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The aim of the present study is to fabricate preforms in order to obtain porous ceramic-matrix-composites
(CMCs) with unique properties arising from porous structure. For this purpose, phenolic resin was mixed
with Si powders and ZrO, nano-particles and then pyrolyzed at 1123 K. Pyrolysis of dry mixing of starting
materials prior to the wet mixing led to the agglomeration of ZrO, particles and the formation of pores

—-ranging from-10. um%e%eve%ai%%mmfrehamefef resulting-in-the-flexural strength-of about14-MPa: Onthe——

other hand, wet mixing with ethanol resulted in the formation of preforms with pores ranging from 0.8 um to
10 um in diameter and the uniform distribution of ZrO, particles in the matrix. The maximum flexural
strength of preforms obtained by wet mixing was 56 MPa. XRD and XPS analyses suggested the formation
of B-SiC in the composites. In addition, XRD analyses showed that the matrices of both preforms were
amorphous carbon and XPS peaks of C, O, Si, Zr are broadened, suggesting the formation of many

compounds during pyrolysis.
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1. INTRODUCTION

Porous ceramics have been recognized as very
attractive materials for their functions originating from
the properties of pores [1]. They are expected to be used
for the catalysis, separation of gases and liquids [2-6],
lightweight structural materials [5], biomaterials [5, 7, 8]
and so on. However, the strength of porous ceramics is
considerably low compared to dense ceramics, and one
of the most significant developments required to porous
ceramics is to improve their mechanical properties.

One of the methods to strengthen porous ceramics is to
fabricate strongly bonded matrix like SiC between potes.
In addition, the introduction of small pores into the
matrix is favored because fracture strength of brittle
materials decreases with increasing flaw size [6, 9, 10].
Another effective method for strengthening porous
ceramics is to reinforce the matrix by incorporating
second particles or fibers into the matrix [11, 12}. In
order to attain these strengthening effects simultaneously
during the synthesis of porous ceramics, it is necessary
to prepare preforms of ceramic-matrix-composites
(CMCs) with matrix in which fine pores and second
particles are uniformly distributed.

It is well known that the pyrolysis of polymeric
materials is a useful route to provide inorganic carbon
matrix {13, 14]. Polymeric materials can be fluidized
and decomposed during the heat treatment of pyrolysis.
The decomposition of polymeric materials is associated
with the generation of a variety of gases, which in turn
make pores into the obtained matrix. The addition of
silicon into carbon leads to the formation of SiC when
the heating temperature is above 1673 K [15]. Further,
it is expected that the porous SiC matrix may be
toughened by incorporating hard particles into the
matrix.
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Zirconia is a well known material which has superior
properties such as high mechanical strength, chemical
durability, alkali resistance, heat resistance against
oxidation and refractoriness [16]. The importance of
zirconia in various technical applications makes the
compound an interesting subject for research work. Over
the past years, there has been an increasing interest in
nanostructured ceramics for their lower sintering
temperature and improved mechanical properties [17].

From the points of view mentioned above, phenolic
resin was mixed with Si powders and ZrO, particles, and
then heated at 1123 K in a closed copper tube in order to
obtain the preform of SiC / ZrO, composites with a high
density of fine pores.

2. EXPERIMENTAL PROCEDURES
2.1 Starting materials

The average grain diameters and weight fractions of
solid phenolic resin (PR-50590B, SUMITOMO
BAKELITE Co., Ltd. Japan), Si (FURUUCHI
CHEMICAL Co., Ltd. Japan) and ZrO, (TOSOH-
ZIRCONIA TZ-0, TOSOH Co., Ltd. Japan) powders
used for the preparation of specimens are listed in Table
1. In order to achieve 1 : 1 atomic ratio between carbon
and silicon atoms in the matrix, the calculated ratio
between phenol resin and silicon is 1 : 1.5. But
considering the loss of carbon atoms due to evaporation
and the formation of gaseous molecules (such as carbon
dioxide and hydrocarbons) during pyrolysis, the
designed weight of phenol resin involved in the mixture
of the TZ-0 and Si powders is larger than the calculated
value, as given in Table L
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Table 1
Average grain size and mass fractions of the components
in mixture.

