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Novel polycarbosilazanes (PCSZs) were prepared by stepwise synthesis and thermal cross-
linking of polysilasilazane (PSSZ) copolymers. Their pyrolysis under inert gas, producing
Si—C—N ceramics, was investigated up to 1600 °C by analyses performed on the solids
(elemental analysis; EPMA; TGA, density; "H, "3C and 2°Si solid state NMR, i.r. XRD,
electrical conductivity) and analyses of the evolved gases (gas chromatography and mass
spectrometry). From 250 to 450°C, a first strong weight loss was observed, which was due to
the formation and elimination of low-boiling-point oligomers. The weight loss closely depends
on the cross-linking degree of the ceramic precursor resulting from the PSSZ/PCSZ
conversion. Then, the organic/inorganic transition took place between 500 and 800°C,
proceeding via evolution of gases (mainly H, and CH,) and yielding a hydrogenated silicon
carbonitride. This residue remained stable up to 1250 °C although it progressively lost its
residual hydrogen as the temperature was raised. Then, crystallization occurred between 1250
and 1400°C, yielding 3-SiC crystals surrounded by free-carbon cage-like structures. Finally,
above 1400 °C, the remaining amorphous Si—-C—N matrix underwent a decomposition process
accompanied by nitrogen evolution and a second substantial weight loss. At 1600 °C, the
pyrolytic residue was a mixture of 3-SiC and free carbon. So, the amorphous silicon
carbonitride resulting from the pyrolysis of PCSZ precursors was found to be appreciably more

thermally stable than the previously reported Si—-C—O ceramic obtained by pyrolysis of

polycarbosilane precursors.

1. Introduction

Non-oxide ceramics, such as SiC and Si;N,, have been
produced from powders by sintering for many years;
this is a process which involves a high-temperature
step and very often the use of sintering aids and/or
high pressure [1]. This process is no longer applicable
in a variety of advanced fields including electronic-
device packaging and ceramic-matrix composites
(CMCs). An alternative approach is to start from
gaseous or liquid precursors (e.g. CH,SiCl; or poly-
carbosilanes (PCSs) for SiC) in which the atoms that
will constitute the ceramics are already bonded to
each other at the molecular level and which can easily
be converted into ceramics. This approach has been
applied successfully to carbon [2, 3] and a variety of
refractory materials e.g. SiC, Si;N,, B,C, BN and
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AIN [4-10]. This method offers two important ad-
vantages: (i) it is highly versatile and (ii) it only re-
quires moderate temperatures. As an example, liquid
polymeric precursors have been used to produce pro-
tective films [11], ceramic fibres [12] and to a lesser
extent ceramic matrices for CMCs [13, 14].

One of the most often achieved applications of the
liquid-precursor route to ceramics is that which was
followed by Yajima and his co-workers [15] when they
prepared the first available SiC-based ceramic fibres
(Nicalon fibres produced by Nippon Carbon) from a
PCS-liquid precursor. The green fibre was spun from
molten PCS at a temperature of about 350 °C, made
infusible by oxygen curing and pyrolysed at a temper-
ature of about 1200°C under an inert atmosphere.
Ex-PCS fibres have a high tensile strength at room
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temperature (c® = 2800 M Pa) due to their amorphous
or poorly crystalline state and a medium stiffness (E
= 200 GPa). The main drawback of ex-PCS fibres is
their relatively low thermal stability; a decomposition
process takes place beyond 1100 °C, with an evolution
of gases, a crystallization of the residue and a drop in
the failure strength. It is generally accepted that these
phenomena are closely related to the oxygen content
of the fibres. Many attempts made to improve the
properties of such fibres have been mainly performed
in two directions: (i) lowering the oxygen content (i.e.
using radio- or photochemically induced curing in-
stead of oxygen curing) [ 16], and (ii) by trying to shift
the decomposition-temperature threshold towards
higher temperatures (e.g. using polycarbosilazane
(PCSZ) precursors instead of PCS precursors)
[17-21].

The aim of the present contribution is to report and
discuss the results of a study of the organic/mineral
transition which takes place in novel polymeric pre-
cursors of Si—-C-N ceramics when they are progres-
sively heated at high temperatures under an inert
atmosphere. The starting materials are PCSZs pre-
pared by a two-step route involving the Wiirtz-type
co-condensation of equimolecular amounts of
Me,SiCl, and (MeSiHCI),NH, leading to a PSSZ
copolymer in good yield. To improve the char yield
while retaining other interesting propertics such as
spinnability, the presence of thermally or chemically
reactive sites (i.e. Si-H, N-H and Si-Si bonds) enables
controlled cross-linking to be performed. Accordingly,
to investigate the influence of the precursors’s struc-
ture upon the ceramic properties, three PCSZs cor-
responding to different degrees of PSSZ/PCSZ
conversion were prepared.

These PCSZs are members of a novel family of
precursors in which the nitrogen content can be con-
tinuously modified by simply changing the propor-
tions of the monomers [22, 23]. These precursors have
advantages, when properly cross-linked, which in-
clude: (i) melting without any appreciable decomposi-
tion (up to 350°C), (ii) solubility in several common
organic solvents, and (iii) rheological properties in the
molten state which are well suited to dry spinning.

2. Experimental procedure

2.1. Synthesis of the ceramic precursors

First, dimethyldichlorosilane (0.1935kg, 1.5mol) and
1,3-dichloro-1,3-dimethyldisilazane (0.2615kg, 1.5mol)
[23] were added dropwise under argon to a vigorously
stirred suspension of sodium (0.145kg, 6.3mol) in
boiling toluene (1200 ml) over a period of Sh. At the
end of the addition, the reaction mixture was kept
under reflux for 24 h and then allowed to cool to room
temperature, resulting in the precipitation of a sub-
stantial amount of insoluble materials (sodium chlor-
ide and residual sodium). Then the mixture was
filtered off under inert gas and the solid washed twice
with pentane or ether (2x400ml). The combined
organic layers were concentrated under reduced pres-
sure with a rotary evaporator to remove a substantial
amount of solvent. Anhydrous gaseous ammonia was
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then bubbled at 0°C to eliminate the remaining Si-Cl
bonds. The ammonium-hydrochloride precipitate was
filtered off under argon and the solvent removed by
distillation with a rotary evaporator. Careful devolat-
ilization under high vacuum ((13, 3 Pa), 150°C, 3 h)
allowed the removal of any trace of solvent and a
small amount of low-boiling-point oligomers yielding
a clear mobile PSSZ copolymer (0.173 kg, 71.6% yield,
M, = 2500; I, = 2.1). Its char yield was only 21.1%
(thermogravimetric analysis (TGA), 950°C under ar-
gon flow), showing that its structure is poorly cross-
linked as expected (Fig. 1).

In the second step, PSSZ was progressively heated
in a three-necked quartz vessel equipped with a reflux
condenser and an inert-gas inlet. When the mixture
temperature reached 250-270°C, regular gas evolu-
tion occurred and oligomers condensed in the flask.
The PSSZ/PCSZ conversion rate was monitored by
measuring the gas evolution and by careful observa-
tion of the polymer viscosity. This conversion includes
partial transformation of PSSZ into PCSZ with simul-
taneous formation of volatile oligomers and thermal
cross-linking condensation reactions. As soon as the
expected volume of gas and the desired viscosity were
reached, the PCSZ was allowed to cool at room
temperature under argon. Hexane was then added and
the mixture magnetically stirred for a few hours. The
solution was filtered under argon to remove any trace
of insoluble material and the solvent distilled under
vacuum (13, 3 Pa). After removing a small fraction of
volatile oligomers, a yellowish, solid PCSZ was ob-
tained (at this stage of the procedure, the following
standard devolatilization conditions were used for all
the PCSZ: 0.1 torr (13, 3 Pa), 250°C, 3 h).

Thus, PCSZ-1 was prepared in 77.5% yield (max-
imum thermolysis temperature, 335 °C). PCSZ-II was
obtained in 86% yield by heating an aliquot fraction
of PCSZ-I under similar conditions but up to a higher
temperature (maximum thermolysis temperature,
372°C). PCSZ-III was prepared in 76.6% yield as an
insoluble and unmeltable solid, by thermal treatment
of PSSZ in an autoclave (470 °C, 22 h, final pressure,
7.2 MPa).

