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Abstract

The present paper is concerned with the in-situ car-
bon content adjustment in amorphous bulk silicon
carbonitride (SiCN) ceramic matrices prepared by
the polymer to ceramic transformation of cross-
linked and compacted poly(hydridomethyl)silazane
powders. Heat treatment in inert (Ar) or reactive
atmosphere (ammonia, or mixed Ar/NH;z with dif-
ferent volume ratio of ammonia) was used for car-
bon content adjustment. Isothermal annealing steps
in Ar and/or mixed atmospheres at various inter-
mediate temperatures were also included into the
pyrolysis schedule (i) to adjust the final carbon
content, (ii) to control outgassing of low molecular
reaction products like methane or hydrogen from the
matrix during polysilazane decomposition and thus
(iii) to avoid cracking of the pressed polymer pow-
ders. Optimal annealing temperature for carbon
content adjustment was found to be in the range
between 500 and 550°C. Increasing NHjz contents
from 10 to 50vol% in the pyrolysis atmosphere as
well as enhanced transient annealing temperature
and time promote carbon reduction. In contrast
intermediate isothermal annealing in Ar at 500 up to
600°C results in pronounced formation of Si—C
bonds and in increased carbon contents after the final
pyrolysis process. Depending on the pyrolysis condi-
tions, flawless bulk specimens with carbon contents
ranging from 0-3 up to 16-2wt% were obtained.
Different possible chemical reactions are considered
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to explain the generation of the particular Si(C)N
compositions found. © 1999 Elsevier Science Lim-
ited. All rights reserved
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precursors,

1 Introduction

Ceramics based on silicon nitride and silicon car-
bide are candidate materials for high temperature
applications. However, metal oxides like Al,O5 or
Y,03 have to be added to the matrix powders to
obtain fully dense ceramics. One main drawback of
the conventionally processed silicon nitride and
carbide based ceramics is that the metal oxide
phases limit the maximum temperature at which
the sintered material can be used. It was reported
in recent years that organosilicon polymers like
polysilazanes offer the opportunity to prepare sili-
con nitride and silicon carbonitride bulk ceramics
without addition of metal oxides.!* Therefore,
improved high temperature properties and oxida-
tion resistance of these additive-free SICN ceramics
can be expected.® In the course of our work we
found that silicon carbonitride ceramics with the
composition Si;Cy.55Ng.90 remain amorphous up to
1400°C in argon or nitrogen and 1500°C in air.’
However, at higher temperatures the non-
stoichiometric Si;Cy.55Np.99 matrix decomposes
and partitions by the loss of nitrogen to give the
thermodynamically stable phases, namely Si;Ny
and SiC.°® This finding is illustrated by the tern-
ary SiCN phase diagram as shown in Fig. 1. The
polysilazane-derived ceramics of the general com-
position A, Siz; C,; Ny, remains metastable at
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Fig. 1. Schematic illustration of amorphous poly(hydrido-

methyl)silazane derived SiCN after pyrolysis at (a) 7<1440°C

and (b) its crystallisation path at 7> 1440°C,’ in respective

isothermal sections of the ternary SiCN phase diagram. Com-

positions are given in atom% and the oxygen content in
amorphopus SiCN is neglected.

T<1440°C and gives off nitrogen at 7> 1440°C as
long as the system reaches the tie line composition
B, Si; C,Ny, and finally crystallises to give SizNy4
and SiC. Consequently, the thermal stability of
SiCN regarding degradation should be significantly
enhanced by avoiding nitrogen evolution in the
high temperature region. This, however, requires
the direct formation of Si; ,C N4 compositions by
the polymer to ceramic transformation. Therefore,
the present work reports on the carbon content
adjustment by the reactive heat treatment of
poly(hydridomethyl)silazanes in mixed NH;/Ar
atmospheres and emphasises the synthesis of

amorphous Si(C)N bulk ceramics with precisely
tailored carbon contents. Possible formal reactions
contributing to the formation of the Si(C)N cera-
mics during the polymer to ceramic conversion are
discussed.

2 Experimental Procedure

All experiments were performed with commercially
available poly(hydridomethyl)silazane NCP200,
[(CH;),SiNH],[CH;3SiHNH],[CH;SiN]. with x =
y =z, distributed by Nichimen Corp., Tokyo,
Japan. The precursor is an agglomerated powder
with an approximate chemical composition of
Si;.0C1.5N1.0oHs.5. Due to its oxygen and moisture
sensitivity, the polysilazane was manipulated and
stored in a glove box under argon (99-999% pur-
ity). Argon and NH; with 99-999% purity (Linde
AG, Germany) were used during the specimen
preparation as inert and reactive gas.

2.1 Cross-linking

A batch of 30g of polysilazane was filled into a
quartz tube and cross-linked in a vertical tube fur-
nace with SiC heating elements (Gero, model
HTSR 40-200, temperature measured by Pt-
PtRh10 thermocouple). The precursor was heated
at 600°Ch~! in flowing argon (gas flow 6dm>*h~!,
controlled by Brooks 5850 flow rate controller) up
to 350 or 600°C; the annealing time at this tem-
perature was 2 or 3h (Table 1). At the end of the
cross-linking step the quartz tube was evacuated
for 1h at the respective temperature to remove
oligomeric compounds from the product and then
quenched to room temperature. The cross-linking
was controlled by measuring the weight loss and
the polymer softening by quantitative thermal
analysis using TGA and TMA. Thermal gravi-
metric analysis (TGA) was carried out on a
Netzsch STA 429 in flowing Ar in the temperature
range between 25 and 1000°C with a heating rate
of 300°Ch~!. Thermal mechanical analysis (TMA)
was performed on Netzsch TMA 402 equipment
using identical conditions.

