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Abstract

Characterization of the intrinsic physical and mechanical properties of precursor-derived ceramics (PDC) is hitherto hindered by the unavailability
of suitable specimens with the representative material structure, homogeneity and of sufficient dimensions amenable to the characterization method.
The experimental response is often significantly modified by the included porosity and possible pseudo-microstructures, introduced through the
sample fabrication. This paper describes the fabrication of fully dense homogeneous precursor-derived Si—-C—N ceramic specimens with material
structures covering amorphous to nano-crystalline state using a casting technique, from a liquid polysilazane precursor. The three critical problems
involved in the dense PDC processing, viz., (i) bubble formation, (ii) gas evolution induced bloating and cracking and (iii) transformation induced
cracking are addressed through controlled cross-linking and thermolysis techniques. Structural characterization of the specimens is carried out
using FT-IR, Raman, XRD and HRTEM. The changes in the material structure in the amorphous and phase segregated state are correlated to the

material properties, through preliminary physical and mechanical characterization.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer-derived silicon carbonitride (Si—C-N) ceramics
are candidate materials for high temperature structural and
functional applications in the form of fibers,! protective
coatings,*© fiber and particulate-reinforced composites’ and
since recently as components for micro-electro-mechanical
devices (MEM).8 The synthesis of these materials involves
cross-linking and/or pyrolysis of suitable organo-silicon precur-
sor polymers in an inert atmosphere, leading to ceramics with
high purity, controlled structure and chemical composition.®°
Depending upon the chemistry of the starting precursor and
pyrolysis conditions, a range of material structures from fully
amorphous to nano-crystalline ceramics can be produced, with
associated influence on the material properties. Knowledge
of the intrinsic physical and mechanical properties of these
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perspectives.

Experimental evaluation of these properties, however,
strongly relies on the availability of suitable samples that truly
reflect the material behavior. Physical and mechanical charac-
terization of these materials until now has been widely carried
out!!=13 using monolithic samples fabricated through a pow-
der consolidation route.!1> In this method, the cross-linked
precursor powder with sufficient formability is warm-pressed
under an optimized temperature—pressure program, yielding
a green body with controlled porosity. The green body is in
turn pyrolyzed at elevated temperatures to obtain a monolithic
ceramic body albeit with residual porosity, invariably introduced
to enable the escape of gaseous pyrolysis by-products. Also, the
original particle boundaries of the starting powder can be still
retained to varying extents depending on the conditions of warm
pressing and/or reactivity of the powder, leading to a pseudo-
microstructure in an otherwise amorphous sample. Such features
can adversely affect the evaluation of properties relating to frac-
ture (through crack deflection along boundaries, arrest at pores,
etc.), and can significantly modify other properties, depending
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upon the extent, shape and distribution of such features and their
interaction with the experimental conditions. Several hybrid
methods have been described in literature to improve the bulk
density of the powder-derived ceramic bodies with varying suc-
cess or applicability.'®'8 However, for the characterization of
the intrinsic mechanical properties of precursor-derived ceram-
ics (PDC), fully dense bulk specimens of sufficient size and
free of processing-generated pseudo-microstructure are neces-
sary. A promising strategy is to fabricate fully dense monolithic
infusible green bodies free of processing-generated microstruc-
ture from suitable precursors, and a direct polymer to ceramic
transformation of these green bodies using controlled pyrolysis.
Depending upon the rheology, melting and cross-linking charac-
teristics of the candidate precursor, the first step can be realized
using either a warm consolidation — cross-linking or a casting —
cross-linking procedure.!*2% The latter route is ideally suitable
for cross-linkable liquid precursors.

The major difficulties with the fabrication of fully dense
monolithic ceramics from liquid precursors are:!7-21-22

(i) Bubble formation/foaming during thermal cross-linking.
(ii) Restriction of degassing during pyrolysis.
(iii)) Material shrinkage.

Bubble formation can occur due to the evaporation of the
liquid precursor, the extent of which is determined by the cross-
linking temperature, heating rate, ambient pressure and polymer
viscosity. A coupled increase of bulk density and the volume to
surface ratio of the cross-linked green body restricts the removal
of gaseous by-products released during pyrolysis reactions. This
increases the pressure within the bulk of the body resulting in
bloating and/or cracking. The above, as well as any possible tem-
perature gradient across the bulk can lead to a differential rate of
polymer to ceramic transformation from surface to the core of
the specimen, thereby, a differential shrinkage. This eventually
results in cracking or complete disintegration of the pyrolyzed
body. Considerable research has been carried out in the mathe-
matical handling of the above problems.>3~2> However, reports
on the successful fabrication of dense monolithic ceramics from
polymer precursors are limited. Freimuth et al. have reported the
fabrication of miniaturized ceramic structures through the pyrol-
ysis of green forms obtained using a solution casting process.'’
The polymer forms were chemically cross-linked in air and
the pyrolysis was conducted using extremely low heating rates
(<10K/h) to realize crack-free structures with a thickness of
the order of several micrometers. Shah and Raj have recently
developed a pressure casting technique? that enables fabrica-
tion of amorphous Si—~C-N ceramic specimens with a thickness
of <0.5 mm. In a comparable work, Soraru et al. have success-
fully fabricated fully dense Si—C-O glasses in the form of thin
rods (~1.5 mm diameter; 30 mm long) suitable for mechanical
characterization, using a gel-casting technique.®