(1- x)MegSiCl, + x CIMeHSi —NH —SiHMeCl

Na l Toluene

with Me =CH 3 and x = 0.5
PSSZ / PCSZ conversion
» PCSZ

270-470°C
Figure 1 Synthesis of PSSZ and PCSZ copolymers.



2.2. Pyrolysis conditions

For 6, <850°C (0, being the highest temperature
reached during pyrolysis), a PCSZ sample was put in
an alumina boat and heated in a glass silica tube
under a high-purity argon flow (flow rate; 11h~ ! of
argon N56 grade from Air Liquide) under a pressure
of 100k Pa. The temperature was progressively raised
up to 0, (at a rate of 5°C min~ ') and kept at this value
for 1h.

For 6,>850°C, the sample (pre-pyrolysed at
850 °C as above) was put in a graphite crucible, heated
rapidly (60 °C min~"') at 8, under a high-purity argon
flow at a pressure of 100kPa with a radio frequency
coil and kept at this temperature for | h (or 6 h for few
samples).

2.3. Characterization techniques

Elemental analyses were performed by two different
procedures: (i) by conventional bulk chemical analysis
(CNRS, Service Central d’analyse, BP 22 F-69390
VERNAISON) on both the organic and mineral sam-
ples [20] and (ii) by clectron probe microanalysis
(EPMA, CAMEBAX 75 from CAMECA) in the wave-
length-dispersion mode (PET crystal for SiK, and a
multilayer PCI for CK,; NK, and OK,) with stand-
ards (SiC, SiO,, Si,N, O, and BN) whose compositions
were either assumed to be stoichiometric (single crys-
tals) or already known. The hydrogen content of the
samples was assessed by proton nuclear magnetic
resonance (NMR) spectroscopy [25].

The density of the samples was measured by the
floating technique in liquid mixtures (dibromohex-
ane/bromoform or dibromohexane/hexane} main-
tained at a constant temperature, whose density was
progressively varied by changing their composition.

Thermogravimetric analyses (TGAs) were per-
formed, up to 950°C, in platinum crucibles on 1-5
x 107 kg samples under a flow of pure argon (flow
rate 11h™!') with a rate of temperature increase of
5°Cmin~*. Beyond 950 °C they were performed in a
graphite crucible/furnace under a flow of pure helium
(N 56 grade from Air Liquide) and with a rate of
temperature increase of 10°Cmin~?.

The infrared (i.r.) spectra were recorded in the trans-
mission mode in the 400-4000cm™' range, in the
following ways: (i) from neat films between K Br plates
for the PCSZ precursors (Perkin Elmer 1420 or 683
spectrometers), and (ii) from pressed pellets made from
a mixture of KBr powder and the finely ground
samples, for the pyrolytic residues.

The gases formed during the pyrolysis of the pre-
cursors were analysed by two different procedures
depending on the value of 9.,

1. For 6, < 1000°C, the sample (a few grammes)
was set in a furnace and progressively heated at
1°Cmin~ " up to 400 °C then at 1-5°Cmin "' up to 6,
under a flow of pure nitrogen (N 56 grade from Air
Liquide, flow rate, 11h™!, at atmospheric pressure).
Ammonia formed during pyrolysis was measured
by acidimetry, whereas the other gaseous components
were analysed by chromatography. The flow rates of
the various gaseous species were determined with

respect to the flow of nitrogen. The compound species
which condensed on the wall of the furnace were
identified by elemental analysis and i.r. spectrometry.

2. For 0, > 1200°C, the samples (pre-pyrolysed at
1000 °C as above) were put in a microfurnace connec-
ted to a high-resolution mass spectrometer (VG 7070
F mass spectrometer) by a capillary tube of suitable
size, to qualitatively assess the nature of the gaseous
components.

Gel permeation chromatography (GPC) was used
to determine average molecular weights, using five
u-styragel columns (porosity ranges of 10, 50, 10%, 10?
and 10*nm) and THF as the cluent at a flow rate of
I mlmin~!. Molecular weights were obtained from
polystyrene standards (eleven points calibration curve,
the detection system being a Wasters Associates
Differential Refractometer R401).

The NMR spectra were recorded from both the
organic and mineral materials, either in solution (with
C¢D, as the solvent) or in the solid state. Three
different NMR spectrometers were used: a Brucker
AC250 spectrometer for '*C and 'H (at resonance
frequencies of 250.13MHz and 62.9 MHz, respect-
ively) and a Brucker AC200 or a MSL400 spectro-
meter for 2°Si (at a resonance frequency of 79.5 MHz,
magic-angle rotation). The procedures have been de-
scribed elsewhere in a detailed manner [26].

The X-ray diffraction (XRD) spectra (CukK,,
Philipps PW-1710 diffractometer control) were re-
corded from finely ground samples. The apparent
mean grain size (L) of the B-SiC crystalline phase
present in some of the samples (as discussed below)
was calculated from the width (D) of the (1 T 1) diffrac-
tion peak at mid-height, according to the following
equation:

L = Ki/DcosH (1)

where K is a constant (taken as 1), A the CukK,
wavelength (i.e. A = 0.154nm) and 0 the Bragg angle
(6 = 17.8° for B-SiC (1 1 1)).

The electrical conductivity of the pyrolytic residues
was measured on fragments of the samples, by the
four-point method, from room temperature to 600 °C
(both on heating and cooling) under an atmosphere of
pure helium. The data (plotted as a Inc = f(1/7T)
graph, ¢ being the electrical conductivity and 1/7 the
reciprocal temperature) were used to assess the appar-
ent activation energy when the samples exhibited a
semiconducting behaviour.

Finally, the change in morphology occurring in the
samples during the pyrolysis was studied by scanning
electron microscopy (SEM) (JEOL 840 S).

3. Results

3.1. Nature of the PCSZ precursors

Softening temperatures (measured on a KOFLER
hotbench) and the average mass molecular weights
M, measured for the three PCSZ precursors are listed
in Table I. The softening temperature of the ceramic
precursor closely depends on the thermolysis condi-
tions applied to the PSSZ copolymers. Mild condi-
tions yielded a polycarbosilazane (PCSZ-I) soluble in
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hexane which exhibits a low softening temperature.
Severe thermolysis conditions yielded an insoluble
and unmeltable polymer (PCSZ-I11). Interestingly, in-
termediate degrees of PSSZ/PCSZ conversion could
be easily achieved either by careful monitoring of the
step 2 thermal-treatment conditions or by performing
two successive treatments (PCSZ-11). Thus, it has been
established that it was possible to increase the soften-
ing temperature of the precursor while retaining a
good solubility. Furthermore, Table T clearly shows
that the average mass molecular weight M, also
depends closely on the thermolysis treatment (the
more intense the cross-linking, the higher the values of
both M,, and I,).

3.1.1. Elemental analysis

Results of the elemental analyses of PCSZ-I-1I1 are
given in Table II. The measured values for silicon are
consistent with those calculated from the theoretical
formula of the initial PSSZ copolymer (Fig. 1). The
values measured for nitrogen are slightly higher than
the calculated ones; a feature which might be related
to the ammonia treatment used to eliminate the re-
maining Si-Cl bonds at the first step. On the other
hand, both the carbon and hydrogen percentages
measured are slightly lower than those expected (the
discrepancy could simply be assigned to a lack of
accuracy and reliability of bulk-clemental conven-
tional analysis when applied to such materials).
Finally, it is worthy of note that the total amount of
oxygen in the precursor is fairly low (i.e. of the order of
1.5% for the precursors submitted to a single thermo-
lysis treatment, and of the order of 3% when two
thermolyses were successively carried out).

3.1.2. Structure

Owing to the well-known methylene-group insertion
into Si-Si bonds [27], Si—~CH,-Si-N units are ex-
pected to be formed in the main skeleton of the
preceramic polymers, either during the thermolysis

TABLE 1 Some properties of PCSZ-I-1II Si-C-N ceramic pre-
cursors, I, polydispersity

PCSZ M, I, Softening
Pprecursors temperature (°C})
PCSZ-1 5270 2.8 90100
PCSZ-1I 15250 7.5 170

PCSZ-111 - - > 250

(step 2) of the processing procedure or at
a very early stage of the following pyrolysis itself.
Indeed, such units could be expected to foreshadow,
to a certain extent, part of the framework of the final
silicon carbonitride-based ceramics. It is worth noting
that such an ability did not exist for the polysilazanes
(PSZ) that were previously used for the preparation of
Si-C-N ceramics with the exception of the precursors
obtained from chlorimated disilanes [28].

