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Abstract

Ceramic matrix composites (CMCs) were prepared from a polysiloxane network filled with rice husk ash (RHA), a reactive filler. CMCs were
obtained by pyrolysis at 1000 and 1600 °C of green bodies prepared from a mixture of polysiloxane network and RHA at a weight ratio of 4:1,
respectively. The RHA and the CMCs were characterized by thermogravimetric analysis (TGA), X-ray diffraction (XRD), scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS), in addition to density and mechanical measurements. The CMCs were
obtained without macroscopic defects, and their initial observed porosity was reduced by polymeric infiltrations cycles of the polymeric precursor,

which improved their flexural strength and modulus up to 100%.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The manufacture of ceramics derived from polymeric
precursors has many advantages over the conventional method
of ceramic preparation [1]. Among the variety of polymeric
precursors, polysiloxanes are relatively cheap materials that
have received special attention as precursors of silicon
oxycarbide glasses [1,2]. Such glasses are constituted of
random arrangement of tetra-coordinated silicon sites, whose
general formula is SiOCy4_y), where 0 <x <4, or simply
SiOC, and presents thermal and mechanical properties superior
to the silica glasses [3-5].

The formation of bulk ceramics from polymer precursors,
however, is difficult to achieve due to the high volume
shrinkage associated with the polymer—ceramic conversion,
which leads to intrinsic microcracks. In order to reduce the
shrinkage upon pyrolysis, suitable filler materials can be
incorporated into the polymeric precursors. Two types of fillers
may be chosen: “inactive fillers””, which remain inert during
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the pyrolysis, and ‘‘active fillers”, which react with the
pyrolysis by-products and/or gas of the atmosphere to form
carbides or nitrides at high temperatures. The process
associated with the incorporation of the latter is called AFCOP
(active-filler-controlled polymer pyrolysis), and has been
developed by Greil [6]. According to this approach, the
polymer is partially filled with active powder particles, which
after pyrolysis and under the appropriate conditions, generate
reaction-bonded composite ceramics of variable compositions
and high-dimensional stability. In the systems derived from
inactive fillers, the intrinsic shrinkage and porosity formation
during the polymer—ceramic conversion can be reduced,
according to the filler volume effect [6,7]. Employing reactive
filler particles, the reactions between these particles and the
decomposition products of the polymeric phase or the reactive
gas atmosphere promote a volume expansion. Consequently,
near-net-shaped crack-free composites can be achieved, as the
appropriate filler expansion compensates for the polymer
shrinkage [6]. Combinations of different polymers, fillers, and
reactive atmospheres may result in a variety of novel ceramic
composite materials. Indeed, a number of systems have already
been investigated using polysiloxanes as preceramic polymers
filled with different ceramic [3] or metallic powders [6-8].
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On the other hand, rice husk is an abundant material,
produced in many countries around the world containing
approximately 20-25 wt.% of silica. Rice husk is usually
discarded and burned in the fields. This common practice can
lead to serious environmental damage, since silica particles
remain suspended in the air being a potential cause of
respiratory diseases. In Brazil, for example, about
2.5 x 10° tonnes of rice hull ash (RHA) are generated each
year [9]. RHA is a black residue which contains approximately
85-90 wt.% of silica, 10-15 wt.% of carbon, small amounts of
alkalis and other trace elements [10].

As the world production of rice hulls (RHs) is estimated to be
80 million tonnes annually, which corresponds to ~3.2 million
tonnes of silica [11], it seems a reasonable assumption that this
agricultural waste presents great potential use in large scale, such
as in ceramic, cement and composite industries. Indeed, RH has
been used as raw materials for the production of a series of
silicon-based materials, including silicon carbide [12,13], silica
[14], silicon nitride [15], reinforced polymer composites [16],
cements [9] and other silicon-based materials [17].

Concerning the above ideas, the motivation of this work was
to produce ceramic matrix composites (CMCs) derived from a
polysiloxane network using rice husk ash as the reactive filler.
Such an approach associates the advantages offered by the
polymeric precursor route in the production of CMCs and also
draws attention to a novel way to consume the RHA, and
therefore, contributes to new applications of this agricultural
waste. RHA-filled polysiloxane was prepared by mixing the
RHA powder with the liquid precursor, forming the poly-
siloxane network (PN) through a hydrosilylation reaction in
situ. Such PN have already been studied and found to produce at
1000 °C, a silicon oxycarbide glass with high amount of
carbidic groups as well as a free carbon phase [4]. The pyrolysis
of the RSH-filled PN was carried out up to 1000 and 1600 °C, in
an argon atmosphere, giving rise to novel ceramic matrix
composites. These composites were characterized by thermo-
gravimetric (TGA) and thermal differential (DTA) analyses, X-
ray diffraction (XRD), scanning electron microscopy (SEM)
with energy-dispersive X-ray spectroscopy (EDS), in addition
to density and mechanical measurements. The effect of three
polymeric infiltration cycles on the morphological and
mechanical properties of the resulting CMCs obtained at
1000 °C was also studied.

