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Abstract The oxidation resistance of the carbon—ceramic
composites developed using green coke-based carbon and
carbon black as carbon source, boron carbide, and micro-
and nano-silicon carbide was carried out in the temperature
range of 800 to 1,200 °C. Silicon carbide particulate as
such and silicon carbide obtained by the reaction of green
coke and silicon provided micro silicon carbide while sili-
con and carbon black and sol-gel silica and carbon black
used as silicon carbide precursors led to the formation of
nano-silicon carbide. The oxidation resistance of these
composites at 800 to 1,200 °C for 10 h showed that the size
of the silicon carbide influenced the oxidation resistance.
The weight gain due to protective coating formed on oxi-
dation was higher in composites containing nano-silicon
carbide as compared to the composites containing micro
silicon carbide.

Introduction

Carbon-based materials like graphite and carbon—carbon
composites have many potential applications in aerospace,
defense, and industrial sectors due to their unique prop-
erties like light weight, high strength, high corrosion
resistance, and high thermal conductivity [1]. The use of
these materials for high temperature application is limited
due to their susceptibility to oxidation at temperatures as
low as 450 °C. To devise the solution to this problem,
many attempts were made to coat the carbon material
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with oxidation inhibitors and also to dope them with
phosphorus and boron containing compounds [2-5]. The
coating technique is known to suffer from the disadvan-
tage of developing cracks on heating resulting from the
mismatch of co-efficient of thermal expansion between
the coating material and the substrate namely the carbon
material, while the doping technique could protect oxi-
dation only up to 700 °C. To overcome the above said
problems and to develop oxidation resistant carbon
material, incorporation of oxidation resistant carbides
namely silicon carbide (SiC) and boron carbide (B4C) into
the substrate during their processing was tried and this
method led to the development of oxidation resistant
carbon—ceramic composites [6-8]. The authors have also
developed carbon—ceramic composites by heating in inert
atmosphere, NPL developed coal tar pitch-based green
coke (GC), silicon (Si), and B4C at 2,200 °C, which could
withstand oxidation at 800-1,200 °C for about 10 h [9].
In the present investigation, the authors report the
development of oxidation resistant C-SiC-B4C compos-
ites through the in situ formation of nano-SiC in these
composites using Si and carbon black (CB) and also sol—
gel silica and CB as SiC precursors at the heat treatment
temperature of 1,400 °C. In addition, carbon—ceramic
composites developed using the same processing condi-
tions with GC-SiC particulates (micro size) and B,C and
also with GC and Si, which also leads to the formation of
micro-SiC and B4C, were also studied for the oxidation
resistance for comparison purpose.

Experimental

Nano-SiC was developed using Si and CB and the oxida-
tion resistant carbon—ceramic composites containing
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micro- and nano-SiC were developed using different types
of routes, which are described below:

Development of nano-SiC (Batch A)

Carbon black and Si in mole ratio of 1:1 were ball milled in
tungsten carbide (WC) jar for about 4-5 h and made into
pellets using a phenolic resin (5%) as binder and heat
treated up to 1,400 °C employing the heating rate of
100 °C/h up to 1,000 °C followed by 30 °C/h up to
1,400 °C in argon atmosphere and kept at 1,400 °C for 2 h
and cooled to room temperature in argon atmosphere to
obtain nano-SiC. The product was oxidized at 700 °C in air
to determine the unreacted CB, if any, in the final product.