In this work we report an improved method for the fabri-
cation of fully dense defect free ceramic bodies from a liquid
poly(ureamethylvinyl)silazane (PUMVS) precursor, that are
suitable for a range of physical and mechanical characterization
experiments. While the methodology closely follows the work

of Shah and Raj,?° capabilities with respect to the obtainable
specimen thickness and material structures have been enhanced,
and the need for employing a pressure vessel is eliminated. Addi-
tionally, the structural, physical and mechanical characterization
of these specimens covering partly organic to nano-crystalline
Si—C-N ceramics are presented.

2. Experimental procedure

The liquid precursor PUMVS, commercially known as
Ceraset® (KiON Corporation, Columbus, OH) was cast into a
PTFE mould, hermetically sealed in a steel die and thermally
cross-linked at 260 °C for 5h to form fully dense, transparent
infusible green bodies. A schematic diagram of the mould-die
construction is shown in Fig. 1. The PTFE mould was made
out of three circular PTFE discs of 1 mm thickness, the mid-
dle disc having a circular recess. The bottom and middle discs
were glued together to form the mould cavity, using a thin layer
of two-component epoxy glue. The liquid precursor was filled
into the mould cavity, closed with the third disc, sandwiched
together between the two halves of the steel die and tightened
with screws. PTFE was chosen as mould material due to its
easy formability and mould releasing characteristics. The die
was placed in a quartz glass with Schlenk construction, which
was evacuated and back-filled with nitrogen. The entire assem-
bly was then placed in a furnace and heated to 360 °C using a
programmable furnace controller. A higher furnace temperature
was necessary to realize the actual cross-linking temperature of
260 °C at the cross-linking die, which was monitored using a
second thermocouple. The cross-linked green bodies were disc
shaped, with a diameter of 19 mm and 1 mm thickness.

The mass loss and shrinkage behavior of the green bodies
during pyrolysis were determined by thermo-gravimetric analy-
sis (TGA) and thermo-mechanical (TMA) analysis, respectively
(RT < T, <1000 °C; heating rate: 5 K/min; atmosphere: flowing
argon). A cross-linked sample with a thickness of 1 mm was used
for the TMA. The analyses were performed using a simultaneous
thermal analyzer (model STA-409 Netsch) for TG and a thermo-
mechanical analyzer (model TMA2000, Béhr thermoanalyse,
Hillhorst, Germany) for TMA.

Several batches of green bodies were pyrolyzed in a flowing
inert gas atmosphere using Schlenk tubes to various final tem-
peratures (T},) from 800 to 1500 °C in steps of 100 °C to obtain
ceramic samples with a range of material structures. For samples
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Fig. 1. Schematic diagram of the mold-die construction.
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Fig. 2. Schematic illustration of the methods experimented using different heat transfer media and sample placement during pyrolysis for realizing crack-free dense

Si—C-N ceramic specimens.

pyrolyzed up to 1000 °C, a single stage pyrolysis schedule was
employed (800 °C < T}, <1000 °C; heating rate: 100 K/h; hold
time at Tp: 1 h; cooling rate: 300 K/h; atmosphere: flowing argon;
Schlenk tube: quartz). An additional heating ramp was included
in the heating schedule for samples pyrolyzed at 1100 °C, at
10 K/h from 1000 to 1100 °C. In order to control the tempera-
ture distribution and thereby the heat transfer to the green bodies
during pyrolysis, several trials were carried out by changing the
heat transfer media and sample placement. These methods are
schematically illustrated in Fig. 2 and included: (i) sandwiching
the green bodies between or simply placing them on monolithic
graphite blocks; (ii) powder bed method, where the green bodies
were packed inloose Si3Ny, BN or graphite powder; (iii) packing
the green bodies within silica wool; (iv) sandwiching between
porous graphite felt. The green samples along with the heat trans-
fer media were packed within an alumina crucible, which was
then placed in the Schlenk tube. As will be described in Sec-
tion 3.1, the arrangement with graphite felt was successfully
used for the preparation of Si—-C-N ceramics up to a pyroly-
sis temperature of 1100°C. A two-stage pyrolysis—annealing
schedule was used for samples above 1100°C. In this case,
Si—-C-N ceramic samples were pyrolyzed at T, = 1000 °C in the
first stage using the above method. In the second stage, these
samples were mechanically ground and polished to remove sur-
face defects, packed in boron nitride (BN) powder inside an
alumina crucible and subjected to a second annealing treat-
ment (heating rate: 100 K/h for RT <7< 1000°C; 10K/h for
1000°C<T <1500 °C; holding time at Tp: 12 h; cooling rate:
300 K/h; atmosphere: flowing nitrogen; Schlenk tube: alu-
mina). In the following, the samples will be referred according
to their thermal treatment, e.g., SICN-080001, SiCN-090001,
SiCN-100001, SiCN-110001, SiCN-120012, SiCN-130012 and
SiCN-150012, the first four digits denoting the temperature and
the last two digits, the holding time of the pyrolysis or annealing
treatment in hours.