2. Experimental procedures
2.1. Sample preparation

The rice husk (RH) in natura was obtained from Nazareno, a
city located in Minas Gerais state, in Brazil. It was washed with
water and H,SOy, solution (1%, v/v) under vigorous stirring for
30 min. After which it was washed with distilled water until
reaching a neutral pH. The RH was dried at 60 °C for 48 h. Rice
husk ashes (RHAs) were obtained by pyrolysis of the RHs in a
muffle oven under an oxidant (environmental) atmosphere
while heating up to 400 °C, at 10 °C/min, and held at this
temperature for 30 min.

A polysiloxane network, PN, used as a preceramic polymer,
was prepared according to [4]. The preparation involved in situ
hydrosilylation reaction between the 1,3,5,7-tetramethyl-
1,3,5,7-tetravinylcyclotetrasiloxane (D4Vi) and poly(methylsi-
loxane) (PMHS) with an average molecular weight of 2300 g/
mol and viscosity of 30 cst (both from Dow Corning), in a 1:1
weight ratio, using a platinum divinylcomplex, 2-3% in vinyl-
terminated poly(dimethylsiloxane) (Pt-catalyst) (Hiills), and in
a 1% in relation to the total mass. The mixture was previously
homogenized by magnetic stirring for 90 min.

Green bodies of RHA/polysiloxane network were prepared
by blending the RHA with the D,Vi, PMHS and Pt-catalyst
mixture (liquid precursor) in a weight ratio of 4:1, respectively.
The mixture was compacted in a steel mold
(100 mm x 5 mm x 3 mm) of stainless steel and the stabiliza-
tion of the green bodies was achieved by a thermal cross-linking
reaction at 70 °C, over a period of 2 h.

Pyrolysis of the monolithic compacts was carried out in a
tube furnace—Edgcon 10P or in a Thermolyne F59340-CM
(for temperatures at 1600 °C), both of which were equipped
with an internal alumina tube, under either argon or nitrogen
flow (~100 mL/min), in a step-heating schedule. The heating
cycle involved heating to 1000 or 1600 °C, at 5 °C/min, holding
at the final temperature for 60 min. Then, the samples were
cooled down to room temperature, at 2 °C/min. All the
experiments yielded monolithic and crack-free samples.

Infiltration cycles were carried out in the CMCs obtained at
1000 °C. CMCs were immersed in the liquid precursor, and the
system was maintained under vacuum for 10 min. After that,
the system was kept at room temperature until completely
cured. The excess polymer was removed and the composite was
pyrolised at 1000 °C as described before. This process was
repeated twice.

2.2. Sample characterization techniques

Absolute densities were measured with a helium pycn-
ometer (Micromeritics, model 1035) and the bulk densities
were calculated by the ratio of mass over volume for suitable
rectangular bars. Open porosity was determined by the ratio of
bulk/absolute density values.

Thermogravimetric analysis was performed on a thermo-
balance (2950, TA Instruments) and differential thermal
analysis was performed on a calorimeter (TA Instrument,
model 2910). Both analyses were performed under flowing
argon or synthetic air (100 mL/min), with a heating rate of
10 °C/min until the maximum temperature was reached.

The carbon content in the RHAs was analyzed by elemental
analysis (PerkinElmer, model 2400), using the standard
procedure described in the literature [18].

X-ray diffraction patterns were collected with a diffract-
ometer (Shimadzu, model XD3A) using Cu Ka radiation
(A =0.15418 nm) as the incident beam.

Microstructural characterization was performed by scanning
electron microscopy (LEO 435VPI and JEOL-JSM 6360LV),
operating with an accelerating voltage of 20 kV. The last
instrument is also equipped with an energy-dispersive X-ray
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spectroscopy Be-detector (Noran Instruments) allowing che-
mical analysis. For SEM analysis, samples were previously
covered with a thin Au layer, by using a sputtering equipment
(BAL-TEC 020). For EDS analyses a graphite sample holder
was used, and the samples were not covered.

