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Abstract: The effects of the addition of silicon carbide and sintering temperatures on the physical and mechanical properties of
sintered ceramic composite produced from kaolin and graphite was investigated. The kaolin and graphite of known
mineralogical composition were thoroughly blended with 4 and 8 (vol.) % silicon carbide. From the homogeneous mixture of
kaolin, graphite and silicon carbide, standard samples were prepared via uniaxial compaction. The test samples produced were
subjected to firing (sintering) at 1300°C, 1400°C and 1500°C. It was observed that increase in sintering temperature beyond
1400°C generally lead to reduced porosity of the samples; high contents of silicon carbide especially at temperature from and
above 1400°C lead to higher porosity; cold crushing strength of samples with 4% SiC is seen to be better than those of samples

with 8% SiC within sintering the temperature range of 1400°C and 1500°C; modulus of elasticity of both samples reached the
maxima values at 1400°C but those of samples with 8% SiC is seen to be higher within the sintering temperature range of 1400°C
and 1500°C; absorbed energy of both samples generally increased with increased sintering temperature; oxidation indices for
both samples reach the maxima at the temperature of 1400°C but the resistance to oxidation is better for samples with 4% SiC
within the sintering temperature range of 1400°C and 1500°C. It was concluded that samples with 4% SiC at the sintering
temperature of 1400°C exhibit better property and is considered to be optimum.
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INTRODUCTION The zircon component of the ceramic composite was

Mullite is an important aluminum silicate ceramics; it is
the only stable intermediate specie in the system SiO»-
Al;03, which has the composition of 3Al,03.2Si0O,
corresponding to 71.8wt%. Its importance in technology
together with its rareness in nature necessitates its
synthesis. (Schneider et al. 2008; Schneider &
Komarneni, 2005, Vieira et al. 2007) [1-3].

Many researchers have worked on mullite based
ceramic composite.

Aramide et al. (2014) [4] reported on high temperature
synthesis of zircon-mullite-zirconia refractory ceramic
composite from clay based materials. They synthesized
mullite within the matrix of zirconia using kaolinitic clay
sourced from southwest Nigeria.
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formed through solid state reaction of silica content of
the clay/excess silica from the process of mullitization.
Moreover, Aramide et al. (2015) [5] reported on the in-
situ synthesis of mullite fibers reinforced zircon-zirconia
refractory ceramic composite from clay based materials.
They investigated the effects of yttria and niobium oxide
on the phase changes and mechanical properties of the
samples they worked on. They concluded that the
improved mechanical property of their samples was due
to strengthening by both mullite fibers reinforcement
and phase transformation strengthening.

Other researchers have also worked elaborately and
reported their findings on mullite based/reinforced

ceramic composites [6-8].
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Zum Gahr [9] reported that if the microstructure is
modified it could lead to reduction of the friction and the
wear of alumina. Moreover, in 1996, he showed that by
reducing the grain size of alumina and zirconia it will
significantly decrease the wear [10].

Furthermore Dong et al [11], reported on the effects of
additives like MgO, SiO;, Fe;03 and ZrO; on the
mechanical and thermal properties of aluminum titanate
ceramics. They concluded that the combined additives of
MgO and Fe;03 have an excellent improvement on the
stability of aluminum titanate. Ebadzadeh and Ghasemi
[12], reported that the addition of TiO; to mullite-ZrO,
composites results into change of reaction sintering,
densification and microstructure which alter the
formation temperature and retention of t-ZrO; phase in
these composites. Moya et al. [13] also reported that the
microstructure of mullite-zirconia and alumina-zirconia
composites can be modified by additives like CaO and
MgO.

Aramide et al. [14] had synthesized mullite-carbon
composite from the same materials without any
additive. The objective of the present work is to examine
the effects of sintering temperature and addition of
silicon carbide on the phase evolutions of ceramic
composite produced from kaolin and graphite.
MATERIALS AND METHODS

» Raw Materials

Clay sample used for this study (as mine Kaolin sample)
was sourced from Okpella, Edo State southern part of
Nigeria, Graphite and silicon carbide (SiC) were sourced
from (Pascal Chemicals, Akure), this were used to
maintain the granulometry of the mixture.