Structural characterization of the samples was performed
using FT-IR, Raman spectroscopy, X-ray diffraction (XRD) and
high-resolution transmission electron microscopy (HRTEM).
Infrared spectra were collected in transmission using KBr pellets
(Nicolet spectrometer, Model Magna 560) in the wave num-
ber range 4000-450 cm~! and a spectral resolution of 4cm™!,
Raman spectroscopy was carried out using a Jobin Yvon spec-
trometer (excitation source: He—Ne laser, A =632.8 nm; laser
power: 0.004-0.4 mW; sample objective: 20X/50X; spectral res-

olution: 4cm™!). For XRD analysis, a Siemens diffractometer
(Model D5000 Kristalloflex; Cu Ko radiation, A =1.5406 A)
was employed. HRTEM was performed using a Philips CM200
(Philips Eindhoven, Netherlands) instrument. TEM samples
were prepared according to the standard procedure, involving
drilling, grinding, dimpling and finally ion-milling. In addi-
tion, light microscopy and scanning electron microscopy (SEM,
Cambridge instruments S200 as well as FESEM, Gemini DSM
982 and JEOL JSM 6300F) were utilized to examine polished
as well as fracture surfaces of samples. Bulk chemical analyses
were performed by atomic emission spectroscopy with induc-
tively coupled plasma excitation (for silicon), combustion (for
carbon and hydrogen) and carrier gas hot extraction (for nitrogen
and oxygen).

Density of the samples was measured by Archimedes method
in water for monolithic samples, as well as by helium pyc-
nometry (Micromeritics, Model Accupyc1330) for powdered
samples. Young’s modulus and poisons ratio were determined
by the resonance frequency analysis method (RFDA, IMCE
n.v., Dipenbeek, Belgium) using circular disc specimens with
a diameter of 12 mm and a nominal thickness of 300 wm. The
method involves the analysis of the resonance frequencies gen-
erated from the mechanical excitation of the specimen, which
is then related to the specimen geometry, density and elastic
modulus. Hardness of the samples was evaluated using Vickers
diamond pyramid indentation under various loads, viz., 0.245,
0.490,0.981,1.962,4.905,9.81, 19.62 and 49.05 N. Thermal dif-
fusivity of the samples was determined by the laser flash method,
using circular disc specimens as above.

3. Results
3.1. Fabrication of fully dense samples

A temperature—time combination of 260 °C-5 h was found to
be optimum for the cross-linking of the liquid PUMVS precursor
to yield hard, fully dense and transparent green bodies (Fig. 3).
While the use of higher temperatures initiated the deformation
of PTFE mould, use of lower temperatures or holding times
resulted in insufficient cross-linking, producing rubber-like bod-
ies.

The pyrolysis of green bodies was found to be the critical step
in the fabrication of dense ceramic specimens. Pyrolysis of dense
green bodies with thickness higher than 2 mm always resulted in
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Fig. 3. Typical fully dense samples at various processing conditions. The
pyrolyzed and polished samples display, respectively, diffuse and specular reflec-
tion of light.

bloating (Fig. 4) accompanied by severe cracking. Samples with
thickness <1 mm did not show bloating; however, mild to exten-
sive cracking was observed. Light microscopy of cross-sections
of the fragments themselves confirmed the absence of bloating,
gas bubbles or porosity, within the resolution of the technique.
Severity of cracking appeared to be reduced by reducing sample
thickness below 1 mm, but was not eliminated. Up to a pyrolysis
temperature of 1000 °C, cracking was not affected by surface
finish or any other stress raising features in the green bodies.
Also, in the same temperature range, heating rate did not have a
significant influence on the above results. To elaborate, cracking
occurred even with a heating rate as low as 5 K/h.

In order to control the heat transfer to the samples during
pyrolysis, different arrangements with respect to the sample
placement were tried (Fig. 2). When placed on a flat graphite
block with the top surface open to the atmosphere, samples
showed warping into a dish shape, concave downwards, with
little or no cracking. Thinner samples favored warping to crack-
ing than thicker samples, where warping and cracking were
inversely related. Pyrolysis of samples sandwiched between two
graphite blocks always led to complete cracking. Use of pow-
der bed techniques with graphite, SizN4 or BN powders also
could not avert cracking during the pyrolysis of green bodies.
However, interestingly, when wrapped in silica wool, they could

Fig. 4. Light micrograph of a sample pyrolyzed at 1000 °C-1h, from a fully
dense green body with a starting thickness of 2 mm; blisters due to bloating and
severe cracking are evident.

(b)

Fig. 5. SEM micrographs from the polished surface of the SiCN-110001 sample
corroborating the dense pore-free structure.

be pyrolyzed free of cracks with only mild warping, which was
concentrated in regions where packing density of silica wool
was high. Taking lead from this, the dense green bodies were
pyrolyzed as sandwiched between two porous graphite felts.
This yielded dense ceramic bodies free of cracks and with mini-
mal warping up to 1000 °C, in spite of the relatively high heating
rate of 100 K/h employed. Note that this heating rate is higher
by a factor of 4-10 times than those employed by Shah and
Raj and Freimuth et al.'>?° For samples pyrolyzed at 1100 °C, a
reduction of heating rate to 10 K/h was necessary above 1000 °C
to avert cracking. A photograph of typical samples before and
after pyrolysis is given in Fig. 3. SEM micrographs (Fig. 5) of
the SiCN-110001 sample at two different magnifications sub-
stantiate the dense structure of the material.