2.2 Pressing, transient annealing and pyrolysis

Cross-linked polysilazane was milled in air-tight
high-density polyethylene jar with zirconia milling
balls for 8h and sieved through a 32 um screen.
The powder was filled into cylindrical dies made
of silicon latex and cold isostatically pressed (CIP)
at 200 or 500 MPa. The as-received cylindrical
bodies with 22mm in diameter and 15mm in
height were placed in a quartz tube and pyrolysed
in a horizontal tube furnace with SiC heating ele-
ments at 1000 or 1100°C for 4 h with a heating rate
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Table 1. Heating schedule used for the cross-linking of the
poly(hydridomethyl)silazane

Sample Heating schedule Degree of cross-linking

A 600°C/h—350°C/2 h(Ar) Under-cross-linked
+1 h(vac)

B 600°C/h—350°C/3 h(Ar) Optimal
+1 h(vac)

C 600°C/h—600°C/2 h(Ar) Over-cross-linked
+1 h(vac)

of 25°Ch~!. For most of the specimens an iso-
thermal annealing at a transient temperature of
500, 525, 550 or 600°C lasting between 5 and 25h
was included into the pyrolysis procedure (Table 2).
In the temperature interval between 400 and 900°C
the evolution of gaseous reaction products, CHy
and H,, was observed.!** Therefore, the isothermal
heat treatment at these intermediate temperatures
was applied (i) to effectively influence the decom-
position reactions by the furnace atmosphere as
well as (ii) to control outgassing of the volatile by-
products and thus to avoid crack formation during
pyrolysis caused by rapid gas evolution. Figure 2
demonstrates the polysilazane processing and the
different annealing procedures used for the Si(C)N
sample preparation.

All pyrolysis experiments were performed either
in inert (Ar, 99-999% purity, flow rate 6dm>*h")
or reactive atmosphere (mixture of Ar and NHj;
with 10, 22 or 50vol% of NHj; or pure NHj;; gas
flow 6 dm3-h~!). The pyrolysed pellets were furnace
cooled to room temperature. Shrinkage and weight
loss of the specimens were determined. The sample
notations, their heat-treatment schedules and the
measured Si(C)N-compositions after pyrolysis
under various conditions applied here are sum-
marised in Tables 2—4.

2.3 Characterisation
The pore size distribution and open porosity were
analysed by mercury pressure porosimetry with a

Micromeritics Poresizer model 9320, before and
after pyrolysis of the compacted polysilazanes. The
results were compared with those obtained from
the density measurements. The skeletal density of
the obtained Si(C)N material was measured by
pycnometry in dried cyclohexane. To avoid soak-
ing, several pieces were coated with a thin poly-
meric layer and the bulk density was then
measured by the Archimedes method in water.

Parts of the specimens were crushed in an agate
mortar and used for XRD examination and ele-
mental analysis. X-ray diffraction (XRD) mea-
surements were performed for 20 angle (20°,85°)
with CuK, radiation, using a Siemens D5000 dif-
fractometer operating at 25kV. The weight frac-
tions of C, N and O in the specimens were
measured by a Leco EC12 carbon determinator
and Leco TC436 N/O determinator, respectively.
For each specimen the C, N and O contents from
the centre of the cylindrical compact as well as
from near surface were analysed. The weight frac-
tion of silicon in the specimens was calculated as
the difference of the sum of the measured C, N and
O weight fractions to 100%. Since the hydrogen
content in pyrolysed specimens usually does not
exceed 1wt%.,!% this calculation yields a result
which is within the range of experimental error of
the measuring equipment.

3 Results and Discussion

3.1 Polymer to ceramic conversion

Heat treatment of the poly(hydridomethyl)silazane
in Ar or NHj3 yields Si(C)N materials with different
chemical compositions. The changes in weight and
density during the pyrolysis of polysilazanes is
schematically shown in Fig. 3. Pyrolysis in argon at
1000-1100°C results in an amorphous product,
Si1.0Co.58No.00'® while carbon-free specimens with
the composition close to that of stoichiometric

Table 2. Heating treatment, weight loss, density and empirical formulae of powder B cold-isostatically pressed at 200 MPa and
subsequently pyrolysed in Ar, NH; or Ar/NH; (10vol%) atmospheres without annealing at a transient temperature prior to pyr-
olysis. The empirical formula of the pyrolysed specimens are derived from the C/N/O elemental analysis data