Development of C—nano-SiC-B,4C (Batches B-1
and B-2)

The GC was developed at NPL by suitable heat treatment
of coal tar pitch, which was then ball milled into a fine
powder. The characteristics of the coal tar pitch and GC are
given in Table 1. Commercial rock Si of 99.1% purity
(impurity contents as provided by the supplier are given in
Table 2) was ball milled in a WC jar with 20 balls for
about 6 h to get Si powder having particle size of 7 um.
The B4C powder of purity 99% and size 2 pm whose
chemical analysis (provided by the supplier) given in
Table 3 was used in present studies. The GC powder, CB,
Si, and B4C powders were weighed in a definite proportion
of 50.48:8.45:20:20 and 42:13:30:15 (by weight), respec-
tively, to form two batches (B-1 and B-2), which were ball
milled for 6 h in a high speed ball mill (250 rpm, power
20%). The mixture was molded into rectangular plates of
the size 40 mm x 10 mm X 5 mm using a conventional
hydraulic press at a pressure of 1,400 kg/cm?. These green

Table 1 Characteristics of precursor coal tar pitch and the resulting
green coke

Characteristics Precursor coal Green coke
tar pitch (92 mix)

Softening point (°C) 86.6 -
Specific gravity 1.27 -
Quinoline insoluble content (%) 0.2 96.8
Toluene insoluble content (%) 22.6 98.9
Coking yield (%) 43.8 90.2
Volatile matter (%) 56.2 8.8
Impurities in green coke

% (EDAX)

Iron 0.35

Silicon 0.34

Sulfur 0.44

Calcium 0.15
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rTOil])(l(;ilzicocnhf(:rsni;cal analysis of Impurities Quantity
Iron 0.75%
Aluminum 450 ppm
Nickel 5 ppm
Copper 30 ppm
Calcium 750 ppm
Zinc 50 ppm
Sodium 40 ppm
Boron 20 ppm
Titanium 50 ppm
Manganese 5 ppm
Phosphorous Not detected
T3l o e oy
(%)
Boric oxide <0.1
(B203)
Iron <0.5
Silicon <0.25
Manganese <0.02
Calcium <0.01
Aluminum <0.02
Titanium <0.002
Copper <0.002
Cobalt <0.002

plates were carbonized at 1,000 °C in argon employing a
heating rate of 20 °C/h up to 250 °C, 10 °C/h up to 750 °C,
and 15 °C/h up to 1,000 °C. The carbonized plates were
further heat treated up to 1,400 °C by employing the
heating rate of 100 °C/h up to 1,000 °C and 30 °C/h up to
1,400 °C in argon atmosphere and kept at 1,400 °C for 2 h
followed by cooling to room temperature in argon atmo-
sphere to get C—nano-SiC-B,C composites.

Development of C—nano-SiC-B,4C through
sol—gel technique (Batch C)

Sol-gel silica was prepared by hydrolyzing tetraethylor-
thosilicate (TEOS) with rectified spirit, and water. TEOS,
rectified spirit, and water were mixed in 1:4:4 ratios and
stirred for about 8 h in the magnetic stirrer, to get silica sol,
which was kept overnight for gelling. The silica gel thus
was dried at 40 °C to get sol-gel silica. The sol-gel-
derived silica was mixed with GC, CB, and B,C powders in
definite proportion (Table 6, Batch C) and ball milled for
6 h using WC jar in a high speed ball mill. The mixture so
obtained was molded into plates of 40 mm x 10 mm x
5 mm size, carbonized and heat treated up to 1,400 °C in
argon gas as in the case of Batch B to get C—nano-SiC-B,C
composites.
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Development of C—micro-SiC-B,4C using green coke
(GC), Si or SiC, B4C powders (Batches D-1, D-2, E-1,
and E-2)

Two batches D-1 and D-2 containing weight proportion of
60:20:20 and 55:30:15 of GC, Si, and B4C as well as two
other batches E-1 and E-2 containing weight proportion of
50:28.6:20 and 40.7:42.9:15 of GC, SiC (7 um), and B4,C
powders, respectively, were prepared and ball milled in
separate lots, molded into plates of 40 mm x 10 mm
x 5 mm size. The green plates were then heat treated as
mentioned above to 1,000 °C and then to 1,400 °C in argon
as mentioned above to get C—micro-SiC-B,4C composites.