Mechanical properties of CMCs were measured by four-
point bending tests using an Instron Universal Testing Machine
with a crosshead speed of 0.5 mm min~ "' with a space:thickness
ratio of 30:1, which is in agreement with ASTM (1161-94—
Standard Test Method for Flexural Strength for Advanced
Ceramics at Ambient Temperature).

3. Results and discussion
3.1. Characterization of RHA

TG and DTG curves of RH sample on both inert and oxidant
atmospheres up to 1000 °C are displayed in Fig. 1. The initial
step of weight loss, which started at 50 °C for both
atmospheres, was associated with the evolution of residual
physically adsorbed water corresponding to ~6 wt.%. The
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Fig. 1. TG and DTG curves recorded during pyrolysis of RH under inert and
oxidant atmospheres (10 °C/min).

weight loss associated with the RH pyrolytic process started at
~230 °C for both atmospheres and finished at ~520 and
~800 °C for the analysis in oxidant and inert atmospheres,
respectively. This main degradation process occurred in three
steps of weight losses. The temperature of maximum
degradation, Tyax, of each step was 303, 329 and 449 °C
for analysis under oxidant atmosphere. For the analysis in argon
atmosphere, the Tyax of each step was, 320 and 358 °C for the
first and second degradation steps, and just a lump was
observed for the third step. These three degradation steps were
related to the thermal degradation of hemicellulose, cellulose
and lignin, respectively [19]. As the third degradation step for
the sample pyrolysed under the inert atmosphere was actually
not an obvious peak in the DTG curve but was more like a
gentle sloping baseline, the lignin degradation in this condition
was much slower than that one observed in oxidant atmosphere.
This result is in accordance with previous findings [19,20].
Indeed, while the residue obtained under oxidant pyrolysis was
white, the residue obtained at inert atmosphere was black,
probably due to the presence of carbon char from the
incomplete lignin degradation. However, the char yields at
1000 °C, after which both samples were the same, 11.1 wt.%.

The residues of the RHs treated under oxidant and inert
atmospheres at 400 °C were also analyzed. Although the char
yields at this temperature were similar for both samples (33.8
and 34 wt.%, respectively), the carbon content, determined by
elemental analysis, was quite different (47.1 and 56.7 wt.% for
the samples obtained at oxidant and inert atmosphere,
respectively). Thus, it was established that the best composition
for the RHA to act as a reactive filler in polysiloxane matrix
would be the one obtained from the oxidant atmosphere, at
400 °C.

Fig. 2 shows a SEM micrograph of the RHA obtained under
inert atmosphere (Ar) at 1000 °C, in addition to energy-
dispersive X-ray spectra of two selected areas. It was possible
to observe the formation of longer and thin particles, with a
morphology derived from the organic structures in the image.
Such kinds of particles have already been explored in the
literature to be high potential materials for obtaining mullite
whiskers at higher temperatures [11]. EDS analysis of the
internal and external surfaces of some analyzed particles
indicated some heterogeneity regarding the silica and carbon
phases. The internal surface showed much higher amounts of
carbon than the external surface, which showed silicon as the
major constituent. This observation can be justified from an
evolutive process, where silicon is present in large concentra-
tion as in silica, mainly in the protuberances, thricomes and in
the external epidermis, promoting higher mechanical resistance
for the RHs and provides subsequent protection to the grains
[21].

Fig. 3 shows the XRD patterns of RHA treated under inert
and oxidant atmospheres at different temperatures. The samples
obtained under an inert atmosphere at 600 and 1000 °C are
amorphous. Their XRD spectra show only one main halo
around 22° (26), typical of amorphous silica-based glasses. A
similar pattern was observed for the sample obtained under an
oxidant atmosphere at 400 °C. However, in addition to the main
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Fig. 2. SEM micrograph of the inner and outer surfaces of the RHA pyrolysed at 1000 °C in an argon atmosphere with the corresponding energy-dispersive X-ray

spectroscopy (EDS) of the selected areas.

halo around 22° (26), samples obtained at 1000 °C showed
further crystalline peaks at 20.85°, 26.66°, 36.56°, 39.49° and
50.21° (20), which were assigned to hexagonal a-quartzo, while
the peaks at 21.58° were assigned to the onset crystallization of
trydimite phase.