Sample Heat treatment Am“ b pre p? Empirical formula
(%) (gem™3)  (gem™3) (%) (sample core)
Ar1100 25°C/h—1100°C/4 h(Ar) 25-0 2:04+0-03 2-30 88+1 Si1.00Co.62N0.9300.20
Ar525 25°C/h—525°C/13 h(Ar)+ 1100°C/4 h(Ar) 24-8 2:03+0-02 2-30 88-:3+£0-8  Si;.00C0.66No0.8600.06
NHS550 25°C/h—550°C/6 h(NH;10%) 19-5 1-02+0-01 1-35 75-5£0-1  Si1.00C0.07N1.3000.20
NHS800 25°C/h—800°C/4 h(NH; 10%) 223 1-68+0-01 2-39 70-3+£0-4  Si;.00C0.0oN1.2700.12
NH1000 25°C/h—1000°C/4 h(NH; 10%) 269 1.79+0-03 2:48 72+1 Si1.00C0.01N1.2000.13
NH 1000p 25°C/h—1000°C/4 h(NH;3 100%) 285 1-80+0-02 2-52 71-4+£0-8  Si;.00C0.01N0.8100.14
NH1100 25°C/h—1100°C/4 h(NH; 10%) 29-3  1-80+0-02 2:52 71-4£0-4  Si;.00C0.01N1.2000.00

4Am%, measured weight loss of the specimen after pyrolysis.

bp, apparent (bulk) density of the specimen determined by the Archimedes method in water (gcm—3).
pT, skeletal (theoretical) density of the specimen measured by pycnometry in cyclohexane (gecm™).
0%, relative density of the specimen.
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Fig. 2. Flow diagram showing the polysilazane processing and annealing schedules applied for the sample preparation.

Table 3. Heat treatments, carbon contents and empirical formulae of powder B cold-isostatically pressed at 500 MPa and subse-
quently pyrolysed in Ar/NHj3 (10vol%) atmosphere with annealing at transient temperatures in Ar/NH;3 (10vol%) prior to the

ceramisation
Sample Heat treatment C content (wt%) Empirical formula
(sample core)
Outer shell ~ Core

S00NH24 500°C/24 h(NH;10%)+ 1000°C/4 h(NH310%) 34 5-8 Si1.00C0.24N1.2000.09
525NH6 525°C/6 h(NH310%)+ 1100°C/4 h(NH310%) 1-1 6-0 Si1.00C0.25N1.2600.08
525NH9 525°C/9 h(NH310%) + 1100°C/4 h(NH;310%) 1.2 4.0 Si1.00C0.17N1.3300.13
525NHI12 525°C/12 h(NH310%) + 1100°C/4 h(NH;10%) 0-5 0-7 Si1.00C0.03N1.2700.04
550NH6(200)” 550°C/6 h(NH310%) + 1100°C/4 h(NH;310%) 0-8 1-2 Si1.00C0.05N1.2700.20
550NH6 550°C/6 h(NH310%)+ 1100°C/4 h(NH310%) 1-1 3-0 Si1.00C0.13N1.2500.20
SS0NH7-5 550°C/7-5 h(NH310%) + 1100°C/4 h(NH310%) 09 2:5 Si1.00C0.10N1.2900.07
550NH9 550°C/9 h(NH;10%)+ 1100°C/4 h(NH310%) 0-4 0-6 Si1.00C0.02N1.2700.15
550NH24 550°C/24 h(NH;10%)+ 1000°C/4 h(NH310%) 0-4 0-4 Si1.00C0.02N1.2800.12
600NH24 600°C/24 h(NH310%) + 1000°C/4 h(NH310%) 4.1 4.1 Si1.00C0.19N1.2600.14

“Pressed at 200 MPa.

Table 4. Heat treatments, carbon contents and empirical formulae of powder B cold-isostatically pressed at 500 MPa and subse-
quently pyrolysed in Ar/NH; (10vol%) with annealing at transient temperatures in Ar and in Ar/NH; (10vol%) or Ar/NH;
(50 vol%) prior to ceramisation

Sample Heat treatment C content (wt% ) Empirical formula
(sample core)

Outer shell Core

525ArSNH5 525/5 h(Ar)+ 5 h(NH310%) + 1100/4 h(NH;10%) 9.7 99 Si;.00C040N1.0s00.07
525ArSNHS 525/5 h(Ar) +8 h(NH;10%) + 1100/4 h(NH310%) 1-6 61 Si100Co25N12100.0
525Ar5NH20 525/5 h(Ar)+20 h(NH310%)+ 1 ]00/4 h(NH3lO%) — 1-9 Si1.00C0.08N1,2700.07
525ArSNHB8(50) 525/5 h(Ar)+8 h(NH350%)+ 1100/4 h(NH350%) 1-3 47 Siy.00Co.20N1.2600.18
525Ar15NHS 525/15 h(Ar) + 8 h(NH;10%) + 1100/4 h(NH;10%) 41 71 Si100C020N1.1900.07
525Ar15NH12 525/15 h(Ar) + 12 h(NH;10%) + 1100/4 h(NH;10%) 09 14 Si;00Co06N1.2600.06
525Ar5-550NHS 525/5 h(Ar) + 550/8 h(NH;310%)+ 1100/4 h(NH;310%) 0.7 21 Si100Co03N1.2900.05
S50ArSNHS 550/5 h(Ar)+ 8 h(NH310%) + 1100/4 h(NH;310%) 1.2 19 Si;00Co0sN1.3300.07




In-situ carbon content adjustment in SiCN bulk ceramics 1915

Polysilazane I—-—l Intermediate |——»| Ceramics |

[CH,SiH-NH], SiN, SiCN,
00-0-0-0-0 5-0-0-070-0
o p=2.3 g.cm

=0-0.
o.

