(a + ¢) — b)/2) O, (g, 800°C) — a Si0, (s, 800°C) + ¢ CO, (g, 800°C) + d/2 N, (g, 800°C)

Si0, (s, 25°C) — SiO, (s, 800°C)
Si;N, (s, 25°C) + 30, (g, 800°C) — 3Si0, (s, 800°C) + 2N, (g, 800°C)

SiC (s, 25°C) + 20, (g, 800°C) — SiO, (s, 800°C) + CO, (g, 800°C)
C (s, 25°C) + O, (g, 800°C) — CO, (g, 800°C)

Enthalpies of formation from components (AH’¢ comp)

AH® f, comp

TABLE 2
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TABLE 3

Enthalpies of formation from the elements (AH¢ ¢, )

a Si(s, 25°C) + b/2 0,(g, 25°C) + ¢ C (s, 25°C) — Si,0,C, (s, 25°C) AH¢ ¢1epy = ?
Si, 0, C, (s, 25°C) + (((2a) + (2¢) — b))/2) O, (g, 800°C) — a SiO, (s, 800°C) + ¢ CO, (g, 800°C)

Si (s, 25°C) + O, (g, 800°C) — SiO, (s, 800°C)

C (s,25°C) + O, (g, 800°C) — CO, (g, 800°C)

0, (g, 25°C) — 0, (g, 800°C)

AH’¢ qiem = —AH gig sioc + @ AH, + ¢ AH; + (b/2) AH,

- American Ceramic Society

Thermochemical cycle for calculation of enthalpy of formation of SiC(O) from elements AH®; jep.

AH (kJ/mol)
AH i, sioc

AH, = —883.13 + 2.1
AH; = —381.35 + 0.13
AH, = 2534 +0.10
AH’f ¢lem

TABLE 4 Thermochemical cycle for calculation of enthalpy of formation of SiC(O) from components AH®¢ comp-

Enthalpies of formation from components (AH’¢ ¢omp)

(a — (b/2)) SiC(s, 25°C) + (b/2) Si0,(s, 25°C) + (¢ — (a — (b/2))) C (s, 25°C) — Si,0,C, (s, 25°C)

AH¢ comp =?

Si,0,C. (s, 25°C) + ((2a) + (2¢) — b)/2) O, (g, 800°C) — a SiO, (s, 800°C) + ¢ CO, (g, 800°C)

Si0, (S, 25°C) — Si0, (s, 800°C)
SiC (S, 25°C) + 20, (g, 800°C) — SiO, (s, 800°C) + CO, (g, 800°C)
C (S, 25°C) + O, (g, 800°C) — CO, (g, 800°C)

AH (kJ/mol)

AH® 4i, sioc

AH, =50.1 + 0.10
AH, = —1192.28 + 2.15
AH, = —381.35+0.13

AH®t comp = —AH’ gig sioc + (b/2) AH, + (a — (b/2)) AH; + (¢ — (a — (b/2))) AH, AH®¢ comp
(A) (B) —— SiC(0)-SMP-10
—— SMP-10 SICN(0)-PSZ-20
—— PSZ-20 —— SiCN(O)-Durazane 180

% Transmittance

Sy
i
C

% Transmittance

i T . T ¥ T ¥ T . T
4000 3500 3000 2500 2000 1500
Wavenumber (cm'l)

FIGURE 2

T ¥ T T T T
1000 500 2750 2500 2250 2000 1750 1500 1250 1000 750
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Fourier transform infrared spectroscopy (FTIR) spectra of (A) cross-linked polymeric precursors, SMP-10, PSZ-20, and

Durazane-1800 (B) polymer-derived ceramics (PDCs) derived from preceramic polymers at 1200°C, in flowing argon.

