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Abstract

AHPCS is a pre-ceramic polymer utilised as a precursor to SiC. An initial polymerisation to a cross-linked network is
followed by a complex sequence of processes ultimately leading to amorphous SiC. Using thermal volatilisation analysis
(TVA) accompanied with solid-state NMR (SSNMR), FTIR, MS, DSC and TGA the complete thermal profile was identified.
Between 160 — 300 °C, AHPCS cross-links through the allyl group and undergoes some carbon-silicon rearrangement, with
a volatilisation of low mass oligomeric material and significant volumes of hydrogen released from dehydrocoupling of SiH
moieties. By 300 °C the allyl group is completely cross-linked but the polymer starts to undergo pyrolytic degradation of
the network, with the release of chain fragments and low molar mass species such as methane, ethane, methanol, propane,
propene and silane species. Hydrogen once again becomes the major volatile product above 400 °C due to higher proportion
of dehydrocoupling forming Si—C and Si—Si bonds. Small chain fragments are seen in the form of larger alkyl silanes. These
fragments come from the chain scission of the polymer at weaker parts of the network. The process of side group scission
leads to further radical recombination reactions of silicon and carbon atoms to build the SiC network. By 500 °C higher
proportion of dehydrocoupling occurs with recombination of Si-Si and Si—C species. The Si—H bonds in -SiH; groups have
completely cleaved along with C-H bonds in the CH; and CH, groups leaving SiC, -SiH and HCSi; present in the material.
This bond cleavage leads the silicon and carbon radical species to undergo radical recombination in the network with the
volatile release being dominated by H,. By 650 °C the cleavage and recombination of remaining -SiH,-, -SiH- and HCSi,
groups ultimately form amorphous SiC. The volatiles released are mostly hydrogen with very few condensable products seen.
Finally, SiC is then crystallised at higher temperatures forming p-SiC at 1100 °C and then subsequently a-SiC above 1500 °C.
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1 Introduction

Silicon-based ceramics have unique properties which make
them extremely useful in many different applications and as
such have attracted great interest [ 1-4]. Silicon carbide is an
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advanced structural ceramic that has very high hardness and
strength as well as having a high resistance to corrosion [5].

Silicon carbide was first synthesized by Edward Acheson,
in 1892, by mixing silica sand and petroleum coke in a fur-
nace at around 2300 °C [6, 7]. This Acheson process has been
used in the production of silicon carbide ever since. However,
new methods of generating dense silicon carbide have since
been developed using pre-ceramic polymers [8]. Pre-ceramic
polymers have the advantage of generating useful and uncon-
ventional structures with ease at lower temperatures.

Polycarbosilanes are a unique class of polymers, with a
backbone consisting of adjacent silicon and carbon atoms
as seen in Fig. 1.

The R and R’ side groups can vary from alkyl, aryl,
alkoxy groups or hydrogen and halogen atoms. These side
groups can be used as bridging points in the polymer to
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Fig. 1 Basic PCS repeating structure

form cross-links in the structure upon heating e.g. methylene
bridges from vinyl/allyl groups. These different structures
can produce polymers with interesting properties compared
to normal hydrocarbon-based polymers. A significant appli-
cation for polycarbosilanes is their use as a ceramic precur-
sor for silicon carbide.

Much research has been conducted and reported in papers
concerning polycarbosilanes, their thermal behaviour and
ceramicisation process [9-12]. The ceramic yield from the
precursors is influenced by the functional groups and cross-
linking degree of the polymer. The ideal structure for the
silicon carbide precursor is a pre-existing backbone of alter-
nating silicon and carbon atoms with substituents appropri-
ate for building a 3-D network. A liquid precursor that can
be cured to an initial cross-linked network facilitates the
shaping of complex parts. This network is then pyrolyzed to
generate the silicon carbide [13]. Allylhydridopolycarbosi-
lane (AHPCS) is a partially substituted pre-ceramic polymer
with a composition of 10 mol% allyl present as a functional
group. The simplified structure is shown in Fig. 2 although

Fig.2 Simplified structure of AHPCS
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in the commercially available material used here some
-Si(CH;)H-units are also present along the backbone [14].

The formation of SiC from AHPCS typically occurs
via two main processes, the initial cross-linking through
the allyl group to generate the precursor network followed
by the ceramicisation process. In the cross-linking step of
AHPCS, two mechanisms are operable. The first is poly-
merisation of the allyl group via a free-radical mechanism to
form the thermoset polycarbosilane material at approximately
140-250 °C, which is shown in Scheme 1 [14]. Alternatively,
hydrosilation of the double bond and dehydrocoupling are
determined by Kaur et al. as being the main mechanisms that
contribute to the cross-linking reactions during heating to
form the SiC, Scheme 2, [15, 16]. The first route is amenable
to acceleration through the use of free-radical initiators [17].

In the ceramicisation process, the SiC is obtained through
direct dehydrocoupling and recombination reactions of radi-
cal species generated by the pyrolysis of the precursor net-
work, Scheme 3. This generates amorphous SiC, which then
crystallises to form p-SiC at 1600 °C. Temperatures exceed-
ing 1700 °C cause the SiC to rearrange to form a-SiC [11,
18]. This dehydrocoupling can also produce silicon-centre to
silicon-centre recombination which is an unwanted side-reac-
tion that can increase the Si content of the final ceramic [15].

