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Development of Nanostructured SiC Coating on Advanced Carbon

Materials and Their Applications’

MORISADA Yoshiaki* and MIYAMOTO Yoshinari**

Abstract

Diamond particles and multi-walled carbon nanotubes (MWCNTS) were coated with a nanometer-sized SiC polycrystalline layer by the
reaction of SiO(g) and CO(g). The growth mechanism of SiC and the oxidation resistance of the SiC-coated carbon materials were
studied. The growth process of the SiC layer can be separated into two steps. In the first step, a thin layer of SiC is formed due to the
reaction between SiO vapor and carbon materials. In the second step, nanometer sized SiC granules are deposited on the SiC layer by the
reaction between SiO vapor and CO. The oxidation resistance of the carbon materials was improved by the SiC coating. Oxidation of the
SiC-coated diamond particles began at 950 C, which is 400 T higher than that of uncoated diamond. MWCNTs were oxidized
completely in air at 650 T for 60 min. However, about 90 mass % of the SiC-coated MWCNTs remained after the same oxidation test.
Dense composites reinforced by the SiC-coated carbon materials were successfuily fabricated using a pulsed electric current sintering.
The composites showed excellent mechanical properties compared to the monolithic materials and the composites reinforced by uncoated

_carbon materials.
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1. Introduction

Due to various bond-structures such as sp’, sp’, sp
hybrids, and multiple p,- p, bonds, carbon can form 1-, 2-,
and 3- dimensionally bond-structured substances and
provide a wide-range of applications'. Carbon materials
such as graphite, diamond, activate carbons, carbon fibers,
and C-C composites have been extensively investigated
and used for many years. Since the discovery of carbon
nanotubes in 1997, carbon materials have been newly
focused as frontier materials in various fields®'>.

However, carbon materials have a serious shortcoming.
They are easily oxidized above 530 °C in air. It is
possible to protect graphite plates or carbon fibers with
SiC coating by CVD or pyrolysis of polymers containing
Si and C'*'®, SiC is known as an effective material to
prevent oxidation and corrosion due to the strong
covalent bond and the passive-oxidation by forming a
protective SiO, layer on SiC'*%,

It is difficult, however, to coat fine carbon materials
such as carbon nantubes and fine diamond powders with
SiC uniformly. The SiC coating on carbon nanotubes
would improve not only the oxidation resistance, but poor
adhesion with matrix when they are used as
nano-reinforcements. Many researchers indicate that the
improvement of the adhesion between carbon nanotubes

and matrix is a critical issue to improve the mechanical
properties of their composites’®*’. The SiC coating is
very useful for fine diamond particles as well. Diamond
is widely used for cutting, grinding, and polishing of
various materials, however the graphitization of diamond
by the reaction with transition metals such as iron, cobalt,
and nickel limits its applications. If diamond particles
could be coated with an effective protective layer, they
could be used at high temperatures under the oxidizing
and corrosive environments and the tool life could be
extended. New composite formations of diamond with
WC/Co would be possible.

In this paper, a new and easy process for producing
SiC coatings on fine carbon materials is described”*** and
some applications of the SiC-coated diamond particles
and carbon nanotubes to create new composites are
demonstrated! ™,

2. Coating method of nanostructured SiC
2.1 Coating assembly

The SiC coating is produced by means of the reaction
of SiO vapor and carbon materials. Commercial SiO
powders (99.9 % pure) are provided as the silicon source.
The carbon materials are placed on the SiO powder bed
via carbon felt as illustrated in Fig. 1. This assembly is
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Fig. 1 Assembly for the SiC coating of
carbon materials.

covered with carbon sheets in an alumina crucible to
maintain the SiO gas pressure in the crucible and heated
in a vacuum furnace at various temperatures from 1150 to
1550 °C in vacuum (about 0.03 Pa) for periods of time
between 1 and 90 minutes. It is necessary to heat at a
temperature greater than 1150 °C for the vaporization of
solid SiO.

2.2 SiC Coating on diamond particles

Diamond powders with the particle size of 1 to 30 um
are used for the SiC coating. Figure 2 shows a TEM
image of the SiC-coated diamond with the particle size of
~1 pm. Each diamond particle is completely covered
with a polycrystalline SiC layer of ~60 nm thick. The

Fig. 2 TEM image of SiC-coated diamond particles.
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Fig. 3 Temperature and degree of vacuum in the furnace.
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grain size of SiC is several nm. Though a large thermal
expansion mismatch exists between SiC (0=4.6x10"%/K)
and diamond (a=3.1X10'6/K), no cracking or debonding
occurs in the SiC layer or at the interface. If there is
gradual change in composition from diamond to SiC at
the interface, the thermal stress would be relaxed.