(Ip) and G (Ig) bands at full width at half maximum
permit assessment of the D (Ip)/G (Ig) ratio of bonding
speciation.’® It appears that all samples contain greater
amounts of disordered (relative to graphitic) carbons. D”
(1490-1504 cm™) and T (1204-1232 cm™!) bands, which
are obtained from curve fitting, indicate presence of signif-
icant amounts of amorphous carbon and sp?-sp*® bonds,
respectively, in the microstructure of all specimens. For
the SiCN(O)s, the sample derived from Durazane-1800 dis-
plays largest integrated intensities of D” and T (relative to
G and D) bands.*®”%%% This points to lower relative amount

of amorphous free carbon and sp?>-sp?® bonds in SiCN(O)
derived from PSZ-20.

XPS is efficient for identification of different Si 2p, C 1s,
O 1s, and N 1s bonds; however, it is challenging to identify
different SiN,.C,_, bonds by XPS alone. NMR is powerful
for characterization of short range order in ceramics, and
analysis of the spectra permits differentiation of SiN,C,_,.
mixed bonding environments in PDCs.”®"%7° Typically,
29Si MAS NMR peak shifts are associated with differ-
ent coordination environments (oxygen in SiO,C4_, or
nitrogen in SiN,C,_, mixed bonds).*! ?°Si MAS NMR
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FIGURE 3 Thermogravimetric-differential scanning calorimetric (TG-DSC) curves of cross-linked precursors during pyrolysis (from

ambient conditions to 1200°C), at ramp rate of 2°C/min, in flowing argon.

experiments are performed on all samples and results are
shown in Figure 6.

The spectrum of the SiC(O) specimen derived from
SMP-10 shown in Figure 6 is characterized by a rela-
tively broad peak centered around —18 ppm that confirms
presence of SiC domains and is consistent with poor crys-
tallinity (The breadth of NMR peaks increases with loss
of crystallinity).®% The NMR spectrum of SMP-10 does
not suggest presence of significant amount of SiO,4 bonds,
which contrasts results from XPS (discussed in the Section
3.1) and could suggest greater sensitivity of XPS to SiO,
sites (or may indicate surface effects). The °Si MAS NMR
spectra of samples derived from PSZ-20 and Durazane-
1800 are characterized by a relatively broad signal centered
around —30 ppm attributed to signature distribution of
SiN,C,4_, (0 <x < 4) units.®* Appropriate peak fitting (with
SiC5N, SiC,N,, SiCNj, and SiN, signals at §(*°Si) = —1,
—16, —32, and —49 ppm, respectively) permits identifi-
cation of possible Si coordination number and bonding

environments. The integrated area under each NMR peak
is proportional to the amount of each environment it repre-
sents within the microstructure.®® As expected, the results
in Figure 6 suggest presence of significant amounts of
SizN, domains (from SiN, bonds) in the SiCN(O) PDCs.
It appears that the samples have significant amounts of
tetrahedrally coordinated Si in SiN,C,, SiN5;C, and SiN,
environments, which are typical of localized mixed bond-
ing domains in PDCs.%*%¢ Mixed bonds can exist as isolated
units, connected two or three dimensional networks or
at the interface between domains (C, Si;N,, and SiC).”%%3
The convolutions further suggest presence of only minor
amounts of SINC; mixed bonds in the samples. Overall,
the relative amount of specific mixed bonds (from con-
volutions) appears to increase with greater N and less C
per formula unit, as SiC;N (~2%) < SiN, (~24%) < SiN;C
(~25%) < SiN,C, (~40%) (see Figure 6). The minor peak
near ~—110 ppm is observed across all samples, which
may indicate presence of SiO, species (~9% in SiCN(O)
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FIGURE 4 X-ay diffraction (XRD) patterns show growth of
semicrystalline $-SiC in SiC(O) synthesized from SMP-10 at 1200°C.
The SiCN(O) samples derived from PSZ-20 and Durazane-1800 are
X-ray amorphous.

systems) in all the specimens,® and this is consistent with
results from HR-XPS. The results do not suggest significant
difference in the relative amounts of different SiN,C,_,
bonds across the SICN(O) specimens.