Although the general process for the cross-linking and
ceramicisation of polycarbosilanes is known, the specific
reactions that occur at different temperature ranges are not
fully understood as many of the studies focus on the higher
temperature processes. Establishing the complete thermal
profile of AHPCS can play a vital role in optimising other
pre-ceramic polymers in their synthesis and design as well
as the use of other additives such as boron or titanium. In
this study, to better understand the condensed-phase chem-
istry, a combination of volatile and residue analysis was
conducted over the temperature range RT to 690 °C. Over
this temperature range, the volatile evolution relates to three
specific processes, the first is the cross-linking reaction to
form the precursor network, the second is the pyrolysis of
this network with the generation of new Si—C bonds with the
volatilisation of fragments from the hydrocarbon parts of the
network and the release of hydrogen from dehydrocoupling
reactions, and the final is the completion of the conversion
to SiC, with the production of further hydrogen. Understand-
ing these process is of critical importance in the fabrication
of SiC devices. Volatile evolution can produce unwanted
voids, Si—H to Si—H dehydrocoupling can generate localise
Si inclusions at the expense of Si—C bond formation and of
course the evolution of hydrogen is a safety hazard. By pro-
viding a continual and extended real-time characterisation of
the volatile species, Thermal Volatilisation Analysis, a tech-
nique unique to our laboratories, provides an unprecedented
and unique insight into these processes and the underlying
condensed phase chemistry.
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Scheme 1 Free-radical cross-
linking reaction mechanism of
AHPCS vinyl groups at tem-
peratures above 140 °C with the
dashed lines representing the
rest of the polymer chains

Scheme 2 Hydrosilation (a)
and dehydrocoupling (b) routes
to cross-linking of AHPCS

2 Experimental

2.1 Materials

(a)

The polycarbosilane used for this research was an allyl-
hydridopolycarbosilane (SMP-10) supplied by Starfire

R R R
-H2
R R
- -
I— I—ol—
| WO
R R

(b)

Systems Inc. The material was characterised by gel per-
meation chromatography (GPC) prior to use.

2.2 Thermal Volatilisation Analysis (TVA)

All TVA analyses were carried out using a TVA line which
was built in-house at the University of Strathclyde, based
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Scheme 3 Silicon-hydrogen

bond cleavage and subsequent
radical recombination of silicon H
and carbon atoms in AHPCS
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upon the apparatus and techniques described by McNeill
etal. [19].

The apparatus, which is shown in Fig. 3, consists of a
sample chamber, heated by a programmable tube furnace,
connected in series to a nitrogen cooled sub-ambient trap.
This primary sub-ambient trap can then be separated into
four parallel, secondary liquid nitrogen cooled sub-ambi-
ent traps. The whole system is continuously pumped to
a vacuum of approximately 1x 10~ mbar by a two-stage
rotary pump and oil diffusion pump.

There are two stages in which volatile condensable
products can be trapped and collected: a water jacket
cooled by a chiller at the top of the heated sample tube,
referred to as the cold-ring fraction, and the primary liquid
nitrogen cooled sub-ambient trap. The higher boiling point
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volatile products that condense under vacuum at ambient
temperature (~5 °C) are collected in the cold-ring fraction.
The lower boiling point volatile products which do not
condense under vacuum at ambient temperature but which
condense under vacuum at liquid nitrogen temperatures
(-196 °C) are collected in the sub-ambient trap.
Linear-response Pirani pressure gauges are positioned
before and after the primary sub-ambient trap to measure
the volatile evolution, which is recorded as the change
in pressure as a function of temperature/time. The Pirani
gauge before the sub-ambient trap measures the evolution
of total volatiles from the sample and the Pirani gauge
after the sub-ambient trap measures the evolution of non-
condensable volatiles from the sample. Pressures are
typically plotted as a function of temperature (time for
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Fig.3 Schematic diagram of the full TVA-SAD line used for the experiments

isothermal experiments) and integration of peak areas can
be used to quantify the volatiles.

The sub-ambient trapped volatiles can be separated into
the four limbs by slowly heating the primary liquid nitrogen
trap to ambient temperature. These separated volatiles can
be analysed subsequently by mass spectrometry and trapped
in gas-phase cells for FTIR analysis. The volatiles, for each
separate limb, are monitored by non-linear Pirani gauges as
they distil into the gas-phase cells.

All TVA analyses were conducted under vacuum
using 500 mg sample sizes. The heating ramp rate for
the dynamic TVA run was 10 °C min~! from ambient to
690 °C. Isothermal TVA experiments were carried out by
heating to various temperatures, at a heating ramp rate
of 10 °C min~! and held iso-thermally for approximately
1-2 h. The step-wise isothermal TVA experiments were
performed on the same sample, allowing the sample to
cool and then reheating to the next isothermal tempera-
ture. The temperatures used for the isothermal experiments
were 160, 300, 500, and 650 °C. A 1-300 Da, Hiden Ana-
lytical, single quadrupole RGA mass spectrometer was
used to constantly analyse the volatiles for both the non-
condensable TVA run and sub-ambient distillation cold
trap. The dynamic TVA run was also repeated with the
mass spectrometer used in MID mode to measure the dif-
ferent fragment concentrations as a function of tempera-
ture. The sub-ambient distillation products were collected
into gas cells with sodium chloride windows and analysed

using a PerkinElmer Spectrum 100 FTIR spectrometer in
transmission mode with an average of 16 scans and a reso-
lution of 4 cm™".

2.3 Thermogravimetric Analysis-Differential
Scanning Calorimetry (TGA-DSC)

All TGA-DSC analysis was carried out using a Netzsch,
STA 449 F1 Jupiter thermal analyser using approximately
5 mg sample sizes. The samples were placed in platinum
crucibles and heated using a ramp rate of 10 °C min~!
from 30 to 1500 °C under a flow of 50 ml min~! argon.
The mass loss was recorded as a function of temperature.
From the TGA curve the first derivative was obtained and
plotted as a function of temperature. Onset temperatures
of reactions were determined using the derivative plot.

2.4 Attenuated Total Reflection Fourier-Transform
Infrared (ATR-FTIR) Analysis

ATR-FTIR spectra were collected using an Agilent 4500A series
ATR-FTIR instrument equipped with a reflective diamond (sin-
gle bounce) ATR crystal. An average of 64 scans was used for
collecting the background and sample spectra with a resolution
of 4 cm™! and a spectral range of 650 — 4000 cm™'. Small sam-
ples were placed on the crystal and clamped down. The spectra
were then normalised and baseline corrected using KnowItAll
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2.5 Gel Permeation Chromatography (GPC)

GPC analysis was conducted at the Pure and Applied Chem-
istry Department in the University of Strathclyde, using a
PSS SECurity? GPC system, equipped with a refractive
index detector, in a PSS GRAM analytical linear column,
with dimensions of 8 X300 mm with a 10 um particle size,
thermostatted to 35 °C. The mobile phase used was DMF
with 50 mM lithium bromide with a flow rate of 1 ml min~".
The samples were prepared in THF as the solvent at a con-

centration of 2 mg ml~!.