Characterization

The SiC prepared by the reaction between Si and CB
(Batch A) and the C—SiC-B4C composites (Batches B-1, C
and D-1) developed were characterized by X-ray diffrac-
tion technique employing D-8 Advanced Bruker Powder
X-ray diffractometer using CuKo radiation (4 = 1.5418 A)
spectrometer. The surfaces of nano-SiC (Batch A) oxidized
at 800, 1,000, and 1,200 °C were also examined by XRD
technique. The surface morphology of the samples was
determined by scanning electron microscopy (SEM, LEO-
440) and transmission electron microscopy (TEM, Jeol
JEM 2000 CX).

The oxidation resistance studies of the carbon—ceramic
composites so developed were carried out by cutting
specimen of size 12 mm X 3 mm X 5 mm from the
composites. The samples specimen were first heated up to
the required temperatures (800, 1,000, and 1,200 °C) in
argon followed by heating in air for the specified period (5,
10 h) and then cooled in argon up to room temperature and
weighed again to observe the weight change. The SiC
pellets prepared by heat treatment of Si and CB (Batch A)
were also subjected to oxidation resistant studies at 800-
1,200 °C to see the effect of oxidation on nano-SiC.

Results and discussion
Characteristics of precursors

The characteristics of the coal tar pitch and the GC derived
from it are given in Table 1. It is seen from the Table 1 that
precursor coal tar pitch had a low quinoline insolubles (QI)
content (0.2%), low toluene insolubles (TI) content
(22.6%), and low coking yield (43.8%) compared to self-
sintering GC powder having high QI content (96.8%), high
TI content (98.9%), and high coking yield (90.2%). This is
due to the removal of volatile matter (on pyrolysis to
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470 °C) and also the polymerization and condensation
reactions taking place among the various molecular species
of the coal tar pitch. Thus, volatile matter was reduced
from a value of about 56.2% for the precursor coal tar pitch
to a value of 8.8% for the self-sintering (GC) powder.

It is seen from Table 1 that the GC also contained
impurities like iron and Si, which could have been intro-
duced into it from the metallic equipment employed during
the processing of coal tar pitch. The impurities present in Si
and B,4C used in the present investigations are given in
Tables 2 and 3, respectively. It is seen from these values
given in Tables 2 and 3 that Si also contained metallic
impurities while B4C had both metallic as well as boric
oxide impurities. The impurities especially iron and boric
oxide could influence both the melting of Si and the for-
mation of nano-SiC.

X-ray analysis

The X-ray patterns of nano-SiC derived by the reaction
between Si and CB and of different composite materials
(Batches A, B-1, C and D-1) are given in Fig. la—d. The
patterns showed characteristic peaks of [-SiC at
20 = 35.5°, 60°, and 72° confirming the formation of
f-SiC by the reaction between Si and CB (Batch A and
Batch B-1), sol-gel silica, and CB (Batch C) and also
between Si and GC (Batch D-1). The X-ray patterns
(Fig. 1a) of SiC (Batch A) derived by the reaction of Si
and CB alone did not show characteristic peaks either due
to excess carbon or Si thereby showing that both the CB
and Si had completely reacted. This is also in agreement
with recent results of Prabhakaran et al. [10] who also
observed that the X-ray powder patterns of nano to sub-
micron size SiC prepared by heat treating phenol-furfur-
aldehyde and Si did not reveal peaks either due to Si or
resin-derived carbon, which indicates that complete
reaction takes place between Si and the carbon source
provided stoichiometric quantities of Si powder and car-
bon are employed for the synthesis of SiC.