For the preparation of homogeneous Si—~C—N ceramic sam-
ples subjected to thermal treatment above 1100°C, use of
graphite felt as heat transfer medium was found unsuitable. This
was due to the chemical interaction between Si—C—N sample and
graphite felt in contact resulting in accelerated crystallization at
and near the sample surface, producing a layered microstructure
across the sample thickness. Cracks initiated and propagated
from stress raising features (such as surface and edge rough-
ness), particularly favored by the accumulated residual stresses
during pyrolysis. To counter the above, two modifications were
applied for samples prepared at T, above 1000°C. A two-
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Fig. 6. Polished cross-section of the SICN-130012 sample.

stage pyrolysis—annealing sequence was adopted as described
in Section 2, with an intermediate grinding and polishing proce-
dure applied to relieve the accumulated residual stresses and to
remove the surface defects. The active chemical reactions with
the pyrolysis environment such as the above were obviated by
the use of a BN powder bed (which is chemically inert to Si—-C—N
ceramics at the employed temperatures) and a flowing nitrogen
gas atmosphere. This procedure yielded fully dense crack-free
samples with an acceptable homogeneous microstructure up to
an annealing treatment at 1300 °C/12 h, where the affected layer
thickness was 50—100 wm from the sample surface (Fig. 6). Het-
erogeneous features appeared across the sample cross-section at
annealing temperatures above 1400 °C, and are evident from
the fractured as well as polished cross-sections of SICN-150012
sample (Fig. 7). A layered microstructure near the surfaces,
accompanied by globular features spreading along the middle
plane of the sample thickness is observed (Fig. 7a). A crack
introduced in this region through Vickers indentation propa-
gated across as well as around these globular features (light
micrograph, (Fig. 7b). That the fracture occurred through as well
as around the globules is discerned from the SEM fractograph
at higher magnification (Fig. 7c), where the globular features
appear as flat, concave as well as convex surfaces, suggesting
that these features were not closed pores, but dense material
separated from the matrix along a weak interface. Although
free from porosity, these samples cannot be used for physical
and mechanical characterization, as the microstructure is not
homogeneous across the cross-section.

3.2. Chemical and structural characterization

3.2.1. Bulk chemical analysis

The elemental compositions and the empirical formulas of
the thermolyzed samples at different temperatures from 800
to 1300°C are given in Table 1. Interestingly, the analyses
showed almost no variation in silicon, carbon and nitrogen con-
tent. However, the samples pyrolyzed at lower temperatures
contained appreciable quantities of hydrogen. The hydrogen
content decreased continuously with increasing thermal treat-
ment, falling below the detection limits in SiCN-120012 and

1512N2 —— 10um

1512N3
Fig. 7. Fractured as well as polished cross-sections of the SICN-150012 sample:

(a) and (c) SEM fractographs; (b) light micrograph of the polished cross-section,
containing a Vickers indentation crack.

| ——— 3pm

MPI fir Metaliforschung
Metaliographie

SiCN-130012. Considerable oxygen contamination was also
present in the samples, resulting from the handling of green
bodies in air. Assuming that the silicon atoms bond to oxygen,
nitrogen and carbon atoms corresponding to equivalent stoi-
chiometric quantities of SiO,, Si3zNy and SiC, the amount of
‘free carbon’ in the material can be calculated for SiCN-120012
and SiCN-130012 from their empirical formulas and are given
as SiCo33N0.7700.18 +0.62 Cgree and SiCo36N0.7600.14 +0.54
Ciree, respectively.
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Table 1
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Elemental composition of the specimens as a function of pyrolysis temperature, determined from bulk chemical analysis

Sample Elemental composition Empirical formula

Si C N H (¢}

(Wt%) (at.%) (Wt%) (at.%) (Wt%) (at.%) (Wt%) (at.%) (Wt%) (at.%)
SiCN-080001 52.6 25.86 22.4 25.75 20.6 20.3 1.9 26.02 2.4 2.07 SiCNy.7800.0sH
SiCN-090001 52.7 27.33 222 26.92 222 23.09 1.48 21.39 1.4 1.27 SiCo.98N0.8400.05sHo 78
SiCN-100001 53 29.56 22.7 29.6 21.2 23.71 0.97 15.07 2.1 2.06 SiCNy.8000.07Ho.51
SiCN-110001 54 31.31 22.1 29.96 21.5 24.99 0.75 12.12 1.6 1.63 SiCo.96N0.8000.05sHo 39
SiCN-120012 52.5 33.85 21.4 32.26 20.1 25.98 <0.1 <1.8 5.4 6.11 SiCp.95N0.7700.18
SiCN-130012 54.7 35.45 21.1 31.98 20.6 26.77 <0.1 <1.8 4.3 4.839 SiCo.90N0.7600.14
3.2.2. FT-IR 3.2.3. Raman spectroscopy