2.6 Solid-State Nuclear Magnetic Resonance
(SSNMR)

Solid state NMR experiments were performed at the ESPRC
National Solid-State NMR service at Durham University.
13C and ?°Si magic-angle spinning (MAS) and cross polari-
sation (CP-MAS) measurements were carried out on a Var-
ian VNMRS spectrometer with a 6 mm (rotor 0.d.) MAS
probe operating at 100.55 and 79.44 MHz respectively.
This probe enabled a spin rate of 6 kHz for all samples.
The contact time for CP-MAS measurements was 1 and
5 ms for 13C and #Si respectively. The recycle delay was
1.5 s for all samples. Spectral referencing is relative to neat
tetramethylsilane, carried out by setting the high-frequency
resonance from adamantane to 38.5 ppm (carbon) or the
high-frequency resonance from tetrakis(trimethylsilylsilane)
to -9.9 ppm (silicon).

2.7 X-ray Diffraction (XRD) Analysis

XRD patterns were collected using a Bruker D8 Advance
X-ray Diffractometer, with Cu K, incident radiation
(A=1.54 A). A tube accelerating voltage of 40 kV and
35 mA was used. The XRD patterns were recorded with a
20 range of 20—95° and a step size of 0.05° every 5 s.

The XRD samples were prepared by pyrolysing the
AHPCS at 1100, 1300, 1500 and 1700 °C under vacuum
for half an hour. The samples were then ground up using a
mortar and pestle to make a powder suitable for analysis.
The XRD spectra were baseline corrected using DIFFRAC.
SUITE software.

2.8 Sample Preparation of AHPCS for TVA analysis

Samples were prepared by holding 500 mg of the material
under a vacuum for two days to ensure maximum volatili-
sation of the lower molecular mass oligomer material that
is present in commercial AHPCS (see Sect. 3.1). This was
done to achieve the high vacuum needed for the TVA and
reduced the complication of unreacted oligomer volatilising
alongside the reaction products.
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3 Results and Discussion

3.1 GPCof AHPCS

The molecular mass and polydispersity of AHPCS were
measured using GPC to create a profile of the starting mate-
rial shown in Fig. 4. The as-received material contains a
significant low molecular mass component. Holding the
sample at room temperature under vacuum in the TVA at
1 x 1072 mbar for two days helps distils off this component
as can be seen in Fig. 4. This made sure that any volatiles
produced during heating were due to the reactions and not
that of unreacted oligomers. The unreacted oligomers that
condensed at the cold-ring trap were collected and analysed
with the comparison to the higher molecular mass polymer
that was kept under vacuum and the as received AHPCS.
The data analysis is tabulated in Table 1.

As expected, the distillate from the vacuum treatment has
a lower number average molecular mass than the residual
material, the vacuum treatment having removed the low
molar mass tail. The origin of the high molecular mass
peaks seen about 100,000 Da is unclear but may indicate
that some cross-linking chemistry occurs upon storage at
room temperature.

3.2 TGA of AHPCS

TGA was used to study the overall thermal profile of
AHPCS under non-oxidative conditions and to observe
the mass loss steps from the polymer. These mass loss
processes are believed to be related to the formation of
the cross-linked polymer from the oligomers and the sub-
sequent formation of amorphous SiC [20]. In Fig. 5, the
TGA mass loss curve is shown of the AHPCS (as received)
with the corresponding first derivative curve (DTG). The
mass losses occur in four distinct steps. The first mass loss
step occurs at 50 — 300 °C and is attributed to a combina-
tion of the loss of low molecular mass oligomer species
in the mixture and production of volatiles upon the initia-
tion of cross-linking. The second mass loss step which
occurs at 300 — 600 °C has been attributed to the cleav-
age of side groups, with the release of volatile products
such as methane and silane species as well as the start of
dehydrocoupling which releases hydrogen. The third mass
loss step occurring at 600 — 900 °C is believed to be from
the complete dehydrocoupling of the C-H and Si—H bonds
[14]. From 1000 — 1200 °C the fourth mass loss step is
understood to occur as a result of the loss of the oxycar-
bide phase in the SiC structure, releasing SiO, and CO
[21]. The oxycarbide phase comes from the synthesis and
processing of AHPCS in which as much as 7% oxygen can
be incorporated into the polymer [15]. The overall ceramic
yield obtained from the AHPCS is 70% at 1500 °C.
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Table 1 GPC analysis of

AHPCS analysed
AHPCS

Number average molecular ~ Weight average molecular ~ Polydispersity

mass (g mol™}) mass (g mol™")
AHPCS 1195 27,449 2.3
AHPCS under vacuum 1770 42,032 2.4
AHPCS distillate 905 41,463 4.6

Fig.5 TGA/DTG of AHPCS in
argon gas up to 1500 °C
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3.3 DSCof AHPCS

The DSC in Fig. 6 shows the thermal profile of AHPCS (as
received). From 25 to 100 °C there is a slight endothermic
process that is attributed to the volatilisation of low molec-
ular mass oligomer species. The first exothermic peak, at

Temperature (°C)

240 °C, is attributed to the cross-linking of the vinyl groups
on the polymer chain. The endothermic and exothermic
peaks that occur between 400 and 700 °C can be accounted
for by the release of the gaseous products and the recombi-
nation of silicon and carbon radical species respectively. At
1072 °C, the exotherm is most likely caused by structural
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Fig.6 DSC of AHPCS in argon 6
gas up to 1500 °C
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Fig.7 Dynamic TVA curve up 0.45
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relaxation and condensation of the amorphous SiC prior to
crystallisation [22, 23]. The SiC is still amorphous at this
temperature, as outlined by Nguyen et al. during a thermal
analysis study of AHPCS using XRD [24, 25]. The broad
endotherm from 1270 — 1460 °C is a result of the loss of the
oxycarbide phase (Si—O-C), consistent with the TGA data
in Fig. 5. The exotherm at 1485 °C is due to the complete
crystallisation of the amorphous SiC to form the -SiC [26].