The above assumptions are supported by the
i.r. spectroscopy data since characteristic absorptions
of Si~CH,-Si groups at 1350 and 1040cm ™! were
observed, closely depending on the degree of
PSSZ/PCSZ conversion (Fig. 2); these bands are not
observed for PCSZ-I but they are already present for
PCSZ-II. Moreover, a considerable decrease of the
N-H absorption (at 3380c¢m ™ ?) also occurs showing
that nitrogen atoms undergo trisilylation to a large
extent.

PSSZ and PCSZ-1I ?°Si NMR spectra (Fig. 3) are
somewhat complex, showing considerable broadening
of signals for the PCSZ-II precursor. In the case of the
PSSZ copolymer, it is noteworthy that, for x = 0.5,
(see Fig. 1), only a very small proportion of poly-
dimethylsilane structural units, i.e. Si-SiMe,—Si units,
are formed as only a very weak multiplet in the
~ 40 p.p.m. region is observed (Fig. 3). On the basis of
INEPT experiments, the main multiplet, centred at
— 22ppm., is assigned to N-SiMeH-Si and
N--SiMeH-N nuclei. The signals in the range — 12 to
Oppm. are assigned to N-SiMe,-Si and
N-SiMe,~-N nuclei. Similarly, the 2°Si NMR spec-
trum of PCSZ-1 reveals the decrease of the

PCSZ-1

PCSZ-III

’

4000 3500 30002500 2000 1800 16001400 12001000800 600
tem™ 1)

Figure 2 Lr. spectra of the PCSZ precursors.

TABLE 11 Bulk elemental calculated (calc.) or found compositions of the PCSZ precursors

PCSZ Si{wt %) C {(wt %) N (wt %) H (wt %) O {wt %)
reference Calec. Found Calc. Found Calc. Found Calc. Found Cale. Found
PCSZ-1 522 529 298 26.8 8.7 11.7 9.3 7.7 - 14
PCSZ-11 52.2 52.5 29.8 254 8.7 12.2 9.3 6.9 - 2.9
PCSZ-111 52.2 529 29.8 264 8.7 12.2 9.3 6.5 - 14
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N-SiMe,—Si multiplet intensity and the enhancement
of the broad signal centred at — 22 p.p.m. Thus,
we can assume that this multiplet includes
N-SiMeH-CH,—-Si units as well as residual
N-SiMeH-Si and N-SiMeH-N units. The fact that
PSZ units presumably occur confirms that an appreci-
able proportion of N-H bonds undergo trisilylation
during the overall process. Part of these units might
also arise from the substitution of the chlorinated-
chain-ends by nitrogen during the final treatment
with gaseous ammonia (ie. N-SiMeH-Cl and
N-SiMe,~Cl terminals).

More details about the physico-chemical character-
ization of these ceramic precursors will be provided in
a forthcoming paper [29].

3.2. Pyrolysis of the PCSZ precursors

3.2.1. 7GA4

When PCSZ-I-1II are heated under an inert atmo-
sphere of pure argon at increasing temperatures, 6,
different weight losses occur as shown in Fig. 4.

PSSZ

PCSZ-1I

T T L T T T 3 Ll T

20 10 ¢ -10 -20 -30 -40 -50 -60
5 (p.p.m.)

Figure 3 Solution 2°Si NMR spectra of PSSZ and PCSZ-I
(INEPT).
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Within the temperature range 25-950°C, a first
weight loss occurs as 6, is increased, followed by a
plateau in the TGA curve for 0, > 6, (Fig. 4a). For
PCSZ-I and PCSZ-II, the weight loss starts early, i.e.
at about 200°C, and is large and very rapid up to 6,
= 450 °C whereas for PCSZ-II1 it is still undetectable
at 6; = 450°C. Furthermore, for 0, <0, < 0,, the
weight loss slows for PCSZ-1 and PCSZ-II whereas
the major part of the overall weight loss for PCSZ-I11
occurs in this temperature range. Finally, the 0, value
regularly increases from precursor I to precursor 11
in the PCSZ-series. It thus appears that, within the
temperature range 25-950 °C, there is a clear correla-
tion between the main features of the TGA curve and
the degree of the PSSZ/PCSZ conversion of the ma-
terial. When this degree of conversion is low (e.g. in
PCSZ-1), the weight loss is very large and starts at a
low temperature. On the contrary, when it is high
(PCSZ-1II), the weight loss is much smaller and shifted
towards higher temperatures.

As shown in Fig. 4b, a second weight loss occurs
when the materials, pre-pyrolysed at 850°C, are fur-
ther heated under an inert atmosphere within the
temperature range 25-1600°C. This second weight
loss starts at about 1250°C which means that the
plateau observed beyond 6, in the TGA curves shown
in Fig. 4a extends up to 1250 °C, whatever the nature
of the PCSZ sample. However, the value of the second
weight loss at 1600 °C is higher for PCSZ-III (i.e. 28%)
than for PCSZ-1 (21%).

3.2.2. Elemental composition of the
pyrolytic residues

The results of the elemental chemical analyses per-
formed on the pyrolytic residues are shown in Tables
[MTa,b and IV for PCSZ-I and PCSZ-III. Although
there may be some uncertainty in the data, related to
analytical difficulties (e.g. that of an accurate analysis
of hydrogen in low mass samples), it clearly appears
that the two successive weight losses observed by
TGA are related to changes in the solid-residue com-
position. The first, occurring below 850°C, is related to
a dramatic decrease in the hydrogen content of the

0
(=
g
13
<10l
7
°
E
220 PCSZ-1
=
PCSZ-111
30 — . . . . . .
0 200 400 600 800 1000 1200 1400 1600
{b) Temperature {°C)

Figure 4 TGA curves for the three precursors showing the weight loss (Am/m,) and pyrolysis yield (m/m,) as a function of 6, within the
temperature ranges: (a) 25-950°C and (b) 25-1600°C for materials prepyrolysed at 850°C.
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TABLE III Elemental analyses of the pyrolytic residues of
PCSZ-1 for different 6, values, obtained by EPMA unless specified
otherwise (* data from bulk conventional chemical analysis,
** estimated from gas analysis, *** derived from 'H NMR spectra).
(a) Hydogen not taken into account and (b) hydrogen taken into
account

(@)

8, (°C) Elemental analysis (at % (wt %))
Si C N O
850 43 (62.1) 34 (21.0) 21 (15.2) 2(1.7)
950 43 (62.1) 34 (21.0) 21 (15.2) 2(1.7)
1100 43.5 (62.4) 34 (20.9) 21 (15.1) 2(1.7)
1400 435 (62.4) 32.5(20.3) 20 (14.6) 2(1.7)
1600 43 (63.6) 50 (31.7) 322 3(2.5)
(b)
8, (°C) Elemental analysis (at %)
Si C N H (6]

25 14* 17.5* 7* 61* 0.4%
850 31 26.8 15.5 25.7%* 0.9
950 38 30 18.5 12%* 1.8

1100 40.5 317 19.6 74%* 1.9
1400 435 325 20 < 0.2%** 2
1600 43 50 3 < 0.1%** 3

TABLE IV Elemental analysis of the pyrolytic residues of
PCSZ-1I for increasing values of 8,; results obtained by EPMA,
hydrogen not taken into account

6, (°C) Elemental analysis (at % (wt %))
Si C N (¢]
850 45 (64.3) 31 (19) 20 (14.3) 324
950 44 (63) 33(20.2) 20 (14.3) 3(2.5)
1100 44 (63) 33 (20.2) 20 (14.3) 3(2.9)
1400 44 (63) 33 (20.2) 20 (14.3) 3(25)
1600 44 (64.2) 50 (31.8) 2{1.5) 3 (2.5

residue, as shown in Fig. 5. The second, above 1400 °C,
results in a large drop in the nitrogen concentration
(i.e. from 20 to 3at % when 6, is raised from 1400 to
1600 °C for PCSZ-I). Furthermore, it is worth noting
that: (i) the hydrogen content of the pyrolytic residue
remains quite significant at rather high temperatures
(e.g. it is still 7.4 at % at 1100°C for PCSZ-I); (i1) the
final residue, obtained for 6, = 1600°C, is likely to
contain free carbon (based on the assumption that
silicon is bonded to carbon as SiC); (iii) some evolu-
tion of silicon might occur along with that of nitrogen
at 1400 < 0, < 1600 °C (since the Si/C ratio falls from
1.34 for 0, = 1400°C to 0.86 for 0, = 1600°C), and
finally (iv) the oxygen contamination of the
pyrolytic residue is low (ie. 1-2at% for 850
< 8, < 1400 °C) despite the well-known sensitivity of
PCSZ to oxygen and moisture.