Component 710, Si Phenol resin
Average grain size 0.40 1 35
(pm)

Weight fraction
(%) 25 25 50

2.2 Sample Preparation
2.2.1. Dry mixing

In preliminary we obtained a good microstructure by
dry mixing. The powders of phenol resin, ZrO, and Si
were mixed in a grinding bowl for 180 min. at room
temperature. The weight fractions of these powders are
listed in Table I. The mixture of powders was put into a
copper tube of 100 mm length, 10 mm diameter and 1
mm thickness, and both ends of the tube were closed
mechanically. Pyrolysis was carried out by heating the
Cu tube in a furnace under a pressure of 15 mPa. The
heating and cooling program is given below:
RT — 473 K (3.33 K/min), 60 min holding — 1123 K
(3.61 K/min), 180 min holding—723 K (3.33 K/min) —
RT (cooling in vacuum).

2.2.2. Wet mixing

In wet mixing, powders of ZrO, and Si (weight
fractions of these powders are listed in Table 1) were
mixed in a grinding bow! for 180 min. at room
temperature. In order to obtain slurry and homogeneous
mixture, phenol resin was dissolved in 28 mi of ethanol
at room temperature, and then added into the mixture of
Zr0, and Si powders to make sturry. The slurry was
poured into a copper tube and then pyrolyzed with the
same heating and cooling program as explained in the
dry mixing. The evaporation of ethanol and the
decomposition accompanied by condensation reaction of
the phenol resin took place during first holding at 473 K,
while the specimens were pyrolyzed during second
holding at 1123 K.

2.3. Properties and morphology investigation

Since the pyrolyzed specimens exhibited shrinkage,
their weight loss and apparent density were measured.
The microstructure of the polished specimens was
observed using scanning electron microscopy (SEM;
X1-30 ESEM Series, FEI Co. Ltd., Japan) and the
energy dispersive spectrometer (EDS), equipped to the
SEM, was used for the eclemental analyses. The
crystalline structure was observed by x-ray diffraction
(XRD-60008 SHIMADZU Co. Ltd., Japan), which was
performed with Cu irradiation (1.54060A°) at a scanning
rate of 2 “/min in 26 range between 20° and 80°
Chemical states of the atoms in the pyrolyzed composite
were investigated by x-ray photoelectron spectroscopy
(XPS; ESCA-1000, SHIMADZU Co. Ltd., Japan).
Flexural strengths of the specimens were measured at
room temperature using a three-point-bend-testing
apparatus (span: 30 mm, cross head speed: 0.5 mm/min),
which was mounted on a tensile testing machine (AG-1,
50kN, SHIMADZU Co. Ltd., Japan).

3. RESULTS AND DISCUSSION
3.1. Weight loss and apparent density

The weight loss and apparent density of dry mixed
specimens pyrolyzed at 1123 K were examined. The
average weight loss in the specimens was 19.70% (max.:
20.17%, min.: 19.03%), which is attributed to the
degasification of molecules formed during pyrolysis.
The average apparent density of specimens was 1.08
glem® (max.: 1.13 glem’, min.: 1.01 g/em®). This
lightweight composite is devoted to the formation of
many pores.

The average weight loss in the wet mixed specimens
was 31.64% (max.: 32.71%, min.: 30.75%). This larger
value of weight loss is due to the evaporation of ethanol
and molecules formed during pyrolysis. The average
apparent density of the wet mixed composites was 1.85
g/em® (max.: 1.96 g/em®, min.: 1.71 g/em’), which is
about 18% smaller than that of graphite (density = 2.25
glem®),

3.2. Morphological properties
3.2.1. Dry mixed specimens

Morphology of the dry mixed fabricated preform for
porous CMC was observed with SEM. Figures 1(a) and
1(b) show the cross-sectional SEM photographs of the
composites containing pores, small and large particles.
The matrix is composed of uniformly distributed
spherical pores with diameter ranging from several 10
wm to several 100 pm (Fig. 1(a)), small greyish particles
ranging in diameter from several pym fo several 10 pm
(Fig. 1(b)) and large particles of several 10 pum in
diameter w