3.4 TVA of AHPCS

Using TVA, the thermal behaviour of materials can be
monitored under vacuum. This allows full characterisation

@ Springer
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of reactions that occur upon heating. Volatile degradation
products are recorded as they evolve. The condensable and
non-condensable products were measured using MS during
the TVA run.

Table2 Key TVA temperature events for AHPCS

TVA curve event Onset temperature (°C)  Peak

maximum

()
Event 1 ~150 ~ 300
Event 2 ~250 ~ 500
Event 3 ~595 ~ 650
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Fig.8 MS fraction of major
fragments evolved during the
full dynamic TVA run

Fraction

2 Da

16 Da
18 Da
28 Da
29Da
31Da
41Da
43 Da
44 Da
50 Da

In Fig. 7, the dynamic TVA curve is shown from room
temperature to 690 °C. It shows the evolution of vola-
tiles produced from reactions as a function of tempera-
ture. There are four main temperature events, three of
which are seen in the TVA curve, and highlighted in
Table 2. These four events represent the three differ-
ent reactions occurring — the initial and complete cross-
linking, initial ceramicisation process and the complete
ceramicisation which also correspond to peaks seen in
the DSC and DTG. The initial cross-linking to form the
precursor network occurs between 140-160 °C, which
produces a slightly flexible partially cross-linked poly-
mer. This first thermal event can be noted by the release
of non-condensables immediately suggesting that the
dehydrocoupling reaction is involved in this initial
cross-linking step. The first small peak is seen as a
shoulder around 250-300 °C to the second and largest

Temperature (°C)

peak at around 500 °C. The third peak sits at around
650 °C. The apparent drastic increase in pressure is from
the ceramicisation dehydrocoupling reactions which
release hydrogen as a non-condensable. This is because
the thermal conductivity of H, is much higher than most
other gases (0.1866 W m~! k~! compared to nitrogen at
0.026 W m~! k~! at room temperature). This affects the
Pirani output readings which are uncorrected for the gas
type, exaggerating the quantity of hydrogen relative to
other gases [27].

From the full MS run the major products released are
shown in Fig. 8. Volatile production is dominated by the
hydrogen evolution (2 Da) but also includes other small
molecules such as methane (16 Da) and propane frag-
ments (29 Da) with small amounts of other fragments
(MeCl - 50 Da, MeSi — 44 Da, CH;0 — 43 Da, propene
— 41 Da, methanol/SiH, — 31 Da, ethane — 28 Da). The

Fig.9 Isothermal TVA curve 0.009 180
for AHPCS heated at 160 °C
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Fig. 10 MS of non-condensable (a)
products from 160 °C (a),

300 °C (b), 500 °C (c), 650 °C
(d) TVA isothermals

(b)

(c)

(d)

m/z

water (18 Da) stems from a combination of residual water ~ 3.4.1 Isothermal Thermal Volatilisation Analysis

in the sample and water degassing from the glass walls

of the TVA line as it heats. It is hard to identify the exact =~ To better understand the detailed chemistry occurring, step-
compounds from the MS due to the similar fragmentation  wise isothermal runs were performed at the key temperatures

patterns observed. in order to analyse the volatile products and examine the
Fig. 11 Isothermal TVA curve 0.018 350
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Fig. 12 Isothermal TVA curve 0.45 600
for AHPCS heated at 500 °C
0.4
500
0.35 Total Products
03 Non-condensables 400
g Temperature (@)
g 0.25 =
€ 300 S
o 02 &
2 g
g o015 200 &
a =
0.1
100

0.05

reactions undergone in the polymer. The mass spectrometry
data for the non-condensable products were also recorded.
The isothermal temperatures used for the study corre-
sponded to the peak maxima from the dynamic TVA run
(160, 300, 500 and 650 °C). FTIR spectroscopy and MS
were used to identify the products. The 160 °C curve from
Fig. 9 corresponds to the initial cross-linking of the allyl
groups on the polymer chain. The non-condensable prod-
ucts recorded are due to the loss of hydrogen from -SiH,/
SiH; moieties, resulting in Si—C cross-links as has been
outlined previously by R. Sreeja et al.[14]. The volume
of volatiles is low at 160 °C in comparison to the other
temperatures (maximum pressure is 0.008 mbar) and H,

0

8000 10000

Time (s)

accounts for a small part of that recorded in the MS as
seen in Fig. 10. At 300 °C the allyl groups are predicted
to completely react and cross-link to form a thermoset
3-D structure, releasing more non-condensable products
from the cleavage of small side groups, this TVA trace is
shown in Fig. 11. The non-condensable groups recorded in
the MS are a mixture of (mostly) H, and CH, The peaks at
30 and 31 Da are consistent with SiH, also reported over
this temperature range by Kaur et al.[15]. The tailing seen
in the TVA curves are a consequence of the time taken
for the ongoing reactions to complete at the isothermal
temperatures. The AHPCS polymer starts to degrade above
300 °C with the cleavage and volatilisation of side groups

Fig. 13 Isothermal TVA curve 0.3 800
for AHPCS heated at 650 °C
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Fig. 14 SAD curve for the vola-
tile products from the 160 °C
isothermal TVA
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which cause recombination reactions of silicon and carbon
radicals to form a SiC network [11]. The major non-con-
densable product from 200 °C to 500 °C changes initially
from H, to CH, which has a maximum at 350 °C, seen in
Fig. 8. Hydrogen then begins to dominate again at temper-
atures above 400 °C, with a small trace of CH, visible for
both the 500 °C and 650 °C isothermals and SiH, at 300
and 500 °C (Fig. 10). The reason for this change in non-
condensable products is because at the lower temperatures
below 300 °C, the hydrogen is accounted for by dehydro-
coupling reactions, whereas the higher temperatures result
in the cleavage of the stronger C—C bonds producing CH,
and C,Hg, from side group cleavage, and hydrogen, from
the C-H bonds. Higher molecular mass species are given
off, which are discussed further in Sect. 3.4.2.