Typically, 2°Si CPMAS NMR can identify H termina-
tion in mixed bonding domains, especially in samples
pyrolyzed at lower temperatures (H-rich samples).® How-
ever, samples pyrolyzed above 1200°C typically have
very low H content, which makes identification of H-
terminated mixed bonds impractical.®*

The bonding speciation in the microstructure of the
PDCs can be identified by HR-XPS. The deconvolutions are
obtained by performing appropriate curve fitting, and the
area under the curve is proportional to the relative amount
of corresponding bonding character. HR-XPS curves of the
specimens are summarized in Figure 7. C 1s convolutions
confirm presence of C-C (~285 eV), C-O (~289 eV), and
C-N (~288.30 V) bonds in the PDCs.*-%’ The presence
of C-C bonds is consistent with results from Raman spec-
troscopy (see Figure 5) and may correspond to free carbon
and/or C-C terminated mixed bonding domains. It is prob-
able that C=0, C-0, and C-N convolutions correspond to
bonding character in the free carbon phase.

The Si 2p deconvolutions identify presence of Si-C
(~101 eV), Si-O (~103 eV), and SiO, (~104 eV) bonds
in all PDCs.*>°° The results further confirm presence
of Si-N (~101.8 eV) bonds in the SiCN(O) specimens.®’
Typically, in mixed bonding, C is only bonded to Si or
to another C. Therefore, SiO, bonds may correspond to

T T T T T
800 1000 1200 1400 1600 1800
Raman Shift (cm™)

FIGURE 5
powders pyrolyzed at 1200°C.

Raman spectra of polymer-derived ceramic (PDC)

298i MAS NMR S ToN

SiC(0)-SMP-10 1200°C

SiCN(0)-PSZ-20 1200°C
W .Y

SiCN(O)-Durazane 1200°C
RPN

LA e

75 50 25 0 -25 -50 75 -100 -125 -150

FIGURE 6 %Si MAS nuclear magnetic resonance (NMR) of
SiC(O) derived SMP-10 as well as SiCN(O)s derived from PSZ-20
and Durazane-1800 at 1200°C, in flowing argon atmosphere.
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FIGURE 7

derived from SMP-10, PSZ-20, and Durazane-1800.

formation of amorphous silica (SiO,) domains. Only a
small portion of Si-C and Si-O convolutions are expected
to represent SiO,C,_, mixed bonding networks in the
microstructure of the PDCs, as their respective NMR peaks
are not observed (see Figure 6). It is likely that Si-C
and Si-O bonds mostly include contributions from SiC
(silicon carbide) and SiO, amorphous domains, respec-
tively. Unfortunately, the Si-O and Si-C bonds from mixed
bonds cannot be differentiated from those present in the
corresponding stoichiometric domains. Additionally, Si-
N bonds may represent formation of amorphous Si;N,4
and/or SiN,C,_, mixed bonding domains. The results in
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High-resolution X-ray photoemission spectroscopy (HR XPS) of SiC(O) and SiCN(O) polymer-derived ceramics (PDCs)

Figure 7 may indicate that the SiC(O) sample contains
larger relative amount of SiC domains (from Si-C con-
volutions) compared to SICN(O)s. It is also apparent that
SiCN(O) derived from Durazane-1800 displays greatest
amounts (relative to Si-O bonds) of Si;N, and/or SiN,C,_,
mixed bonding domains compared to the SiCN(O) spec-
imen derived from PSZ-20. It should be noted that C 1s
spectra suggest only minor amounts of N bonded to C
in SiCN(O) samples, and this may imply that there are
two chemical states in N 1s, specifically, N-Si and N-C.
However, the sharp peak in the N 1s spectra of SiCN(O)s
suggests negligible amounts of N-C relative to N-Si bonds.
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TABLE 5 Elemental analysis of SiOC samples from X-ray photoemission spectroscopy (XPS) survey scan.
Elements (at.%)
SiC(N)(0) Pyrolysis Ideal PDC Ctree/C
precursor temperature (°C) system C N (0] Si (%)
SMP-10 1200 SiC 48.24 - 17.90 33.85 40
PSZ-20 1200 SiC(N) 33.50 15.77 15.51 35.22 74.74
Durazane-1800 1200 SiC(N) 34.63 16.63 12.77 35.97 78.32

Note: Cy./C is determined from C 1s convolutions, by assuming that all C-C bonds are part of free carbon phase, and not mixed bonds.