The transmission FT-IR spectra (Fig. 8) depict the struc-
tural changes in the samples with increasing thermal treatment.
The spectrum from SiCN-080001 sample shows a broad com-
posite absorption band of higher relative intensity in the range
800-1100 cm™! as well as lower intensity bands at 2129, 1403,
and 1255 cm™! (as a shoulder). The composite band comprises
of superposed Si—N (910, 985, and 1040 cm™")?’ and Si—C (780
and 900 cm_l)28 bond vibrations, while the low intensity bands
arise from Si—H, C-H, and Si—CHj3 vibrations, respectively.lo
With increasing pyrolysis temperature, the Si-H, C-H, and
Si—CHj3 bands decreased in intensity further, and were unde-
tectable in the SiICN-110001 sample. A simultaneous increase
in the intensity of the Si—C bands relative to the Si—N bands was
observed, evident from the change of shape of the composite
peak. The features located around 1610 cm™! are attributable to
the oxygen or moisture contamination during handling of the
samples in air.

Absorbance (a.u)

Lot Ll i | 1 t : I [ T o W I |
2500 2000 1500 1000 500
Wave numbers (cm™)

Fig. 8. Transmission FT-IR spectra of Si-C-N samples pyrolyzed or annealed
at various temperatures between 800 and 1300 °C.

Fig. 9a shows the Raman spectra recorded from the sam-
ples pyrolyzed at different temperatures. The overall relative
intensities of the spectra progressively decreased with increas-
ing pyrolysis temperature. The presented spectra are therefore
suitably rescaled for better clarity. The spectrum from the SICN-
080001 sample displayed no phonon modes but only a large
background signal. While the background intensity was still
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Fig. 9. Raman analysis of Si-C-N samples pyrolyzed or annealed at various
temperatures between 800 and 1300 °C: (a) Raman spectra showing the evolution
of D and G peaks (b) variation of D and G peak positions, FWHM and the
intensity ratio /(D)/I(G) with thermal treatment; square and diamond symbols
(open as well as filled) indicate D and G peaks, respectively.
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appreciable in the spectrum of the SICN-090001 sample, two
peaks centered around 1320 and 1600 cm™! were discernable,
that correspond to the D and G peaks observed in disordered
carbons.??39 The G peak arises from the stretching mode (Ezg)
of the sp> C—C bonds, whereas the D peak originates from the
breathing mode (A1) of the sp? rings.* The background signal
in these spectra is due to the strong photoluminescence, which
characterizes the polymeric nature of these samples containing
appreciable quantities of hydrogen.3*3! In the spectra of sam-
ples from higher thermal treatment, the D and G peaks were
better resolved against a lower background. Additionally, new
peaks appeared centered at around 2620, 2920, and 3230 cm ™!
and are attributed to the overtones or combinations of the above
mentioned first order phonon modes.>>3 In order to appreciate
the structural changes in the samples with increasing thermal
treatment, a multiple peak curve fitting procedure using four
Lorentzians (one each for the D and G peaks and the remaining
two to account for the features around ~1200 and ~1500cm™)
was applied to the spectra to extract information, viz., peak posi-
tion, peak width (full width at half maximum, FWHM), and
relative intensity. The data are plotted in Fig. 9b. With increasing
pyrolysis temperature the D peak showed a small but continu-
ous upward shift in position and a steady decrease of its peak
width (FWHMp). Also, a simultaneous increase of its relative
intensity /(D) compared with that of the G peak (/(G)) was
observed, quantified as the net increase in the intensity ratio
I(D)/I(G). In contrast, the G peak position and width (FWHMg)
stabilized at 1000 °C and showed negligible variation above this
temperature.

The population of all C—C bonds and the distribution of the
C—C bond angle determine the intensity and the width of the
G peak, respectively. The presence of G peak in the spectrum
from SiCN-090001 signifies the early inception of disordered
sp? carbon clusters in the material. This combined with the
presence of D peak indicates that at least a significant fraction
of carbon atoms are bonded as ring-like configurations. The D
peak shift, peak width and intensity are correlated to the distri-
bution of cluster size and order of carbon atoms. An increase
in the number of ordered sixfold aromatic rings shifts the D
peak upwards and increases its intensity, while the presence of
non-aromatic disordered ring-like configurations increases the
peak width at the cost of intensity.3! The increase of the inten-
sity ratio I(D)/I(G) and the decrease of the D peak width thus
correspond to the increase in the ordering of the clusters into
aromatic graphene layers. The above results in total indicate the
segregation, ordering and growth of carbon clusters towards the
formation of nano-crystalline graphitic regions, in samples from
higher thermal treatment.