» Method

— Processing of raw materials (Graphite & Kaolin)

The raw materials (graphite and kaolin) were crushed
into a coarse particle size, of about 10 mm for graphite
and less than 2mm for kaolin; the crushed samples were
further reduced by grinding using Herzog rod mill. The
powdered samples were sieved using 600pum sizes
aperture according to ASTM standards in an electric
sieve shaker. The undersize that passed through the
600um sieve aperture were used in the samples making.

— Phase and Mineralogical Composition of Raw
kaolin and Graphite Electrode

The kaolin clay and graphite samples were carefully
prepared for these analyses by digesting in reagents as
described by Nabil and Barbara, (2012)[15]. The
mineralogical phases present in the samples were
determined using X-ray diffractometry (XRD). The
phases are reported in Table 1.

» Experimental Procedure

— Composition calculation using the Rule of
Mixtures Technique

Rule of Mixtures is a method of approach to approximate

estimation of composite material properties, based on

an assumption that a composite property is the volume
weighed average of the phases (matrix and dispersed
phase). According to Rule of Mixtures [Surappa,
(2003)][15] the density of composite materials are
estimated as follows:

Pmixture = Wtfkaolin X P kaolin + Wtf.graphite X Pgraphite (1)
Mmixture = Pmixture X VO]- mould- (2)

Where: pmixwre represent density of the mixture, Mmixture
is the mass of the mixture, Wi kaolin is the weight fraction
of kaolin, praolin is the density of kaolin, Witgraphite iS the
weight fraction of graphite, pgraphie is the density of
graphite and vol.moud is volume of mould.

— Composites Production

The raw materials in the samples making were 3:2 vol.
% of kaolin and graphite respectively with the addition
of 4 and 8 (vol.) % silicon carbide respectively. The
mixture were blended thoroughly for proper
distribution of constituents materials in a ball mill for 3
hours at a speed of 72 rev/min after weighing via
electronic weighing balance in accordance with the
composition calculation initially prepared [Aramide et
al. (2014); Aramide, (2015)][17, 18].

The resulting blended compositions were mixed with
10% water of kaolin content in each composition; this
was in order to enhance the plasticity of the mixture
during compaction. The mixed samples were subjected
to. uniaxial compaction, which was carried out
mechanically under pressure. The moulded materials
were fired at varying temperatures (1300°C, 1400°C and
1500°C). After which the samples were subjected to
various test, to examine! the phase analysis, evaluate
their physical and mechanical properties.

» Testing

— Shrinkage Measurement

The shrinkage properties of the pressed samples were
determined by measuring both the green and fired
dimensions, using a digital vernier caliper. The thickness
and diameters were measured for evaluation and
computation of the shrinkage [Aramide, (2015)][18].

% linear shrinkage = % x 100 3)

% volumetric shrinkage = % x 100 (4)
where: Lg represent the green length and Lf represent
the fired length; Vg represent the green volume and Vf
represent the fired Volume

— Apparent porosity (AP)

Test samples from each of the ceramic composite
samples were dried out for 12 hours at 110°C. The dry
weight of each fired sample was taken and recorded as
D. Each sample was immersed in water for 6 hours to
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soak and weighed while being suspended in air. The
weight was recorded as W.
Finally, the specimen was weighed when immersed in
water [Aramide et al. (2014); Aramide, (2015)][17, 18].
This was recorded as S. The apparent porosity was then
calculated from the expression:

% apparent porosity = % x 100 (5)

— Bulk Density

The test specimens were dried out at 110°C for 12 hours
to ensure total water loss. Their dry weights were
measured and recorded. They were allowed to cool and
then immersed in a beaker of water.

Bubbles were observed as the pores in the specimens
were filled with water. Their soaked weights were
measured and recorded. They were then suspended in a
beaker one after the other using a sling and their
respective suspended weights were measured and
recorded [Aramide et al. (2014); Aramide, (2015)][17,
18]. Bulk densities of the samples were calculated using
the formula below:

.. D

Bulk density = WS (6)
where: D rep. Weight of dried specimen, S rep. Weight of
dried specimen suspended in water, and W rep. Weight
of soaked specimen suspended in air.

— Cold Compression Strength, Modulus of Elasticity
and Absorbed Energy

Cold compression strength test is to ‘determine the
compression strength to failure of each sample, an
indication of its probable performance under load. The
standard ceramic samples were dried in an oven at a
temperature of 110°C, allowed to cool.