Figure 3 shows the relation between temperature and
pressure in the furnace when the assembly of SiO
powders, carbon sheets and carbon felts is heated. The
increase of the total pressure in the furnace at about
1200 °C results from the vaporization of SiO according to
the reaction (1). The evolution of CO gas following the
formation of SiC according to the reaction (2) causes the
increase of the total pressure after vaporization of Si0**3¢,
In this case, the surface of carbon sheets and carbon felts
should react and transform to SiC producing CO gas.
Then, the diamond surface reacts with SiO(g) and forms a
thin SiC layer on the diamond. This SiC layer will act as
a protective layer to limit the reaction (2) from
proceeding further and thus limiting the evolution of
CO(g) from diamond.

SiO(s) — SiO(g) @

2C(s) + SiO(g) — SiC(s) + CO(g) )
The SiO vapor is consumed within 30 min under these
treatment conditions. Further treatment over 30 min
causes thinning of the SiC layer probably due to the
active-oxidation taking place according to reaction (3).
The partial pressure of oxygen in the furnace is about
6.0x10° Pa and this value at the coating temperature
belongs to the active-oxidation region’*’. Oxygen is
continuously supplied from the outer atmosphere.
SiC(s) + O2(g) — SiO(g) + CO(g) 3
The SiC-coated diamond particles can be characterized
by X-ray powder diffractometry. The diffraction peak
appears at 35.6°which is assigned as -SiC (111) plane.
The mechanism of SiC coating on diamond can be
analyzed as follows. When the SiC-coated diamond
particles are placed in an alumina container and heated to
1200 C in an air flow using a thermogravimetric
apparatus, the sample weight decreases with increasing
temperature mainly due to the oxidation of diamond and
reaches minimum at about 1000 C where diamond is
almost completely converted to CO, gas leaving SiC
behind. When it is further heated above 1000 °C, the
minimum weight increases slightly due to the
passive-oxidation of the SiC layer. Because the mass gain
due to the silica formation on SiC below 1000 C is
negligibly small, we can determine the minimum weight
as the initial weight of the SiC layer on diamond. Let us
consider a model structure consisting of a diamond
sphere that is coated uniformly with SiC. Based on this
model, the initial thickness of the SiC layer is expressed
using the following equation.



We/ n= dmrilpsic )
where Wy is the minimum weight corresponding to the
initial weight of the SiC layer, n is the number of
diamond particles, r; is the average radius of a diamond
particle, / is the thickness of the SiC layer, and pg;c is the
density of SiC (3.2 g/cm?).

The number of diamond particles can be obtained as
follows.

n=(W;—Wg) / 4/3nrpgia (5)
where W; is the initial weight of a SiC-coated diamond,
and pg;, is the density of diamond (3.5 g/cm?).

By substituting equation (4) into (5), the thickness (/) of
the SiC layer is calculated using the following equation.

1= Weipgia / 3(Wi— Wppsic 6)

Figure 4 shows the calculated results of the thickness of
the SiC layer and the mass gain due to the SiC formation
depending on the coating temperature and time. The SiC
coating for 90 min was obtained by repeating three times
a 30 min coating. The thickness of the SiC layer increases
with an increase in the coating time and temperature. The
weight of the SiC layer increases linearly with time. This
result suggests that the growth of the SiC layer is not
controlled by the self-diffusion of Si or C atoms through
SiC, but by precipitation or deposition of SiC from vapor
phase reaction. The following vapor-solid reactions
account for the linear growth of the SiC layer with
coating time.

Si0(g) + 3CO(g) — SiC(s) + 2COx(g) Q)

®

Based on these analyses of the SiC coating, the growth
mechanism of the SiC layer on diamond is considered as
follows. In the early stage of the SiC formation on
diamond, a very thin SiC layer is formed on the diamond
surface according to reaction (2) between diamond and

COy(g) + C(s) — 2CO(g)
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Fig. 4 Thickness and mass gain of the SiC layer on diamond
particle.
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SiO(g). Once the SiC layer is formed, this reaction does
not proceed further due to the protective layer of SiC. The
carbon sheet and felt in an alumina crucible act as the
carbon source. The reaction of CO,(g) with these carbon
sources will produce further CO(g) and deposit SiC(s) by
reaction (7). Thin B-SiC whiskers are observed on the
surface of the SiC-coated diamond, suggesting the vapor
growth of SiC.

