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Abstract

A Si/SiC ceramic was prepared from cotton fabric by the reactive infiltration of liquid silicon into the carbon template. A large density
difference between the samples has been observed. This may be due to the variation in the pore size and its distribution within the sample. Scanning
electron microscopy with energy dispersive spectroscopy shows the presence of three distinct phases, i.e., SiC, free Si and free carbon. X-ray
diffraction pattern also confirms the presence of SiC and Si phases. However, there is no peak corresponding to carbon. So, it is inferred that the
carbon exists in amorphous form. Micro-hardness, fracture toughness and bending strength of the ceramics were also studied. The values are lower
than commercially available SiC ceramics. This may be due to the highly porous nature of cotton fabric-based SiC, as compared to commercially

available SiC.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon carbide ceramics possess outstanding mechanical,
thermal and electrical properties. Hence these are widely used
in structural, nuclear and semiconductor applications. SiC has
been fabricated by various methods since the invention of
Acheson process. Most generic processes used for the
fabrication of SiC in recent days are hot pressing/hot isostatic
pressing, reaction bonding/reaction forming, polymer pyrolysis
and chemical vapor deposition [1-5]. All the above methods
have their own advantages and limitations. In the last two
decades, a new approach has been developed that has received
particular interest in scientific field, in which the ceramic is
made from a biological structure, such as wood. The SiC
ceramic developed from this route is called biomorphic silicon
carbide. In recent years, properties of this ceramic have been
studied extensively. The main advantages associated with this
process are low cost, renewable raw material (i.e., wood), easy

* Corresponding author. Tel.: 491 44 2257 4767; fax: +91 44 2257 0039.
E-mail address: mbala@iitm.ac.in (M. Balasubramanian).

fabrication of complex shapes and retention of the complex
hierarchical cellular structure in the final product [6—11]. The
combination of the hardness of SiC with the low density and
high flexibility of the biological structure makes biomorphic
ceramics a unique material [12].

In the same way, silicon carbide ceramics can be produced
from cotton fabric, since it is also a carbonaceous material. In
this study, SiC has been produced using cotton fabric and the
resulting product has been characterized for its physical and
mechanical properties.

2. Experimental procedure
2.1. Fabrication

Phenolic resin (PR) powder was purchased from Chemisol
Polymer India limited. Commercially available cotton fabric
was used. In the initial step, 20% phenolic resin solution was
made by dissolving in isopropyl alcohol. Cotton fabric was cut
into the dimensions of 200 mm x 200 mm and treated with
diluted sodium hydroxide solution to remove the starch coating
on the cloth. Cotton fabric laminate was made by hand lay-up
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Fig. 1. Processing scheme of manufacturing of Si/SiC ceramics from cotton fabric.

method using phenolic resin as the matrix. Cotton fabric was
positioned manually one over the other in an open mold, and
resin was poured, brushed over and into the cotton cloth plies.
Entrapped air was removed manually with squeeze rollers. This
process was repeated for several times to get a desired
thickness. Subsequently the laminate was kept in the oven at
130 °C for curing. To avoid any delamination, the laminate was
submerged in a beaker containing phenolic resin solution for
15 min and then cured again at 130 °C. Carbon preforms were
prepared by pyrolyzing the cured cotton fabric laminates under
N, atmosphere in a tubular furnace. A heating rate of 2 °C/min
was used up to 600 °C and a heating rate of 5 °C/min was used
up to 1100 °C. The specimens were held at this temperature for
2 h. The resulting porous carbon preform was infiltrated with
liquid silicon in a vacuum graphite furnace at 1600 °C under
argon atmosphere. The specimens were kept at this temperature

for 2 h to allow complete reaction of silicon with the carbon
structure to form SiC. Fig. 1 summarizes the processing
scheme. The samples made from cotton fabric are shown in
Fig. 2.

2.2. Characterization

The decomposition behavior of phenolic resin and cotton
fabric was studied by thermogravimetric analyzer (TGA) at a
heating rate of 10 °C/min from room temperature to 1000 °C in
inert atmospheric condition. TGA was performed in Netzsch
(STA 409C) thermal analyzer with alumina powder as the
reference sample. The X-ray diffraction (XRD) patterns of
carbon template and porous microcellular SiC ceramics were
recorded using X-ray diffractometer (Bruker, Discover DS)
with nickel filtered Cu Ko radiation. The microstructures were
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Fig. 2. Si/SiC ceramic product from cotton fabric.
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observed with a scanning electron microscope (FEI, QUANTA
200) operated at 30kV and 20 mA and with an optical
microscope. Density was determined by the Archimedes
method.