Weight loss
Gas volume
Solid phase density

= -3 -0” o\
p=llg.cm o-o-0 o AM=-20%
1 1 1 " 1 " I\O\?‘O‘?-O-O
0 200 400 500 800 1000 1200
TI°C]

Fig. 3. Schematic of the principal qualitative change in mass
and density versus temperature during pyrolysis of poly
(hydridomethyl)silazanes.

SisNg!12 or SizN34'3 were prepared by heat
treatment in NH; atmosphere. This behaviour
indicates, that mixed Ar/NHj; furnace atmospheres
and suitable heating conditions can yield composi-
tions with precisely tailored carbon contents in the
range from 0 to approximately 14 wt%.

In this work, the transient thermal annealing and
the final polymer to ceramic conversions were all
performed with cold isostatically pressed poly-
silazane powders. Their crack-free conversion to
amorphous silicon carbonitride compacts requires
infusible polymers with a defined degree of cross-
linking as described by Riedel et al.* As depicted
in Fig. 2, the fabrication of Si(C)N bulk samples
with varying carbon contents involves four steps,
namely (i) cross-linking, (ii) pressing, (iii) transient
annealing and (iv) pyrolysis. In the following this
monolithic processing of the polysilazanes and the
final carbon content of the Si(C)N ceramics as
influenced by the cross-linking, pressing and pyr-
olysis is discussed.

3.2 Cross-linking

As shown in Table 1 and in Fig. 2, three types of
polysilazane powders A, B and C which can be
distinguished by their degree of cross-linking have
been prepared for this study:

e Powder A: under-cross-linked
e Powder B: optimally cross-linked
e Powder C: over-cross-linked

The degree of cross-linking obtained after the
heat treatment of the poly(hydridomethyl)silazane
at 350 or 600°C is characterised by thermo-
mechanical analysis (TMA) as shown in Fig. 4.
Powder A exhibits extensive melting at 7>280°C
indicating the under-cross-linked state while pow-
der B is characterised by a shrinkage between 340
and 600°C caused by partial softening of the poly-
silazane. It turned out by our studies that the ther-
mal behaviour of the material B is in particular

0.1
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Fig. 4. Thermal mechanical analysis (TMA) of the cross-
linked polysilazane powders A, B and C in flowing Ar; heating
rate: 300°C/h.

suitable for the monolithic processing of poly-
silazane powders as found by Riedel et al.* and
FrieB.!° Therefore, the degree of cross-linking of
powder B is denoted as optimal. In contrast, the
characteristic slope of the TMA curve at 7>340°C
cannot be measured with powder C and the mate-
rial is defined as over-cross-linked. The shrinkage
at 7>600°C as found for samples B and C is due to
structural rearrangements during the ceramisation
process. One important consequence of the differ-
ently heat-treated powders is that the optimally
cross-linked sample shrinks linearly by 27%
whereas in the over-cross-linked material the
length is reduced only by 19% after pyrolysis at
1000°C.

Figure 5 shows the corresponding results of the
thermal gravimetric analysis (TGA) of the cross-
linked polysilazane powders B and C. Two gradual
weight changes in the temperature intervals
between 230 and 420°C and between 470 and
750°C reaching a total weight loss of 22.5% at

10k

Am [%]
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-20 } —+—Powder C
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n L 1 1 1 1 " 1 " 1 L L
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Fig. 5. Thermal gravimetric analysis (TGA) of the cross-
linked polysilazane powders B and C in flowing Ar, heating
rate: 300°C/h.
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800°C are found for powder B while the over-
cross-linked polymer C shows no weight change up
to 545°C. Polysilazane C reveals only a 7%
decrease in weight between 545 and 800°C. These
results indicate that the main part of the thermo-
lytic reactions contributing to weight loss and gas
evolution during pyrolysis is completed after
cross-linking at 600°C.

The chemical composition of powder B is ana-
lysed to be Si1400C].31N0.91 00.10H4.47, while cross-
linking of the poly(hydridomethyl)silazane at
600°C (sample C) gives Si].oo C0.91N0.8500.10H2.90.
The analysed carbon content of powder C is lower
than that of B, while the nitrogen content remains
nearly unchanged in both samples. This result is in
agreement with previously published mass spectro-
metric data' which report evolution of CH4 and H,
in the temperature range between 400 and 900°C,
exclusively.

3.3 Green body consolidation

Cold isostatic pressing of powder B at 200 and
500 MPa gives green compacts with densities of
approximately 80 and 90% relative to the skeletal
polymer density of 1-22 gem ™3, respectively.!® The
densities of the pressed samples as measured by the
Archimedes method are in excellent agreement
with the results obtained by mercury pressure por-
osimetry. It is evident from Fig. 6 that the open
porosity as well as the mean pore diameter increase
with enhanced degree of cross-linking and with
decrease of the applied isostatic pressure. In com-
parison to polysilazane B, the over cross-linked
powder C is comprised of a rigid polysilazane net-
work which cannot be deformed by cold-isostatic
pressing. Thus relative densities of approx. 66
and 72% for 200 and 500 MPa were obtained,
respectively.