3.2.4. X-ray diffraction

The results of the XRD measurements are compiled in
Fig. 10. XRD patterns of the samples pyrolyzed up to
1100 °C showed no diffraction lines, but only broad diffrac-
tion humps, typical of amorphous materials. XRD pattern
from SiCN-120012 sample showed a single broad peak cen-
tered at 20=36°. The intensity and sharpness of this peak
increased in the SiCN-130012 sample, along with the appear-
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Fig. 10. X-ray diffraction patterns of Si—-C—N samples pyrolyzed or annealed at
various temperatures between 800 and 1500 °C.

ance of two broad peaks centered at 20=61° and 72°,
respectively. Together, these three peaks indicate the nucle-
ation of o/B-SiC. Additionally, a broad feature in the 26
range between 21° and 30° was observed. Referring to the
phase analysis of similar precursor-derived ceramics,?8* this
can be attributed to the formation of the turbostratic car-
bon phase (26(200)-Graphite = 26.592°). Strong diffraction peaks
corresponding to a-SizN4 and a-SiC were observed in the SiCN-
150012 sample, indicating appreciable crystallization at this
annealing temperature.

3.2.5. High-resolution transmission electron microscopy
Microstructural evolution in samples treated at higher tem-
peratures were analyzed using transmission electron microscopy
under high-resolution. Accordingly, the high-resolution images
along with the selected area electron diffraction (SAED) patterns
from SiCN-110001, SiCN-120012 and SiCN-130012 samples
were obtained and are presented in Fig. 11. The SAED patterns
from SiCN-110001 and SiCN-120012 showed only diffuse halos
typical of amorphous materials. TEM examination of the sam-
ples pyrolyzed below 1100 °C (e.g., SICN-100001) using SAED
and high resolution imaging revealed no structural features
resolvable by electron diffraction and as such these materi-
als can be classified as ‘electron-amorphous’.>> However, the
high-resolution image from the SiICN-110001 sample contained
regions of tiny layer-like curved features. The insets within the
main image depict enlarged views of the regions of interest for
clarity (Fig. 11a). While the morphology of these features is
not readily discriminable from the surrounding matrix, compar-
ison of similar features in higher temperature treated samples
indicates that these are indeed precursors to the nano-scale clus-
tering of the turbostratic graphite phase.>>-37 This is evidenced
from the HR image of the SICN-120012 sample (Fig. 11b). The
turbostratic phase (marked ‘B’ in the insets) in the latter sam-
ple displayed improved ordering than the former, with the size
ranging between 5 and 10 nm along the layers. The organization
and size further improved in the SiCN-130012 sample in direc-
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Fig. 11. HRTEM analysis of samples subjected to higher thermal treatment: (a) SICN-110001, (b) SIiCN-120012 and (c) SiCN-130012. The SAED patterns of the
representative regions are also included as insets. Additional insets show enlarged views of the details of interest: A—SiC nano-crystals; B—turbostratic graphitic

clusters.

tions along as well as perpendicular to the graphitic planes by
stacking of several layers. The typical dimensions of the layers
ranged from 15 to 30 nm along the layers consisting of seven
to eight layers in a stack.’® The inter-layer spacing, however,
was appreciably different from that of crystalline graphite, and
varies between 0.37 and 0.42 nm. Concurrent to the growth and
ordering of the turbostratic graphitic phase, nucleation of nano-
crystalline silicon carbide was observed in the SiCN-130012
sample.’> The SAED pattern from this sample (Fig. 11c) shows
three high relative intensity diffraction rings at ~4, ~6.5, and
~7.5nm~! corresponding to the (11 1)g_sic, (220) g-sic and
(311) g-sic planes. The insets show high-resolution images of
typical nano-crystallites (marked ‘A’). The inter-planar spac-
ing was measured to be 0.257 nm, which corresponds to the
d-spacing of the (1 1 1)sic planes.

3.3. Physical and mechanical characterization

The density, hardness and elastic constants of the investigated
materials are summarized in Table 2. The density of the fully
dense green bodies was 1.1 g/cm®. With increasing pyrolysis
treatment, the density monotonically increased from 1.85 g/cm?
for SICN-080001 sample to 2.15 g/lem® for the SiCN-120012
and SiCN-130012 sample, indicating the densification of the
material structure. The Young’s modulus determined from the
resonance frequency method increased with thermal treatment to
amaximum of 140 GPa in SiCN-120012 sample, above which it
dropped to 117 GPa in SiCN-130012 sample. In contrast, Vick-
ers hardness was found to have a maximum in SiCN-100001
sample at 11.3 GPa. This variation in the elastic and plastic
response of the material is further discussed in the next section.
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Sample Density (g/cm3) Young’s modulus (GPa) Poisson’s ratio Hardness (GPa) Thermal diffusivity, x 10~7 (m?/s)
SiCN-080001 1.85 + 0.02 82 + 1 0.245 £+ 0.015 83 £ 0.1 5.07 £ 0.31
SiCN-090001 1.90 £+ 0.02 106 £ 1 0.24 4+ 0.005 9.5+03 4.95 + 0.07
SiCN-100001 2.00 + 0.02 117 £ 1 0.22 £+ 0.003 11.3 £ 04 4.14 + 0.24
SiCN-110001 2.10 £+ 0.02 127 £ 1 0.21 &+ 0.005 9.7 £ 04 3.99 £+ 0.23
SiCN-120012 2.16 £ 0.02 140 + 4 0.22 £+ 0.01 9.6 £0.3 5.50 + 0.27
SiCN-130012 2.15 + 0.02 117 £ 4 0.23 + 0.01 79 £0.2 8.08 £ 0.16