The cold compression strength tests were performed on
INSTRON 1195 at a fixed crosshead speed of 10mm min-
1. Samples were prepared according to ASTM C133-97
(ASTM C133-97, 2003) [Aramide et al. (2014); Aramide,
(2015)] [17, 18] cold crushing strength, modulus of
elasticity and absorbed energy of standard and
conditioned samples were calculated from the equation:

(Load to fracture)

CCS = 7)

(Surface area of sample)
— Oxidation Resistance
The fired samples after heat-treatment were cut and the
diameter of black portion was measured at different
locations and the average value was taken. Lower
oxidation index indicates the higher oxidation resistance
of the sample [Kuldeep, (2014); Subham, (2013)] [19,
20]. Oxidation index is determined by the formula:

. . . Area of oxidized zone
Oxidation index ¢

x 100 (8)

Total area)

RESULTS AND DISCUSSION

Tables 1 and 2 with Figures 1 to 4 show the effects of
sintering temperatures and silicon carbide additive on
the various physical and mechanical properties of
various samples. From the various figures, it is observed
that both the sintering temperature and the varied

percentage silicon carbide additive affect the
investigated properties of the various samples.
» Phase/Mineralogical Composition of the Raw
Kaolin and Graphite Samples
The phase/mineralogical composition of the kaolin and
graphite samples were characterised (investigated)
with the aid of X-ray diffractometer. The results of the
phase analysis of kaolin and graphite powder quantified
by XRD were presented in Table 1.
The discussion of the raw phase/mineralogical
composition of the raw raw materials used is not within
the scope of this article; they are only reported for the
purpose of showing that the compositions of the starting
raw materials were known.

Table 1. XRD Results of kaolin and graphite sample showing
the quantity of different phases present

Materials Kaclinite  Quartz  Amorphous | Graphite
(Wt.%)  (Wt%)  wt(%) (Wt %)

Kaolin 63.23 % 236,13

Sample

Graphite ) ] 569 a1

Sample

» Effects of sintering temperature and silicon
carbide additive on the physical properties of the
samples

Figures 1 and 2 show the effects of sintering

temperature of the apparent porosity and bulk density

of the various samples investigated.

— Effects of sintering temperature and silicon
carbide additive on the apparent porosity of the
samples

Figure 1 and Table 2 show the effects of sintering

temperature and silicon carbide additives on the

apparent porosity of the various investigated samples.

From the figure, it is observed that for sample C1 (4 %

silicon carbide) the apparent porosity slightly increased

from 30.282% at 1300°C to 30.435% when the sintering
temperature was increased to 1400°C.

Further increase in the sintering temperature to 1500°C

leads to sharp reduction in the apparent porosity of the

samples to 28.125%. Increase in sintering temperature
is expected to lead to the densification of the sample

[18]. The slight initial increase in the apparent porosity

of the sample as the sintering temperature is increased

from 1300°C to 1400°C is due to high temperature

oxidation of graphite based ceramics [21].

The sharp reduction in the apparent porosity of the

sample as the sintering temperature is increased to

1500°C could be attributed to i-oxidati
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the silicon carbide additive. It is an established fact that
silicon carbide undergoes mostly passive oxidation [22]
which leads to liberation of silica. This silica forms dense
layer on the surface of the graphite which acts as a
protective barrier on the graphite against oxygen
penetration [23]. This leads to the reduction of the
apparent porosity as the dense layer of silica formed on
the surface of the sample. This could also explain the
reason for the linear expansion recorded in various
samples instead of linear shrinkage.

Similarly, for sample C2 it is observed that its apparent
porosity initially increased from 29.686% at 1300°C to
30.993% as the sintering temperature is increased to
1400°C. Further increase in the sintering temperature to
1500°Cleads to slight reduction in the apparent porosity
to 30.435%.
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Figure 1. Effects of sintering temperature on the
apparent porosity of the sample
It equally observed that sample C2 (8% silicon carbide)
have higher apparent porosity than sample C1 (4%
silicon carbide) at all sintering temperature with the
exception of 1300°C.

— Effects of sintering temperature and silicon
carbide additive on the bulk density of the
samples

The effects of sintering temperature and silicon carbide
additive on the bulk density of the investigated samples
are depicted in Figure 2. From the figure, for sample C1
itis observed that the bulk density of the sample reduced
from 1.655 g/cm3 at 1300°C to 1.619 g/cm3 when the
sintering temperature was increased to 1400°C.