0.20 L ~~® PowderA, 500 MPa R
[ ----m--- Powder B, 200 MPa A

o Powder B, 500 MPa 3
b oAl A
015 A - Powder C, 200 MPa A
L & Powder C, 500 MPa Lt

Cumulative pore volume [ml.g "]

0.05 A &ﬁd}
ts: /

i O
0.00 A,...AIMWWWW

ITTRN Y 1 TR NI TR AT Y lessss s 3 4 lassss s 3 o 11
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Mean pore radius [um]

Fig. 6. Pore size distribution measurements (Hg-pressure por-
osimetry) of cross-linked polysilazane powders B and C cold
isostatically pressed at 200 and 500 MPa.

3.4 Transient annealing and pyrolysis

The transient annealing and pyrolysis experiments
were all performed with cross-linked and com-
pacted polysilazane B powder. The samples inves-
tigated were cold-isostatically pressed at 200 or
500 MPa as indicated in the text.

3.5 Pyrolysis under argon atmosphere

Pyrolysis in argon atmosphere at 1100°C (sample
Arl1100 in Table 2) yields black, crack-free and
X-ray amorphous Si(C)N ceramics. Shrinkage of
the samples during pyrolysis was measured to be
26+ 1% in diameter and 24 + 3% in sample height.
Weight loss was found to be 25+2% of the origi-
nal sample weight. The bulk density of the pyr-
olysed specimens was analysed by the Archimedes
method in water to be 2-04+0-03gcm™3 corre-
sponding to 88+1% of the theoretical density
2-30gcm ™3 determined by pycnometry in cyclo-
hexane. These results are consistent with the value
obtained from mercury pressure porosimetry,
where an open porosity of 13-1vol% was found for
the pyrolysed specimen.

The carbon content in the pyrolysed specimen
Ar1100 was analysed to be 13-2wt%. The chemical
composition can then be expressed as Sij.0Co.¢>
No.9300.09. It turned out that an isothermal
annealing at a transient temperature in Ar pro-
motes the formation of Si—C bonds. A carbon
content of 16-1wt% with the corresponding
empirical formula Si;.00Co.66Ng.8600.06 1S obtained
in the case a pre-heating of the compacted powder
B at 525°C for 13 h in Ar is applied before the final
pyrolysis at 1100°C (sample Ar525).

The determined compositions of the pyrolysed
specimens Arl1100 and Ar525 are non-stoichio-
metric in terms of SisNy; and SiC and can be
represented by the general formula Siz; (C, Na.
Thus, the samples contain a certain amount of
excess carbon (C,). The reactions of carbon with
ammonia at elevated temperatures were studied by
several authors.!*!7 It was reported that carbon
residues from conventional ceramic greenware can
be removed by a reactive heat treatment in NH; at
T>700°C [eqn (1)].

C + NH3 — HCN + H, (1)

In contrast, the excess carbon in our compacted
silicon carbonitride bulk ceramics with open por-
osities between 30 and 13vol% cannot be reduced
by such a subsequent ammonia treatment. The
specimens showed no variation in weight and no
change in the carbon content even after 12 h expo-
sure in NH; at 1000°C. This finding indicates that
after pyrolysis of the polysilazane compacts at
1100°C in inert atmosphere, carbon is completely
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embedded in the silicon carbonitride network and
is not accessible to form HCN with NH;. From
our TGA/MS studies concerning the decomposi-
tion behaviour of poly(hydridomethyl)silazane to
Si(C)N ceramics between room temperature and
1400°C, we can exclude the formation of HCN and
NC-CN.L18

The amount of carbon formed after the final
pyrolysis temperature mainly depends on the type
of reactions involved in the decomposition process.
According to our previous investigations, CHy
and H, are the main gaseous products evolved
during the ceramisation of the poly(hydridomethyl)-
silazane in Ar between 400 and 900°C.! Simulta-
neously, additional Si—-C and Si-N bonds are
formed during this transformation of polysilazane
to Si(C)N ceramics. Therefore, the total amount of
outgassing methane determines the remaining car-
bon content in the pyrolysed Si(C)N material.

Various reactions can be formally assumed to
give methane as well as Si-N and Si—C bonds in
order to explain the notable difference of the car-
bon contents found in samples Ar1100 and Ar525.

The formation of Si—N bonds can result from
reactions (2) and (3):!°

[=N-H] +[H-Si=] - [=N-Si=|+H, (2

[= N-H] + [CH;-Si =] — [= N=Si =] + CH, (3)

Both reactions forming the Si—N bonds can be
summarised by eqn (4):

2x[= N—-H] + 2x[H(CH3)Si =]

(4)
— 2x[= N-Si =] + xH; + 2xCH4

Si—C bonds can be formed by the reactions
according to eqns (5) and (6):!°

[= Si(CH3),] —» [=Si-C =]+ CHs+H,  (5)

[= Si(CH3),] + [= SiH(CH3)]

(6)
— 2[= Si—C =] + CHy4 + 3H;

Reactions eqns (5) and (6) give SiC and can be
summarised by eqn (7):

2y[= Si(CH3),] + y[= SiH(CH3)]
— 3y(= Si—C =) + 2yCHy4 + 4yH»

Taking into account reaction eqns (4) and (7),
pyrolysis of the poly(hydridomethyl)silazane in
argon can be qualitatively estimated by the overall
reaction eqn (8):

2x[= N-H] + (2x 4 y)[= SiHCH3]

+ 2y[= Si(CHj3),] — 2x][= N-Si 5]