Fig. 15 SAD curve for the vola- 0.025
tile products from the 300 °C
isothermal TVA
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Sub-ambient trap temperature (°C)

Temperatures upwards of 300 °C (Figs. 12 and 13) seem
to produce volatiles in much larger quantities. However, care
must be taken in interpreting the TVA curves. As noted ear-
lier, this is because the thermal conductivity of H, is 5 — 10
times higher than most other gases affecting the Pirani out-
put readings which are uncorrected for the gas type [27].

3.4.2 Isothermal Sub-Ambient Distillation

The condensable volatile products from the isothermal runs
were separated into fractions by sub-ambient distillation and
analysed by FTIR and MS (Figs. 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26).

In the SAD curves each peak represents a distinct component
of the total volatile products collected. This trace is shown with

Fraction
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Fig. 16 SAD curve for the vola- 0.05
tile products from the 500 °C
isothermal TVA
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the separate fractions in Figs. 14, 15, 16 and 17. The products
were identified and characterised and are tabulated in Table 3.

At the first stage of the initial cross-linking of the poly-
mer at 160 °C, the major volatiles produced are propene,
methanol and water. The SAD curve is shown in Fig. 14 with
the gas phase FTIR and MS shown in Figs. 18 and 22. A
small volume of other volatiles (e.g. the THF) is evident and
these are thought to be leftover impurities from the forma-
tion of AHPCS. The methanol may be either from unreacted
methoxy groups that have not been reduced or from the side-
product reaction that occurs during the synthesis with THF
shown in Scheme 4 [28, 29]. The propene could be present
due to unreacted side groups which may be cleaved from the
allyl groups on the silicon backbone. Residual water may

Fig. 17 SAD curve for the vola-
tile products from the 650 °C
isothermal TVA
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remain in the mixture from the washing step at the end of
the synthesis.

After full cross-linking of the polymer network at 300 °C
the polymer starts to undergo a series of chain scission and
bond cleavage reactions, releasing small side groups and
chain end groups. Propene is again recorded at this tempera-
ture and as before it is due to the loss of the allyl side groups
from the main polymer chain which have not cross-linked
to form the thermoset network. Chloromethane is detected
which is a result of the leftover reactants from the Grignard
coupling reactions in the synthesis of the polymer. Methyl-
and ethyl-silane groups are present from the chain scission
of the polymer due to the higher temperatures. Methanol is
clearly observed in the FTIR (Fig. 19) and MS (Fig. 23),

Fraction

/ |
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Table 3 Condensable products identified from isothermal TVA
experiments

Isothermal SAD temperature range  Products
temperature °C)
§®)
160 (a) -196 to -100 Propene
(b) -100 to -60 Methanol
(c)-60to 0 Water, large aliphatics
300 (a) -196 to -125 Methylsilane, Propene
(b) -125 to -100 Chloromethane
(c) -100 to -60 Methanol
(d)-60to 0 THF
500 (a)-196 to -135 Methylsilane
(b)-135to-115 Propene, ether silanes
(c)-115to -75 Propylsilane, ether silanes
(d)-80t0 0 Large carbosilane frag-
ments
650 (a) -196 to -100 Propane, Propene
(b) -100 to O Large carbosilane frag-

ments

highlighting that the polymer has larger chain fragments
which have oxygen containing species in them: most likely
silyl/alkyl ether groups from the use of THF in the synthesis
reaction.

The largest volatile loss is seen from the 500 °C isother-
mal shown in Fig. 12. This is where the polymer begins to
undergo major cleavage of bonds which then go on to form
cross-links between the silicon and carbon atoms. The high-
est degree of bond cleavage and chain scission occurs at
this higher temperature. The cross-linked network remains at
500 °C, however with very few aliphatic groups remaining.
Both propene and propane are evident in the MS (Fig. 24)
with propene being present in very small amounts. This

Fig. 18 FTIR gas phase spectra -
of the volatile SAD products 1(2)
in fractions 1, 2 and 3 from the
160 °C isothermal TVA

1(2)

%T

1(3)

shows evidence of the breakdown of the bridging chains
between propyl groups and silicon atoms formed during the
polymerisation step. Many silicon-based polymer derivatives
are seen at this isothermal temperature such as methyl and
ethyl silane. Chain scission of larger fragments are evident
in the form of propyl silane, resulting from the degrada-
tion of fragments with the bridging propyl group, as well
as silane, trimethylsilane, dimethylsilane, disilyl methane
and methyl(silylmethyl) silane (Schemes 5 & 6). These
larger fragments dominate the MS and FTIR data and are
typical repeating units on the polymer backbone which have
been cleaved from the main chain during the ceramicisation
process. Small amounts of ether alkyl silanes are present,
with the peak at 75 Da corresponding to C,H,OSi. At this
point the cleavage results in the recombination of silicon
and carbon atoms. From the MS data larger fragments are
likely, with higher numbers of repeating units of the poly-
mer chain above 100 Da. The SAD peaks (Fig. 16) are not
as clearly defined at this temperature (or at 300 °C) due to
the inability of the technique to fully separate products of
similar volatility such as the range of fragments produced
at 500 °C. The extended tail at higher temperature is due to
the higher molecular mass fractions volatilising slowly over
a long period of time.

At the final isothermal temperature, 650 °C, the SAD
shows two main peaks in Fig. 17. At this temperature the
final re-arrangement of the polymer occurs and the resulting
material is an amorphous SiC network. Temperatures above
650 °C contribute to the crystallisation of SiC to produce
B-SiC. Due to the low volume of volatiles in the SAD curve,
the FTIR spectra in Fig. 21 show very little. The first peak
seen in the SAD curve corresponds to CO, with a small
amount of propane and propene which is observed in the MS

4000 3500

@ Springer
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wavenumber (cm™)
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Scheme 4 Silylether side-
product formation from the
synthesis of AHPCS with THF
as a solvent

in Fig. 25. The second peak is mostly from water and some
larger carbosilane fragments. The CO, and water are most
likely contaminants condensed from the background atmos-
phere in the TVA line when the liquid nitrogen is placed on
the sub-ambient trap.

