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In this research, using pyrolysis of phenolic resin in the presence of silicon particles, the SiC
ceramic composite is formed. The samples were prepared by introducing 30, 35, 40, 45 and 50
wt% of Si particles to the phenolic resin. The samples were cured at 180°C then carbonized at
1100°C. The final carbonized C/Si composites are hot-pressed at 1500°C in inert atmosphere,
which is more than the melting point of Si particles. In this temperature, Carbon vapor and melt-
ed Si react and SiC ceramic is formed. The XRD analysis of samples showed that SiC peak was
observed in the final product while carbonized phenolic and Si particles also existed in the ma-
trix. The samples were so brittle and therefore, several impregnation processes should have
been used to reduce the porosity of composite. SEM images of in situ composite reveal extraor-
dinary phenomenon which is related to the formation of CNT and nanostructures on the base of
Si particles that grow like flower in the matrix. These nanostructures are one of the reasons for
higher mechanical properties of final nanocomposite. Three-point flexural tests are also con-
ducted for better understanding of mechanical improvement.

© 2014 Published by Semnan University Press. All rights reserved.

1. Introduction

ature composites. The pyrolysis of phenolic matrix is
a critical step in the manufacture of high tempera-

Ceramic matrix and C/C composites are very im-
portant materials in the fields of aerospace, defense
and other industries. These composites have very
desirable high-temperature properties including
high strength, high stiffness and low density [1].
These kind of composite materials are used in dif-
ferent applications like nose, nozzle, jet-vane, motor
parts and other parts of shuttle, flying objects, air-
crafts and airplanes, and power plants. There are
many other emerging applications in common in-
dustries such as automobile, chemical and thermal
industries such as brake disks, and heat insulating
materials [2-5].

Phenolic resin is one of the main carbon precur-
sors that can be used for fabrication of high temper-
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ture carbon/carbon components [6]. Trick and Sali-
ba [6] try to understand the reaction kinetics of the
pyrolysis reactions that is essential for advancement
in the processing of carbon/carbon materials. They
propose a mechanism for the pyrolysis of car-
bon/phenolic composites which describes the resin
pyrolysis reaction as occurring in three major reac-
tion regions: formation of additional crosslinks,
breaking of the crosslinks, and stripping of the aro-
matic rings. The evolution of microstructure and
properties of phenolic resin-based carbon/carbon
composites during pyrolysis at different tempera-
tures up to 2500°C was investigated by Tzeng and
chr [7]. Results of weight loss and open porosity
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measurements and microstructure observations
indicated that a rapid increase in porosity resulted
from the decomposition of phenolic resin matrix
below 600°C, whereas the cracks were developed
mainly above 600°C. Atarian et al. [8] investigated
the effect of TiC, SiC, TiOz and ZrO2z nanoparticles on
the tribological behavior of phenolic resin. This re-
search showed that nanoparticles had improving
effect on mechanical and wear properties. The opti-
mum curing and carbonization cycles of phenolic
resin were studied in [9-10].

Zawrah and Aly [11] prepared five composite
batches containing Al203-SiC-mullite-Al that were
designed in situ from different proportion mixtures
of alumina, silicon carbide and aluminum alloy. The
phase composition and microstructure were studied
using X-Ray Diffraction (XRD) and Scanning Electron
Microscope (SEM) techniques. Sinterability in terms
of bulk density, apparent porosity and compressive
strength were also measured. They understand that
the formed mullite or silica rich phase prevents fur-
ther oxidation of SiC or Al-metal. These phase com-
positions reflect the higher density, lower porosity
and good mechanical properties of such composites.
The presence of low melting silicate phases was
found to increase the bulk density and consequently
to decrease the apparent porosity.

D'angelo et al. [12] studied CO interaction with
SiO2/Si system at high temperature (~ 1100 °C) and
350 mbar by core-level photoemission. Even for
short annealing time (5 min) the signal from Si2p
and C1s core levels showed a clear change upon CO
treatment. Shifted components were attributed to
formation of SiC. This is confirmed by TEM imaging
which further shows that the silicon carbide is in the
form of nano-crystals of the 3C polytype.