Fig. 1. SEM micrographs of cross-section of the dry
mixed pyrolyzed preform; (a) matrix having large size
pores and embedded particles, and (b) magnified view
of small and large particles in the matrix.
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In order to obtain the information of materials, EDS
analyses were carried out at point A, B, C and D (Fig.
1(b)). The energy-dispersion profile of emitted x-rays
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Fig. 2. EDS analyses of the dry mixed pyrolyzed preform;
(a) point analysis of elements in the interior of large
particle (point A of Fig. 1(b)), (b) point analysis of
elements in the outer layer of large particle (point B in Fig.
1(b)), (c) point analysis of elements in the matrix (point C
of Fig. 1(b)), and (d) point analysis of elements in the small
particle (point D of Fig. 1(b)).

showed that in the interior of the large particle (Point A
in Fig. 1(b)), Zr has highest peak than C, O and Si peaks
as shown in Fig. 2(a). This fact shows that the interior of
the particles is composed of Zr as a major element with
C, O and Si. Fig. 2(b) shows that peak height of Si
increases and that of O decreases in the outer layer of
the large particle (Point B of Fig. 1(b)), also the peak
height of Zr slightly decreases. In comparison to interior
of the large particle, the outer layer is also composed of
Zr as a major element with more Si and less O elements,
while C almost remained constant. In the matrix (Point
C of Fig. 1(b)), the peak of C is higher than the peaks of
O, Si and Zr (Fig. 2(c)), which shows the existence of C
in a larger amount in the matrix than other elements. The
elemental analysis of greyish small particle (Point D of
Fig. 1(b)) showed that the peak heights of C, O and Si
are almost equal with highest peak of Zr, as shown in
Fig. 2(d). Therefore, small particles are composed of Zr
as & major element with small amounts C, O and Si
elements. The peak heights C, O and Si elements in Fig.
2(a) were also nearly the same with highest peak of Zr.
Thus, the EDS analyses suggested that the
agglomeration of small particles was nucleated by the
nano sized zirconia particles in powder mixing; and then
these small particles were grown to large particles with
larger amounts of C and Si elements in the outer layer.In
addition, some reactions took place during the formation
of small greyish and large bilayered particles (with inner
white and outer greyish layer).

3.2.2. Wet mixed specimens

The cross-sectional SEM photographs of the wet
mixed fabricated preform are shown in Figs. 3(a) and
3(b).

Fig. 3. SEM micrographs of cross-section of the wet
mixed pyrolyzed preform; (a) matrix having micro pores
and particles, and (b) enlarged cross-sectional view of
particles in pores and matrix.
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The matrix is composed of uniformly distributed
micro pores of size ranging from 844 nm to 8.44 ym in
diameter (Fig. 3(a)). A certain fraction of the pores were
filled with particles (Fig. 3(b)). According to the SEM
observations, the decrease in pore size and their filling
with particles resulted in more apparent density of the
wet mixed composite than that of the specimens made
by dry mixing.

In order to obtain the information of materials, EDS
analyses were carried out at point E, F and G (Fig. 3(b))
and are shown in Figures 4(a), 4(b) and 4(c),
respectively. At point E (Fig. 3(b)), where a small white
embedded particle exists in the matrix, Si showed the
highest peak than the peaks of C, O and Zr (Fig. 4(a)).
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Fig. 4. EDS analyses of the wet mixed perform;
() point analysis of elements in matrix particle (point
E of Fig. 3(b)), (b) point analysis of elements in the
matrix (point F in Fig. 3(b)), and (c) point analysis of
elements in pore particle (point G of Fig. 3(b)).

This result suggests that the white particle is a Si-rich
patticle containing C, O and Zr. Carbon showed the
highest peak (At point F in Fig. 3(b)) in the matrix than
Si, O and Zr, as shown in Fig. 4(b). The low Si and Zr
peaks indicate that Si and ZrO, particles are embedded
in the C-rich matrix. The EDS analysis of large white
particle in the pore (point G in Fig. 3(b)) revealed that

white particles in the pores are composed of Si with
small traces of C, O and Zr (Fig. 4(c)). The EDS point
analyses of wet mixed pyrolyzed composite showed that
matrix is composed of C as a major element; and Si-rich
particles are embedded in matrix and pores. Since the
average size of ZrO, particles is 400 nm, it is difficult to
observe their distribution in the matrix. However, we
can say that the agglomeration of ZrO, particles in the
matrix does not take place in the present processing.