3.4.3 Cold-Ring Fraction and Residue FTIR Analysis

Species that are volatilised at furnace temperatures but
condense at temperatures below 5 °C were collected in the
cold-ring fraction (CRF) with the water jacket. The cold-ring
fraction and the residues were analysed after each heating
event using FTIR-ATR spectroscopy. The IR bands were
assigned and are reported in Table 4.

Fig. 19 FTIR gas phase spectra |
of the volatile SAD products in 1(1)
fractions 1, 2, 3 and 4 from the ]
300 °C isothermal TVA 1

J(2)

%T

13)

1(4)

. U

THF
0]

CI/\/Si/O\/\/\CI

—_—
Cl Cl
THF
Mg
Cl
\/Si\/\CI
O
Cl Cl C|/\Si/ \/\/\MQC|

Cl Cl

From 160 °C to 500 °C, species were collected in the
cold-ring section and analysed using FTIR-ATR (Fig. 26).
These fragments are oligomers or larger chain fragments
that have too high a boiling point to be vaporised through
the TVA line. There were no products collected in the cold-
ring fraction at 650 °C. This is due to the material being
an almost complete 3-D network of SiC with only smaller
groups being cleaved which are volatile at CRF tempera-
tures. At 160 °C the cold-ring fraction compares closely to
the unreacted AHPCS material (Fig. 27), suggesting that
low molecular mass oligomeric species are evaporated in
this first heating step. The C=C stretching vibration at
1628 cm™! is evident in the cold-ring fraction which shows
it is from the unreacted form of the AHPCS. The residue
at 160 °C (Figs. 27 and 28) shows a decrease in both the

T
4000 3500

T T
2500 2000

wavenumber (cm™)

T T T
3000 1500 1000
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Fig.20 FTIR gas phase spectra
of the volatile SAD products in (1)
fractions 1, 2, 3 and 4 from the ]
500 °C isothermal TVA

1(2)

%T

13)

7(4)

T T
4000 3500

1628 cm™! and the vinylidene (-C =CH,) stretching vibra-
tions at 890 cm™'. This is evidence of the cross-linking
through the reaction of the allyl group. The silicon-to-hydro-
gen stretching vibration at 2113 cm™' decreases marginally,
consistent with the MS data for the non-condensable volatile
products that shows the evolution of hydrogen. This suggests
that the Si—H and C-H dehydrocoupling provides a pathway
for the subsequent formation of new Si—C and Si-—Si bonds
as per Schemes 2 and 3. By 300 °C, the C=C peaks are lost
completely indicating their complete incorporation into the
network. The CRF from the isothermal heating at 300 °C

Fig.21 FTIR gas phase spectra
of the volatile SAD products (1)
in fractions 1 and 2 from the 1
650 °C isothermal TVA b

%T

1(2)

T T T T T T T T
3000 2500 2000 1500 1000

wavenumber (cm?)

is like that at 160 °C but seems to lack the C=C peak at
1628 cm™!, suggesting that the oligomers in this case come
from pyrolysis of the network rather than from low molecu-
lar mass AHPCS. This is consistent with the observation of
chain fragments in the gaseous products. The 500 °C residue
shows a large reduction in the aliphatic carbon-to-hydrogen
stretching bands at ~2900 cm™' and silicon-to-hydrogen
stretching band at 2113 cm™'. The disilylmethylene band
at 1034 cm™! shows an increase which is a result of the
formation of silicon-to-carbon bonds by dehydrocoupling
although the peak at 1250 cm! is evidence of the continuing

T T
4000 3500

@ Springer
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Fig.22 MS of SAD products
from 160 °C isothermal show-
ing the presence of propene
(a — fraction 1), methanol (b
— fraction 2), and water (¢ —
fraction 3)

(a)

II | I‘Ih- e

1357 9111315171921232527293133353739414345474951535557596163656769717375777981838587899193959799

m/z

presence of Si-CH; groups. The cold-ring fraction produced  aliphatic region in the IR spectrum compared to 300 °C,
from the stepwise isothermal at 500 °C has an even larger ~ with an appearance of a peak at 1460 cm™' corresponding

Fig.23 MS of SAD products
from 300 °C isothermal show-
ing the presence of methyl
silane and propene (a — fraction
1), chloromethane (b — fraction
2), methanol (c — fraction 3),
and THF and large polycarb-
sosilane fragments (d — fraction
4)

(a)

(b)

al ol ol || 1 Anas

(c)

.1| al ll‘lh l.lll . 1

(d)
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Fig.24 MS of SAD products
from 500 °C isothermal show-
ing the presence of methyl
silane (a — fraction 1), propene
and ether alkyl silanes (b — frac-
tion 2), propylsilane and silyl
ethers (¢, d — fraction 3), and
large polycarbsosilane frag-
ments (e — fraction 4)

to methyl end groups. This peak shows evidence of a larger
proportion of aliphatic groups present in the lower molecular

Scheme 5 Degradation
products of the AHPCS main
polymer backbone

@ Springer
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Scheme 6 Degradation of
bridging alkyl and hydrosilation
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Fig.25 MS of SAD products from 650 °C isothermal showing the presence of propene and propane (a — fraction 1), and background water (b —

fraction 2)

the CRF indicating that not all the Si is retained in the resi-
due. By 650 °C the spectrum changes completely with the
absence of most of the characteristic peaks. The aliphatic
bands at ~2900 cm ™! associated with C-H stretching are not
present as well as the aliphatic bands between 1400 cm™"
and 1200 cm™'. The Si-CH,-Si bridges have disappeared at
1034 cm™" owing to the cleavage of hydrogen and the forma-
tion of Si—C bonds. This is also inferred from the disappear-
ance of the silicon-hydrogen stretching band. The only peak
present is the one corresponding to the silicon-to-carbon
stretching bands in SiC (825 cm™). This shows the complete
formation of amorphous SiC by 650 °C. Throughout the
FTIR spectra of the residues the baseline in the region from
1200 cm™! to 650 cm ™! shifts higher and this is partly due to
the change in refractive index of the material as it cross-links
and forms SiC. The refractive index of the sample must be
lower than the diamond ATR crystal otherwise light is lost
to the sample. The colour darkens until it forms the black

