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Abstract: C-SiC composites with carbon-based mesocarbon microbeads (MCMB) preforms are new type of high-
preformance and high-temperature structural materials for aerospace applications. In this study MCMB-SiC
composites with high density (2.41 g.cm-3) and high bending strength (210 MPa,) was prepared by cold isostatic press
of mixed mesophase carbon powder derived from mesophase pitch with different amount (0, 2.5, 5%) nano SiC
particles. All samples were carbonized under graphite bed until 1000 °C and finally liquid silicon infiltration (LSI).
Microstructure observations resultant samples were performed by scanning electron microscopy and transition
electron microscopy (SEM & TEM). Density, porosity and bending strength of final samples were also measured and
calculated. Results indicates that the density of samples with nano additive increased significantly in compare to the

free nano additives samples.
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1. INTRODUCION

Carbonaceous mesophase sphere, as a relevant
intermediate product in the liquid carbonization
of the pitches or organic compounds, has been
recognized as an excellent precursor for high
performance carbon materials [1]. The
carbonaceous mesophase sphere can be separated
from the heat treated isotropic pitch by extraction
with a proper solvent according to their solubility
difference [2] or high temperature centrifugation
[3]. These isolated mesophase spheres have been
named as mesocarbon microbeads (MCMB) [3].

Their spherical shape, controlled fusibility and
packing flexibility are favorable for making high
density and high strength artifacts because MCMB
are believed to ensure adhesion among MCMB
into the artifact through partial fusion at heat
treatment. Their homogeneous shrinkage will not
induce the defects in the artifact. Other applications
of MCMB, such as a filler of high performance
liquid chromatography and lithium ion battery
anode, are required to maintain their spherical
shape after they are carbonized. The feedstocks,
preparation conditions and additives are considered
to influence on these properties [4-6].

MCMB separated from heat-treated coal tar
and petroleum pitches by quinoline are usually

insoluble and infusible. Their spherical shape can
be maintained even though they suffer from a
particular shrinkage when they are carbonized
and then graphitized, providing the high density
of artifacts. On the other hand, the soluble and
fusible mesophase has been prepared from
hydrogenated coal tar, petroleum pitch or
synthetic pitch [7]. MCMB separated from this
kind of mesophase may suffer expanadsion to
some extent when they are heat treated.
Molecular weight and the content of naphthenic
and alkyl groups of mesophase pitch appear to be
key factors for controlling fusibility and
solubility of MCMB [7].

It has been known in the carbon fiber
manufacture process that oxidative stabilization
of spun fiber can maintain their fibrous shape in
the successive carbonization and graphitization
[8]. Oxidative stabilization reactions are believed
to be oxidative condensation, oxygenation and
oxidative dehydrogenation as well as thermal
condensation of the constituent molecules [9].
The fusibility of MCMB can be thus controlled
by the stabilization extent. The proper
stabilization conditions should be chosen for
satisfying packing flexibility, shape stability,
adhesion ability and graphitization to make
excellent artifacts [9].
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Doping foreign materials into MCMBs can
also improve the properties and extent of
graphitization, or lower the heat treatment
temperature of graphitization. Several research
results revealed that some refractory-metal
carbides (TiC, ZrC, VC and B4C) and elements
(B, Si, Ti and Zr) had the catalytic effect,
resulting in the improvement of
thermomechanical properties [10—11].

C-SiC composites are one of the most
important ceramic matrix composites. Modern
technology makes wide use of C-SiC composites
in different fields, including nuclear reactor
walls, pistons for internal combustion engines,
battery electrodes, and friction materials [12—17].
These applications exploit the exceptional
properties of carbon such as its excellent
mechanical behavior at high temperatures, low
reactivity, high-heat capacity, and anisotropic
thermal conductivity. C-SiC composites are
processed according to: (1) a gas phase route,
also referred to as chemical vapor infiltration
(CVI), (2) a liquid phase route including the
polymer impregnation pyrolysis (PIP) and liquid
silicon infiltration (LSI) also called (Reactive)
Melt Infiltration (RMI or MI) processes as well
as (3) a ceramic route, i.e. a technique combining
impregnation of the reinforcement with a slurry
and a sintering step at a high temperature and
high pressure [18]. The reactive melt infiltration
(RMI), alternatively called liquid silicon
infiltration (LSI) process, is an attractive method
for fabricating silicon carbide ceramics due to its
lower processing temperature, shorter time and
near-net shape fabrication capability [19-28].
The process involves the following steps:
fabrication of porous carbon preforms as well as
infiltration with liquid silicon and chemical
reaction to form silicon carbide ceramics [21,26].
The resulting SiC ceramics are known as
Reaction-Formed SiC (RFSC). The morphology
and porosity of the preform and the reactivity of
the carbon source are the main factors which
affect the fabricating process, the microstructures
and the mechanical properties of the reaction-
formed SiC [20-26].