The apparent activation energy of the SiC formation
reaction is obtained from an Arrhenius plot of the rate
constants that can be calculated using the mass gain data
as a function of the coating temperature and using the
least-square method. The calculated value is 100+21
kJ/mol. Shimoo et al. calculated the apparent activation
energy for the formation of a SiC layer on a graphite plate
based on reaction (7) and obtained 97 kJ/mol*’. Both
values show an excellent agreement.

Figure 5 shows SEM photographs of the surface of
SiC-coated diamond particles coated at 1350 °C. Tiny
granules of SiC were deposited and aggregated with an
increase in coating time. Even for samples treated for 1
min, the entire surface is considered to be covered with a
thin SiC layer formed by the direct reaction of diamond
and SiO(g) because the samples show good oxidation
resistance as to be discussed later. EDX analysis shows a
uniform distribution of Si atoms on the entire surface of
the SiC-coated diamond particle.

Therefore, the SiC layer on diamond is considered to
grow in a two-step process as follows:
1. Formation of a very thin SiC layer by the direct
reaction between SiO(g) and diamond.
2. Deposition of SiC on a thin SiC layer by reaction (7).

Fig. 5 SEM images of the SiC-coated diamond prepared
at 1350 °C for (a) 1 min, (b) 15 min, (c) 30 min, and (d)
90 min.

2.3 SiC coating on carbon nanotubes

Multi-walled carbon nanotubes (MWCNTSs) are coated
with SiC because MWCNTs are more useful as
reinforcements and cost effective than single-walled
catbon nanotubes (SWCNTs). The surfaces of
MWCNTS’ are covered with the SiC granules in the same
way as for the SiC-coated diamond particles. The size of
SiC granules is influenced by the coating temperature and
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time. It is less than 50 nm for the sample treated at
1150 °C for 15 min, while about 150 nm at 1550 °C for
45 min. Therefore, the size of SiC granules can be
controlled by adjusting the coating conditions.

Figure 6 shows a high resolution TEM photograph at
the interface between the SiC coating and MWCNTSs,
which was treated at 1350 °C for 15 min. The (111) plane
of B-SiC and (002) plane of MWCNTs are clearly
observed in the image. Some parts in MWCNTSs at the
vicinity of the interface with B-SiC show an amorphous
structure. The measured angle between (111) plane of
B-SiC and (002) plane of MWCNTs as shown in Fig. 6 is
66~71°. This angle matches closely with the angle
between two different (111) planes of B-SiC (70.5°).
These crystallographic relations suggest that the (111)
plane of B-SiC is formed epitaxially on (002) plane of
MWCNTs and grown toward the <111> direction.

= ”

Fig. 6 High resolution TEM image of the SiC-coated
MWCNTs prepared at 1350 °C for 15 min,

Two types of assembly were used for the SiC coating
to investigate the growth mechanism of the SiC layer. In
the first method, the SiO powders are set on the bottom of
an alumina crucible and MWCNTs are placed upon SiO
powders via a carbon felt, as shown in Fig. 7 (a). In the
second method, an alumina plate with a center hole is
used instead of the carbon felt to separate the MWCNT's
from SiO powders, as shown in Fig. 7 (b). These
assemblies are covered with an alumina lid to keep the
SiO gas pressure inside the crucible, and heated at
temperatures between 1250~1550°C in a vacuum of
about 0.03 Pa for 15 min and 30 min.

Alumina lid

MWOCNTS ez, :.m.ma'a,/ s{
Carbon feit— .

SiO(s) —— ¥ 7

(a) Alumina crucible Alumina plate

(b)

Fig. 7 Assemblies for the SiC coating of MWCNTSs with carbon
source (a), and without carbon source (b).
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Figure 8 (i) and (ii) show the XRD patterns of
MWCNTSs treated at various temperatures for 15 min.
The diffraction peaks of B-SiC appear in all samples. For
the samples treated in assembly (a), the peak of
MWCNTs exists at 26.2°(20) which arises from the
(002) graphite layers. However, the peak intensity is very
small for the sample treated at 1450 °C in assembly (b).
The peak of MWCNTSs disappears when the sample is
treated at 1550 °C. Above 1450 C, the MWCNTs are
converted to SiC in assembly (b). Figure 8 (iii) and (iv)
show XRD patterns for samples treated at various
temperatures for 30 min. Both peaks of B-SiC and
MWCNTs exist in assembly (a).
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. ®:B-siC
(i) e N: @-SiC
A : i
! ' . L4
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e e S e 1450°C
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._/'\~,_,J.g,.,____,__)\._~,_/~._‘__ 1250C
(i)
Euomm . %
e T 1550°C
- Y M e 1450°C
=] , . .
< 4 ; ;
S T S 1350
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Fig. 8 XRD patterns of the SiC-coated MWCNTs prepared
with carbon source ( i ), and without carbon source (ii ) for
15 min, and with carbon source (ii) and without carbon
source (iv) for 30 min at various coating temperatures.