In situ oxidation resistant and solid refractory
coatings have been generated on 20 vol% SiC-
reinforced ZrB: ultra high temperature ceramics
containing 10 wt% rare earth (RE) additives such as
LaBe,Laz03, and Gdz0s3 fabricated by spark plasma
sintering [13]. Oxidation for 1 h at 1600°C in static
air led to formation of a dense layer (up to 250 um
thick) of ZrO: and RE-zirconates on the composite
systems underneath which were intermediate layers
(50-100 pm) containing heterogeneous crystalline
oxides such as LazZrz07 and amorphous silicate
phases.

Chung and Wu [14] investigated the effect of sub-
strate temperature on the in-situ formation of crys-
talline SiC (c-SiC) nanostructured film using Ultra-
High-Vacuum lon Beam Sputtering (UHV IBS). The
phase transformation, bonding behavior, morpholo-
gy, composition and interdiffusion of the SiC
nanostructured film were examined using X-ray dif-

fraction, Raman spectra, high resolution Scanning
Electron Microscopy (SEM) with the attached energy
dispersive X-ray detector and Auger Electron Spec-
troscopy (AES) depth profile, respectively. The in-
situ formation of c-SiC was through interdiffusion
and reaction between the sputtered carbon (C) and
the crystalline Si (c-Si) substrate at high tempera-
ture. The amorphous-like C microstructure was sta-
ble up to 500 degrees C and transformed into a new
phase of c-SiC together with the remained C at 600
degrees C. Complete C and Si reaction was found at
700 degrees C from Raman spectra without any C
peaks. The main diving force for the c-SiC formation
was the thermal energy to activate the large interdif-
fusion between C and c-Si which was detected from
AES depth profile. Also, a nanoweb-like morphology
of the c-SiC was observed on the surface of film from
the SEM image. Therefore, the c-SiC nanostructured
film can be obtained at 700 degrees C using in-situ
UHV IBS process, which is much lower than conven-
tional CVD c-SiC.

Theoretical and experimental studies on the in-
situ formation of an Al-Si alloy composite were car-
ried out by Wu and Reddy using a methane gas mix-
ture [15]. An Al-Si alloy composite with in-situ
formed SiC as a reinforced phase was produced by
bubbling methane gas at temperatures of 1223 to
1423 K. An optical microscope, Scanning Electron
Microscope (SEM), and electron microprobe were
used for the product characterization. Primary and
eutectic silicon were observed in the samples taken
from the top part of the crucible, and only eutectic
silicon was observed in the samples taken from the
bottom of crucible. The SiC formation rate increased
with the decrease in the bubble size. A silicon con-
centration gradient existed at different vertical posi-
tions of the liquid alloy. The silicon concentration
close to the top of the liquid alloy was higher than
that at the bottom. The SiC concentration was very
low in the bulk alloy. The bubbling of the gas mix-
ture in the melting process resulted in the formation
of a layer of foam on top of the crucible. Formed SiC
particles were enriched in the foam and were car-
ried out of the crucible by the overflow foam to a
composite collector located under the crucible. The
foam in the composite collector was broken, and
composites in the foam contained up to 30 wt pct
SiC. The particle size of the SiC was in the range of 1
to 10 um. The bubbling process resulted in the une-
venness of the silicon concentration and the differ-
ent crystallizing processes.

Krishnarao et al. [16] synthesized composite
powders of molybdenum silicide-SiC using reacting
mixtures of (Mo-SiOz -C), (Mo-SisN4 -C), and (Mo-
SiO2 -SisN4 -C) powders at 1300 °C. In the (Mo-SiO2
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-C) system MosSiz and Mo3Si were formed predomi-
nantly. MoSiz formed the major constituent of the
reaction product from powder mixtures containing
SisN4. Vapor-solid SiC whiskers were formed in the
(Mo-Si0O2 -C) system. Vapor-liquid-solid whiskers of
SiC and MosSisC were formed in (Mo-SiO2 -Si3sN4-C)
and (Mo-Si3N4 -C) systems, respectively. The mech-
anism of formation of the VLS whiskers and molyb-
denum silicides was identified as follows: initially a
thin layer of MozC was formed on Mo particle; the Si
vapor from thermal decomposition of Si3sN4 deposit-
ed on the Mo2C surface and formed a droplet of ter-
nary “Nowotny phase” Mo<sSizC<1; an SiC/MosSizC
whisker was formed by nucleation and growth from
the supersaturated ternary phase; after reaction
with the Mo2C layer, the SiO/Si vapor further reacted
with Mo particle to form bulk silicides.