XRD spectra have also been collected on samples pyrolysed
under an argon atmosphere at 1300 and 1600 °C, as can be seen
in Fig. 4. Besides the halo around 22° (26), the XRD spectra
recorded on the sample obtained at 1300 °C shows crystalline
peaks at 21.8°, 36° and 60° (26), which were assigned to the
onset crystallization of trydimite. On the other side, the
diffraction peaks of hexagonal 6H-SiC at 35.8°, 65.2° and 71.7°
(26) and 2H-SiC at 33.6°, 37.7° and 49.5°(26) were observed at
1600 °C. The formation of these crystalline phases of SiC
resulted from the carbothermal reduction reaction of the silica,
according to the equation below (Eq. (1)) [12,22]. It is
important to notice that although the carbothermal reaction is
very active above 1450 °C, the slight halo centered at 23° (26)
in the XRD pattern evidences that the reaction was not
completed. It is a reasonable assumption that the residual
carbon amount was not sufficient for the complete reaction to
take place.

SiOz(s) +3 C(S) — SiC(s) + ZCO(g) (D)

3.2. Characterization of the green body

SEM observations performed on the surface fracture of the
green body (not shown) evidenced a homogenous dispersion of
the PN polymer on the RHA particles. The well-dispersed and

continuous polymeric phase on the powder surface is easily
achieved due to the low viscosity and surface tension of the
siloxane precursors. PN polymer was prepared via a hydro-
silylation reaction, which occurs between the Si-H, from
PMHS, and Si—-CH=CH,, from D,Vi, in the presence of Pt
catalyst. According to the reaction scheme shown in Fig. 5, no
by-product is formed in this reaction [23].

The PN is a silicone network and its structural evolution to
ceramic material was already fully investigated by *°Si and '*C
MAS NMR, XRD and TGA techniques [4]. The hydrosilylation
reaction enables it to incorporate more than 70% of reactive
functions in the polysiloxane network, resulting in a high cross-
linking density precursor, making it useful for the CMC
forming technology. PN is an excellent precursor of SiOC, with
70% of ceramic yield at 1000 °C. In relation to Si sites
distribution, this amorphous ceramic presents the following
composition: SiO4 (25%), SiO;C (30%), SiC,0, (21%) and
SiC30 (24%) [4]. The amount of rich-carbidic sites such as
SiC,4 and SiO,C,; is higher than those usually observed in glass
products obtained from the pyrolysis of alkoxysilane gels
reported in literature, which consist primarily of SiO,4, SiO;C
[5]. The residual carbon content (free carbon) estimated by
elemental analysis was 70 wt.% (in relation to the total carbon).

3.3. Characterization of CMC

Fig. 6 presents TG and DTG curves of the PS and green body
samples recorded on an argon atmosphere. The green body
showed an initial weight loss process, with ~5 wt.%, probably
due to the volatilization of residual water (from RHA) and D, Vi
oligomers not incorporated to polysiloxane network. It is a
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Fig. 5. Schematic reaction between the D,Vi oligomer and PMHS homopo-
lymer giving rise to the polysiloxane network (PN) precursor.

reasonable assumption that the filled polymer has a lower cross-
linking degree, and at this temperature range, it is not expected
reactions between polymeric network and reactive filler as well.
The second weight loss process (from ~400 up to 900 °C) in the
DTG curves for PN and green body are formed by at least two
overlapped steps of the degradation process. Tyax for the first
and second steps were 622 and 720 °C for the PN sample, and
575° and 695° for the green body sample, respectively. Such
degradation steps are related to the polymer-to-ceramic
conversion [4,5]. As the curves displayed similar profiles, it
is reasonable to assume that no significant reaction between the
PN or PN degradation products with the RHA occurred, up to
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Fig. 6. TG and DTG curves recorded during pyrolysis of PN and green body
under argon atmosphere (10 °C/min).
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the temperature analyzed. This means that up to 1000 °C, the
RHA acted as an inert filler. The ceramic yields taken from the
TG curves, for the PN and green bodies, were 86.1 and
78.8 wt.%, respectively.

In order to verify the thermal stability of the CMC obtained
at 1000 °C, TG analyses were recorded on these samples under
both inert and oxidant atmosphere, as can be seen in Fig. 7.
CMC treated under an inert atmosphere showed higher thermal
stability up to temperatures around 700 °C, with a loss of
5 wt.% in a continuous process up to 1000 °C. On the other
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Fig. 8. XRD pattern of the CMC obtained at 1600 °C under inert atmosphere.

side, the curve showed a significant loss of 20 wt.% up to
1000 °C under oxidant atmospheres. This weight loss can be
related to the residual-free carbon from the RHA filler.
Consequently, a lower stability of the CMC under oxidant
atmosphere was observed when compared to the same
treatment under argon atmosphere.