3.3. Structural analysis of the specimens by x-ray
diffraction (XRD)
X-ray diffraction spectra obtained from dry mixed and
wet mixed pyrolyzed preforms showed the similar
behavior as shown in Figs. 5(a) and 5(b), respectively.
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Fig. 5. X-ray diffraction -spectra obtained from
pyrolyzed performs; (a) dry mixed, and (b) wet
mixed pyrolyzed preform.

The peaks at 20 = 28.4°, 47.3°, 56.1° belong to (111),
(220) and (311) planes of cubic crystalline silicon [19].
Zr0, has monoclinic form with peaks (-111), (111),
(200 and (002) at 20 = 28.1° 31.4°, 34.1° and 35.3°
respectively, Other peaks of Si and ZrO, are also
indexed in Fig. 5(a) and 5(b). X-ray diffraction peaks
around 26 = 35.6°, 41.4°, 60.0° and 71.8 ° are (111),
(200), (220) and (311) belong to cubic form silicon
carbide (B-SiC), respectively [20, 21]. The peaks of
carbon were not observed in XRD profile, which means
that amorphous carbon exists in the pyrolyzed
specimens.

3.4 X-ray photoelectron spectra investigations

X-ray photoelectron spectroscopy is a unique and
unparalleled instrumental technique for obtaining
detailed "atomic elemental information and only non-
destructive spectroscopic technique that can also yield
data on molecular structures [22]. Thus, the observed
XPS spectra of Si, C, Zr and O are mentioned below.

(Received August 1, 2006;Accepted August 10, 2007)
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3.4.1. Silicon
XPS spectrum of Si 2p*” electrons obtained from the
dry mixed pyrolyzed preform is shown in Fig. 6. The
highest peak at 99.03 ¢V corresponds to Si, which is in
agreement with the result of XRD analyses. The
spectrum is broadened towards higher energies indicates
that Si atoms are bound with other atoms. The peak at
99.95 eV corresponds to SiC, whose existence in cubic
form was also observed in XRD analyses. It is
reasonable to consider that XPS spectrum for Si 2p*?
has a range with nearly the same intensity from 101.50
eV to 103.50 eV where chemical state of Si varies
continuously from mono-oxide to fully-oxidized state of
dioxide. Remarkable peaks are attributed to oxide layers
of Si such as SiO and SiO2. Peak at the highest binding
energy of 103.53 eV belongs to SiO, in the dry mixed
pyrolyzed composites. The formed SiO and SiO, may be
amorphous because XRD pattern of the composite did
not reveal their crystalline existence. The peak at 101.52
eV corresponds to the deposited thin layer (about 300
nm) of silicon monoxide (SiO, 101.70 - 102.70 eV) [23].
Fig.7 shows XPS spectrum for Si 2p*? clectrons
obtained from the wet mixed pyrolyzed specimen. The
peaks observed in the XPS spectrum indicate that
chemical reactions occurred during the pyrolysis,
because the electrons are emitted from a very thin
surface layer of several 10 nm due to x-ray irradiation.
Precise deconvolution of Si peaks led to the suggestion
that 8iO,, SiO and SiC were formed in the pyrolyzed
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Fig. 6. XPS spectrum for Si 2p*? electrons in the
dry mixed pyrolyzed specimen.
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Fig. 7. XPS spectrum for Si 2p*? electrons in the
wet mixed pyrolyzed specimen.

composite at a binding energy of 103.80 ¢V, 102.40 eV
and 99.80 eV, respectively. The existence of SiC was
also observed in XRD analyses and XPS spectrum for Si
2p*? electrons obtained from the wet mixed pyrolyzed
specimen.