Oidia et al. [17] described a simple method to de-
tect the formation of graphene during Si sublimation
from SiC surfaces at elevated temperature. The
method exploits differences in the thermionic emis-
sion current density between graphene and SiC.
When graphene forms, the thermionic current from
the sample increases by a factor of about 20. The
increase in thermionic emission can be detected in
situ using a biased plate located near the sample.
The ability to detect when graphene forms during
processing is useful in optimizing graphene synthe-
sis processes.

An in situ reaction was proposed and investigat-
ed to produce Mo(Sil - x Al x )2-SiC composites by
Zhang et al. [18]. The starting powders were MoSiz,
Al and C. A Direct Current Hot Pressing (DCHP)
method was used to prepare these composites.
When the mixed powder was hot pressed at temper-
atures lower than 1500°C, the phase composition
was Mo(Si,Al)z and B-SiC. When the hot pressing
temperature was higher than 1600°C, however,
Nowotny phase Mo=sSi3sC=1 appeared. The chemi-
cal stoichiometry of the proposed in situ reaction
becomes difficult due to the formation of solid solu-
tion among these phases and the appearance of
MosSisC phase. The in situ formed SiC phase in the x
= 0.3 sample was partly in whisker shape. However,
the SiC phase in x = 0.15 sample was in particle
shape. These in situ formed SiC particles and whisk-
ers acted as crack deflection and bridging elements
and improved the fracture toughness.

Carbon Nanotube (CNT) reinforced SiCf/SiC
composite was prepared by in situ Chemical Vapor
Deposition (CVD) growth of CNTs on SiC fibers then
following Polymer Impregnation Pyrolysis (PIP)
process in [19]. The nature of CNTs and the micro-
structure of the as prepared CNT-SiCf/SiC compo-
site were investigated. The mechanical properties of

the as prepared CNT-SiCf/SiC composite were
measured. The results reveal that the in situ CVD
growth of CNTs on SiC fibers remarkably promotes
the mechanical properties of SiCf/SiC composite.
The secondly pull-out of CNTs from matrix during
the pull-out of the SiC fibers from matrix consumes
the deformation energies, resulting in promotion of
the mechanical properties ofcomposite.

The main purpose of present research is to show
new method for synthesis of In-Situ formation of
CNT/SiC nanocomposite with improved properties
and optimization of process parameters for instance
thermal cycle, filler percentage and mixing method.
Detailed images of microstructures indicated in dif-
ferent stage of synthesis process helps a better un-
derstanding of undergoing phenomena and variation
of microstructures.

2. Materials and Test Procedure
2.1. Synthesis of Phenolic Resin

Most of the commercial phenolic resins have low
viscosity and cannot be used for fabrication of pyro-
lyzed composite. So, for fabrication of carbon matrix
in the present work, a mixture of four items are
used; they are novolac (Merck, Germany), hexamine
(Merck, Germany), furfural and furfuryl alcohol
(Merck, Germany) mixed with proper percentage
and manner to produce phenolic resin with high and
proper viscosity. Polymerization, solidification and
optimum curing cycle are obtained by Salehi [20].
So, curing of the phenolic resin is performed in hot-
stage press at 180 and a pressure of 10 MPa. After
using the curing cycle which is shown in Fig. 1, the
flexural test is conducted and the flexural strength
and stiffness of the polymer are obtained.

2.2. Addition of Si Particles to Phenolic Resin

180
160
140
120
100

80

60

Temperature(°C)

40
20

0 2 4 6 8 10 12 14
Time(Hour)

Figure 1. Phenolic resin polymerization cycle to obtain the op-
timum properties [9]
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The properties of Si particles are shown in Table
1. As can be observed from SEM of Si particles in
Figure 2, the size of particles is almost around 5-10
um. The Si particles were added to Furfuryl Alcohol
with different 30, 35, 40, 45 and 50 wt.% and were
mixed ultrasonically about half an hour with power
of 1200W and frequency of 20KHz.