Oxidation resistance studies

The results of the oxidation resistance studies on SiC
developed using Si and CB (Batch-A) and of commercial
SiC powder (7 um) are shown in Table 4. The oxidation
resistance of carbon—ceramic composites developed with
GC-CB-Si-B4C (Batches B-1 and B-2), GC-CB-sol gel
silica-B,C (Batch C), GC-Si-B4C (Batches D-1 and D-2),
and GC-SiC-B4C (Batches E-1 and E-2) are given in
Tables 5, 6, 7, and 8, respectively. It is seen from the
values listed in these tables that all the composites devel-
oped by taking different precursors for SiC showed weight
gain on oxidation at 800 °C instead of weight loss. The
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Fig. 1 X-ray diffraction pattern of a SiC synthesized from Si and CB
(Batch A), b C-nanoSiC-B4C (Batch B-1, nano-SiC derived from Si
and CB), ¢ C-nano-SiC-B,4C (Batch C, nano-SiC derived from sol—
gel silica and CB) and d C-micro-SiC-B,C (Batch D-1, micro-SiC
derived from Si and GC)

weight gain is due to the formation of B,O5 [9, 11, 12] by
the oxidation of B4C in air according to the reaction.

B4C + 402 — 2B203 + COz. (1)

It is also seen that the weight gain during oxidation at
800 °C for 10 h is more in composites developed with Si—
CB (Batch B-1) and sol—gel silica—CB as SiC precursors
(Batch C), i.e., 2.82% and 1.26%, respectively, as com-
pared to the one developed with Si—GC (as SiC precursor
Batch D-1) and SiC powder (Batch E-1), i.e., 0.75% and
0.26%, respectively. The increase in the weight gain in the
composites developed with CB as carbon source for SiC
may be attributed to the formation of nano-SiC since all
other constituents are the same in these composites except
the SiC precursors. This observation is supported by the
weight gain of the 0.47% observed on the oxidation of
nano-SiC pellet (Batch A) at 800 °C for 10 h (Table 4). It

Table 5 Oxidation resistance of carbon—ceramic composites using
Si, GC, and CB as SiC precursor

Batch Composition (g) Weight change (%)

800 °C 1,000 °C 1,200 °C
B-1 GC-CB-Si-B,C 234 (5h) 0435 h) —-0.61(5h)
50.48-8.45-20-20 2.82 (10 h) 0.41 (10 h) —0.71 (10 h)
B-2 GC-CB-Si-B4,C 3.84 (5h) 29 (5 h) 2.88 (5 h)
42-13-30-15 448 (10h) 295 (10h) 327 (10 h)

Table 6 Oxidation resistance of carbon—ceramic composite using
sol—gel silica, GC, and CB as SiC precursor

Weight change (%)
800 °C 1,000 °C

Batch Composition (g)

1,200 °C

C GC-CB-SiO>-B,C 1.16 (5h) —697 (5h) —7.66 (5 h)
25-4.5-22-10 1.26 (10 h) —7.25 (10 h) —7.83 (10 h)

Table 7 Oxidation resistance of carbon—ceramic composites using Si
and GC as SiC precursor

Batch  Composition (g) Weight change (%)
800 °C 1,000 °C 1,200 °C
D-1 GC-Si-B,C 063(5h) 038(5h) 033(5h)
60-20-20 0.75(10h) 0.35(10h) 0.33 (10 h)
D-2 GC-Si-B4,C 081 (5h) 0.66(5h) 0.62(5h)
55-30-15 1.09 (10 h) 0.65 (10 h)  0.69 (10 h)

Table 8 Oxidation resistance of carbon—ceramic composites using
SiC particulate

Batch Composition (g) Weight change (%)

800 °C 1,000 °C 1,200 °C
E-1 GC-SiC-B,C 0.19(5h) 015G h) —-0.28 (5h)
50-28.6-20 0.26 (10 h) 0.18 (10 h) —0.36 (10 h)
E-2 GC-SiC-B4C 0.17(5h) 014 (S h) 037 (5h)
40.7-42.9-15 0.20 (10 h)  0.14 (10 h) 0.49 (10 h)

also appears from the values given in Tables 5, 6, 7, and 8
that the smaller the size of SiC greater is the weight gain.
This observation is supported by the SEM and TEM

Table 4 Oxidation resistance of nano-SiC from Si and CB as SiC precursor and commercial micro-SiC powder