Table4 FTIR band assignments for AHPCS CRF and residue [14,

30, 31]

Wavenumber (cm™")

Assignment

3075, 2994

2968, 2951, 2918, 2911, 2875, 2850,
2832

2113
1628, 1188, 1156
1457
1417,1390
1406

1354

1251
1156, 1188
1140

1034
945,929
890
825,745

C=CH, (C-H) stretching
CH,, CHj;, CH stretching

Si-H stretching
Si-CH,-CH=CH, (C=C) stretching
CHj; bending

Si-CH,-CH=CH, (CH,) bending
Si-(CH)4-Si (C-H) bending
Si-CH,-Si deformation

Si-CH; deformation

Si-CH,-CH = CH, deformation
Si-(CH)4-Si deformation
Si-CH,-Si stretching

Si—H bending

C=C bending

Si—C stretching
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Fig.26 FTIR-ATR spectra of {(a)
CRFs formed upon the isother- -
mal TVAs at 160 °C (a), 300 °C

(b) and 500 °C (¢) 7]

1(b)

Abs
1

1(e)

M

T T
4000 3500

SiC which has an increased refractive index of 2.64, which
is higher than diamond at 2.42 [32, 33].

3.4.4 SSNMR Residue Analysis

13C and ?°Si SSNMR was conducted on the residue from
each isothermal heating step and the data are shown in
Fig. 29 and 30.

(a)

(b)

1(0)

Abs

1(e)

T T T T T T
4000 3500 3000 2500 2000 1500 1000

wavenumber (cm™)

Fig.27 FTIR-ATR spectra of AHPCS (a) and residues formed upon
the isothermal TVAs at 160 °C (b), 300 °C (c), 500 °C (d) and
650 °C (e)

@ Springer
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The 3C spectrum from the residue generated at 160 °C
shows narrow peaks present 134, 115 and 51 ppm. The 134
and 115 ppm peaks correspond to the=CH and =CH, on the
allyl group, respectively. The peak at 51 ppm represents the
methylene group adjacent to the C=C. These narrow peaks
represent greater molecular mobility of the groups present
on the polymer chain which is lessened as the polymer
changes to forms the SiC network. These peak positions and
changes correspond to be consistent with previous findings
[30]. The peak groupings around 20 and O ppm that domi-
nate the spectra are consistent with Si-CH,-Si and H;C-Si
groups. There are some changes observed in the 1*C spectra
between the residues generated at 160 and 300 °C, most
notably the absence of the C=C signals as a result from the
cross-linking of allyl groups. There is a slight increase in
the methylene group signal consequently. There is also an
increase of the C-Si group at 20 ppm. This may be from the
minor Si—C recombination occurring at 300 °C. Between the
300 and 500 °C spectra there are major changes, with only
the Si—C and C-H groups being observed. The groups at the
lower ppm range (-14 to -5 ppm), which correspond to -CH,/
CHj; groups, have disappeared with the presence of a larger
broader peak observed at 3 ppm representing HCSi; moie-
ties. The peak broadening is typical of a rigid, disordered
material, which correlates to the amorphous SiC network.
This coincides with the cleavage of C-H bonds producing
higher substituted carbons in the network. The smaller group
at 17 ppm is most likely from CSi, moieties which have
formed from the full recombination of carbon. The larger
group at 0 ppm is more representative of C-H species still
present throughout the material, as evident from the FTIR
in Fig. 27. At 650 °C the material spectrum consists of only
one broad featureless peak at 17 ppm. This fully corresponds
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to the CSi, species, which shows that all the carbon and
silicon atoms have recombined to form the amorphous SiC.

The ?°Si spectrum at 160 °C shows three major group-
ings of peaks, with the narrow bands again representing
greater molecular mobility in the polymer. The assign-
ments of the groups are based on assignments in previous
work. Two of the groups of signals are split into multi-
plets. The region around -60 ppm consists of two quartets,
which is consistent with the trihydridosilicon (CSiH;) spe-
cies. The region around -40 ppm consists of triplets, which
are also consistent with dihydrodidosilicon (C,SiH,) spe-
cies. The smallest grouping of peaks is associated with
the monohydridosilicon (C;SiH) species around -15 ppm
[29]. The 300 °C spectrum shows very few changes in
comparison to the 160 °C spectrum, with a slight increase
in the SiH region in comparison to the SiH, and SiH;. This
is consistent with the loss of hydrogen observed from the
TVA, with only small volumes produced from the cleavage
of hydrogen from SiH, and SiH; species. The most signifi-
cant change occurs between the 300 and 500 °C spectra.
The peaks corresponding to SiH; have almost completely
disappeared and the -SiH, species have shown a sizeable
decrease and shift. This will be because of recombina-
tion of higher hydrogenated silicon groups, SiH;, form-
ing SiH, species which then again subsequently cleave a
hydrogen atom to form SiH species. This dehydrocoupling
may result in this shift and produce Si—Si recombination
as well as Si—C which is consistent with previous work
[15]. Yu et al. note that the reactivity of the Si—H bond to
hydrosilation and dehydrocoupling reactions decreases in
the order SiH; > SiH, > > SiH, consistent with our obser-
vations [16]. A new peak is observed at 1 ppm which is
consistent with the formation of SiC, [34, 35]. The broad-
ness of the peak indicates a rigid disordered material,
which is consistent with the formation of amorphous SiC.
The last spectrum shows only a single peak observed at
-2 ppm. This shows the final conversion of the SiH species
in to SiC, [36, 37].