The Si particles were added to Furfuryl Alcohol
with different 30, 35, 40, 45 and 50 wt.% and were
mixed ultrasonically about half an hour with power
of 1200W and frequency of 20KHz. The obtained
mixture was homogenized with Novolac, Hexamine
and Furfural in proper procedure and portion [9].
Final mixture first cured at 180°C based on figure 1
and then carbonized with the optimum carboniza-
tion cycle of figure 3 were proposed by Salehi et al.
[9].

The final carbonized samples were hot-pressed
with the linear cycle at 1500°C with 30 MPa and du-
ration of 20 hours in inert atmosphere based on the
diagram of figure 4.

2.3. Three-Point Flexural Test

The dimensions of the samples for flexural test
were 10cmx1lcmx1lcm and the test machine used
was universal testing machine STM-400 (Santam,
Iran). The crosshead speed was set to be 1mm/min.

Table 1. Properties of Si particles used for reinforcing car-

bon matrix.
. Purity .
Material Mesh (%) Code  Supplier
SI-M- American
Si Powder 1500 99 02-P elements,
USA

Spot Magn

*265.0kV 6.0 500X SE 120 0
N .

Figure 2. SEM Images of Si Particles
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Figure 3. Optimum carbonization cycle that proposed by Salehi
etal. [9]

Ultrasonically Mixing
Furfuryl Alcohol and Si particles

.

Mechanically Mixing with Novolac,
Hexamine and Furfural

v

Curing of Resin at 180°C for
Solidification and Polymerization

.

Pyrolysis of composite Phenolic and
Carbonization at 1100°C

Heat Treatment and SiC formation
at 1500°C

Figure 4. Curing, carbonization and heating diagram of
Si/phenolic samples

The tests were carried out based on ASTM D790
[21]. Three-point flexural test was used instead of
tensile test due to the brittleness and crushing be-
havior of samples. Figure 5 shows the sample and
the fixture in three-point flexural test [9]. Figure 5,
also, shows the samples during the three-point flex-
ural test.

2.4. Scanning Electron Microscope (SEM) Imaging
of Samples

For a better understanding of microstructure of
samples and formation of possible micro or nano
structures in the matrix, SEM imaging has been used
in different stages of this research. The SEM used in
this research was JOEL with magnification power of
100000X.
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Figure 5. Three-point flexural test fixture for samples

3. Results and Discussion
3.1. Formation of SiC in Matrix

Synthesis of proper matrix in composite is very
crucial for better resisting of yielded composite
against the external, thermal, mechanical and chem-
ical loading. The use of some active and inactive fill-
ers can have improving influence on the final com-
posite. However improper dispersion of fillers in the
matrix can cause inhomogeneity and porosity of the
matrix.

Inactive fillers have limited effect on the mechan-
ical properties but good influence on the tribological
and thermal behaviors. But active fillers cause better
interaction and interfacial area between the matrix
and filler and have so great effect on the behaviors.

The term of active or inactive can be described
based on the reaction of filler during the synthesis
process.

The melting point of Si powder is about 1414°C
and therefore, in the heating cycle of 1500°C, the
silicon is liquid. The carbon is also vaporized above
500°C. So, the possibility of SiC formation can be
increased above 500°C. In presence of oxygen, Si
oxidizes and forms SiOz and also carbon matrix can
react with the oxygen molecules and forms CO2. So it
is very important to control the atmosphere of fur-
nace during the heating and cooling procedure. The
reaction of Si and carbon matrix is formulated as
follows [6-7].

Si+C—SiC (1)

Temperature around 1250°C- 1600°C in the Argon
atmosphere.

3Si+2N2—-Si3Ns (2)

Temperature around 1300°C- 1400°C in the Nitro-
gen atmosphere.

osic
oS
a . e &C

1500°C &

[}

900" a

Intensity (a.u.)

5 15 25 35 45 55 65
Diffraction Angle (28)
Figure 6. XRD analysis of matrix that shows formation of SiC
phase

The XRD of carbonized Si/phenolic mixture be-
fore and after heating at 1500°C shows the for-
mation of SiC phase in the matrix indicated in figure
6. The XRD shows the creation of new peaks in the
curve that is related to SiC formation in the matrix.
These peaks are observed in the 26=362and
26=60°.