3.2.3. Density
The variations of the pyrolytic-residue density as a
function of 6, are shown in Fig. 6, for PCSZ-1 and
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Figure 5 Variations of the hydrogen content of the pyrolytic res-

idue of PCSZ-II, as measured by "H NMR, versus the pyrolysis
temperature 6.
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Figure 6 Density variation of the PCSZ-I and PCSZ-III pyrolytic
residues as a function of the pyrolysis temperature.

PCSZ-I1I. For each material, there is first a sharp
increase in density at low 6, (taking place between
400-700 °C for PCSZ-I and between 500-850°C for
PCSZ-TI) followed by a much slower increase in
density from 850 to 1600°C. Although the sharp
transition takes place earlier for PCSZ-1, the final
densities for the two pyrolytic residues are the same,
ie. about 2.75x 10° kgm > for 6, = 1600°C.

3.2.4. lr. spectrometry analysis

The i.r. spectra of the pyrolytic residues of PCSZ-I and
PCSZ-1II are shown in Fig. 7 for increasing 0, values
and the observed absorption bands are listed in
Table V.

3.24.1. For B, <450-500°C. There are only minor
changes in the i.r. spectra, the main absorption bands
are still those of the initial organosilicon polymers.
However, for PCSZ-I (i.e. that corresponding to a low
degree of PSSZ/PCSZ conversion) several changes are
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Figure 7 Lr. spectra of PCSZ precursors and of their pyrolytic residues at increasing pyrolysis temperatures: (a) PCSZ-1, and (b) PCSZ-IIL

actually observed when 0, is raised from room temper-
ature to 500°C: (i) the absorption bands at 3450 and
1160 cm ™1, assigned to a valence vibration v(N-H)
and a deformation y(N-H), disappear; (i} the very
strong absorption band at 2130cm™?!, assigned to
v(Si-H), decreases in intensity; (iii) the weak absorp-
tion band at 400cm ™! assigned to Si-Si, vanishes; and
finally (iv) a weak absorption band at 1350cm™¢,
assigned to o{Si-CH,-Si) appears. As discussed in
Section 4.1.1, these changes in the ir. spectra support
the occurrence of a PSSZ/PCSZ conversion taking
place in the material by insertion of a methylene group
into the Si-Si bonds (according to a mechanism pre-
viously described by Shiina and Kumada [307). This
result is consistent with the difference between PCSZ-1
and PCSZ-I11, mentioned in Section 3.1.

3.2.4.2. For 500 < 8, < 850°C. The ir spectra of the
pyrolytic residues exhibit strong changes. On the one
hand, at 650 °C, the ratio between the intensity of the
o(Si~CH,—Si) absorption band at 1350 c¢cm ™! and that
of the w(Si—CHj;) absorption band at 1400cm ™! has
still increased with respect to its value at 500°C, for
PCSZ-1. This feature suggests that the PSSZ/PCSZ
conversion continues to proceed, at least near the
lower side of the temperature range. On the other
hand, when 0, is raised from 500 to 850°C, the
intensities of the v(Si~H), (C-H) and (Si-CH ,~Si)
absorption bands undergo a dramatic decrease: they
almost disappear at 850 °C, which clearly shows that a

new transformation, referred to as the organic/inor-
ganic transition, takes place within this temperature
range and that it can be considered as almost achieved
at 850°C.

3.24.3. For 850 < 0, < 1600°C. There is little change
in the ir. spectra of the pyrolytic residues with the
exception of (i} a remaining absorption band at
2900cm ™~ (assigned to v(C-H)) which suggests that
some hydrogen is still bonded to carbon, at least for
the lower side of the temperature range (in agreement
with the elemental chemical analysis);, and (i1) some
sharpening of the broad absorption bands at 850 and
1100cm ™%, for 6, > 1400 °C which could be assigned
to silicon carbide [31].

3.2.5. Gas analysis

Analysis of the gases formed during the pyrolysis
of PCSZ-I and PCSZ-1I1 was performed in the two
temperature ranges (ie. 25-1000°C and 1200-
1700 °C) corresponding to the weight losses observed
by TGA and to the changes in the chemical composi-
tion of the pyrolytic residue (Figs 8 and 9a-b, and
Tables VI and VII).

3.2.5.1. 25 <6, < 1000°C. At low temperatures, i.e.
for 8, < 450 °C, the behaviours of PCSZ-I and PCSZ-
IIT are very different, as expected from the respective
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TABLE V Main absorption bands observed in the i.r. spectra of PCSZ precursors and pyrolytic residues vs: very strong; s: strong;
m: medium; w: weak

Wave Intensity Assignment Wave Intensity Assignment
number (cm™1!) number (cm ™ ')
3450 m v(N-H) 1260 8 3(Si-CH,)
2960 $ wWC-H) 1160 m v(N-H) (Si-NH-Si)
2890 m w(C-H) 1045 m 3(Si—-CH,-Si)
2800 w v(C-H) 1000-940 s (broad) V(Si—-N-Si)
2130 vs§ V(Si-H) 940-850 vs (broad) 3(Si-H)
1410 m S(C-H) (CH,;) 830 8 p(CH,-Si)
1350 w o(Si-CH,-Si) 400 w v(Si-Si)
50 TABLE VI Analysis of the gaseous hydrocarbon species (by gas
—_ H2 chromatography) formed during the pyrolysis of PCSZ-I at increas-
N CH4 ing temperature; Q is the gas flow rate
9 | . Hs
B -1 1151
T,_._- CHy4 08, (°C) Q(x107 ' molh™ kg™ 1)
'g‘ 30 [ H, CH, CiHq C,Hg
o 300 0.5 0.1 0.07 -
T | 350 075 0.7 03 04
s 400 1.19 09 0.6 0.8
g 430 9.11 27 0.2 03
Z1o| 500 17.35 9.15 0.1 1
- 570 19.24 133 0.09 L.t
é 630 21.1 11.0 0.04 1.0
0 . ) ) 700 20.7 6.2 0.04 1.0
200 400 600 800 1000 1200 770 172 34 - 0.2
Temperature (° () 840 130 24 - 0.1
910 8.9 21 - 0.3
Figure 8 Variation of the hydrogen and methane gas-flow rates 980 49 14 _ 0.4
(measured by gas chromatography) as a function of temperature,
during the organic/inorganic transition of PCSZ (the gas flow rate
data are given per kg of residue at 450 °C).
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Figure 9 Variations of nitrogen gas flow rate during the pyrolysis of PCSZ-II as a function of: (a) temperature, and (b) time at 1700 °C.

PSSZ/PCSZ degrees of conversion of both precursors.
For PCSZ-1, two types of low-volatility products are
condensed on the cold wall of the pyrolysis apparatus,
for 150 < 8, < 450°C: (i) an oil whose i.r. spectrum is
very similar to that of PCSZ-I, and (ii) a small amount
of solid whose i.r. spectrum exhibits a weak absorp-
tion band at 1050cm ! assigned, to Si—O bonds. The
corresponding weight loss is of the order of 45%,
as shown in Fig. 4. Whereas the same treatment of

2622

PCSZ-III yields no condensable volatile products and
the weight loss is negligible.

Beyond 450°C, both methane and hydrogen are
evolved in large amounts as well as traces of butene
and propylene, for all the PCSZ-precursors, as shown
in Fig. 8 and Table VI. The overall amount of gas
formed between 450 and 1000 °C is lower for PCSZ-I
than for PCSZ-11I, since 45% of the mass of PCSZ-1
is lost by volatilization below 450°C as mentioned



above. To take into account this important phenom-
enon, the flow rates of the gas formed during the
pyrolysis of PCSZ are expressed in Fig. 8 per unit
mass of pyrolytic residue remaining in the apparatus
at 450°C (and not per unit of mass of the initial
sample).