3.5 XRD Analysis of AHPCS

The range picked was used to compare the crystallisation
of the SiC with increasing temperature, which is shown in
Fig. 31. The temperatures were selected for observing the
formation of the initial crystalline p-SiC (1100 °C) and its
subsequent increase in crystallinity from heating until the
conversion to «-SiC (1700° C).

The XRD pattern observed at 1100 °C shows peaks
which are concurrent with the major peaks of SiC (36°,
60°, 72°) [38]. These peaks occur in both p- and a-SiC but
it is most likely from to the p polytype due to the absence
of other peaks and lower crystallisation temperature. As
has been reported in the literature the crystallisation of the

1(a)

Abs
1

T T T T T T T ]
1700 1600 1500 1400 1300 1200 1100 1000 900
wavenumber (cm™)

Fig. 28 FTIR-ATR spectra of AHPCS (a) and residues formed upon
the isothermal TVAs at (a), 160 °C (b), 300 °C (c), 500 °C (d) and
650 °C (e) zoomed to 1700—900 cm. ™

(b)

(d)

T T T "~ 1 "~ T T "~ T 1 "1
140 120 100 80 60 40 20 0 -20 40

Fig.29 Solid-state.'>C NMR spectra of residues generated upon heat-
ing to (a) 160 °C, (b) 300 °C (¢) 500 °C and (d) 650 °C (The group
at 111 ppm is due to the PTFE rotor caps present in the NMR instru-
ment)
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(b)

(d)

40 20 0 -20 -40 -60 -80
ppm

Fig.30 Solid-state 2°Si NMR spectra of residues generated upon
heating to (a) 160 °C, (b) 300 °C (c¢) 500 °C and (d) 650 °C

amorphous SiC increases with temperature, evident with
the main peaks in XRD pattern [14, 39, 40]. As the tem-
perature is increased to 1500 °C, differentiation appears

50?00 60?00 70?00 80?00
IR ERETH FNETE FRTRE FUTEE FRwE

Counts
20?00 30?00 40?00
NI EEENE FRENE SNENE SRR N SR NE I

10?00

0

20

in the XRD pattern. Peaks at~41° and ~75° appear which
correspond to the a polytype, and the peaks at 60° and
72° show a slight shift to a higher diffraction angle which
occurs from the rearrangement of p to from the «-SiC.
There is no evidence of oxidation occurring in the sample,
with no major SiO, peaks being present (22° for Si0O,)
[41]. Due to the particle size of the sample, the peaks have
a low resolution, but the major peaks can still be identified.

The crystallisation of SiC is shown to occur at tempera-
tures above 1100 °C and increases with temperature, the
polytype is formed at lower temperatures and the rearrange-
ment occurs at temperatures between 1300 and 1500 °C. At
temperatures higher than 1500 °C, the a polytype becomes
the dominant polytype due to it being the thermodynami-
cally favourable state.

The complete predicted reaction intermediates are shown
in Scheme 7 with a generalised structure for each thermal
process and finished crystalline structure.

4 Conclusion

Thermal volatilisation analysis was carried out on AHPCS
to determine the reaction processes occurring during cerami-
cisation of a pre-ceramic polymer. Four different isother-
mal TVA analyses were carried out, each corresponding
to a significant step in the ceramicisation process. Cross-
linking is initiated at 160 °C through the allyl groups by
radical reactions, by dehydrocoupling and by hydrosilation

| 1100C
] 1300C
| 1500C
|1 1700C]

&

Fig.31 XRD Pattern of AHPCS heated at 1100 °C (green), 1300 °C (blue), 1500 °C (red), 1700 °C (black)
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Scheme 7 Complete predicted
thermal event reaction interme-
diates to form crystallised SiC
from AHPCS. Red representing
the initial cross-linking, blue
representing the hydrosilation of
the allyl groups, and purple rep-
resenting the Si—Si dehydrocou-
pling recombination reactions

that produce a lightly cross-linked polymer with additional
cross-linking believed to occur through combination of Si
radicals produced by homolytic scission of Si—H bonds.
Some of the other volatiles are believed to be a result of
the synthesis, such as propene being present due to residual
uncross-linked material. Methanol and water are also present
due to side reactions with the THF solvent during synthesis.
Low molecular mass oligomers also seen volatilise from the
AHPCS. The allyl groups completely react or are removed
from the polymer by 300 °C with the complete disappear-
ance of the double bonds. Small side groups are released
through scission and cleavage producing hydrogen, methane
and ethane. Alkyl silanes are volatilised as a result of weakly
bonded chain end groups in the main polymer network. This
shows evidence of light chain scission with a higher propor-
tion of aliphatic groups seen in the CRF. More methanol is
observed which may be from cleavage of silylether groups,
as well as chloromethane from the Grignard synthesis—
most likely from Si-Cl terminal groups left unreacted in the

1100 °C

structure. The ceramicisation process occurs at temperatures
above 300 °C, with further formation of new Si—C bonds as
a result of combination of radicals produced by homolytic
scission of Si—H and C-H or C-C bonds.

The volatiles released during this process change from
mostly hydrogen at 160 °C, from dehydrocoupling, to
methane/methanol/SiH, by 350 °C, from C-C and C-O
cleavage. Hydrogen once again becomes the major volatile
product above 400 °C due to higher proportion of dehydro-
coupling forming Si—C and Si—Si bonds. Small chain frag-
ments are seen in the form of larger alkyl silanes. These
fragments come from the chain scission of the polymer at
weaker parts of the network. The process of side group
scission leads to further radical recombination reactions
of silicon and carbon atoms to build the SiC network.
By 650 °C the polymer has completed its rearrangement
into amorphous SiC. The volatiles released are mostly
hydrogen with very few condensable products seen. SiC
is then crystallised at higher temperatures forming 3-SiC
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at 1100 °C and then subsequently a-SiC above 1500 °C.
These results show the distinct processes occurring with
specifics to which groupings recombine first in the cerami-
cisation. This may be used to develop better pre-ceramic
materials by decreasing the volatiles produced and making
a more efficient ceramic precursor.
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