+ 3y[= Si—C =| + (2x + 2y)CH4 + (x + 4y)H»
(8)

Bearing in mind the reaction eqn (8) as well as the
analytically determined composition of Sij.q0Ci.31
No.91(Og.10)H4.47 after cross-linking of the poly-
silazane at 350°C (powder B, Table 1),'° the com-
position of the pyrolysed product can then be
expressed by the empirical formula Si;.00C1.312(x + )
NO-91H4-47—(10x+ 16y) where 10x + 16y =4.47. The
estimation is based on the assumption of ‘ideal’ i.e.
oxygen free cross-linked polysilazane. The carbon
weight fractions in the pyrolysed product can vary
from 10-9wt% in the case that reaction eqn (4)
takes place exclusively (y=0, x=0-447), up to
18-1wt% if only reaction eqn (7) is taken into
account (x=0, y=0-279). These considerations are
illustrated in Fig. 7. As can be taken from Fig. 7,
the reaction parameters are estimated to be
x=0-14 (31%) for the sample Ar525 while for Ar
1100 the corresponding value is x=0-31 (69%).
This finding strongly supports that annealing of
the poly(hydridomethyl)silazane in Ar at a tran-
sient temperature (500-550°C) prior to pyrolysis
favours the proceeding of reactions represented by
eqn (7) over that described by eqn (4). Conse-
quently, the outgassing of methane is decreased
and, thus, the Si—C bond formation is enhanced by
this procedure.
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Fig. 7. Weight fractions of carbon in poly(hydridomethyl)-

silazane powder pyrolysed in Ar as estimated on the basis of

the assumed individual reactions given by eqns (4) and (7) and

on the overall reaction eqn (8) for x +y=0-28=100%. The

experimentally analysed carbon contents of sample Arl100
and Ar525 are also shown.
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3.6 Pyrolysis in reactive atmospheres

Specimens pyrolysed both in pure NH; (NH1000p)
and mixtures of Ar/NH3z up to 550°C (NH550),
800°C (NH800), 1000°C (NHI1000) or 1100°C
(NH1100) gives white or light tan and X-ray amor-
phous materials. Weight loss and densities of the
samples are listed in Table 2. It is obvious that the
weight loss increases with enhanced temperature
due to an increased loss of methane and hydrogen
during pyrolysis. The degree of ceramisation
increases with temperature which is reflected in the
skeletal density values of 1.35 and 2-52gcem—3
found for NH550 and NH1000 or NH1100, respec-
tively. The loss of volatile species during the cer-
amisation was not compensated by any
densification mechanism. Therefore, the porosity of
the specimens increased with increasing pyrolysis
temperature and reached 29 vol% as analysed for
the samples NH1000 and NH1100 (Table 2).

The difference in density and porosity of
NH1000 and NH1100 is negligible. However, dif-
ferent reactivity towards oxygen and moisture was
observed. While NH1100 was inert, the specimens
pyrolysed at 7<1000°C changed its colour from
white to brown when exposed to air. This finding
indicates a reaction of residual Si-H groups pre-
sent in the sample series ranging from NH550 to
NH1000 with moisture or oxygen to form [SiO],.
The residual Si—H groups can be clearly identified
by their characteristic infrared vibration band at
2100-2200 cm~! as previously reported by Riedel.'®

Elemental analysis reveals low carbon contents
in all tested specimens decreasing with increasing
temperature of isothermal annealing. While in
NH550 1-6wt% C was found, only 0-5 and
0-3wt% of carbon was detected in samples NH800
and NH1100, respectively. From these results we
conclude that the reduction of the amount of car-
bon is most effective at T~500-600°C while the
carbon decrease between 800 and 1100°C is only
marginal. Therefore, we selected the temperature
interval between 500 and 550°C to tune the carbon
content in the Si(C)N materials by applying a
transient heat treatment in this temperature range
prior to pyrolysis at 1000-1100°C (Table 3).

Nearly equal carbon contents are analysed in
NH1000, NH1100 (10vol% NH;) and NH1000p
indicating that the C-reduction is completed after
4h of isothermal annealing at 1000 or 1100°C and
does not depend on the volume ratio of ammonia
in the furnace atmosphere. The compositions of
the specimens obtained after NH; pyrolysis are
plotted in the ternary Si—C—N phase diagram
shown in Fig. 8(a). It is evident that all the samples
decomposed at 7>800°C under mixed Ar/NHj3
atmospheres contain excess silicon with respect to
stoichiometric SizN4 even if the oxygen con-

tamination is considered to form SiO,. The ana-
lysed composition of the sample NHI1100 is
S11.00C0.01N1.2000.00 (01 Si3C0.03N3.6000.27) which
formally corresponds to 91 wt% SizNy, 1wt% SiC,
6wt% SiO, and 2wt% elemental silicon. In the
case of pyrolysis in pure ammonia, the amount of
excess silicon is much more pronounced. Treat-
ment of methyl-substituted polysilazanes with NH;
at elevated temperatures involves the formal sub-
stitution of the methyl group attached to the silicon
atom by an amino group under release of methane
[eqn (9)] as the main reaction contributing to the
carbon reduction.!!19-2!