X-ray pattern of the CMC obtained at 1000 °C (not shown)
was characteristic of an amorphous material, while that
obtained at 1600 °C (Fig. 8) showed diffraction peaks of
6H-SiC, suggesting that carbothermal reduction reaction was

Fig. 9. SEM micrographs of the fracture surface of the CMCs obtained at 1000 °C in an argon atmosphere before (A and B) and after one infiltration cycle (C and D).
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Table 1
Bulk and absolute densities and open porosity values for the green bodies and
CMCs obtained at 1000 °C before and after infiltration

Table 2
Mechanical properties of the ceramic composites obtained at 1000 °C before
and after infiltration

Sample Bulk density Absolute Open CMC Sample Flexural Flexural
(g/cm3) density (g/cm3) porosity (%) strength (MPa) modulus (GPa)
Green body 093 +0.02 - - CMC 1000 °C 10.6 £ 2.6 11.1+23
CMC 1000 °C 1.29+£0.02 1.98+£0.01 34.7 CMC 1000 °C Ist infiltration 149+ 1.7 150+ 1.6
CMC 1000 °C 1st infiltration 1.51 +£0.02 1.88 £ 0.01 19.8 CMC 1000 °C 2nd infiltration 217+ 2.1 235+2.6

CMC 1000 °C 2nd infiltration 1.67 +0.02 1.94 £ 0.01 14.1

complete. These results confirm the large potential of the RHAs
to act as reactive filler in a polysiloxane network at higher
temperatures, since the polymer-derived ceramic can supply the
carbon amount for complete carbothermal reduction to take
place.

Bulk and absolute densities of the CMC obtained at 1000 °C
were 1.29 and 1.98 g/cm’, respectively. These values give an
open porosity of 34.7% (Table 1). This porosity was due to the
partial filling of the pores by the PN preceramic polymer as well
as the agglomeration of irregular shape filler particles. SEM
observations performed on the surface fracture of the CMC
showed a homogenous dispersion of the PN-derived ceramic
phase on the RHA particles, as can be seen in Fig. 9A and B.
Although this high porosity value is generally observed for the
CMCs prepared from the polymer route [3,8], such an approach
can also offer a simple way to reduce the porosity by polymer
infiltration cycles [4]. In order to decrease the porosity observed
in the CMC obtained by pyrolysis at 1000 °C, and get more
insight about the role of the polymeric precursor in the
microstructure and properties of the final CMCs, infiltration
cycles of the polymeric precursor still in the liquid form were
carried out. Table 1 presents the bulk and absolute density
values and the open porosity of the green body and the CMC
obtained at 1000 °C before and after two infiltration cycles. The
increase of initial bulk density from the green body to the CMC
was due to the organic-to-inorganic conversion of the polymer
precursor to a silicon oxycarbide glass [3,6]. From Table 1 data,
it can be observed that while the bulk density increased with the
infiltration cycles due to filling up of the voids in the structure of
the ceramic bodies by the polymer-derived ceramic, the
absolute density only slightly changed. The result of this
microstructure change is the decrease of the open porosity.

Fig. 9 displays SEM micrographs of the fracture surface of
the CMCs obtained at 1000 °C in an argon atmosphere before
(A and B) and after one infiltration cycle (C and D). The
samples submitted to the infiltration process presented a more
dense morphology. In spite of the high porosity observed in the
CMC before infiltrations, the main advantage offered by the
polymer-derived ceramic route is the possibility to perform
infiltration cycles to achieve an expected density.

Table 2 presents the mechanical property values of the
ceramic composites obtained at 1000 °C before and after
the infiltration cycles. The CMCs presented brittle fracture and
the flexural strength and modulus values were relatively low as
expected for ceramic composites. Such results are in
accordance with other data involving polymer-derived ceramic
composites [24]. However, the mechanical properties increased

50% after one infiltration cycle and 100% after two infiltration
cycles, indicating that the polymer precursor route was
appropriate to improve the mechanical and microstructure
properties of CMC.

4. Conclusions

In this study, it was possible to observe the great potential of
RHA asreactive filler for obtaining CMCs through pyrolysis of
silicon-based polymer composites, generating uniform mate-
rials without macroscopic defects or cracks based in SiOC or
SiC. In spite of the porosity observed, CMC with good
mechanical properties was obtained. For the reduction of the
porosity observed, infiltration cycles of the polymeric
precursor were successfully carried out, resulting in CMCs
with lower porosity and higher flexural strength and modulus
values. In conclusion, besides the economical benefits in the
usage of this wasted material, the methodology used here
seems to be an attractive alternative method for obtaining of
ceramic matrix composites with a variety of potential
applications.
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