However, the sample volatizes away when treated at
1550°C for 30 min in assembly (b). SiC is oxidized
actively under a low oxygen potential at elevated
temperature by a reaction called “active-oxidation”
following the reaction (3). In this case, the oxidation
occurs continuously and SiC is decomposed to SiO(g)
and CO(g). The degree of vacuum in the furnace is ~
0.03 Pa. This coating condition at 1550 °C belongs to the
active-oxidation region as reported by Naslain et al*’.

In assembly (a), the carbon felt would be oxidized by
the following reactions

C(s) + Ox(g) = COL(e)

C(s) + 1/2 Oy(g) = CO(g)

®
(10

A reducing atmosphere with very low oxygen content
may not lead to a significant active-oxidation reaction for
SiC. Since the treatment for 30 min appears to be
ineffective for forming a good SiC layer on MWCNTSs,
the SiC coated samples prepared for 15 min were utilized
to investigate the coating mechanism.

There are some granules on the surfaces of MWCNTs
coated in assembly (a). On the other hand, the surfaces of
the SiC-coated MWCNTSs prepared in assembly (b) are
smooth. These morphological differences in SiC coatings
suggest that the formation process of the SiC layer is
different. Reaction (7) would proceed when there is a
rapid decrease in the partial pressure of CO,(g). Because
there is carbon felt in the crucible in assembly (a), COx(g)
is converted to CO(g) by reaction (8). The CO(g)

generated by this reaction will be supplied for reaction (7).

In assembly (b), it is difficult to promote reaction (8)

(with carbon source)

1] SiC formed by conversion [ 1|
(reaction (D)

{without carbon source)
SiC formed by conversion
(reaction (D)

SiC formed by deposition
{reaction @)

K3 SiC formed by deposition
(reaction @)

N
<2 I1SIC formed by conversion (reaction (D)
@: SiO(g )+ MWCNTs — SIC{s )+ CO(g)

@: Si0(g ) +3C0(g) ~ SiC(s ) +2C0 42)

@: COgy + Cls) — 2C0()

Fig. 9 Growth models of SiC layer on MWCNTs.
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because no extra carbon source exists in the crucible. In
this case, the surfaces of MWCNTSs react directly with
SiO(g) and convert to SiC by reaction (2).

From the above results, the growth model of the SiC
formation on MWCNTSs can be proposed as illustrated in
Fig. 9. The growth of SiC is influenced by the existence
of the carbon source in the crucible. In the early stage of
the reaction, SiO(g) reaches the surface of MWCNTs and
forms a thin SiC layer due to reaction (2). This stage
needs no carbon source. In assembly (a), SiC granules are
deposited on the thin SiC layer by reaction (7). This
reaction continues until the SiO(s) is consumed because
the partial pressure of CO,(g) is decreased by reaction (8).
The generation of CO(g) by reaction (8) would control
reaction (7). MWCNTs can remain after the SiC coating
in assembly (a).

In assembly (b), the reaction (2) is promoted and
MWCNTs are converted to SiC. It is inferred that
MWCNTs are changed to SiC nano-rods by reaction (2)
because the diffraction peaks of MWCNTs are not
observed on XRD patterns of the sample which is
prepared at 1550 °C for 15 min. A small amount of
nanometer scale SiC granules are deposited by reaction
(7) even in assembly (b). In this case, the MWCNTs are
considered to play the role of carbon source.

2.4 Oxidation resistance

Figure 10 shows starting temperatures of oxidation for
SiC-coated diamond particles depending on the coating
time and temperature. The coating at 1350 °C shows
superior oxidation resistance. When the total coating time
is 90 min (30 min coating repeated three times), the
starting temperature of oxidation reaches about 950 °C,
which is 400 °C higher than that of diamond without SiC
coating. Even for diamond particles treated only for 1
min at 1350 °C, no oxidation starts below 750 °C. This
result suggests the existence of a thin SiC layer on the
entire surface of diamond. The thickness of this SiC layer
is estimated to be about 15 nm by interpolating the linear

1000 —T

A :1450C
®:1350°C
N:1250°C

— T T T T T

900

800

Starting temperature of oxidation / °C

1 " L

L 1 "
0 20 40 60 80

—_ 1 "
600 100

Holding time / min

Fig. 10 Starting temperature of oxidation for the
SiC-coated diamond particles.
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relation between the thickness of the SiC layer and the
holding time at 1350 °C. The diamond surface is
converted to SiC by the reaction-diffusion of Si into
diamond. Other coatings at 1250 °C and 1450 C show
lower oxidation resistance. It is reported that the
transformation of diamond to graphite and the generation
of cracks in diamond starts at over 1400 “C*'. The coating
at 1250 °C for 90 min exhibits no improvement against
oxidation compared to the coating at the same
temperature for 1 min.