Further increase in the sintering temperature to 1500°C

leads to increase in the bulk density of the sample to

1.699 g/cm3. This is expected following the behavior of

the apparent porosity of the sample with the sintering

temperature as discussed in the preceding section

(Figure 1).

Since increased apparent porosity means that the

sample is less dense, (that is, it contains less matter and

more pores) [24] this is why the bulk density reduced

while the apparent porosity increased and vice versa.
For sample C2, it is observed that the bulk density of the
sample reduced from 1.728 g/cm3 at 1300°C to 1.719
g/cm3 when the sintering temperature was increased to
1400°C. But it is observed that increased sintering
temperature to 1500°C had no effect on the bulk density
(it remains constant at 1.719 g/cm3). It is also observed
that sample C2 possesses higher bulk density than
sample C1 at all investigated temperature; this could be
due to the density contribution of the silicon carbide
additive, which is more in C2 than in C1.
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Figure 2. Effects of sintering temperature on the bulk
density of the sample

— Effects - of 'sintering temperature and silicon
carbide additive on the cold crushing strength of
the samples

Figure 3 depicts the effects of sintering temperature and
silicon carbide additive on the cold crushing strength of
the samples. From the figure, it is observed for sample
C1 that the cold crushing strength at 1300°C was about
7.43 Mpa, it was observed to reduce to about 7.28 Mpa
with increase in sintering temperature to 1400°C.
Thereafter increased sintering temperature to 1500°C
leads to increase in the cold crushing strength of the
sample to about 7.53 Mpa.
It is observed that Figure 3 follows almost the same
trend as Figure 2; higher cold crushing strength is
observed where higher bulk density is observed and vice
versa. This is because high bulk density is favoured by
low porosity (fewer pores) which implies that more
matters are available to bear more load [24]. From the
same Figure 3, sample C2 is seen to follow the same
trend with sample C1.

It is observed that at 1300°C the cold crushing strength

of sample C2 is about 7.65 Mpa, increased sintering

temperature leads to reduction in the cold crushing
strength to about 6.91 Mpa. This is due to increased
porosity of the sample within the same temperature

range [24].
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Figure 3. Effects of sintering temperature on the cold
crushing strength of the samples

— Effects of sintering temperature and silicon
carbide additive on the modulus of elasticity of
the samples

Figure 4 shows the effects of sintering temperature and

silicon carbide additive on the Young's modulus of

elasticity of the investigated samples.
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Figure 4. Effects of sintering temperature on the
Young’s modulus of elasticity of the samples
From the figure, it is observed that for sample C1 the
modulus of elasticity of the sample initially at 1300°C is
about 11.04 Mpa, it increased to about 11.81 Mpa (at
1400°C) with increased sintering temperature. The
modulus of elasticity is observed to reduce to about 8.19
Mpa with further increased sintering temperature to
1500°C. Sample C2 is observed to follow the same trend

with sample C1.

The modulus of elasticity of sample C2 at 1300°C was
initially observed to be about 10.22 Mpa, it then
increased to about 13.87 Mpa as the sintering
temperature was increased to 1400°C. It is the observed
to reduce to about 10.12 Mpa as the sintering
temperature was further increased to 1500°C. Similar
trend has been earlier reported by other researchers

[25, 26] where it was reported that graphite does not
improve the rigidity of refractory ceramic.

— Effects of sintering temperature and silicon
carbide additive on the absorbed energy of the
samples

Figure 5 depicts the effects of sintering temperature and

silicon carbide additive on the absorbed energy of the

investigated samples.
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Figure 5. Effects of sintering temperature on the
absorbed energy of the samples

From the figure, it is observed for sample C1 that the
absorbed energy at 1300°C was about 5.65 ], this is seen
to reduce slightly to about 5.61 ] as the sintering
temperature was increased to 1400°C; further increase
in the sintering temperature to 1500°C leads to increase
in the absorbed energy of the sample to about 6.38 ].
Furthermore, it is observed from the figure that for
sample C2, the absorbed energy’s behavior with
sintering temperature follows the same trend with that
of sample C1 as earlier discussed.

Both samples having minima values for absorbed energy
at 1400°C (as it was the case for both bulk density and
cold crushing strength). Comparing this with Figure 1, it
is observed that both samples C1 and C2 have their
maxima values for apparent porosity at 1400°C. It is also
observed that the absorbed energy of the sample C2 is
greater than that of the sample C1 at all sintering
temperatures.