Batch Composition (g) Weight change (%)
800 °C 1,000 °C 1,200 °C
A CB-Si 041 (5h) 17.81 (5 h) 21.12 (5 h)
24-56 0.47 (10 h) 20.22 (10 h) 24.74 (10 h)
Micron sized SiC Commercial SiC powder (7 um) 0.0 (5 h) 4.0 (5 h) -
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analysis (explained in detail under sub-heading SEM and
TEM studies), which revealed that the size of nano-SiC
with sol-gel silica and CB as SiC precursor in batch C is
smaller than the SiC developed with Si and CB (Batch A
and B-1); thereby confirming our above observation that
the nano-SiC and their size influence the oxidation of
composites. Further, it is learnt from the literature [13, 14]
that nano-SiC is extremely sensitive to oxidation and due to
its small radius gets oxidized at lower temperature (around
700 °C instead of 950 °C) to give silica, which also adds to
the weight gain resulting from the oxidation of B4C. To
confirm this, SiC synthesized by reaction between Si and
CB (Batch A) was also oxidized at 800 to 1,200 °C for
10 h and the results are given in Table 4. It is seen from the
values listed in Table 4 that SiC (Batch A) on oxidation at
800, 1,000, and 1,200 °C showed a weight gain of 0.47,
20.22, and 24.74%, which indicate that due to the nano
sized SiC the initiation of oxidation of SiC to SiO, starts
around 700-800 °C and maximum amount of SiO, is
formed around 1,000 °C:

Heat > 950°C

Micro SiC+ 0, — — SiO0; +CO; T, (2)
Nano SiC + 0,"* 21" 5i0, + €0, 1 . (3)

It is important to mention here that micron SiC powder
(7 um) used in Batches E-1 and E-2 did not show any
weight gain on oxidation at 800 °C for 5 h but exhibited
4% weight gain upon oxidation at 1,000 °C for 5 h
(Table 4). This is in agreement with the observations of
Quanli et al. [15] who reported the initiation temperature of
oxidation of 1.2 um sized SiC is around 843 °C with the
weight gain of around 10-11% on oxidation at 1,100 °C for
2 h while the initiation temperature of oxidation for 0.2 pm
sized SiC is 783 °C with the weight gain of 17-18% on
oxidation at 1,100 °C for 2 h. The above results show that
both the initiation temperature of oxidation and the reaction
rate attributing to the weight gain due to the formation of
SiO, are dependent on the radius of the SiC particles.
Further these authors also observed that oxidation of nano-
SiC is faster than the micro sized SiC and the weight gain
of the nano-SiC powder was about three times that of
micron sized SiC. The oxidation activation energy of nano
sized SiC is lesser (82.64 kimol™') than that
(110.74 kJmol ") of micro-sized SiC and the weight gain
due to oxidation of SiC increases with decreasing particle
size of SiC powders. The weight gain at 800 °C due to the
oxidation of nano sized SiC having the average particle
size of 0.2 um is around 1% as reported by Quanli et al.
[15] and the weight gain value of 0.47% obtained in the
present investigation on oxidizing nano sized SiC particles
having average particle size of 0.4 pm (please see Fig. 3a)
is very much in agreement with these results. To confirm
the formation of SiO, through the oxidation of nano-SiC,

@ Springer

the surfaces of the nano-SiC oxidized at 800 and 1,200 °C
were subjected to X-ray studies and the patterns are given
in Fig. 2a—c. It is seen from these pattern that the peak due
to SiO, around 26 = 22° is not prominent in the nano-SiC
oxidized at 800 °C (Fig. 2a) since the amount of SiO,
formed at 800 °C is only 0.47% while the intensity of the
peak attributable to SiO, at 20 = 22° increases with
increase in the oxidation temperature and prominent peak
due to SiO, were clearly visible in the X-ray patterns of the
nano-SiC oxidized at 1,000 and 1,200 °C (Fig. 2b, c). All
these results support the increased weight gain at 800 °C
noticed in composite batches B-1, B-2, and C as compared
to the weight gain observed on the oxidation of the com-
posite batches D-1, D-2, E-1, and E-2. The weight gain is
expected to be maximum in composites having CB and Si-
derived nano-SiC, and thus the same is observed in this
investigation. It is important to mention here that the
weight gain in Batch C, which also has sol-gel-derived
nano-SiC was lesser than the weight gain observed for
Batch B, which is probably due to the incomplete forma-
tion of SiC in Batch C and also the oxidation of unreacted
CB, which was accompanied by weight loss.