As shown in Fig. 8, the curves corresponding to the
evolution of CH, and H, during the pyrolysis of
PCSZ-III are slightly shifted towards the high temper-
atures, with respect to those observed for PCSZ-I; this
is consistent with the higher degree of PSSZ/PCSZ
conversion of PCSZ-I11. Moreover, the organic/inor-
ganic transition occurs in a wider temperature range
for PCSZ-I than PCSZ-I1I as shown by the tails of the
CH, and H, curves for PCSZ-I on the high-temper-
ature side. However, the overall amounts of pyrolytic
gas and the overall weight losses observed during the
organic/inorganic transition of PCSZ-I and PCSZ-111
appear to be of the same order, when they are ex-
pressed per unit of residue mass at 450 °C (Table VII).

Besides the gaseous components identified by chro-
matography (i.e. hydrogen, methane, propylene and
butene), traces of Me,SiH, and MeSiH; are also
formed during the flash pyrolysis of PCSZ-I below
600 °C (on the basis of mass spectroscopy analysis).
Finally, a very small amount of ammonia is formed
below 400°C, corresponding to a weight loss of
0.34 wt %. Thus it appears that the main gases formed
during the organic/inorganic transition of PCSZ are
hydrogen and methane. In the case of PCSZ-I this
transition is preceded by a weight loss of approxim-
ately 50% due to the vaporization of low boiling point
products.

3.2.5.2. 1000 < 6, < 1700°C. As already mentioned,
there is a plateau in the weight loss versus temperature
curve at medium temperatures and it is only for
8, > 1300°C that a new significant evolution of gas,
namely nitrogen, is observed (Fig. 9). The evolution of
nitrogen remains slow up to 1400 °C, then it increases
as the temperature is raised to 1700 °C. At the latter
temperature and under a total pressure of 1 Pa, evolu-
tion of nitrogen goes to completion within about
15min. Within the 1200-1700°C range, CO is also
formed to a very small extent (on the basis of high-
resolution-mass-spectroscopy data), and this is con-
sistent with the low oxygen concentration in the
pyrolytic residues (Table Il1a) and with the results
previously reported on the pyrolysis of ex-PCS fibres
[32]. It is likely that some trace of SiO could be
formed, but this gas, stable only at high temperatures
[33], was not identified.

3.2.6. Solid-State NMR Analysis

'H, }3C and ?°Si NMR spectra were checked to study
the variations of the short-range atomic order, in the
solid state, as a function of 0,. The NMR spectra are
given in Fig. 10 for PCSZ-I.

3.26.1. *H NMR (magic-angle spinning (MAS)).
The 'H MAS-NMR spectra are given in Fig. 10a for

those pyrolytic residues containing enough hydrogen;
1.e. those residues obtained at relatively low temper-
atures (0, = 500 and 650°C). The spectrum of the
PCSZ-1 precursor exhibits two peaks: a strong peak at
0.2p.p.m assigned to Si-C-H protons and a much
weaker peak at 4.5p.p.m assigned to Si~H protons.
When 6, is raised from 500 to 650 °C the intensity of
the first peak remains unchanged whereas that of the
second decreases.

3.2.6.2. 3C NMR (cross-polarization magic-angle
spinning (CPMAS)). '*C NMR analysis, when per-
formed in the CPMAS mode, requires samples which
still contain an appreciable proportion of protons.
Thus, it has been limited to pyrolytic residues pre-
pared at low 8, values (i.e, 0, < 850°C) (Fig. 8). As
shown in Fig. 10b, the spectrum of the as-prepared
PCSZ-I precursor exhibits two peaks: a strong peak at
S p.p-m. assigned to N-Si(CH,}-N and a weak peak at
— 7 p.p-m. assigned to -Si(CH;),—. In the spectrum of
the pyrolytic residue prepared at 0, = 500°C, the
latter peak has almost completely disappeared where-
as the former begins to broaden towards the high-
positive-chemical-shift side, a feature related to the
formation of some Si-CH,-Si sites. For 8, = 650°C,
the spectrum is characterized by a new broad peak
which is the result of a wide distribution of site
population (the overall width of the peak increases
from less than 10 to 30 p.p.m. when 6, is raised from
500 to 650 °C). The fact that the peak at 5 p.p.m. is now
a simple shoulder (on the right-hand side of the main
broad peak) with a lower intensity and the fact that
there is an overall shift of the spectrum towards the
high-field side supports the occurrence of a conversion
of the CH, groups into CH, and CH groups. All these
features are more apparent for 8, = 850 °C; the peak
at 5 p.p.m. has almost completely disappeared and the
remaining broad peak is located at 24.5 p.p.m. a chem-
ical-shift value which corresponds to a CSi, site (in
the B-SiC standard, the related chemical shift is at
23.7p.p.m.). The large width of the peak recorded at
0, =850°C can be explained on the basis of the
following remarks: (i) the carbon nuclei which have
been analysed could be CSi, or CHSi; or even
CH,Si,, and (ii) the CSi, sites could have different
second neighbouring coordination spheres (i.e. the
first neighbouring silicon of the carbon nuclei might
belong to SiC,, SiC5N or even SiC,N, sites).

3.2.6.3. °Si NMR (MAS). In the solid state, the 2°Si
NMR (MAS) spectrum of the as-prepared PCSZ-1
precursor is characterized by a broad peak corres-
ponding to a distribution of chemical shifts around
— 20 p.p.m assigned to SiN,CH-type sites (Fig. 10c).
It is worth noting that the occurrence of SiNSiMeH,
SiN,MeH, SiN,Me, and SiSiNMe, sites has been
already deduced from the °Si NMR spectrum of the
same material, but in the liquid state (Section 3.1.).
For 500 <0, <850°C, a peak corresponding to a
chemical shift of — 10 p.p.m. assigned to SiN,C, sites,
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is observed. Its intensity increases as 0, is raised, with
respect to that of the peak at — 20 p.p.m. assigned to
SiN,CH-sites. For 1200 < 8, < 1400°C, the remain-
ing peak becomes sharper and it is slightly shifted
towards the high-field side (from — [8p.p.m. for
0, = 1200°C to — 12p.p.m. for 6, = 1400°C), a fea-
ture supporting the formation of SiCj sites.

Finally, for 6, = 1600°C, the *°Si NMR (MAS)
peak corresponds to a chemical shift close to that
observed in the B-SiC standard. However, its width is
somewhat larger, as already mentioned for the **C
NMR (CPMAS]) spectrum.

On the basis of a quantitative analysis of the peak
recorded for 6, = 1400 °C, it has been established that
the distribution of the Si sites in the pyrolytic residue
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3.2.7. Structure and microstructure

The XRD patterns of the pyrolytic residues of PCSZ-I
are shown in Fig. 11a for 0, values increasing from
1100 to 1600 °C (each sample was maintained at 6, for
1 h as described in Section 2.2.). For 0, < 1300°C, the
pyrolytic residues appear to be amorphous whereas
for 8, < 1300°C, diffraction peaks are observed and
their intensities increase as 0, is raised. The three
mains lines, corresponding to d-spacings equal to
0.251, 0.154 and 0.131 nm respectively, were assigned
to the (111), (220) and (311) reflections of B-SiC;
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Figure 10 Solid-state NMR spectra of the as-prepared PCSZ-1 precursor and its pyrolytic residues for increasing 8, values: (a) "H NMR

(MAS), (b) 1C NMR (CPMAS), and (¢} °Si NMR (MAS).
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Figure 11 X-ray diffraction patterns (Cuk,) of the pyrolytic re-
sidues of the PCSZ precursors: (a) for increasing temperatures
(PCSZ-I), and (b) for 8, = 1400°C (PCSZ-I and PCSZ-III).

whereas the other peaks were thought to correspond
to hexagonal SiC polytypes. Furthermore, no signific-
ant difference is observed in the XRD patterns of the
pyrolytic residues of PCSZ-1 and PCSZ-111 at 1400 °C
(Fig. 11b).