— Effects of sintering temperature and silicon
carbide additive on the linear expansion of the
samples

The effect of sintering temperature and silicon carbide

additive on the linear expansion of the investigated

samples is depicted in Figure 6. It is observed for both
samples C1 and C2 that the linear expansion increased
from its lowest (for each of the investigated samples) at
1300°C to its maximum at 1400°C. It then reduced
slightly with further increase in the sintering
temperature to 1500°C. What is commonly observed in
most ceramic is linear shrinkage, but contrary to the
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common linear shrinkage in the investigated samples,
what is observed is linear expansion. This is due to the
excess silica liberated during the process of mullitization
on one hand, and the liberation of silica by the ‘passive
oxidation’ of silicon carbide on the samples.

The silica forms dense layer on the surface of the
samples which increased the length (diameter) of the
samples [22]. It will be observed that the linear
expansion values for sample C2 at 1300°C and 1400°C
were greater than those of sample C1 at the same
sintering temperature. This is because sample C2
contains 8 vol % of silicon carbide while sample C1
contains 4 vol % silicon carbide. On the contrary the
linear expansion value of sample C1 at 1500°C is greater
than that of sample C2. It equally observed that maxima
linear expansion values both samples C1 and C2 are at
1400°C.
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Figure 6. Effects of sintering temperature on the linear
expansion on the samples

— Effects of sintering temperature and silicon
carbide additive on the volumetric shrinkage of
the samples

Figure 7 clearly depicts the effects of sintering

temperature and silicon carbide on the volumetric

shrinkage of the samples. From the figure it is observed
that the volumetric shrinkages of both samples C1 and

C2 initially reduced as the sintering temperature

increased from 1300°C to 1400°C, reached the minima

values at 1400°C and then increased with further
increase in the sintering temperature to 1500°C. It is not

a coincidence that both the minima volumetric

shrinkage values and the maxima linear expansion

values of both samples were observed at 1400°C. The
silica that was liberated on the samples that lead to
linear expansion was generated in situ and since matter
can neither be created nor be destroyed, but can be
transformed from one form to another. This means that
the samples expand in two directions while they shrink
in the third direction. This is why the volumetric
shrinkage is observed in the samples.
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Figure 7. Effects of sintering temperature on the
volumetric shrinkage of the samples
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Figure 8. Effects of sintering temperature on the
oxidation indices of the samples

— Effects of sintering temperature and silicon
carbide additive on the oxidation indices of the
samples

Figure 8 shows the effects of sintering temperature and
silicon carbide additive on the oxidation indices of the
samples. From the Figure, it is observed that the
oxidation indices of the samples initially increased with
increase in the sintering temperature from 1300°C to
1400°C. The oxidation index reached its maximum at
1400°C, further increase in the sintering temperature to
1500°C resulted into reduction in the oxidation indices
for both samples C1 and C2. It has been earlier discussed
that the reduction in the porosity of the samples as the
sintering temperature is increased from 1400°C to
1500°C was due to the deposition of silica on the surface
of the samples when silicon carbide was oxidized to form
silica and carbon (graphite) [22, 23]. The silica formed
filled up some of the pores. This shows that the silicon
carbide acts as anti-oxidant for the graphite contents of
the samples.
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From the discussion of the data generated itis concluded
that;

»

»

»

»

»

»

increase in sintering temperature beyond 1400°C
generally lead to reduced porosity of the samples;
high contents of silicon carbide especially at
temperature from and above 1400°C lead to higher
porosity;

high contents of silicon carbide lead to production of
dense samples;

cold crushing strength of sample C1 (4% SiC) is seen
to be better than those of sample C2 (8% SiC) within
sintering the temperature range of 1400°C and
1500°C;

modulus of elasticity of both samples reached the
maxima values at 1400°C but those of sample C2 (8%
SiC) is to be higher within the sintering temperature
range of 1400°C and 1500°C;

absorbed energy of both samples generally increased
with increased sintering temperature;

oxidation indices for both samples reach the maxima
at the temperature of 1400°C but the resistance to
oxidation is better for sample C1 (4% SiC) within the
sintering temperature range of 1400°C and 1500°C;
sample C1 (4% SiC) at the sintering temperature of
1400°C is considered to exhibit better property and
is considered to be optimum.
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