Abbreviation: PDC, polymer-derived ceramic.

This would be consistent with scarce N-termination in the
free carbon phase, relative to stoichiometric domains and
mixed bonds.

3.1 | Elemental analysis

Thermochemical calculations of enthalpies of formation
require well characterized compositions. XPS is an effi-
cient tool for characterization of PDCs pyrolyzed at high
temperatures, when H from residual organics is scarce. In
this work, we employ XPS (Si 2p, C 1s, O 1s, and N 1s) survey
scans for quantitation of Si, C, N, and O content in the sam-
ples. The results from survey scans confirm significant Si,
C, and O content in all samples, and additional N is present
in the microstructure of SiCN(O) PDCs. The calculated
phase assemblages suggest greater relative amount of free
carbon in the SiC(O) compared to SiCN(O) ceramics. The
results are summarized in Table 5. There are similarities
in compositions derived from PSZ-20 and Durazane-1800.
The minor compositional differences may result from dis-
similarities in curing temperature and the ratio of Si-vinyl
to Si-methyl groups in the oligomers.

3.2 | Systematics of thermodynamic
stabilization in PDCs

The discussion that follows addresses thermodynamic sta-
bilization in SiOC and SiOCN ceramic systems. Samples
derived from the industrial precursors (PSZ-20, SMP-
10, and Durazane-1800) permit investigation of SiOCN
compositions outside the range of structures previously
explored by high temperature calorimetry. These data
are valuable additions to the thermodynamic database of
PDCs previously investigated. The results validate past
knowledge on structure-stability trends in PDCs and
further suggest possible systematic differences in the sta-
bilizing effect of different mixed bonding environments
(oxygen or nitrogen). Additionally, this work identifies
trends/correlations between elemental content (composi-
tion) and thermodynamic stability of the ceramics.

The results from thermodynamic analysis are summa-
rized in Table 6. The enthalpies of dissolution (AH® )
are most exothermic for the SiC(O) sample. This results
from highly exothermic enthalpies for the oxidation of
greater amounts of C and Si and has been seen in previous
studies.’®’”:% Enthalpies of formation permit quantitation
of relative thermodynamic stabilities. The results in
Table 6 show that enthalpies of formation from elements
(AH®; ¢ler) are most exothermic for SiCN(O) PDCs
compared to the SiC(O) specimen. The enthalpies of for-
mation from elements include the energetics for forming
stoichiometric compounds (SiO,, SiC, and Si;N,) from the
elements and are more exothermic than the enthalpy of
formation from those crystalline components. The entropy
of formation from elements has a negative (destabilizing)
contribution arising from confining N, and O, gas into
stoichiometric solids. However, the highly exothermic
enthalpies of formation from elements overcome the
entropy effect and stabilize the structures. Considering
the enthalpy of formation of the Si,O,C.N; specimens
from binary crystalline components SiO,, SiC, and Si;N,
(AH®f comp) allows one to focus on the interdomain
interactions in the microstructure. Across all structures
studied by calorimetry, each with a different composi-
tion, enthalpies from components range from —128 to
+20 kJ/mol (see Table 7), note that results in Table 7
are in terms of per one mol of Si (kJ/mol Si).**5821-93 As
PDCs are amorphous, their entropies of formation from
crystalline components are expected to be positive, arising
from disorder. Such positive entropy effects add to the
stabilization relative to binary crystalline components.
Thus, most PDCs have negative free energies of formation
from the binary crystalline components and are thermo-
dynamically stable with respect to an isocompositional
mixture of these components and would not decompose to
them. However, decomposition because of carbothermal
reduction (under reducing conditions) or oxide formation
(under oxidizing conditions) limits their stability at high
temperature. Structural and chemical characterization in
this study point to notable differences in the chemistry and
structure of SiC(O) compared to the SCN(O), as expected.
The microstructural modifications result in significant