The oxidation durability of SiC-coated diamond
particles treated at 1350 °C for 30 min and 90 min is
evaluated at 700 °C in an air flow of 50 ml/min. The
uncoated diamond particles show a rapid weight loss,
whereas the SiC coated diamond particles treated for 90
min maintain over 70 % of their weight after oxidation
for 5 h.

It is easy to form SiC nanorods in assembly as shown in
Fig. 7 (b). The SiC nanorod must show excellent
oxidation resistance. However, the microstructure and
superior properties of MWCNTs are lost. Therefore, only
the SiC-coated MWCNTS treated in the assembly shown
in Fig. 7 (a) for 15 min are evaluated. Figure 11 shows
the TG curves for SiC-coated MWCNTs which are
heated at 650 °C in air. As-received MWCNTs are
oxidized completely within 5 min. The remaining mass
detected (~2.5 %) is attributed to iron because it is used
as a catalyst for the synthesis of MWCNTs. Further
heating increases the mass gain probably due to the
formation of Fe,Os. For the SiC-coated MWCNTs treated
at 1550 °C, about 90 % of mass remains after heating at
650 °C for 60 min. The SiC coating at higher temperature
provides an improved oxidation resistance.

100 )
sop
2 60? 1250
i=) K _
£ aofd _
2014 |
I “‘\ as-received!
.‘“‘r-"“‘r"‘“’, """"" | ""_"'I"'"
0 10 20 30 40 50 60

Holding time / min

Fig. 11 TG curves for the SiC-coated MWCNTs
heated at 650 °C in air. The coating was carried
out at various temperatures from 1250 °C to
1550 °C.

The morphological change of MWCNTs before and
after the oxidation at 650 °C for 10 sec is shown in Fig.
12 (a) and (b). A tip of MWCNTs before oxidation is
closed with a cap. On the other hand, the cap is removed
after oxidation for 10 sec. It is reported that the cap is not
resistant to chemical reactions because it has a pentagonal
shape‘n. When the cap is lost, oxygen can enter the
interplanar spaces between [002] planes of MWCNTs.
Such planes of carbon atoms are bonded by Van der
Waals forces. It is well known that the (002) plane of
graphite has a higher oxidation rate than other planes.
Therefore, the tip of MWCNTSs is very. important to
prevent oxidation of MWCNTs. For the sample coated at
1350 °C for 15 min, the surface and cap are covered with
tiny SiC granules (Fig. 12 (c)). The cap is held and about
70 % of the mass remains after oxidation at 650 °C for 1h
(Fig. 12 (d)).

A relatively strong (002) peak of MWCNTSs remains
on the XRD pattern even after oxidation tests. The
oxidation rate must be controlled by the diffusion of
oxygen through the SiC layer. The crystalline size of SiC

Fig. 12 SEM photographs of MWCNTs and SiC-coated
MWCNTs. (a): as-received MWCNTs, (b): MWCNTSs
oxidized at 650 “C for 10 second, (c): SiC-coated MWCNTs,
(d): SiC-coated MWCNTs oxidized at 650 °C for 60 min.
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Fig. 13 Relation between coating temperature and
apparent crystalline size of SiC.



can be estimated using the Scherrer’s equation for (111)
peak of B-SiC and plotted as a function of coating
temperature in Fig. 13. The crystalline size of SiC
gradually increases from 13 nm to 26 nm with an increase
in coating temperature. The higher coating temperature
can produce dense and thick SiC layers with larger
crystalline size, resulting in a higher oxidation resistance.
The shape of the SiC coated MWCNTs is not changed by
the oxidation test. No crack or exfoliation is observed on
the surface.