The SiC apparent mean grain sizes were calculated
from the width L of the (111) reflection (measured at
mid-peak height) using Equation 1. Their variations as
a function of 0, are shown in Fig. 12. There is almost
no significant increase in the mean grain size for
0, < 1400 °C, although nanocrystals of SiC could be
observed and measured by transmission electron
microscopy (TEM) [34]. Above this temperature, the
mean grain size increases very rapidly as 6, is raised
(ie. from 1-2nm at 1400°C to about 20nm at
1600 °C). It is remarkable that the crystallization of ex-
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Figure 12 Variations of the apparent mean grain sizes of ex-PCSZ-
I and ex-PCS pyrolytic residues as a function of pyrolysis temper-
ature.

PCS ceramics starts about 200 °C below that of the ex-
PCSZ ceramics, and this shows that the amorphous
microstructure of the latter is much more stable at
high temperatures than that of the former. However,
for 6, = 1600 °C, the mean grain sizes of the pyrolytic
residues prepared from PCS and PCSZ precursors are
7 and 20 nm, respectively. Therefore, our data show
that the crystallization of ex-PCSZ ceramics is delayed
with respect to that of ex-PCS ceramics but, when it
occurs, the crystallization kinetics are faster.

The morphology of the external surface of the
pyrolytic residues was studied by scanning electron
microscopy (SEM) for increasing 0, values (Fig. 13).
For 0, < 1400°C the external surface of the pyrolytic
residues is smooth with microporosity increasing as
the degree of PSSZ/PCSZ conversion decreases. For
0, = 1600 °C, the surface morphology depends on the
rate of increase of 0,,: (i) when 0, is rapidly raised up to
1600°C (60°Cmin~! or more), SiC whiskers are ob-
served on a smooth surface; whereas (ii) when 0, is
raised slowly (10 °C min ), the external surface of the
pyrolytic residue is rough and highly porous with
large crystals of SiC.

3.2.8. Electrical conductivity

The electrical conductivity, measured at 500K for the
ex-PCSZ-1 pyrolytic residues, dramatically increases
(by seven orders of magnitude) when 8, is raised from
850 to 1400 °C, as shown in Fig. 14. For 6, = 850°C,
the electrical conductivity significantly increases as the
temperature at which it is measured is raised, a feature

TABLE VII Gas formed and weight lost during the organic/inorganic transition of PCSZ-1 and PCSZ-IIL

Amount of gas (molkg™ 1)V

Amount of gas (molkg

“hH@ Calc. Am/mg, (%) Calc. Amfmy (%)™ Am/my (%)

H, CH, H, CH,
PCSZ-1 102 40 18.5 8.3 15.1 157
PCSZ-IIT 176 6.6 17.6 6.6 14.1 14.1 12

! as measured per kilogram of the initial sample; 2 as measured per kilogram of residue at 450 °C; ? as calculated from the gas evolution per
kilogram of initial sample; # as calculated from the gas evolution, per kilogram of residue at 450 °C; ° as measured by TGA, per kilogram of

residue at 450°C.
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Figure 13 Morphology of the external surface of ex-PCSZ-I pyro-
lytic residue (a) 8, = 1400°C, ramping rate 3600°C h™*, (b) 6,
= 1600 °C, ramping rate 3600°C h™'; and (¢) 8, = 1600°C, ram-
ping rate 600°C h™".

typical of semiconducting behavior (the related appar-
ent activation energy, E,, being equal to 0.84¢V).
However, for 6, = 1200°C, the temperature depend-
ence of the electrical conductivity is less, the activation
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Figure 14 Thermal variations of the electrical conductivity of the
pyrolytic residues of ex-PCSZ-I precursor, for 6, = 850, 1200 and
1400°C.

energy being only 0.29¢V. Finally, for 6, = 1400°C,
the electrical conductivity is almost independent of the
temperature at which it is measured. It is noteworthy
that a similar electrical behaviour has already been
reported for ex-PCS pyrolytic residues [35].

4. Discussion

The data reported in Section 3 are important for
discussing the mechanisms involved in the different
stages of the pyrolysis process (Section 4.1.), the effect
of the PSSZ/PCSZ conversion degree on the pyrolysis
process (Section 4.2.), and the influence of the pyrol-
ysis conditions (Section 4.3.).

4.1. Mechanisms involved in the different
stages of the pyrolysis process of
PCSZ-1

From the experimental results, it can be inferred that

the pyrolysis of PCSZ-I under an inert atmosphere

proceeds according to five successive steps (Sections
4.1.1.-5) as the temperature 6, is progressively raised.

4.1.1. For256°C <8, <0, (with
0, = 450-500°C)

The large weight loss which is observed within this
temperature range (Fig. 4a), i.e. 45wt %, is mainly
related to: (i) the formation and evolution of low-
boiling-point oligomers starting at about 300 °C (on
the basis of the ir. spectroscopy data, there is a clear
similarity between these oligomers and the starting
PCSZ-1 precursor; moreover, the chemical composi-
tion of the pyrolytic residue at 450 °C is almost identi-
cal to that of the PCSZ-T precursor); and (ii) an
evolution of both hydrogen and ammonia, but in
much lower amounts. The formation of NH; and H,
might be respectively related to transamination reac-



tions (2) [18, 19, 36, 37], and cleavage of Si~H and
N-H bonds (3) [38]:

—_/'
N ./ Na- Ve
3-/-SI—N—SIT — 2—781—N~—Sl— + NH, (2)

| AN
Si
N
Ne: Na: -/ Na: v =
7SI—H + —7SI—NH—-SI\— - —/SI—II\I—SI\—\—‘i- H,

AN ®

Reaction 2 explains the observed evolution of small
amounts of ammonia (see Section 3.2.5.) within this
temperature range as well as the almost total van-
ishing of the absorption bands at 3450 and 1160 c¢m ~ !,
respectively assigned to the valence vibration, v(N-H),
and deformation, y(N-H), of PSZ units, (Si-NH)-, in
the ir. spectrum of the pyrolytic residue correspond-
ing to the upper limit of the 6, range (Table V; Fig. 7).
The observation that only minor proportions of am-
monia were involved during the overall pyrolysis,
leads to the assumption that the formation of Si;N
sites according to Reaction 3 is favoured.

The increase in the number of %Si—CHz—Sig— groups,

which have been observed both by ir. spectroscopy
(Fig. 7) and '*C NMR (CPMAS) (Fig. 10b) could be
explained by the insertion of methylene groups into
the Si-Si bonds according to the following Scheme,
as previously described by Shiina and Kumada [30]:

CH, H
] y

——iSI—Sl\— —+—SI1-CH2—Sl\— (4)
CH, CH,

The insertion of methylene groups into Si-Si bonds
according to Scheme 4 is supported by both the
vanishing of the ir. absorption band at 400cm™1,
assigned to Si-Si (Fig. 7) and the decrease in the
intensity of the '*C NMR weak peak at — 7 p.p.m,,
assigned to Si—(CH,),-(Fig. 10b), as 0 is raised from
25 to 500°C. Since it does not release hydrogen, it
could occur at low temperatures, i.e. for 6, < 400°C
(under such conditions no evolution of hydrogen was
observed, as shown in Fig. 8). Alternatively, the de-
crease in intensity of the ir. absorption band at
2130cm~*, assigned to Si-H, could be related to any
reaction following Reaction 3 and resulting in a re-
lease of hydrogen. Finally, the decrease in the number
of SiN,CH sites and the increase in SiC,N, sites,
which have been established on the basis of the 2°Si
NMR analysis (Fig. 10c), could be explained by a
mechanism involving condensation processes. Reac-
tions proceeding by Reaction 3 could be favoured at
high temperatures, ie. for 400 <6, < 500°C, since
they occur with the evolution of hydrogen. However,
it is thought that, within this narrow temperature
range, several of these reactions might proceed with
the simultaneous insertion of methylene groups into
Si-Si bonds (Reaction 4).

When 6, is raised from room temperature to
450-500 °C, the density of the residue is only slightly

increased (from 120 to 1.25x10%kgm™%) (Fig. 6)
although there is a very large weight loss (Fig. 4) and
the polymer becomes highly cross-linked. This fea-
ture could be explained by the fact that the chemical
species which are vapourized are very similar in nature
to those remaining in the residue, as already men-
tioned, and that the material remains organic.