A ‘8 *€T0T “916T1SST

//:sdny woxy papeoy

ASULIIT suowwo)) danear) ajqearjdde ayy Aq pauIoAoS aIe sajdnIE Y Lasn Jo Sa[nI 10y A1eiqi] aul[uQ L[ UO (SUOIIPUOI-PUL-SULId)/W0Y"K[1M’KIeIqijauljuo//:sdy) suonipuoy) pue suld |, 3y 23S *[€70z/01/81] uo Areiqr auruQ Lo[ip ‘Ansiorun a1elg sesuey Aq €561 0.l [1[°0[/10p/woo Ko[im’ KIRIqI[AUI[UO" SOTLE.



= | JOUINA

LEONEL ET AL.

 American Ceramic Society

TABLE 6 Summary of enthalpies of dissolution (AH" 4;), enthalpies of formation from elements (AH®¢ ¢jem ), and enthalpies of
formation from components (AH®¢ comp ), Of samples derived from industrial precursors.
Composition
Si,0,C. Ny AH" i AH®¢ clem AH®¢ comp
Sample (@a+b+c+d=1) (kJ/mol) (kJ/mol) (kJ/mol)
SMP-10 Sig 3400.15Co.4s —461.12 + 4.12 —20 + 4.63 80.12 + 4.65
PSZ-20 Sip 350016 Co 33 No 16 —352.51 + 0.98 —78.55 +2.32 33.89 + 4.66
Durazane-1800 Sip 360013C035No1s —362.31 + 0.56 —85.09 + 2.18 21.4 + 4.58

TABLE 7
800 and 1200°C.

(8i,0,C.H;N,) compositions wherea +b+c+d+e=1

Summary of enthalpies of formation of amorphous SiOC and SiOCN polymer-derived ceramics (PDCs), synthesized between

Sample name (as referred

in the cited literature) a b c

S1 0.364 0.513 0.123
S2 0.295 0.44 0.265
S3 0.271 0.374 0.355
S4 0.278 0.278 0.444
S5 0.259 0.238 0.503
W1B 0.35 0.42 0.231
‘W2B 0.364 0.378 0.258
‘W3B 0.299 0.311 0.386
W4B 0.235 0.209 0.556
SiOC 0.314 0.467 0.22
S1200 0.307 0.461 0.232
CS1200 0.085 0.144 0.771
Si 0.345 0.523 0.088
PhSiO, 5_SG 0.112 0.227 0.47
HQ4_SG 0.283 0.588 0.078
PhSiO; s_SG 0.142 0.23 0.568
SioC 0.313 0.473 0.213
GM35 0.096 0.041 0.346
GM35 0.134 0.015 0.435
HN1 0.121 0.02 0.594
HN1 0.126 0.019 0.671
S3 0.204 0 0.556
Black 0.318 0.485 0.192

Pyrolysis AH®$ comp

temperature (kJ/mol
d e ({®) of Si)
0 0 1200 —54.4%
0 0 1200 —24.7%*
0 0 1200 —126.2*
0 0 1200 —64.0%
0 0 1200 —495.0%*
0 0 1200 —78.8%
0 0 1200 —111.0%
0 0 1200 —111.7%
0 0 1200 —65.9%
0 0 1200 —68.5%°
0 0 1200 -16.07
0 0 1200 84.17
0.044 0 1200 —60.9%
0.191 0 800 —22.3%
0.052 0 1100 —11.3%
0.06 0 1100 —97.9%
0 0 1100 —48.5%
0.273 0.244 800 —441.7%
0.13 0.285 1100 —192.5%
0.119 0.149 800 —264.5%
0.034 0.151 1100 —205.5%
0 0.239 1100 —13.77%
0.005 0 1100 —13%