A novel fabrication approach for C-SiC
composites  utilizes mesocarbon  microbeads
(MCMB) as a carbon precursor for preparing porous
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carbon preforms. Extracted from mesophase pitch
MCMB has been recognized as excellent precursors
to parts with high density and strength, and has
recently been used as a matrix for carbon—carbon
composites [12-13]. The ability of MCMB to self-
sinter at relatively low temperatures, homogeneous
shrinkage, high vyield of carbon, and easy
graphitization has attracted considerable attention in
the literature [12,13,29-32].

However, no previous studies have been found in
the literature using MCMBs as carbon substrate for
preparing reaction-formed SiC and relatively few
prior studies exists on the effect of nano-SiC powder
as dopant on the sintering and properties of
MCMBs. In this work, MCMBs with different
amounts of nano SiC additive was first used to make
a porous carbon preform and then the MCMB-SiC
composite was prepared by liquid silicon infiltration.
The mechanical and physical properties as well as
the microstructure of fabricated MCMB-SiC
composite was investigated.

2. Experimental Procedure
2. 1. Carbon Porous Preform Preparation

For this study one type of commercially
available MCMB (Osaka Gas, Japan), whose
characteristics are summarized in Table 1 has
been used. First MCMBs were stabilized at 100
°C for 12 h in air. In the following fabrication
process, the different amounts of nano-SiC
powder was directly doped into the MCMBs, and
then mixing and sonicating with magnet stirrer
and probe ultrasonic in ethyl alcohol respectively

Table 1. Characteristics of MCMB

10%<0.66

Particle Size (um) 50%-<5.34

90%<14.22
Toluene insoluble content (TI) % 95.6
Quinoline insoluble content (QI) % 91.2
B—Resin content % 4.4
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were applied in order to get homogeneous
mixtures. Then the MCMB- nano SiC mixtures
were compacted by cold isostatic press (CIP)
under a pressure of 100 MPa. At the same time,
the pure MCMBs without dopant were directly
molded by cold isostatic press. Carbonization of
all the samples were carried out in an electrical
furnace with nitrogen atmosphere heated 0.5
°C/min up to 1000 °C.

2. 2. Siliconization Process

Siliconization operation on the porous samples
was done at a high-temperature vacuum electric
furnace at 1600 °C and 10-3 mbar. The specifications

W Nano SiC
MCMB \ Powder

Stabilization
100 °C, 12 h, Air

!

Mixing (Stirrer & Ultrasonic)
Alcohol Media, 4 h

4

Shaping (Cold Isostatic Press)
100 MPa

4

Carbonization
1000 °C, Nitrogen Atmosphere

4

Reactive Melt Infiltration
Silicon, 1600 °C, 10 mbar

¥

MCMB-SiC Composite I

Fig. 1. Processing scheme of manufacturing C-SiC
composites

Table 2. Chemical analysis of silicon
%Si %Ca | %K | %Fe | %Al
98.75 0.3 0.21 | 0.21 | 0.53

of silicon used are summarized in Table 2. The
fabrication process of the MCMB-SiC composites is
also shown in Fig. 1.

2. 3. Characterizations

Morphology of MCMBs and MCMBs- nano
SiC powders were considered by transition electron
microscope (TEM) before and after mixing. The
carbonization process was also analyzed by
measuring the mass loss and volume changes of all
the specimens. The density and porosity of the
carbon porous preform and MCMB-SiC composite
was measured by Archimedes’ method according
to the ASTM C830-91 standard. The flexural
strength of the MCMB-SiC composite was
measured by three-point-bending test at room
temperature on an electron universal testing
machine (Gotech Universal). The dimension of the
test sample was according to the ASTM C1341-97
standard. Gravimetric analysis was also applied for
evaluation of the chemical analysis of the
MCMB-SiC composite. To investigate the phase
analysis of MCMB-SiC composite, the X-ray
diffraction pattern was obtained through Philips
pw3710 diffractometer using monochromatized Cu
Ko radiation (A=0.1540 nm). The morphology of
polished C-SiC surface was characterized by an
optical microscope (OM, Kyowa, Japan) and a
scanning electron microscope (SEM, Vega, Tescan,
Czech).