3. Application of nanostructured SiC coatings in
advanced composites

3.1 Development of SiC-coated diamond/WC-Co
composites

Cemented carbide, an alloy made of tungsten carbide
(WC) and cobalt (Co), is widely used for cutting tools
and wear-resistant tools because of the excellent hardness,
strength, toughness, and Young’s modulus®. Although
sintered diamond has extremely high hardness and wear
resistance®, it is costly and limited in size and shape
because of the need for using ultra-high-pressure and
difficult in machining. Therefore, the composite
formation of cemented carbide and diamond under lower
pressure is very attractive because new wear resistant
tools can be produced with lower cost. However,
diamond reacts with cobalt at the sintering temperature of
cemented carbide, ~1150 °C, and converts to graphite.
This reaction must be prevented to develop the diamond
dispersed cemented carbide.

SiC-coated diamond powders with a particle size of
~8-16 pm are mixed with fine WC and cobalt powders
(10 wt% Co) and sintered in a vacuum at 1220 °C, 30
MPa for 5 min by pulsed-clectric current sintering
(PECS)**. The diamond content is 20 vol%. The PECS
method enables sintering of materials at a lower
temperature and shorter time than the conventional
sintering methods because it uses a high pulsed current
of 1000-3000 A. This current is sent through the material
directly, after placing the material in a graphite mold,
under uniaxial loading.

Figure 14 (a) is a SEM micrograph of the polished
surface of a SiC-coated diamond dispersed
WC-10wt%Co composite. It is well sintered and the
diamond particles are uniformly dispersed. The relative
density reaches 99.5 %. The dense composite suggests
that the SiC layer protects the diamond from attack by
molten cobalt and prevents the conversion of diamond
surface to graphite. In contrast, when uncoated diamond
powders are mixed with WC-Co, well-sintered materials
could not be obtained.

Values of Vickers hardness and indentation fracture
toughness measured for the WC-Co with and without
SiC-coated diamond are compared in Table 1. The
Vickers hardness is measured under a 98 N load. The
fracture toughness is evaluated under the same load using
the indentation fracture method. Both sintered composites
show almost the same hardness of ~15.5 GPa. However,
the fracture toughness of the diamond dispersed
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composite was 16.3 MPa + m'?, which is nearly 200 %
higher than that of a WC-10wt%Co itself. Because of the
extremely high hardness (~110 GPa) and high Young’s
modulus (~950 GPa) of diamond, the presence of
diamond particles are expected to impede the crack
propagation. Such an impeding effect against crack
propagations is seen in Fig. 14 (b). The lower thermal
expansion coefficient (~3x10%K)* than that of the
cemented carbide (5.7><106/K)47 and high Young’s
modulus of diamond would produce a high tensile stress
around each diamond particle. Such a high tensile stress
can further enhance the crack deflection.*® No increase in
hardness of the cemented carbide composite with
SiC-coated diamond dispersion could be attributed to
weak bonding between the diamond and cemented
carbide matrix. The diamond dispersed cemented

carbides have a wear resistance ten times higher than that
of the conventional cemented carbides. Such products are
commercialized as super wear-resistant tools in Japan®.

Fig. 14 SEM images of the SiC-coated diamond dispersed
cemented carbide composite (a) polished surface, (b) crack
propagation.

Table 1 Comparison of Vickers hardness and fracture
toughness for cemented carbide sintered with and without
SiC-coated diamond particles.

Materials Vickers hardness (GPa) ion fracture toughness (MPa-m'2)
WC+10wt%Co 154 87

WC+10wt%Co+20vol%

SiC-coated diamond 163

15.5

3.2 Development of SiC-coated carbon nanotubes
/WC-Co composites

MWCNTs have been tested to reinforce various
matrices because they have many unique mechanical and
physical properties'*!®. However, these mnanotubes
become corroded with metals (such as iron, cobalt, and
aluminum) at temperatures above 850 °C. These
shortcomings limit the applications of MWCNTs as
nano-reinforcements. The SiC coating can effectively
protect the diamond from molten cobalt thus allowing
dense SiC-coated diamond dispersed cemented carbide
composites to be successfully fabricated at lower
pressures. If MWCNTSs can be coated with the same SiC
layer, more stable MWCNTs would be produced and
expected to be used as nano-reinforcements for various
matrices. The development of SiC-coated MWCNTs /
WC-Co composites has potential to extend both functions
of MWCNT's and WC-Co.

SiC-coated MWCNTs or non-coated MWCNTSs are
dispersed in isopropylalcohol (IPA) using ultrasonic
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vibration for 5 min. Then the SiC-coated MWCNTs or
non-coated MWCNTSs are mixed with fine WC and cobalt
powders (10 wt% cobalt) in IPA using plastic balls
(10-20 mm in diameter) for 5 h. After ball milling, the
IPA solution is evaporated by stirring using an electric
heater and then dried at 100 °C. The MWCNTs are
uniformly dispersed without aggregation. The mixed
powders are sintered at different temperatures of 950 °C ~
1200 °C, 30 MPa for 5 min under vacuum using PECS.
The content of the SiC-coated MWCNTs is 3 vol%.