Note: This data summarize thermochemical analysis of some compositions previously investigated by high temperature calorimetry. The enthalpies are in terms

of per one mol of Si.

difference in the thermodynamic drive for the formation of
their corresponding structures (see Table 6). This permits
identification of the influence of chemical species (Si, C,
O, or N) on structure and stability. The results in Table 6
suggest that SiC(N)(O) structures, with alloyed amounts
of both O and N (N/O < 2) can be more stable than SiC(O)
specimens. Previous studies on PDC fibers and powders
also point to greater stability of SIOCN samples with

alloyed amounts of O and N species in the structure.*®

The increased stabilization likely results from inclusion of
both SiN,.C,_, and SiO,C,_, mixed bonds in the PDCs.
An important factor in the thermodynamic stabiliza-
tion of PDC structures includes mixed bonding which can
occur at the interface of stoichiometric domains (SizNy,
Si0,, C, and SiC).””%* Previous investigations show that
more mixed bonding can stabilize structures by as much as

A ‘8 *€T0T “916T1SST

109//:5dNY Woly papeo]

ASUAII SUOWIO)) dA1EAIY) d[qeorjdde oy Aq PaUIoA0S dIe SA[oIIE () oSN JO SA[NI 10§ AIeIqI] SuI[uQ) K3[IA\ UO (SUOIIPUOI-PUB-SULIA} 0D AAIm ATeIqi[aur[uo//:sdpy) suonipuo)) pue suud |, oy 298 *[€z0z/01/81] uo A1eiqi aurjuQ L3[ip ‘ANsioatup) ajelg sesuey| £q €516 208/ [[1°01/10p/wod Ko[1m°A.



LEONEL ET AL.

Journal | s

20 kJ/mol. Nonetheless, there is still a lingering question
whether SiN,C,_, and SiO,C,_, mixed bonds differ sig-
nificantly in their stabilizing effect. In this work, the Si 2p
convolutions and NMR spectra confirm presence of signif-
icant amounts of SiN, C,_, mixed bonds in SiCN(O) speci-
mens, but not in the SiC(O) derived from SMP-10. There
is systematic thermodynamic stabilization of the PDCs
with addition of SiN,C,_, bonds, as Table 6 highlights
the lower thermodynamic stability of the SiC(O) spec-
imen. This indicates significant (~60 kJ/mol) enthalpic
stabilization from addition of SiN,C,_, mixed bonds to
SiC(O) systems, which is ~10 kJ/ mol higher than sta-
bilization from addition of SiO,C,_, mixed bonds to SiC
PDC fibers.*® Furthermore, Si 2p XPS convolutions of the
SiCN(O) samples (see Table 6) also suggest the greatest rel-
ative amount of SiO, and/or SiO,C4_, (from Si-O bonds)
as well as the lowest amount of Si;N, and/or SiN,C,_,
mixed bonds (from Si-N bonds) in the SiCN(O) derived
from PSZ-20 (compared to Durazane-1800). The enthalpies
of formation in Table 6 highlight the lower stability of
the SiCN(O) structure derived from PSZ-20 (compared to
Durazane-1800). Overall, the results may indicate a greater
stabilizing effect from SiN,C,_, compared to SiO,C,_,
mixed bonds. This could imply significant stabilization
of quaternary SiOCN structures by tuning the ratio of
Si0,C,4_, to SiN,C,_, mixed bonds. It is likely that there
exists an optimum ratio that promotes greatest stability.
The SiCN(O) specimens in Table 6 are outside the
compositional range of structures previously studied.
This permits assessment of systematics in the correlation
between elemental content and thermodynamic stability
in PDCs. This is important since only few studies explored
enthalpic stabilization in quaternary SiCN(O) structures
(see Figure 8a,b). Overall, the results in Figure 8a,b point to
increased stabilization relative to binary crystalline com-
ponents of quaternary SiOCN systems with decrease in
Si and O content. In contrast, greater O content appears
to destabilize ternary SiOC systems (see Figure 8c,d). In
both systems (SiOC and SiOCN), destabilization at higher
Si content may reach a plateau, which could imply only
minor/negligible further destabilization of the structures
with much higher Si content (see Figure 8a,c). The effect
of O content on thermodynamic stability (see Figure 8b,d)
may reach a plateau as well. No obvious correlation is
observed between enthalpy of formation and C content.
The results show that the addition of significant amounts
of N species to SiOC structures can significantly impact
the systematic trend for increased stabilization in the
ceramics. This implies that the correlations are system
dependent (SiOC or SiCNO). The semicrystalline struc-
ture of the SiC(O) specimen (confirmed from XRD) may
contribute to its more positive enthalpy of formation,