3.4.2. Carbon

XPS spectra of C 1s electrons obtained from the dry
and wet mixed pyrolyzed preforms showed almost the
similar behavior as shown in Fig. 8 and Fig. 9. The XPS
spectra are broadened towards high-energy side and
have several peaks. The highest peak at 284.06 eV
originated from carbon present in the pyrolyzed
composites. The other peaks are divided into lower and
higher ones than 284.06 ¢V. The lower peak at 283.40
¢V is considered to be attributed to C 1s in SiC. The
formation of SiC was also observed in XRD analyses of
the composites and XPS spectra for Si 2p electrons. The
other higher energy peaks between 285.08 - 285.42 eV
are assigned to hydroxyl (>C-OH) [24], peak at 286.30
¢V is assigned to hydrocarbon in which carbon is bound
to oxygen (C-O), between 287.34 - 28849 eV to
carbonyl (>C=0) and 290.13 - 290.92 eV to carboxylic
(-COOH) functional groups [24]. The peaks lying
between 288.50 - 289.50 eV corresponds to alkyl
carbonate group (-O-CO-0-) [23]. These results suggest
that formation of various organic compounds with
different functional groups took place during the
pyrolysis of phenol resin and these gaseous molecules
were deposited on the inner surfaces of the closed pores.
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Fig. 8. C 1s XPS spectrum of dry mixed pyrolyzed

phenol resin / ZrO,/ Si composite.
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Fig. 9. C 1s XPS spectrum of wet mixed pyrolyzed
phenol resin / ZrO, / Si composite.
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3.4.3. Zirconium

XPS spectra of zirconium 3d electrons obtained from
dry and wet mixed pyrolyzed preforms are shown in Fig.
10 and Fig. 11, respectively. In dry mixed pyrolyzed
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Fig. 10. XPS spectrum of Zr 3d electrons obtained
from dry mixed pyrolyzed composite
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Fig. 11. XPS spectrum of Zr 3d electrons obtained
from wet mixed pyrolyzed composite

phenol resin / ZrQ, / Si composite, zirconium is involved
in ZrO, for its 3d** and 3d>? electrons at 181.73 eV and
184.25 eV, respectively, while in wet mixed pyrolyzed
preform, zirconium is involved in ZrO, for its 3d>* and
3d*? electrons at 181.99 ¢V and 184.53 eV, respectively.
However, in the present study, the binding energies of
Zr 3d** electrons involved in ZrO, obtained from dry
and wet mixed pyrolyzed composites are slightly smaller
than those reported by M. J. Guittet et al [25].

3.4.4. Oxygen

The XPS spectra of O 1s electrons obtained from dry
and wet pyrolyzed preforms are shown in Fig. 12 and
Fig. 13 respectively. The XPS spectra obtained from
preforms revealed the presence of five peaks
corresponding to ZrO, (529.90 - 530.70 eV), carbonyl
(>C=0) or hydroxyl (>C-OH) group between 531.70 -
532.20 eV, SiO (532.50 eV), SiO, / C-O0 / -COOH
between 533 - 534 eV and alkyl carbonate (-O-CO-0O-)
group (535.11 eV). XPS spectra for Zr 3d and Si 2p
electrons also showed the existence of oxygen involved
in ZrO,, SiO, and SiO.

The formation of organic compounds containing
carbonyl and alkyl carbonate functional groups was also
revealed by XPS spectra of C 1s electrons. These

gaseous compounds were produced during pyrolysis of
phenol resin and caused the formation of pores. Those
gaseous compounds which trapped in closed pores were
deposited on the inner surfaces of pores.
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Fig. 12. XPS spectrum of O 1s electrons
obtained from dry mixed composite.
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Fig. 13. XPS spectrum of O 1s electrons
obtained from wet mixed composite.

S. Ishihara et al. suggested that the carbothermic
reduction of SiO, may leads to the formation of SiC at
2073 K, as given in following reactions [26]:

$i0,+ 3C = SiC +2CO )

However, the C/Si ratios in which single-phase SiC
could be obtained were 1.0 < C/Si < 2.5. This reason can
be explained by some loss of volatilized SiO gas. The
overall reaction in Eq. (1) can be divided into two
stepwise elementary reactions:

Si0,+ C = 8i0 + CO @)
Si0+ 2C = SiC + CO 3)

A part of the SiO gas volatilized by reaction (2) escapes
from the system without the further reaction (3). In
consequence, excess SiO, (i.e., lower C/Si ratio) is
necessary to form SiC.