So, it appears that three main phenomena occur
in the temperature range 25 < 0, <450-500°C:
(i) condensation-cyclization processes which consume
the majority of the Si—H bonds, (ii) internal rearrange-
ments within the polymeric chains (e.g. insertion of
methylene groups in the Si-Si bonds) and simultan-
cous progressive cross-linking of the polymer, and
(ii1) evolution of gaseous species (low-molecular-mass
oligomers and, near the upper temperature limit, hy-
drogen) yielding a very large weight loss. At this stage,
the material remains clearly organic.

4.1.2. For0, <8, <0,

When 6, is raised from 0, =450-500°C to 6,
= 750-800°C, the PCSZ-I precursor undergoes a
new weight loss which is less significant than that
observed in the first temperature range, as shown in
Fig. 4. This weight loss is related mainly to the forma-
tion of hydrogen and methane (Fig. §), as shown by
the fact that the weight loss calculated from the vol-
umes of H, and CH, is almost exactly equal to that
measured by TGA (Table VII). In addition to H, and
CH,, traces of various other gaseous organic species
are also formed. This gas evolution is due to the
splitting of the majority of the Si-H, Si-Me, C-H
bonds progressively yielding an inorganic residue.

The occurrence of an organic/inorganic transition
within this temperature range is clearly supported by
ir. and NMR data. As shown in Fig. 7, all the strong
i.r. absorption bands of the as-prepared PCSZ-I pre-
cursor (e.g; V(CH;) at 2890 cm ~ 1; w(SiH) at 2130cm ™ &;
8(CH,Si) at 1260cm ™ *; 3(SiH) at 940-850cm™1) as
well as those of weaker intensity (e.g. o(Si-CH,—Si) at
1350cm ! and 8(Si—-CH,-Si) at 1040 cm ™ 1) resulting
from the PSSZ/PCSZ conversion almost totally dis-
appear when 0, is raised from 0, to 6,. Similarly, the
change occurring in the NMR spectra (Fig. 10) shows
that, within this temperature range, the number of
Si-H, —CH; and SiN,HMe sites decreases; and
SiN,C, and CSi, sites appear.

The mechanisms governing the formation of CH,
and H, are still a matter of speculation. However, free
radicals might be involved as intermediates, as pre-
viously suggested by Hasegawa and Okamura [39] in
the organic/inorganic transition taking place within,
approximately, the same temperature range as for
PCS (at this stage of the pyrolysis of PCSZ, NH bonds
are no longer present since they have been replaced by
NSi; knots during the cross-linking process at lower
temperatures, thus the reactivity of the PCSZ residue
is thought to be close to that of the PCS residue). We
have no supplementary evidence for supporting the
homolytic cleavages assumed by these authors to
involve the formation of H, and CH,.
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The organic/inorganic transition yields an amorph-
ous solid, which is homogenous in chemical composi-
tion. As shown in Tables Illa, b, and IV, a very
important change occurs in the elemental composition
of the pyrolytic residue during the transition: (i) the
hydrogen concentration dramatically decreases, as
could be expected (from 61 to 25.7 at % when 0, is
raised from 25 to 850°C); whereas (ii) those of the
other elements increase by a factor of two for silicon
and nitrogen (since these elements are not present in
the pyrolysis gascous species) and by a factor signific-
antly lower for carbon, ie. 1.52, since part of the
carbon is lost as CH,. Despite the important gas
evolution within this temperature range, we have to
specify that the pyrolytic residue still contains, at
8, = 850 °C, significant amounts of hydrogen (Fig. 5)
and C-H organic bonds (Fig. 7), a feature which might
be correlated with the residue’s amorphous character.

Finally an important change occurs in the density
of the material at the organic/inorganic transition. As
shown in Fig. 6, the density increases from 1.25
x 103 kg m ~? for the organic state (6, = 500°C) to 2.2
x 10°kgm™? for the inorganic state (8, = 800°C) as
expected for a transition between a three-dimensional
open network of polymeric chains and a glassy mater-
ial, largely mineral, with pores of nanometer scale

[34].

4.1.3. For0, <9, <08,
(with 65 = 1200-1200 °C)

The amorphous pyrolytic residue resulting from the
organic/inorganic transition remains relatively stable
when 6, is raised from 6, =750-800°C to 6,
= 1200-1250. However, the evolution of hydrogen
(and to some extent of methane) continues to proceed,
as shown in Figs 5 and 8 and Table 1IIb. This has

Figure 15 High resolution TEM picture (lattice-fringe mode) of the
pyrolytic residue of PCSZ-I treated at 1400°C showing: (i) B-SiC
crystals (single arrow) and (ii) carbon cages (double arrow), re-
printed with permission of O. Delverdier, M. Monthioux and
A. Oberlin [34].
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three consequences: (i) a small weight loss (Fig. 4b), (ii)
an increase in the concentrations of Si, C and N in the
pyrolytic residue (Table I1Ib), and (iii) a regular in-
crease in density (Fig. 6). All these phenomena suggest
that some local atomic rearrangements occur in the
solid which, however, remains amorphous up to about
1200°C.

Near the upper limit of the temperature domain,
i.e. when 0, is close to 1200 °C, the amorphous pyroly-
tic residue begins to crystallize; this is supported by
TEM data which will be published in detail elsewhere
[34]. However, at this temperature this phenomenon
remains limited: some crystals of B-SiC (mean size,
2nm) as well as few basic structural units (BSUs) of
free carbon [34] appear within an amorphous Si—-C-N
matrix — characterized by both SiC,N, and SiC;N
(and possibly SiC,) sites (*°Si NMR; Fig. 10c) — which
remains the majority of the material.

For 0, = 850°C, the pyrolytic residue exhibits a low
electrical conductivity with a semiconducting charac-
ter and an E, of 0.84eV. However, when 0, is raised
from 850 to 1200°C, the electrical conductivity in-
creases by more than three orders of magnitude and,
simultaneously, E, falls to 0.29 ¢V,

4.1.4. For9; <0, <0, (with0,~ 1400 °C)
When 6, is raised from 8, ~ 1200°C to 8, ~ 1400°C,
the crystallization process, which has started just be-
low 85, becomes more and more important, as shown
in Fig. 11 from the sharpening of the broad XRD
peaks (assigned to SiC) and to a lesser extent in Fig. 7
from that of the i.r. absorption band at 850cm™*!
(assigned to SiC). The mean grain size of SiC increases
from 2 to 5nm for PCSZ-I samples treated for 1 h at
1200°C and for 1 h at 1400°C, respectively. Further-
more, the simultaneous formation of free carbon (sp?)
also proceeds in a more and more significant manner,
as supported by the sharpening of the ir. absorption
band at 1100 cm ™!, assigned to aromatic carbon (Fig.
7). This crystallization process has also been observed
by Delverdier et al. [34] using TEM: the SiC-crystals
appear to be surrounded by cages of free -carbon
(more-or-less completely formed) in which the graph-
ite planes lie parallel to the SiC-crystal facets, as
shown in Fig. 15.

For 0,~ 1400 °C, only traces of hydrogen remain in
the pyrolytic residue (less than 0.2 at % Table I1Ib and
Fig. 5) and the density is 2.55x10°kgm ™2 (cf. a
density of 2.4 x 10°kgm™? at 8, = 1200 °C). Further-
more, as shown in Table ITIb and Fig. 9, the pyrolytic
residue of PCSZ-I at 1400°C still contains a large
amount of nitrogen (approximately 20at %) which is
thought to be present in the material mainly as a
Si-C-N amorphous matrix, as previously discussed in
Section 4.1.3.

Finally, as shown in Fig. 14, the electrical conduct-
ivity measured at 500 K, has increased to the order of
afew Q" 'cm ™! compared to 3 x 10~* and approxim-
ately 1077 107° Q" 'm™! for 0, = 1200 and 850°C,
respectively. Moreover, the electrical conductivity
becomes almost independent of the temperature at
which it is measured (E, being only 0.03¢V). For



comparison, E, for the PCSZ-I pyrolytic residue ob-
tained at 1400 °C is close to that of an anthracene char
prepared at 700°C [41]. It is thus suggested that the
change in the electrical behaviour observed when 0, is
raised from 05 and 6, can be related mainly to the
growth of the dehydrogenated aromatic carbon and to
its local arrangement as cage-like structures around
the B-SiC crystals; the electrical conductivity could
result from a hopping process occurring between
these more-or-less-complete-and-interconnected cages
of free carbon. A similar mechanism has been pro-
posed previously to explain the dramatic increase in
electrical conductivity which is observed in PCS pyr-
olytic residues as 0, is raised [42].