compared to the other amorphous samples synthesized at
1200°C (Figure 8c,d).

The effect of synthesis temperature is an important fac-
tor to be considered in the thermodynamic stabilization
of PDCs; however, in this current work we constrain the
synthesis temperature to 1200°C due to equipment limi-
tations. Typically, there are microstructural modifications
associated with pyrolysis time and temperature.>®7%93:%
The accumulated thermochemical data indicate over-
all increase in the thermodynamic stability of PDCs
with increasing pyrolysis temperature (800-1450°C).>>
Some samples synthesized at intermediate temperature
(1200°C) are energetically less stable than specimens
synthesized at lower (800-1000°C) and higher (1400°C)
temperatures.”>“® Such lower stability may reflect decrease
of H-terminated mixed bonds, due to evolution of residual
(H) up to ~1200°C, as previously reported.”” This high-
lights the significant stabilizing effect of H termination
in low-temperature samples, especially those containing
nitrogen. It is expected that the SICN(O) quaternary sys-
tems would display a temperature-stability trend similar
to that of SiOC and SiCN parent structures, as previous
works indicate.3® However, several fundamental questions
still remain. Does the stability of PDCs depend on porosity,
and if so, how? How does the stabilizing effect of different
metal fillers depend on ionic radius and/or electronega-
tivity of the metal, and is it temperature dependent? How
do ionic radius, electronegativity and other metal descrip-
tors influence, temperature-stability relation, including
thermodynamic resistance to carbothermal reduction and
crystallization in PDCs. To what extent do such trends
differ for SiOC, SiCN, and SiOCN systems? What factors,
thermodynamic and/or kinetic limit the compositions at
which PDCs can be made? Thus, much systematic work
still remains to be done. Future investigations require
more thermodynamic measurements and perhaps the
use of softwares like CALPHAD to compare with exper-
imental data and predict thermodynamic properties of
multicomponent PDC systems.'?%-10!

4 | CONCLUSIONS

In this study, we measured the energetics of SiC(O)
and SiCN(O) PDC compositions derived from industrial
preceramic polymers. The structure-stability trends are
consistent with the current understanding of thermody-
namic stabilization in PDCs observed across other struc-
tures derived from both commercial and other tailor-made
precursors. Overall, the thermodynamic stability of the
quaternary SiCN(O) PDCs increases with increase in N
content and decrease in the relative amount of O. New
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formation of SiOC polymer-derived ceramics (PDCs) synthesized at 1200°C as function of (C) Si and (D) O content. This includes data from

Refs. [79, 88, 89, 91] in Table 7.

observations suggest greater stabilizing effect of SiN,.C,_,
compared to SiO,C,_, mixed bonds. This study poses
new questions for the rigorous understanding of ther-
modynamic stabilization in PDCs. This is important in
understanding the effect of composition and microstruc-
ture (independent of synthesis method) on the thermo-
dynamic drive for phase separation and decomposition
(into binary carbides, oxides, and nitrides) in amorphous
ceramics structures, including CMCs developed by PIP
technique.
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