C. Vix-Guterl et al. showed that a B-SiC artefact is
obtained by heat treatment of the carbon-silica artefact
above 1743 K [27] and K. Janghorban and H. R. Tazesh
prepared B-SiC by the pyrolysis of rice husks at 1623 K
[28]. 1t is generally considered that SiC is formed by the
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reaction of gaseous silicon monoxide (SiO) and carbon
monoxide (CO) or carbon (C) in the carbothermal
reduction. However, the reaction of SiO and CO
becomes thermodynamically favorable when the partial
pressure of CO is greater than 0.027 Mpa and the
temperature is higher than 1573 K [21]. Also, R.V.
Krishnarao and Y. R. Mahajan showed that the
formation of considerable quantities of B-SiC whiskers
was observed at 1573 K by pyrolysing raw rice husks in
argon atmosphere [29]. In addition, J. Parmentier et al.
suggested that high interface between carbon and silica
leads to an almost complete conversion into SiC at
temperature as low as 1523 K [30].

In the presence of pores (as explained in sections 3.2.1
and 3.2.2) in the composite bodies, carbothermal
reactions could occur producing SiO and CO species;
and when these gaseous species were entrapped in the
porous structure, with Pg;o/P¢o ratio higher than one, SiC
whisker particles could be produced at 1273 K. The
reactions involved in this step can be summarized as
[31]:

SiOpy + 3C0O = SiC 5, + 2COyy) @

2Cs5) + 2C0yv) = 4COy, é)
Hence, the overall reaction is:

SiOqyy +2Cs) = SiC 5 + COwy (6)

Therefore, considering the above discussion and from
the results of XPS and XRD ‘analyses, we suggest that
the formation of SiC by the carbothermic reduction of
SiO, may be difficult at 1123K. On the other hand, the
probability of formation of SiC is due the carbothermal
reactions producing SiO and CO species; and when
these gaseous species were entrapped in the porous
structure could react to produce SiC particles, as given
by Eq. (6).

3.5 Three point bend testing

Fig. 14 shows typical load-deflection curves obtained
from the three-point-bend testing of dry and wet mixed
pyrolyzed specimens. The load increases linearly with
deflection and at the maximum load specimens broke in
a brittle manner.
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Fig. 14. Load-Deflection curves obtained for dry and

wet mixed pyrolyzed specimens

According to the theory of bending of beams, the
maximum bending stress (Op,,), wWhich appears at the
loading point, is used for evaluating the fracture strength
of the composites. The maximum fracture stress that dry
mixed pyrolyzed composite sustained was 13.9 MPa.
Such low fracture strengths may be attributed to large
pores existing in the specimens. On the other hand, wet
mixed pyrolyzed specimen showed a maximum fracture
stress of 56.04 MPa. This larger value of fracture stress
of wet mixed pyrolyzed composite is due to the decrease
in pore size and their filling by particles, as explained in
section 3.2.2.

4. CONCLUSIONS

Preforms for porous ceramic-mafrix-composite with
well-defined pore architecture were fabricated with the
pore size ranging from 844 nm to 8.44 um by the
pyrolysis of wet mixed powders. The decrease in pore
size and their filling with particles resulted in a larger
average apparent density (1.85 g/cm®) than that of dry
mixed pyrolyzed specimen (1.08 g/em®). EDS analyses
showed that the matrices of both dry and wet mixed
composites were composed of carbon; and small
particles were nucleated due the agglomeration of nano
sized zirconia particles that grown to large particles in
the dry mixed pyrolyzed composite. On the other hand,
the formation of small and large particles was not
observed in wet mixing process, which means that
zirconia particles are uniformly distributed in the
composite. XPS analyses of the pyrolyzed specimens
showed the formation of SiO,, SiO and C that could
react to produce B-SiC. In addition, XRD and XPS
analyses of the pyrolyzed preforms strongly suggested
the existence of B-SiC. The maximum fracture strength
of the wet mixed pyrolyzed specimen was at most 56.04
MPa. Our experimental results have shown that this
technique might be developed into a general pathway to
prepare various porous composites with well-controlled
pore structure.
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