4.1.5. For9, >0, (with0,~ 1400 °C)

When 0, is raised beyond 0, ~ 1400 °C, a second large
weight loss occurs which is the result of the evolution
of almost all the nitrogen present in the material
(Figs. 4b and 9, and Table Illa) and, to a lesser extent,
of carbon monoxide. As a result of this decomposition
process, assigned to the Si—-C-N amorphous matrix,
important changes occur in the pyrolytic residue: (i) its
concentration of eclemental carbon significantly in-
creases (from 32 to 50at% at 1400 and 1600°C,
respectively) whereas that of elemental silicon is not
changed (so there is a loss of silicon in the gas phase),
(i) its density increases again (its value being 2.75
x10°kgm™? for 8, = 1600°C), and (iii) both the
number and size of the B-SiC crystals are increased
(Fig. 12). The latter observation was also made by
Delverdier et al. on the basis of a high resolution TEM
(HRTEM) study, as shown in Fig. 16 [34]. Inter-
estingly, the carbon surrounding the large 8-SiC crys-
tals now consists of carbon BSUs randomly oriented
(instead of cage-like structures in which the graphite
planes are parallel to the $-SiC facets, observed at a
lower 0,). Finally, SiC whiskers are formed on the
surface of the sample (Fig. 13). ,

The phenomena observed during the pyrolysis of
PCSZ-1 for 1400 < 0, < 1600°C can be explained as
follows (i) the Si—C-N amorphous matrix undergoes a
decomposition process yielding mainly SiC and free
carbon with evolution of nitrogen and gaseous silicon
and/or SiO; and (ii) the latter reacts, firstly, within the
solid itself with the carbon cages forming disoriented
BSUs and secondly, with carbon-containing species
from the atmosphere of the furnace to give SiC whis-
kers on the external surface of the sample. Thus for 6,
= 1600°C, the pyrolytic residue of PCSZ-I is mainly
a mixture of B-SiC crystals and free carbon with trace
amounts of other atoms (i.e. 3at % of N, 3at% of O
and less than 0.1 at % of H).

4.2. Effect of the PSSZ/PCSZ conversion
degree on the organic/inorganic
transition and the nature of the
pyrolytic residue

The data reported in Section 3 on the pyrolysis of

PCSZ-1-11I, show that the influence of the

PSSZ/PCSZ conversion degree in the as-prepared

Figure 16 TEM picture (bright-field mode) of the pyrolytic residue
of PCSZ-I obtained at 1600°C showing a large crystal of B-SiC
(single arrow) surrounded by disoriented BSUs of carbon (double
arrow), reprinted with permission of O. Delverdier, M. Monthioux
and A. Oberlin [34].

precursors is effective in the first stages of the pyrolysis
process (i.e. for 0, < 0,) and negligible (if there is any)
in the last stages (i.e. for 6, > 6,).

For 0, < 0, (with 6; = 450-500 °C), the importance
of the weight loss, which is related to the vapouriza-
tion of low-molecular-weight oligomers, depends dir-
ectly on the PSSZ/PCSZ conversion degree in the
as-prepared materials: it is very large (i.e. 46 wt %) for
(PCSZ-1), very small for PCSZ-IIT and is 22 wt % for
PCSZ-I1 (Fig. 4). As a result, there is a little change in
the i.r. spectrum of PCSZ-1II when 6, is raised from 25
to 500°C whereas there is, within the same temper-
ature range, a decrease in the intensity of the W(Si—H)
absorption band and simultaneously an increase in
that of the o(Si-~CH,-Si) absorption band. This can be
explained by the fact that the methylene-group inser-
tions into the Si-Si bonds, which occurs in PCSZ-I
when 0, is raised from 25 to 500°C, have already
taken place during the preparation of the precursors,
partially for PCSZ-II and to a very large extent for
PCSZ-1II. Thus, the ir. spectrum of PCSZ-I for 6,
= 450-500°C, on the one hand, and that of PCSZ-II],

on the other hand, are quite similar.
For 8; <0, < 8, the second weight loss increases as
the degree of PSSZ/PCSZ conversion becomes more
pronounced, at least when it is calculated with respect
to the initial sample mass, mq, (ranging from 8.5 wt %
for PCSZ-1to 12 wt % for PCSZ-III; Fig. 4). However,
when the weight loss is calculated with respect to the
mass m; of pyrolytic residue at 450 °C, the relationship
is reversed (the values of Am/m, ranging from
19.7 wt % for PCSZ-1 to 12 wt % for PCSZ-III). Thus,
it is again the precursor with the highest degree of
PSSZ/PCSZ conversion, in the as-prepared state,
which undergoes the lowest relative weight loss within
the 8,-0, temperature range, in agreement with the
analysis data of the formed gases (Fig. 8).

The fact that the evolution of H, and CH, occurs at
a higher temperature in PCSZ-III than in PCSZ-I
could be because the gas flow in this temperature
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range, 350450 °C, is almost achieved during the ther-
molysis of PCSZ-I.

For 8, > 0,, the phenomena observed during the
pyrolysis of both PCSZ-I and PCSZ-III are very
similar: it appears that the effect of the PSSZ/PCSZ
conversion degree on the last stages of the pyrolysis, if
there is any, is weak and that the clemental composi-
tions of both the pyrolytic residues at 1600 °C are the
same, as shown in Tables IIT and IV.

4.3. Effect of the pyrolysis conditions

Between 6, = 850°C and 1400°C, no apparent effect
of the temperature-increase rate (within the range
1-50°Cmin~*) was observed. On the other hand,
beyond this limit, the decomposition process of the
Si—-C-N amorphous matrix was found to be depend-
ent on the temperature-increase rate, as shown by the
morphology of the external surface of the pyrolytic
residues (Fig. 13).

5. Conclusions

From the data reported in this paper, it appears that
the pyrolysis under an inert atmosphere of the PCSZ
precursors to Si-C-N ceramics prepared from PSSZ
copolymers can be analysed on the basis of five tem-
perature domains.

1. From room temperature to 450-500°C, a first
weight loss occurs, and is related to the volatilization
of low-molecular-mass oligomers. Its values depend
directly upon the PSSZ/PCSZ conversion degree of
the as-prepared material. The weight loss is either very
large (up to almost 50 wt %) when the conversion
degree is low or nil when the degree of conversion is
high.

2. An organic/inorganic transition takes place
between 450-500°C and 750-850°C. It yields an
amorphous Si—-C-N residue containing a significant
amount of hydrogen, while evolution of both hydro-
gen and methane is observed.

3. Within a rather large temperature range, i.e. from
750-850°C to 1200-1250°C, the majority of the re-
sidual hydrogen is progressively released with a slight
increase in the density of the pyrolytic residue. Within
this temperature range, the material remains amorph-
ous and it exhibits a semiconducting electrical be-
havior.

4, Within a rather narrow temperature range, i.e.
from 1200-1250°C to 1400 °C, the amorphous silicon
carbonitride undergoes a crystallization process
(whose kinetics becomes significant near 1400°C)
giving rise to B-SiC crystals surrounded by cage-like
structures of free-carbon BSUs whose graphite planes
lie parallel to the SiC crystal facets. Otherwise evolu-
tion of the residual hydrogen, occurs and, as a result,
the electrical conductivity significantly increases.

5. Finally, beyond 1400 °C, a decomposition process
occurs within the amorphous silicon carbonitride with
evolution of both nitrogen and silicon (Si or SiO); this
is responsible for a second and important weight loss.
At 1600 °C, the pyrolytic residue is a mixture of large
B-SiC crystals and free carbon.
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Therefore, it appears that the pyrolytic Si-C-N
solids derived from PCSZ precursors exhibit an
amorphous state which is more stable with respect to
temperature than that previously reported for the
pyrolytic Si—-C-O solids derived from PCS precursors.
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