3. RESULTS AND DISCUSSION

The TEM micrograph in Fig. 2 (A) show the
morphology of the isolated MCMBs with very
excellent spherical shape and TEM photograph of
the MCMBs with 5 wt.% nano-SiC mixture after
ball-milling is shown in Fig. 2 (B).

Particle size distribution of MCMBs with 5 wt.%
nano-SiC mixture after ball-milling is also shown in
Fig. 3. Morphological change and size reduction of
the MCMBs can be seen clearly. The MCMBs
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bl

Fig. 2. The TEM micrograph of (A) isolated MCMBs morphology, (B) the MCMBs with 5 wt.% nano-SiC mixture after
ball-milling process

- h =) 2
T T T

Differential distribution (%)
Cumulative (%)

012 3 4 5 6 7 2
Particle size (um)
Fig. 3. Particle size distribution of MCMBs with 5 wt.%
nano-SiC mixture after ball-milling

spherical particles were broken into smaller grains
with a relatively large size distribution (d10 = 2.9
um, d50 = 7.3 um and d90 = 14.6 um). The SEM
micrograph and Si elemental distribution map of a
green compact are also presented in Fig. 4. The Si
element distributed uniformly, showing a
homogeneous distribution of the mixed powders and
no nano- SiC agglomerates exist after milling.
However, some large pores existed on the surface of
the green body, the reason might be that some large
broken MCMBs inhibited the homogeneity during

molding.

Fig. 5 shows the linear shrinkage rate of
calcined carbon derived from MCMBs
(samplel), MCMBs-2.5 wt.% nano-SiC (sample
2) and MCMBs-5 wt.% nano- SiC (sample 3). It
can be seen that the linear shrinkage rate of
MCMBs- 2.5 wt.% nano- SiC system was lower
than MCMBs-5 wt.% nano- SiC system. The
highest and lowest linear shrinkage rates, 12.3%
and 9.9%, were obtained from the two sintered
samples derived from MCMBs—5 wt.% nano SiC
and MCMBs without additive, respectively.
Norfolk et al. [33-34] investigated the low-
temperature carbonization mechanism and high-
temperature graphitization of MCMBs. The
sintering involves two main stages: (i) neck
formation between particles by a viscous phase
non-densifying sintering mechanism (<527 °C)
and (i) rapid sample shrinkage due to
crystallographic transformations (527-927 °C),
so the content of viscous phase was a key factor
to volume shrinkage. As we know, the higher
content of viscous phase in the green body, the
more the amount of volatile matters, and thus the
linear shrinkage rate will become higher.

Fig. 4. (A)The SEM micrograph and (B) Si elemental distribution map of a green compact
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Fig. 5. Linear shrinkage and density change of calcined
carbon derived from MCMBs, MCMBs-2.5 wt.% nano-SiC
and MCMBs-5 wt.% nano- SiC

Therefore, the calcined carbon derived from
MCMBs-5 wt.% nano SiC held the highest linear
shrinkage rate because of the maximum content
of viscous phase.

Fig. 5 also shows the density increment rate of
calcined carbon derived from MCMBs as a
function of nano additives amount. The highest
density increments of 38.25% was obtained for
the system when doped with 5 wt.% nano-SiC.
The density of calcined carbon from pure
MCMBs was 1.53 g/cm3. When doping with 5
wt.% nano-SiC, the density of MCMBs—SiC
samples increased remarkably and the maximum
value arrived at 1.87 g/cm3. The change tendency
of open porosity was opposite to that of the bulk
density. The open porosities of calcined carbon
from the MCMBs—5 wt.% nano-SiC system were
lower than free additive MCMBs system. The
MCMB-5 wt.% nano-SiC sample held the lowest