3.2. Density Variation of Samples

The density of samples before and after final
heating process of 1500°C, is measured based on the
procedure [22]. Table 2 shows the samples names,
mixture and also density before and after the for-
mation of SiC ceramic phase. As it is illustrated in
table 2, MSi-45 has the highest value of density after
the formation of SiC matrix and by increasing the Si
content in the composite, the density of fabricated
composite increases, which is predictable by rule of
mixtures. However the porosity causes deviation
from the linear trends.

3.3. SEM Imaging of Samples

The SEM image of carbonized phenolic without
any filler and modification is illustrated in figure 7.
The different shapes and sizes of porosity of carbon
matrix are seen in the figure 7 (a) and 7 (b) that are
formed due to pyrolysis process and volatile vapor
of chemical reaction [10]. The fracture surface of
carbonized phenolic resin shows several porosities
in the microstructures that should be eliminated by
impregnation of resin and repeating of curing and
carbonization cycles. As it is obvious by comparison
of figures 7 and 8, formation of SiC ceramic in the
matrix changes the microstructure of the matrix.
Some strong bonding can also be seen in the figure 9.
The Si particles are bonded to each other and form
3D microstructure in composite but some porosity
still exists in microstructures.
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Table 2. The samples prepared from mixing Si and phenolic
resin

Si Content . Density of  Density of

Compo- N Resin . .
site type (Wt. %) %) resin ceramic

(Vol. %) (g/cm3) (g/cm3)
MSi-00 0 100 1.27 1.20
MSi-30 30(19) 70(81) 1.49 1.63
MSi-35 35(23) 65(77) 1.53 1.95
MSi-40 40(27) 60(73) 1.57 2.13
MSi-45 45(31) 55(69) 1.61 2.34
MSi-50 50(36) 50(64) 1.66 2.20

Figure 8 (b) indicates some particles with sharp
edge and also some smaller semi-spherical particles.

3.4. Formation of Nanostructures in the Matrix

By profound investigation into the microstruc-
ture of samples, one extraordinary and interesting
phenomenon is observed in the matrix. Because of
the presence of Si particles in the matrix under high
temperature of above 500°C, some nanostructures
are formed in microstructures.

Figure 7. a) SEM Images of fracture surface of carbonized phe-
nolic resin (50X) b) SEM Images of fracture surface of carbon-
ized phenolic resin (15X)

g’ 47 L QAN
P AccV  Spot Det WD Exp

’)"L:'M))-:Vh() 312x SE 9.1 0
Ao oA » A9

(b)

Figure 8. a) Microstructure of SiC ceramic matrix (MSi-45) after
cycle 1500°C - (62X) b) Microstructure of SiC ceramic matrix
(MSi-45) after cycle 1500°C - (312X)

These nanostructures that are formed during the
thermal cycle, are in different sizes and morpholo-
gies. They are mostly in the form of flower-shape,
tube and plates.
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(b)

Figure 9. a) Strong bonding of Si particles and carbon matrix
that forms SiC structures b) Strong bonding of Si particles and
carbon matrix that forms SiC structures

The amount of nanostructure that is formed in
matrix is not predictable because it is not added to
the matrix but as a result of chemical reaction that
might not be completely fulfilled. In this phenome-
non, Si particles act as a catalyst and so vaporized
carbon is formed as CNT and flower-shaped struc-
tures in the matrix. The SEM images show this phe-

(b)
Figure 10. a) Flower-shaped nanostructures that formed in
microstructures (10000X ) b) Flower-shaped nanostructures
that formed in microstructures (2500X)

Table 3. Three-point Flexural test results of Strength of samples
before heating at 1500°C

Average Variation Test1l Test2  Test3

Specimens oy (o) (MPa) (MPa)  (MPa)
MSi-00 41.04 0 4355 36.66 42.93
MSi-30 39.81 -3 38.5 35.10 45.83

MSi-35  45.12 +9 41.75 47.23 46.38
MSi-40  47.34 +15 42.74  48.03 54.27
MSi-45 45.5 +10 52.44 4567 4839
MSi-50  41.15 +0 38.59 41.6 43.26

nomenon. Figures 10-15 show the formation of the-
se nanostructures in the matrix. Figures 10 (a) and
10 (b) show some flower-shape nanostructures that
are formed from the Si particle surface. The size of
this nanostructure has been shown in figure 10 (a).