4. Discussion

Cross-linking of the liquid precursor by heating without pres-
sure leads to the formation of gas bubbles in the green body, due
the evaporation of low molecular weight oligomers, dissolved
gases and/or dissociation of weakly attached end groups. This
is obviated in the present method by heating the precursor con-
fined in a steel die, where the generated internal isostatic pressure
eliminates bubble formation and yields fully dense glassy green
bodies. Extensive gas evolution3® and coupled mass loss occurs
during pyrolysis of green bodies in the temperature window of
400-800 °C (Fig. 12). Restriction of the gas evolution in thicker
samples (>1.5 mm) leads to bloating near the free surface and
pressure build up in the sample core. Extensive bloating has
been observed previously in the pyrolysis of powder-derived
green bodies containing a higher fraction of closed pores, result-
ing from the higher warm pressing temperatures employed.’
The relatively softer material at the initial stage of pyrolysis
accommodates the stresses by deformation.!>!7 However, the
progressing ceramization at higher pyrolysis temperatures ren-
ders the material stiff, leading to the cracking of the bodies.
Limiting the green body thickness to 1 mm eliminates the gas
pressure induced stresses. In this case, the diffusion through the
relatively open structure of the green body sufficiently allows the
escape of gaseous pyrolytic products. A more critical problem is
the differential rate of polymer to ceramic transformation across
the sample thickness, mainly arising from the differential heat
transfer at the surface and the core regions. In the experiments,
samples pyrolyzed as sandwiched between graphite blocks or

Mass loss (%)
Linear shrinkage (%)
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Pyrolysis temperature (°C)

Fig. 12. Mass loss and linear shrinkage behavior during the pyrolysis of the
cross-linked Si—-C-N green bodies, recorded from TG and TMA analyses,
respectively.

packed in a powder bed were always cracked, whereas those
pyrolyzed as simply supported on a single graphite block were
warped. The relatively higher thermal conductivity of these heat
transfer media in contact with the sample, in combination with
the poor thermal conductivity of the sample, induces significant
thermal gradients across the sample thickness. The consequent
differential ceramization and the differential pyrolytic shrinkage
produce transformation stresses, leading to cracking or warping
of the samples. The porous graphite felt used as sample sup-
port and heat transfer medium in the present work possesses
a low thermal conductivity, and thus effectively moderates the
conductive heat transfer to the samples, reducing the thermal
gradients to tolerable levels, while the porosity facilitates the
escape of pyrolytic gases. The resulting ceramic bodies are
dense and crack-free up to a pyrolysis temperature of 1100 °C,
albeit containing considerable residual stresses. The interme-
diate machining of the amorphous samples, in addition to the
removal of surface defects and chemical contamination, serves
to relieve these stresses, enabling the successful fabrication of
phase segregated samples through the second stage annealing
treatment. Removal of residual stresses is also a prerequisite for
the meaningful mechanical characterization of these materials.

A detailed account of the polymer to ceramic transformation
of the PUMVS precursor has been described by Li et al.>® The
chemical and structural characterization presented here high-
lights the change in the material structure of the fully dense
Si—-C-N—(H) ceramic specimens thermolyzed from the above
precursor to varying degrees of conversion, such that a correla-
tion to the physical and mechanical behavior can be examined.
The chemical composition of the all the thermolyzed speci-
mens remains nearly invariant, barring hydrogen content. This
is due to the completion of the majority of the pyrolytic reac-
tions by 800 °C, as revealed by the TG (Fig. 12) and TG coupled
mass spectrometry.® The materials from thermolysis treatments
up to 1000 °C display partly organic character, with an open
network structure of mixed SiC,N—y) tetrahedra38 containing
methyl and/or hydrogen terminations. The reduction of hydro-
gen content from 26 at.% in SICN-080001 to less than 2.8 at.% in
SiCN-120012 is mainly responsible for the pyrolysis shrinkage
still observed beyond 800 °C (Fig. 12). While the IR spectra
register a decrease in Si—H, Si-CHj3 and C-H band intensi-
ties, quantitative information regarding the fractions of the total
hydrogen content removed from Si—H and C-H terminations is
lacking. However, aggregation of sp>-carbon into graphitic clus-
ters is detected by Raman analysis in samples thermolyzed above
800 °C. Using simple charge balance considerations, the amount
of excess free carbon is estimated from the elemental analysis
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data, in the hydrogen free SICN-120012 and SiCN-130012 sam-
ples. Reckoning the invariance of the C/Si and N/Si molar ratios,
an equivalent quantity of excess carbon can be expected also in
the lower temperature thermolyzed samples, although its orga-
nization will depend upon the amount of hydrogen bonded to
them. The role of hydrogen depletion in the organization of the
polyaromatic carbon in PDC has been reported previously.3>3¢
Accordingly, the growth of the graphitic phase proceeds through
the stripping of peripheral hydrogen from the H-terminated
graphene layers and their subsequent edge-wise association.
Recalling the simultaneous increase in the Si—C bond popu-
lation inferred from IR spectra promoted by the cross-linking
reactions involving Si—H, Si—~CH3 and C-H groups, it can be
concluded that the progressive hydrogen depletion leads to an
increase in the structural density of the thermolyzed materials,
through the increased network connectivity of SiCyN4—y) units
as well as the organization of the graphitic phase. Although the
latter process starts as early as by 800 °C pyrolysis, the size of
the graphitic domains remain below the critical level in order
to be identified as separate phase, up to 1100 °C. Thus, all the
samples thermolyzed up to this temperature are amorphous as
confirmed by XRD as well as by HRTEM. The phase separation
in the material occurs at 1200 °C, beginning with the formation
of turbostratic graphite and the nucleation of nano-crystalline
SiC at 1300 °C thermolysis.