—HN—(CHj3),Si—+NHj

— HN—(CH3)Si(NH;)—+CHy ®)

Therefore, the bulk compositions of the Si—N
materials obtained by pyrolysis of the cross-linked
polysilazane Si1.0C1.31N0.91(00.10)H4.4710 n NH3
can be qualitatively explained if reaction eqn (10) is
taken into account under these conditions:

3z[= Si—=CH3] + zNH;3; — z[N(Si =),] + 3zCHy
(10)

The Si(C)N composition can be then denoted as
Si1C1.31_32N0,91 +zH4~47—9za where 3z=1.31 or
0<z<0-44. With z,.x=0-44, carbon has been
completely evolved in form of methane according
to reaction eqn (10) and the formula SizNy.osHj 53,
with Si/N ratio nearly equal to stoichiometric
Si3Ny is estimated. Outgassing of the residual
hydrogen during thermolysis can proceed e.g. by
the formation of gaseous NHj3 resulting in a pro-
duct with the composition Si;Nj.5 which is close to
the experimental values Si3Nj.53 and SizN3.43 pub-
lished by Riedel et al.'3

3.7 Transient annealing in Ar/NH; atmospheres
prior to pyrolysis

In order to adjust the carbon content more pre-
cisely, the pyrolysis experiments were performed
with isothermal annealing procedures applied at
intermediate temperatures varying from 500 to
600°C. The sample notations, the pyrolysis condi-
tions and the stoichiometries of the pyrolysed
Si(C)N products are listed in Tables 3 and 4.

Transient heat treatment in Ar/NH; atmosphere
at 500, 525 and 550°C yields flawless specimens,
while the pellets heat-treated at 600°C contained
macro-cracks. All samples were XRD amorphous
and scratched common soda-lime glass.

The total linear shrinkage after pyrolysis at 1000
or 1100°C varied between 26 and 27% for both,
the sample height and diameter. Mercury pressure
porosimetry revealed an open porosity of about
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Fig. 8. Schematic illustration of the compositions of the poly(hydridomethyl)silazane derived specimens obtained in reactive

atmospheres using different pyrolysis conditions shown in isothermal section of the SiCN phase diagram at 7<1440°C. CL and P

represent the experimentally determined compositions after cross-linking and after pyrolysis in Ar, respectively. The compositions

are given in mol% and oxygen content in the pyrolysed specimens is neglected. (a) Pyrolysis in flowing NH; without transient heat

treatment. (b) Transient annealing in Ar/NH3 atmospheres prior to pyrolysis. (c) Transient heat treatment in Ar and Ar/NHj; prior
to pyrolysis.

24-26vol% for all specimens independent of the
applied heat treatment schedule.

It is worth to note that the colour of the pyr-
olysed Si(C)N compacts varied from white to
brown. Most of the samples are characterised by a
colour gradient changing from brown in the core to
white or yellowish in the outer shell. The thickness
of the white shell increases with temperature and
time of the isothermal transient annealing. The
550NH24 and 600NH24 specimens were homo-
geneously white all over the specimen volume.
Generally, the carbon concentration was measured
to be lower in the white shell than in the brown core
(Table 3). The compositional difference is increas-
ingly pronounced in the samples with decreasing
annealing time at 525 or 550°C (C-gradient:
525NHI12 <525NH9 <525NH6 and 550NH24 <
550NH9 < 550NH7-5<550NH6) and with increas-

ing cold isostatic pressure used for sample prepara-
tion. Due to a higher open porosity determined for
the sample 550NH6(200) compacted at 200 MPa
compared to the specimen S550NH6 pressed at
500 MPa, the C-gradient between the interior
matrix and the outer shell in the latter sample is
1-9 wt% while that of the former Si(C)N compact
is found to be 0-4wt%. This result reflects the
strong influence of the compacted polysilazane
green density on the bulk carbon reduction.

The oxygen contamination in the core did not
exceed 4 wt%, while the outer shell contained up to
20wt% of oxygen due to manipulation of the
samples in air. Thus, the formation of amorphous
silicon oxynitrides (Si,N,O) in the outer shell of
the specimens and its crystallisation at elevated
temperatures have to be considered.

The Si(C)N core materials prepared by transient
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annealing in ammonia or mixed NH;/Ar furnace
atmosphere are nitrogen-rich and contain 33 to
38 wt% nitrogen while the level of carbon is rela-
tively low and increases from 0-4 to 6 wt% with
decreased temperature and time of transient heat
treatment [Table 3, Fig. 8(b)]. Comparing the
samples 550NH24 and 600NH24 reveals that at
T>550°C as the intermediate annealing tempera-
ture, (i) the difference in the carbon content
between core and shell is aligned and (ii) the core
carbon concentration increases with exceeding
temperature. Consequently, the most effective
transient annealing for the carbon reduction
ammonia atmospheres is found to be in the tem-
perature range between 525 and 550°C.

These results also suggest that pyrolytic reactions
of the type given by eqn (9) dominate the beha-
viour in NH3; and mixed Ar/NHj reactive atmo-
spheres with and without transient annealing, while
contributions related to reactions as represented by
eqns (4) and (7) are negligible.