The mixed powders of SiC-coated MWCNTs and
WC-10wt%Co are charged in a graphite mold and
sintered by PECS. The sample is heated from room
temperature to sintered temperatures for 20 min. Figure
15 shows the change of relative density of the
WC-10wt%Co and the WC-10wt%Co with MWCNTs
compacts depending on the sintering temperature. The
density of WC-10wt%Co increases with an increase in
sintering temperature and reaches nearly 100 % at
1150 C. On the other hand, the composites of
WC-10wt%Co with MWCNTs are fully sintered at
1050 °C, which is 100 °C lower than the sintering
temperature of WC-10wt%Co itself. The resistance
heating of MWCNTs is capable of accelerating the
sintering process.

The microhardness of the WC-10wt%Co compact
increases by incorporating SiC-coated MWCNTSs except
for the coating at above 1450 °C, as shown in Fig. 16.
The microhardness is measured under a 19.6 N load. It is
reasonable to assume that the hardness is probably
enhanced by the elastic recovery of MWCNTs. The
increase of microhardness by incorporating non-coated
MWCNTs is lower than that by SiC-coated MWCNTs.
This difference of hardness may be due to the corrosion
of non-coated MWCNTs with molten Co and poor
adhesion with the matrix as suggested by Laurent et al.”.

100 ———0—0—@—@—

o
@]
901} .
x o
.%‘ 80| 4
-
-4
g 70r ° 7
&
60 @ @ : WC+H10wt%Co ]
O :MWCNTs/WC+10wt%Co | |

5 2 1 1 1 L 1 2
800 1000 1100 1200 1300
Sintering temperature / °C

Fig. 15 Relation between relative density of WC-10wt%Co
and sintering temperature.

The presence of SiC coating overcomes these problems
because SiC is chemically stable and the SiC granules
can provide an anchor effect. The lower hardness
obtained when SiC-coated MWCNTSs prepared at over
1450 °C are used for reinforcements could be attributed to
the strength degradation of MWCNTSs as a result of high
coating temperatures.
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Fig. 16 Relation between microhardness of the WC-10wt%

Co compacts with MWCNTS, SiC-coated MWCNTS, and
without MWCNTSs and coating temperature.

3.3 Development of SiC-coated carbon nanotubes/SiC
composites

SiC has high heat and oxidation resistance. Therefore,
various applications relating to space developments and
efficient power generators are expected. However, the
low reliability due to the brittle nature of SiC is a critical
problem. MWCNTs may be one of good candidates to
reinforce the SiC matrix if the original strength of
MWCNTs is maintained. The SiC coating is expected to
improve the weak adhesion between MWCNTs and SiC
matrix.

The SiC-coated MWCNTs or uncoated MWCNTs are
dispersed in isopropyl alcohol (IPA) using ultrasonic
vibration for 5 min. The SiC-coated MWCNTs or
uncoated MWCNTs are then mixed with nanometer-sized
SiC (mean diameter of 30 nm) and B,C (mean diameter
of 240 nm) powders in IPA using ultrasonic vibration for
10 min. The B4C is added at 2 wt% as a sintering aid.
After the mixing, the IPA solution is evaporated and the
mixed powders are dried at 100 °C. The MWCNTs are
uniformly dispersed without aggregation. The mixed
powders are sintered at 1800 °C, 40 MPa for 5 min under
a vacuum by means of PECS. The content of the
SiC-coated MWCNTs is varied between 1-5 vol%.

The microhardness of the SiC compact measured under
a 19.6 N load increases by incorporating SiC-coated
MWCNTs, as shown in Fig. 17. The hardness reaches
30.6 GPa for the content of 5 vol% SiC-coated MWCNTs.
This high hardness is considered as an apparent value due