The oxidation of composites at 1,000 °C for 10 h also
led to weight gain of 0.41%, 0.35%, and 0.18% in com-
posite batches B-1, D-1, and E-1, respectively. This is

—_
)
=
=
=
=
=
)
-
)
=
k7]
=
D
=
=
—
Sioz
(0)
B sic
J B SiIC g sic
i A‘;:w
T T T T T T T 1
10 20 30 40 50 60 70 80 20

26 (degree)

Fig. 2 Surface X-ray analysis of nano-SiC (Batch A) oxidized at a
800°C, b 1,000 °C, and ¢ 1,200 °C
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attributed to the combined effect of B4C oxidation as
explained above and to the partial decomposition of SiC
into SiO, and CO,, which is reported to start around
950 °C for micro-SiC and around 700 °C for nano-SiC
[7, 9, 11, 14] as per the reaction

SiC + 20, — SiO, + COs. (4)

The weight gain observed on oxidation of the composites
(Batch B-1, B-2, D-1, D-2, E-1, and E-2) at 1,000 °C was
less than the values obtained on oxidation at 800 °C. This
difference in weight gain between 800 and 1,000 °C is due
to the volatilization of B,O5 [11, 16, 17] formed from the
oxidation of B4C (Eq. 1). The composites developed with
sol—gel silica (Batch C) showed 7.25% weight loss for 10 h
at 1,000 °C (Table 6), which is due to the incomplete
formation of SiC from sol-gel silica since unreacted carbon
in the composite (CB) is expected to get oxidized leading
to the weight loss, which is supported by our earlier
observation in which the SiC-derived through sol-gel
technique always contained unreacted carbon and silica
[18, 19]. Further, it is noticed from the X-ray patterns of
the composites (Batches B-1, C, and D-1) that the intensity
of the carbon peak in the composite developed by using
sol—gel silica as SiC precursor (Batch-C, Fig. 1¢) was more
as compared to the intensity of the carbon peaks observed
in the X-ray patterns of batches B-1 and D-1 (Fig. 1b, d),
which were developed using Si and CB and Si and GC as
SiC precursors, respectively, and this increase in intensity
for the carbon peak in the X-ray pattern of Batch C is due
to the unreacted CB in the composite developed through
sol-gel process.

The oxidation resistance of composites at 1,200 °C also
followed the same trend. The weight loss was not signifi-
cant for batches B-1 (0.71%) and E-1 (0.36%) for 10 h
(Tables 5, 8). It is also seen from Table 6 (Batch C) that
the weight loss was very high (7.83%) as compared to the
values observed for B-1 and E-1, which is also attributed to
the incomplete formation of nano-SiC that is expected to
get oxidized to glassy layer of SiO, around 700 °C [16]
and in turn will form protective glassy borosilicate layer
around 1,200 °C. The incomplete formation of nano-SiC
could not produce sufficient quantity of borosilicate layer
to inhibit oxidation at 1,200 °C. The values listed in
Table 5 for batch B-2, Table 7 for batches D-1 and D-2,
and Table 8 for batch E-2 showed weight gain of 3.27%,
0.33%, 0.69%, and 0.49%, respectively, for 10 h. This
weight gain in the case of composites D-1 and D-2 (0.33%
and 0.69%) developed with Si is due to the formation of
dense SiC through the melting of Si followed by its reac-
tion with GC-based carbon. The weight gain observed in
batch E-2 was due to the increased amount of SiC