Fig. 6. The SEM photographs of polished surfaces of
calcined MCMBs (A) without dopant and (B) with 5 wt.%
nano-SiC

open porosity of 8%, corresponding to the
highest density value. Fig. 6 shows the SEM
photographs of polished surfaces of calcined
MCMBs without dopant and with 5 wt.% nano-
SiC. There were a lot of pores in the MCMBs
sample (Fig. 6A). When doping with 5 wt.%
nano-SiC, the calcined carbon became dense and
few pores can be seen (Fig. 6B). In addition,
although there were some large pores on the
surface of the green body (Fig. 4), all the samples
became dense after carbonization. Moreover, no
cracks were discovered in all the carbonized
samples during polishing, indicating that the
catalytic effect of nano-SiC can promote particle
rearrangement and structure improvement during
carbonization.

Table 3. Densities, porosities and bending strengths of carbon performs and C-SiC composites before and after

siliconization
Before Siliconization After Siliconization
samples | Density Open Bending strength Density Open Bending
(g/em®) | porosity % (MPa) (g/em3) | porosity % | strength (MPa)
1 1.53 15 30 2.32 0.78 210
2 1.67 10.4 67 2.41 0.68 219
3 1.87 8 84 2.53 0.51 232
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Fig. 7. XRD pattern of C-SiC composite

Table 3 lists the densities, porosities and
bending strengths of the preforms before and
after siliconization. During the following
infiltration processing, molten Si infiltrated into
the preforms and reacted with MCMBs-derived
carbon to form SiC ceramics. The formed SiC
and some residual Si replaced the pores in the
preforms, resulting in higher densities and lower
porosity of carbon preform after siliconization. A
higher bending strength was obtained for
siliconized samples.

100
90
80
70
60
50
40
30
20
10

89

"

SiC C Si

Fig. 8. Chemical analysis of C-SiC composite
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The crystal structure of the reaction products
was investigated by X-ray diffraction. The XRD
pattern of the C-SiC composite is shown in Fig.
7. The phase analysis reveals the presence of
carbon, silicon carbide and unreacted silicon in
this composite.

Gravimetric analysis was also applied for
evaluation of chemical analysis. Unreacted
silicon was removed by dissolving the composite
in a mixture of 90 volume% nitric acid (HNO;)
and 10 volume % hydrofluoric acid (HF) at 40 °C
for 48 h. During the dissolution, elementary
silicon first oxidizes to silicon dioxide and
subsequently reacts to form a stable hexa fluoro-
complex according to the following equations:

The acids only affect free silicon, whereas
carbon and silicon carbide remain stable. Due to
high accessibility of the SiC zones, the acid
reached all the regions of residual free silicon and
removed it completely. To remove the carbon
completely the samples were exposed to air at 700
°C for 24 h according to the following equations:

The content of each component can be
calculated after weighing the residual mass with
the result shown in Fig 8.

The microstructural analysis revealed that
there was little residual carbon but much SiC
produced because of the high activity of the
MCMB carbon. A large amount of SiC matrix
combined with some residual silicon formed
around the dense MCMB grains in the composite
(Fig. 9). For porous carbon materials, silicon
rapidly infiltrated the carbon preform and reacted
with carbon to form SiC during the LSI process.
Hence, the macroscopic holes between the
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Fig. 9. Micrographs of C-SiC composite 1). Optical microscope 2). SEM microscope.

MCMB grains were filled with SiC, which could
also seen in Fig 9.

4. CONCLUSION

In this study the effect of nano SiC additives
on properties of MCMB- SiC composites were
investigated. The highest and lowest linear
shrinkage rates, 12.3% and 9.9%, were obtained
from the two sintered samples derived from
MCMBs—5 wt.% nano SiC and MCMBs without
additive, respectively. The highest density
increments of 38.25% was obtained for the
system when doped with 5 wt.% nano-SiC. The
density of calcined carbon from pure MCMBs
was 1.53 g/cm3. When doping with 5 wt.% nano-
SiC, the density of MCMBs—SiC samples
increased remarkably and the maximum value
arrived at 1.87 g/cm3. The open porosities of
calcined carbon in samples with nano additives
were reduced. C-SiC composites were fabricated
by infiltrating molten Si into the carbon preforms
derived from mesocarbon microbeads (MCMB).
siliconized samples have higher densities and
lower porosity and higher bending strength. It
was established that the composite was
composed of 89% B-SiC, 2% C and 9% Si by
means of gravimetric analysis.
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