to the elastic recovery of the indentation after loading.
This interesting phenomenon is discussed later. On the
other hand, the increment of hardness by incorporating
uncoated MWCNTs is very low compared with
incorporating SiC-coated MWCNTSs. This behavior may
be due to the poor adhesion with the matrix. The SiC
coating acts as an adhesive to the SiC matrix and the SiC
granules provide an anchor effect. The relatively lower
hardness is obtained when SiC-coated MWCNTSs
prepared at over 1250 °C are used for reinforcements. It is
believed that the high coating temperature causes the
strength degradation of MWCNTs due to the conversion
of MWCNTs to SiC. Figure 18 shows the values of
fracture toughness measured under a 19.6 N load. The
toughness increases to 5.4 MPa-m'? by the dispersion of
SiC-coated MWCNTs, although the data are quite
scattered. The results are attributed to the improvement of
the adhesion between the MWCNTSs/SiC matrix and the
SiC coating. The hardness of the monolithic SiC and the
uncoated MWCNTSs dispersed SiC composite are not
changed in relation with the indentation load, while that
of the SiC-coated MWCNTSs/SiC composite increases up
to 34.3 GPa when the hardness test is carried out under a
9.8 N load. The fracture toughness has a tendency to
increase depending on the decrease of the indentation
load. These results suggest that uncoated MWCNTs do
not act as reinforcements for the SiC matrix due to a
weak interfacial adhesion between the surface of
MWCNTSs/SiC matrix.

Figure 19 shows the SEM and three-dimensional (3D)
images of indentation prints marked by the hardness test
under a 19.8 N. The 3D images are composed in the same
scale to compare the shape of indentation prints. These
images are synthesized with signals of secondary
electrons using four detectors in the 3D-SEM equipment.
The indentation print of the monolithic SiC ceramic is
very sharp reflecting a square pyramidal shape of Vickers
hardness tester. The cracks propagate outward from each
comer of the indent. The MWCNTSs/SIC composite
shows somewhat similar fractography. On the other hand,
the indentation print and the crack propagation of the
SiC-coated MWCNTSs/SIiC composite are very indistinct
and the square pyramidal print cannot be observed in the
3D image. However, the lateral sides of the indent
indicate an elastic deformation. It is difficult to
understand why such a high hardness of 34.3 GPa is
obtained by incorporating only 5 vol% of MWCNTs into
the SiC matrix. If we suppose that the SiC-coated
MWCNTs are tough and exhibit an excellent load
transformation effect, the elastic recovery of the

indentation print would occur and show high hardness .

apparently.

SEM images of the fractured surfaces of a monolithic
SiC ceramic, uncoated MWCNTSs/SiC, and SiC-coated
MWCNTs/SiC are shown in Fig. 20. All samples are
dense and pore-free. For the uncoated MWCNTSs/SiC
composite, pulled-outs of MWCNTs are easily seen
compared with that of the SiC-coated MWCNTs/SiC
composite. These morphological differences of the
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fractured surface indicate that SiC layers on MWCNTs
should improve the weak adhesion between MWCNTs
and the SiC matrix.
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Fig. 19 SEM and 3D images of the indentation: (a) monolithic
SiC, (b) MWCNTs/SiC composite, (c) SiC-coated
MWCNTSs/SiC composite.

Fig. 20 SEM images of
fractured surfaces, (a)
? monolithic SiC, (b)
MWCNTSs/SiC composite,
(c) SiC-coated MWCNTs
/SiC composite.
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4. Conclusions

Nanometer sized B-SiC granules are coated on
diamond particles and MWCNTs uniformly by a new
simple method using SiO. The SiC-coated diamond
particles and MWOCNTs can act as effective
reinforcements to produce new high performance
composites. The results can be summarized as follows

(1) The SiC layer grows in two steps. In the first step, a
thin SiC layer is formed by the direct reaction
between SiO(g) and diamond or MWCNTs. In the
second step, nanometer sized SiC granules are
deposited on the SiC layer by the vapor phase
reaction between SiO(g) and CO(g).

(2) The oxidation resistance of diamond particles and
MWCNTs is remarkably improved by the SiC
coating.

(3) Dense composites of cemented carbide containing
SiC-coated diamond particles can be fabricated
without conversion of diamond to graphite. The
fracture toughness of the composite is two times
higher than that of cemented carbide due to the
deflection and blocking effects against crack
propagations by the dispersed diamond particles.

(4) The microhardness of WC-10wt%Co increases by the
dispersion of SiC-coated MWCNTs. The SiC-coated
MWCNTs treated at 1150 C ~ 1350 °C can act as
nano-reinforcements for WC-Co compacts.

(5) The dispersion of SiC-coated MWCNTSs increases the
microhardness and fracture toughness of SiC. The
SiC coating on MWCNTs at 1150 C is effective in
improving the weak adhesion between MWCNTs and
the SiC matrix. SiC-coated MWCNTSs/SIC
composites show an elastic behavior due to the load
transformation effect of MWCNTs.
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