The flexural strength of the porous SiC ceramics was
determined by four-point bend test using ASTM C 1161. Four-
point bend strength testing was carried out using an Instron
3367 universal testing machine with a span of 50 mm and a
crosshead speed of 0.5 mm min~'. Hardness was measured
with the help of Vickers hardness machine (Matsuzawa Co. Ltd,
Japan, MMT-7). Vickers hardness of the Si/SiC ceramic was
determined according to the ASTM C 1327-03.

In this work, fracture toughness of the Si/SiC ceramic was
determined by indentation fracture toughness technique (IF).
This technique is appropriate for highly brittle materials
[13,14]. Tt is a simple technique and requires only a few
specimens with small dimension; however, it results in high
variation because of difficulties inherent with the accurate
measurement of crack length and subcritical slow crack growth
[15-17]. The indentation fracture toughness determined
according to Anstis equation [18].

Kic = 1.6 x 107 (E/H)'*(P/C3/?)
H = 18544 (P/d?)
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Fig. 3. TGA of cotton fabric.

where P is the load in Newtons, Cj is the crack length from the
center of the indent to the crack tip in (m), E is the Young’s
modulus in GPa and H is the Vickers hardness in GPa. Both a
and Cy in the above equation were measured using optical
microscope.

3. Results and discussion

Thermal decomposition of cellulose produces solid residues,
liquid materials and volatile gases when it is heated without
oxygen. Combustion of cellulose is an oxidation process of the
material under heat, which consumes flammable gases, liquids
and solid residues produced in the pyrolysis of the materials,
and results in excess amount of heat. The pyrolysis of cellulose
is a very complex chemical process and is commonly believed
to involve two different mechanisms. One of them is a process
of dewatering and charring of cellulose, producing water,
carbon dioxide and solid residues. According to the second
mechanism, the cellulose produces nonvolatile liquid L-glucose
by depolymerization, and L-glucose cleavage continues,
producing low molecular weight products, which are more
flammable. If there is oxygen existing, the decomposed
products of L-glucose will be oxidized (fire), generating much
more energy and heat to promote more cellulose cleavage. The
competition between these two reactions exists throughout the
thermal decomposition of cellulose [19-21].

TGA of cotton fiber (Fig. 3) reveals that the pyrolysis of
cellulose fiber occurs in three stages: initial, main and char
decomposition. In the initial stage, where the temperature range
is below 300 °C, the most important changes of the fibers are
some change in physical properties with little weight loss. Here,
the damage of the cellulose occurs mostly in amorphous region
of the polymers. The main pyrolysis stage occurs in the
temperature range of 360—420 °C. In this stage, the weight loss
is very fast and significant. Most of the pyrolysis products are
produced in this stage. L-Glucose is one of the major products,
together with all kinds of combustible gases. Generally
speaking, the pyrolysis takes place in crystalline region of
cellulose fibers in this stage [22].

The char pyrolysis occurs at the temperature above 430 °C.
During this process, dewatering and charring reactions compete
with the production of L-glucose. The mass decomposition
continues to dewater and decarboxylization, releasing more
water and carbon dioxide and producing double bond, carboxyl
and carbonyl products. The carbon content in the decomposed
products becomes higher and higher, and charred residues are
formed. Although the exact temperature ranges of cellulose
pyrolysis may vary depending on the cellulose source and
experimental conditions, the three steps always exist in
pyrolysis of cellulose. The pyrolysis will go from amorphous
regions to crystalline regions in cellulose [23].

The TGA of phenolic resin is shown in Fig. 4. In the case of
phenolic resin, the weight loss is taking place in three stages.
The first weight loss occurs around 80-120 °C. Second stage of
weight loss takes place from 150 to 280 °C. Weight losses
attains maximum between 420 and 980 °C. The weight loss
below 450 °C was caused by the dehydration reaction of
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Fig. 4. TGA of phenolic resin.

phenolic resin, including thermocuring reaction between
hydroxymethyl groups and hydrogen groups within aromatic
rings and the condensation reaction between methylene and
hydroxyl groups [24]. The condensation of aromatic poly-
nuclear structure started to form above 450 °C and developed
above 500 °C, releasing small molecular substances, such as
CHy, H,, CO, CO,, etc. Weight loss at 700 °C was attributed
to further carbonization and dehydrogenation reactions in
phenolic resin [25-27].
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Fig. 5. XRD patterns of (a) carbon preform and (b) Si/SiC ceramics from cotton
fabric.