Figure 11 illustrates agglomeration of CNT
nanostructures in the porosity of matrix. The diame-
ter of CNT has been shown in figure 12. Figures 13-
15 illustrate some nano plates in the nanocomposite
structures that formation and exact compound re-
quire deeper insight to the chemical phenomena of
nanocomposite synthesis.

3.5. Flexural Test Results

The three-point flexural test results are shown in
Tables 3 and 4. Three samples are used for each case
and the results show the average flexural strength of
all the three samples. The flexural strength value is
41.04MPa for carbonized phenolic without any rein-
forcement.

Based on the test result, by adding Si into the
carbon matrix before the final heating stage, the
strength of the composite is improved slightly. This
improvement is totally based on the inactive pres-
ence of Si particles in the matrix. And also these re-
sults show that in high percentages of Si in the ma-
trix, the improvement is negligible. The average val-
ues of strength of phenolic resin are shown in Table
3. The results of samples after formation of the SiC in
the matrix show that this formation has significant
effect on the strength of the composite. This im-
provement is about 39, 48, 55, 70 and 60 percent for
MSi-30, MSi-35, MSi-40, MSi-45 and MSi-50, respec-
tively. This improvement can be because of the pres-
ence of CNT and nanostructures in the matrix. The
mechanical properties of the final nanocomposite
depend on the SiC formation, CNT amount and also

Table 4. Three-point Flexural test results of Strength of samples

after heating at 1500°C

Specimens Average  Variation Testl Test2  Test3
(MPa) (%) (MPa) (MPa) (MPa)

MSi-00 52.10 0 55.43 5820 42.68
MSi-30 72.42 +39 72.62 75.17 69.48
MSi-35 77.49 +48 73.59 8148 7741
MSi-40 81.14 +55 83.66 8149 78.28
MSi-45 88.62 +70 88.04 92.54 85.29
MSi-50 83.26 +60 8492 7815 86.72
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interactions of SiC, CNT and carbon matrix that are
very complicated and need very deep investigations
of micro and nano structures of material. These re-
sults are very similar to the curve of density of sam-
ples. This similarity can be a simple way to check the
formation of ceramic matrix based on the density of
samples.

Improvement of mechanical properties in final
nanocomposite is related to the reaction of carbon
matrix with Si particles, percentage of Si particles
and nano structures in the matrix. The effect of nano
structure is not investigated individually but rather
in the scope of this research, it is observable that
these nano structures are created in the matrix and
can have huge enhancement of composite proper-
ties.

In this research, the main purpose is to indicate
the nano structure formation in the presence of Si
and carbon matrix, processing parameters and also
nanostructures different morphologies.

4., Conclusion

In this article, a systematic procedure and exper-

(b)
Figure 11. a) Formation of CNT in the presence of Si particles
(5000X) b) Formation of CNT in the presence of Si particles
(1250X)

iment is conducted to determine the mechanical
properties of Si/phenolic composites and also, pro-
cessing of SiC and CNT in-situ formation in the ma-
trix. Main achievement of this research is that it
shows a new way for in-situ synthesis of nanocom-
posite with improved properties. The results show
that hot-pressing of carbonized samples at 1500°C,
can cause formation of SiC matrix and moreover,
creation of some nanostructures in the matrix.

Figure 12. CNT dimension and diameter have been measured by
SEM image

Figure 13. Formation of some plate-shaped nanostructures in
the matrix

Figure 14. Growing of CNT in the SiC matrix
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Figure 15. Agglomeration CNT sphere-shaped Structures in the
matrix

These nanostructures are mainly grown because
of presence of vaporized carbon atoms beside the Si
catalyst particles that cause formation of CNT in the
porosity of the matrix. The results of density and
strength of samples show that the formation of SiC
matrix is maximized in the sample MSi-45 that is
also accompanied with better formation of CNT in
the matrix.
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