The effect of the above structural changes is reflected in
the physical and mechanical properties of the materials. The
increase in the density, elastic modulus and hardness of the
materials thermolyzed up to 1000 °Cis easily explained in terms
of the increased network connectivity realized from the strip-
ping of hydrogen. The change in the elastic and plastic response
beyond 1000 °C thermolysis stems from the difference in the
nano-structure of the materials. Above this temperature, the
size of the graphitic nano-domains reaches a sufficiently high
value such that shear deformation is promoted, decreasing the
hardness. The growing domains do not immediately degrade the
material stiffness, as they remain dispersed as isolated regions
in the amorphous network. Interestingly, a recent DFT study of
the free carbon in a:Si—C—O materials suggests that the graphitic
precipitate bonded to the amorphous network stiffens the struc-
ture by decreasing the amount of floppy modes in the structure.*
In the present case, the increasing modulus of the specimens up
to 1200 °C thermolysis coincides with the elimination of hydro-
gen. At still higher thermolysis temperatures, the growth of the
turbostratic graphite phase leads to significant impingement of
the layers, as can be partly appreciated from the HRTEM images
of the SICN-130012 sample (Fig. 11c). The decrease in the elas-
tic modulus of the SiCN-130012 specimen is thus attributed to
the direct interaction of graphitic precipitates. This is supported
by the measured thermal diffusivities of the samples, which
show a drastic increase in the SICN-130012 sample. Electrical
conductivity measurements on similar Si—-C-N ceramics have
displayed an appreciable increase in conductivity, when the
growth of turbostratic graphite reached the percolation limit.*!

From the above discussion, it is evident that the fully
dense Si—-C-N PDC specimens prepared in this work are
suitable for the characterization of their intrinsic mechanical

behavior. However, it is to be noted that the structure of the
synthesized ceramics are strongly dependant on the processing
parameters, viz., cross-linking and pyrolysis temperatures,
heating rate, holding time and atmosphere employed. Obvi-
ously, the properties of Si—C-N ceramics prepared using
different processing parameters can be different. This is also
true even for materials which are nominally amorphous as
the network density and connectivity of these materials can
be different. This effect is illustrated from the comparison
of elastic modulus and indentation hardness values of the
present materials with those reported by Shah and Raj for a
fully dense amorphous Si—C-N ceramic prepared from the
PUMVS precursor using a pressure casting route (E~ 156 GPa;
H~26GPa; T,=1000°C; heating rate: 25K/h; holding
time: 9h).2% Nevertheless, investigations using the present
materials facilitate to understand the structure—property
correlations of typical Si-C-N PDC with respect to their
mechanical behavior. A more detailed mechanical character-
ization of the above materials covering the elastic—plastic
deformation and fracture behavior will be presented
elsewhere.

5. Conclusions

Fully dense precursor-derived Si—~C—N ceramic specimens
were fabricated by thermal cross-linking and controlled ther-
molysis of the PUMVS precursor. Three critical problems were
identified and addressed: (a) bubble formation during cross-
linking; (b) internal gas pressure induced stress leading to
bloating and cracking; (c) stresses from differential transfor-
mation due to thermal gradients in the sample. Hydrostatic
confinement of the liquid precursor during cross-linking yielded
bubble-free glassy green bodies. Pyrolytic stresses were mini-
mized by limiting the green body thickness to 1 mm and by
moderating the conductive heat transfer to the sample during
thermolysis through a proper choice of the heat transfer media,
to produce defect-free dense ceramic bodies.

The range of selected thermolysis treatments enabled the syn-
thesis of ceramic specimens covering material structures from
partly organic amorphous to inorganic nano-crystalline states.
Structural variation in the amorphous specimens was realized
through the stripping of hydrogen with increasing thermal treat-
ment, leading to materials with progressively densified network
structures. Phase separated ceramic specimens were obtained
from still higher thermolysis treatments. The elimination of
hydrogen ensued phase segregation in the material, via the orga-
nization of the excess free carbon into a turbostratic graphite
phase at 1200 °C and the nucleation of nano-crystalline SiC at
1300 °C thermolysis treatment.

The measured physical and mechanical properties displayed
dependency on the material structure. Elastic properties and
hardness improved along with the increase in the network
density until the onset of phase segregation, where plastic
deformation was promoted by the turbostratic graphite phase.
Thus, the synthesized specimens are suitable for a detailed
mechanical characterization of typical precursor-derived
Si—C-N ceramics.
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