(42.9 gm) as compared to E-1 (28.6 gm) batch because in
case of E-2 more quantity of SiO, will be formed on oxi-
dation in the temperature range of 950 to 1,200 °C. It is
observed from the values given for oxidation resistance at
1,200 °C for batches B-2, D-1, D-2, and E-2 that the
weight gain is maximum in the case of B-2 (3.27%), which
is attributed to the increased amount of Si added during
processing (Table 5) of the composite that led to increased
quantity of nano-SiC. It is already mentioned that in the
case of nano-SiC, the oxidation of the SiC starts at lower
temperature (700 °C) and it is completed around 1,000 °C
(Table 4). The silicon oxide formed around 1,000 °C
combines with B,0O; to form silica-rich borosilicate layer.
These values also support our earlier observation that nano
sized SiC formed in composites influence the oxidation
resistance.

SEM studies

The SEM micrographs of the composites as such and the
composites oxidized at 800 °C are given in Fig. 3b—f. The
SEM of SiC derived by reacting Si and CB at 1,400 °C in
argon is also given for comparison in Fig. 3a. It is seen
from Fig. 3d that composites developed with GC-Si—B,C
(Batch D-1) contain SiC particles of the size 1-2 pum along
with B4C and carbon particles, whereas SiC nano rods and
nano fibers were clearly seen in composites developed with
Si and CB (Batch B-1) and sol—gel silica and CB (Batch C)
as revealed by the SEM micrographs given in Fig. 3b and
c, respectively, thereby showing that nano-SiC is incor-
porated in these composites. The size of the nano-SiC in
composites developed using sol-gel-derived silica (Batch
C, Fig. 3c) as Si source was much smaller (50-150 nm) as
compared to the size of SiC in composites in which SiC is
derived from Si and CB, Fig. 3b (150-300 nm). The
branching of the rods was also visible in the composites
developed with Si and CB (Batch B-1) and sol-gel silica
and CB (Batch C) as nano-SiC precursors and the
branching is attributed to the meeting of the ends of two
nano rods, which can initiate the further growth of the nano
rods from the junction [20]. The micrographs of the com-
posites developed with GC—sol-gel silica—CB-B4C (Batch
C, Fig. 3c) showed nodules, which is attributed to the
unreacted silica that also indicated that SiC formation was
not complete in this composite that led to the weight loss of
the composites at 1,000 and 1,200 °C (Table 6). The
micrographs of SiC synthesized by the reaction between Si
and CB (Fig. 3a, Batch A) and of the composites in which
Si and CB (Fig. 3b, Batch B-1) were used as SiC precursor
did not show CB, thereby, showing the complete reaction
of Si and CB, which is in agreement with the X-ray result
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Fig. 3 Scanning electron micrographs of a Nano-SiC synthesized from
carbon black and silicon (Batch A), b carbon—ceramic composite
(Batch B-1, nano-SiC derived from Si and CB), ¢ C-nano-SiC-B4C
(Batch C, nano-SiC derived from sol—gel silica and CB), d C-SiC-B,C

(Fig. 1a) that confirmed the complete reaction between CB
and Si. It is also seen from the micrographs that SiC pre-
pared by treating Si and CB (Fig. 3a, Batch A) showed
only SiC nano particles of the size (80-700 nm) while in
composites (Batch B-1) SiC nano rods are formed, which
can be attributed to the catalytic effect of boric acid present
in the commercial grade B,C (Table 3). The GC, com-
mercial Si, and B4C powder contain other metallic
impurities like iron (Tables 2, 3), which initiates the
growth of SiC nano rods. It is also well known that boric
acid acts as a catalyst in the carbo-thermal reduction of
silica [18, 21] that proceeds through the formation of SiO
as given in the following reaction