3.8 Transient heat treatment in Ar and Ar/NH;
prior to pyrolysis

As discussed before, heat treatment in argon at a
transient temperature promotes the Si—C bond for-
mation during thermolysis and increases the carbon
concentration in the poly(hydridomethyl)-silazane-
derived silicon carbonitride. Therefore, an addi-
tional period of isothermal annealing in argon was
included into the pyrolysis schedule before modifying
the carbon level by reactive heat treatment in NHs.
The pyrolysis conditions and chemical compositions
of the pyrolysed Si(C)N materials are listed in
Table 4. The compositions as located in the Si—-C—N
ternary phase diagram are also shown in Fig. 8(c).

Accordingly, specimens pre-treated in argon
reveal higher carbon contents than that pre-heated
in ammonia at 500-550°C. Thus, the sample
525Ar5NHS contains 9-9wt% C in the core and
9-7wt% of carbon in the shell. The specimen
525Ar5SNH20 heated for 20 h in Ar/NH; (10%) at
525°C contained 1-9wt% of core carbon compared
to 0-7wt% in 525NHI12.

Prolonged transient annealing in Ar increased
the level of bonded carbon and hence decreased the
influence of subsequent ammonia treatment. The
increase of the carbon concentration in the speci-
mens pre-heated in Ar at 525°C for 5 h (sample
525Ar5NHS, 6-1wt% in the core and 1-6 wt% in
the shell) and 15h (sample 525Ar15NHS, 7-1 wt%
and 4-1 wt% in the core and shell respectively) and
subsequently pyrolysed in Ar/NH; (10%) is evi-
dent (see also Table 4).

This finding again points out that pre-treating the
polysilazane samples in argon at about 500-550°C
results in an enhanced formation of additional Si—
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Fig. 9. Change of carbon contents in pyrolysed Si(C)N speci-
mens versus isothermal transient annealing time x at 525 and
550°C under different atmospheres. For sample notation see
Table 3 and Table 4. Sample P represents the carbon fraction
of the polysilazane heat-treated to 1100°C under NHj atmo-
sphere without any intermediate annealing (see Table 2).

C bonds and increased carbon contents. The com-
positions of the argon pre-treated specimens are
shifted closer to the SiC—Si3Ny tie line compared to
the samples annealed in ammonia prior to pyr-
olysis [Fig. 8(b)]. However, only the specimen
525Ar15NH12 containing 1-4wt% C—which is
equivalent to Swt% of SiC—after its decomposi-
tion at 1100°C is in the range of the compositions
with the general Si;; C,N4 stoichiometry which
are located directly on the tie line between SiC and
Si3Ny [Fig. 8(c)]. For this particular sample with
x=0-19, the high temperature stability in terms of
decomposition is expected to be enhanced at
T>1440°C compared to Si(C)N materials with the
Siz 4+ +Cy+ Ny stoichiometry.

In Fig. 9, the influence of isothermal transient
annealing on the final carbon fraction in the
Si(C)N ceramics listed in Tables 3 and 4 is illu-
strated. It is evident that the carbon content
increases by applying transient annealing periods
between 525 and 550°C in Ar and NH; as com-
pared to a sample directly heated to 1100°C.

It is noteworthy to mention that the carbon
content of compacted and over-cross-linked pow-
ders C cannot be effectively influenced by transient
heat treatments at 500-600°C. The applied high
cross-linking temperature of 600°C leads to almost
unreactive polysilazane with a fixed carbon amount
of about 7wt%.

4 Conclusions

It was shown in the present work that the carbon
content in bulk amorphous Si(C)N ceramics pre-
pared by pyrolysis of cross-linked and compacted
poly(hydridomethyl)silazane powders can be adjus-
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ted in-situ from 0-3 up to 16-2wt%. To prepare
crack-free Si(C)N bulk ceramics with different car-
bon contents, heat treatments of cold isostatically
pressed polymer powders in inert (Ar) or reactive
(NH; or Ar/NHj3) gases were performed. It turned
out that time and temperature of transient annealing
periods between 500 and 600°C prior to pyrolysis at
1000 or 1100°C as well as the ammonia volume ratio
in the furnace atmosphere significantly influence the
final carbon contents of the Si(C)N ceramics. The
results obtained can be summarised as follows:

e Pyrolysis of bulk specimens in reactive ammo-
nia atmosphere up to 1100°C results in practi-
cally carbon-free specimens (0-3 wt% C).

e Carbon content adjustment is most effective
between 500 and 550°C as the transient tem-
perature treatment. Controlled outgassing of
the volatile reaction products, mainly CHy
and H,, provides crack-free Si(C)N samples.
Treatment at higher transient temperature
(T>550°C) results in cracked specimens due
to rapid gas evolution during pyrolysis.

e Increased transient temperature and a higher
ammonia content in the furnace atmosphere
promotes the carbon reduction.

e Additional pre-treatment at 525 and 550°C in
Ar before annealing of the samples in ammonia
promotes the formation of Si—C bonds and
gives higher carbon contents after pyrolysis.

e Our experiments proved that pyrolysis of poly(-
hydridomethyl)silazane in argon cannot yield
Si(C)N ceramics with compositions located on
the tie line between SiC and SizN4. However, for
the pyrolysis in reactive NH; atmospheres, sili-
con carbonitride ceramics with a tie-line com-
position corresponding to Swt% SiC is
prepared by transient annealing of the poly-
silazane in the temperature range between 500
and 550°C in mixed Ar/NH; atmosphere and
subsequent pyrolysis at 1000-1100°C.
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