XRD patterns obtained from carbon preform and Si/SiC
ceramic are shown in Fig. 5. The two broad peaks centered
around 25° and 44° suggest that the carbon preform obtained
from cotton fabric laminate is amorphous. The peaks at 26
values of 28.4°, 47.9° and 56.9° belong to (1 1 1), (22 0) and
(3 1 1) planes of cubic crystalline silicon. XRD peaks around 26
values of 35.6°, 41.4°, 60.8° and 72.4° are from (1 1 1), (2 0 0),
(220) and (311) planes of cubic silicon carbide (3-SiC),
respectively. The peaks of carbon are not present in XRD
profile of the Si/SiC ceramics (Fig. 5b). a-SiC phase is not
found in this XRD pattern. It can be inferred that the highly
localized exothermic reaction between liquid Si and carbon
does not lead to temperatures higher than 2000 °C, because the

Fig. 6. SEM micrographs of (a) carbon single filament from cotton fiber; (b) carbon fiber bundle from cotton fabric; (c) cross-section of carbon preform from cotton

fabric laminate; (d) fracture surface of Si/SiC ceramic from cotton fabric.
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Fig. 7. EDAX analysis of Si/SiC ceramic.

B — « transformation does not take place. The results show
that the resulting porous products are essentially constituted of
SiC of cubic type (B-SiC) [28].

Fig. 6a shows the SEM micrograph of single carbon filament
derived from cotton fiber. Its diameter varies from 13 to 15 pwm
and its surface is more irregular as compared to the
commercially available carbon fiber. The carbon fiber bundle
obtained from the cotton fabric is shown in Fig. 6b. The cross-
section of the pyrolysed cotton fabric laminate is shown in
Fig. 6¢. Pores in the laminate are multimodal pores and some of
the pores are elliptical in shape. Its length is around 200 pm.
The microstructure of Si/SiC ceramic derived from the above
laminate is shown in Fig. 6d. It clearly shows that the large
pores are still open and the fiber bundles are surrounded by free
silicon and free carbon.

Fig. 7 clearly shows the presence of three distinct phases in
the ceramics. The near white, light grey and dark grey regions
are free silicon, silicon carbide and free carbon, respectively.
Those regions are subjected to EDAX analysis (shown in
Fig. 7). It shows that the free silicon regions (near white) are

enriched with 70 wt% of silicon and trace quantity of carbon.
Similarly the carbon and silicon wt% in the SiC regions (light
grey) are 47 and 52%, respectively. In the free carbon region
(dark grey), the carbon wt% is around 90. It is inferred that the
carbon which formed from cotton fiber is completely
transformed into SiC. On the other hand, the carbon which
formed from phenolic resin remains unreacted.

The carbon preform has multimodal pore size distribution.
Some of the regions in the samples are packed with large
size pores. In those regions, capillary action failed to fill the
pores with free silicon. On the other hand, area with small
pores of size less than 90 pm is completely filled with free
silicon. Hence the density of the individual bars varies from
2.15 to 2.58 g/lem® with an average of about 2.36 g/cm’.
Similarly the porosity of the individual bars is varying from
7 to 18%.

The hardness values from the indentation test are given in
Table 1. The areas of SiC are large enough to make an
indentation easily. The average Vickers hardness value of all
SiC areas is 1811, which is significantly lower than the
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Table 1

Average vickers hardness values at the three regions

SiC region 1811 £ 55
Si region 899 + 57
Free carbon region 365 + 45

expected value, probably due to the difference in densities of
the infiltrated sample. The areas with excess Si were also
subjected to hardness measurement. The average hardness
value for Si region is 899, which is closer to the reported
hardness values of 950-1150. Free carbon present in the
samples is amorphous and it has the hardness value of 345.

To measure the fracture toughness of the Si/SiC ceramic,
five indentations in the SiC regions have been made. The
measured toughness values varied from 0.97 to 1.57 MPa\/ m
which is much lower than the reported sintered SiC fracture
toughness values. This may be due to the density difference
between the Si/SiC and sintered SiC ceramics.

The flexural strength of the samples is varying from 135 to
169 MPa. This inconsistency is due to the inhomogeneous
porosity distribution within the samples. The final materials are
not completely dense and the porosity within the samples is
believed to act as the failure origin. SEM fractograph (Fig. 6d)
clearly shows that the failure origin is the pores within the
samples. In addition to the porosity, large pockets of silicon are
likely to be detrimental to the materials in several ways.
Because, the fracture toughness of silicon is 1 MPa\/ m and any
small flaw in silicon packets may drastically reduce the flexural
strength of the ceramic [1].

4. Conclusion

Si/SiC ceramic was prepared from cotton fabric by the
reactive infiltration of liquid silicon into the carbon template.
The final SiC ceramic composed of three major phases such as
crystalline B-SiC, free silicon and free carbon. The resulting
ceramic possessed lower flexural strength compared to
conventionally produced silicon carbide. The unfilled multi-
modal pores may act as failure origin and thus lead to lower
flexural strength. Careful control on pore size and its
distribution within the samples while making laminate may
be helpful to increase the strength. This process is fairly cheap
because of inexpensive starting materials and a renewable
resource. The ceramic produced by this method is suitable for
non-load bearing applications.
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