Si0;(s) + C(s) — SiO(g) + CO(g), (5)
SiO(g) + 2C(s) — SiC(s) + CO(g), (6)
SiO(g) + 3CO(g) — SiC(s) + 2CO,(g), (7)
3Si0(g) + CO(g) — SiC(s) + 2Si0;(s), (8)
COx(g) + C(s) — 2CO(y), )
The overall reaction is

Si0,(s) + 3C(s) — SiC(s) + 2CO(g). (10)

The reaction given in Eq. 5 is the crucial step and a solid—
solid reaction [19-21]. In the present investigation, com-
mercial Si employed as SiC precursor melted around
1,400 °C and reacted with surface oxygen present in CB to
give SiO, which reacted with carbon to give SiC [22]. It
may be mentioned here that the presence of SiC nano fibers

@ Springer

(Batch D-1, SiC is derived from Si and GC), e C-nano-SiC-B,C (Batch
B-1, nano-SiC derived from Si and CB) oxidized at 800 °C for 10 h, and
f C-SiC-B4C (Batch D-1, SiC derived from Si and GC) oxidized at
800 °C for 10 h

in the sol-gel-derived SiC is due to the nano sized silica
obtained through sol—gel process, which reacted with CB
containing nano sized carbon particles to give SiC nano
fibers. It was reported by the authors in the earlier com-
munications that the sol-gel-derived silica blended with
poly carbonate, polyphenylene oxide—polystyrene (PPO—
PS) blended polymer and pitch on heat treatment to
1,400 °C in argon yielded SiC nano fibers and nano rods
[23-25].

The SEM of the composites (Batch B-1 and D-1) oxi-
dized at 800 °C (Fig. 3e, f) showed the formation of glassy
B,0;. Oxidation of B4C starts around 500 °C to form
glassy B,O3 and the complete decomposition takes place
around 800 °C. The formation of glassy layer over the SiC
nano rods was also seen in the oxidized composites
(Fig. 3e) developed with GC-Si—-CB-B4C (Batch B-1).
The glassy B,O3 covered the surface of the composites and
being impermeable to oxygen prevented the oxidation.

TEM analysis

Transmission electron microscope photographs of SiC syn-
thesized with CB and Si (Batch A) and the composite
developed with GC-Si—-CB-B4C (Batch B-1) is given in
Fig. 4a—c. It is seen from Fig. 4a that the nano-SiC particles
having the size of 15-80 nm were present in the nano-SiC
synthesized by the reaction between Si and CB (Batch A). It
is also observed that neither nano rods nor nano fibers were
seen in the sample. The TEM of the composite (Batch B-1,
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Fig. 4 Transmission electron
micrographs of a Nano-SiC
synthesized from carbon black
and silicon (Batch A) and b and
¢ C-nano-SiC-B,C (Batch B-1,
nano-SiC derived from Si and
CB)

Fig. 4b) showed nano rods having diameter in the range 50—
130 nm. These nano rods showed the stacking faults, which
are generally seen in nano-SiC and in SiC whiskers [26]. The
TEM of the SiC and the composites (Fig. 4a, b, c¢) did not
show CB or Si, which is in close agreement with the SEM and
X-ray results that excluded the presence of excess of CB
and Si.

Conclusion

Nano-SiC incorporated composites (C—nano-SiC-B4C)
could be developed by employing CB and Si as well as sol—
gel silica and CB as SiC precursors, whereas micro-SiC
incorporated composites were developed using GC-derived
carbon and Si and SiC particulates. The oxidation resis-
tance studies of the nano-SiC incorporated composites
(from CB or sol-gel silica) and of the composites devel-
oped by using Si and GC as micro-SiC precursor and also
by using micro-SiC particulate showed that nano sized SiC
influenced the oxidation of composites and exhibit better
oxidation resistance at 800-1,000 °C as compared to the
composites, which have micron sized SiC. The sol-gel-
derived composite were unable to protect oxidation at
1,000 and 1,200 °C due to the incomplete formation of
SiC.
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