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A porous ceramic is made from composite materials which consist of alumina and commercial rice husk ash. This type of ceramics is
obtained by mixing the commercial rice husk ash as a source of silica (SiO,) and a pore forming agent with alumina (Al,O5) powder.
To obtain this type of ceramic, a solid-state technique is used with sintering at high temperature. This study also investigated the
effects of the rice husk ash ratios on the mechanical properties, porosity, and microstructure. The results showed that, by increasing
the content of the rice husk ash from 10 to 50 wt%, there is an increase in the porosity from 42.92% to 49.04%, while the mechanical
properties decreased initially followed by an increase at 30 wt% and 50 wt%; the hardness at 20 wt% of the ash content was recorded
at 101.90 HV,. When the ash content was increased to 30 wt% and 50 wt%, the hardness was raised to 150.92HV, and 158.93HV,
respectively. The findings also revealed that the tensile and compressive strengths experienced a decrease at 10 wt% of the ash
content and after that increase at 30 wt% and 50 wt% of rice husk ash. XRD analysis found multiple phases of ceramic formation

after sintering for the different rice husk ash content.

1. Introduction

Porous ceramic material is commonly used in the filtration
of liquids and gases, absorption of shock, catalyst support,
molten-metal filtration, thermal insulators, high temperature
applications, and environmental protection [1-4]. This is
due to its excellent properties, which include resistance to
high temperature and chemical corrosion and low thermal
conductivity as well as high surface area and low density [1-
3]. The mullite ceramic phase is important in the Al,05-SiO,
system. The mullite phase has good mechanical and physical
properties [5] such as high oxidation resistance, excellent

chemical stability, good creep resistance, and low thermal
conductivity [1, 6, 7]. In addition, porous mullite ceramic has
many important uses, for example, in insulating materials,
catalyst support insulation, and membrane filters for gases
(8].

One of the most common and effective ways for the man-
ufacturing of porous ceramic is the pore-forming method
[4, 9]. Recently, there has been renewed interest in using
agricultural waste materials in porous ceramics. Sengphet et
al. [10] used wastes from kenaf powder for the fabrication of
porous clay ceramics, while Njeumen Nkayem et al. [11] used
corn cob for the preparation of porous ceramic brick. As for
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Sooksaen et al. [12], they used wood dust as a pore agent in
producing porous glass ceramics. Unfortunately, most of the
pore agents that have been used to produce porous ceramics
have resulted in a decrease in the mechanical properties due
to porosity. This paper recommends the use of commercial
rice husk ash from agricultural waste as a source of silica
(SiO,) and as a pore forming agent for producing porous
mullite and cristobalite-corundum ceramics. Commercial
rice husk ash is directly mixed with different ratios in
the alumina matrix using commercial sucrose (sugar) as a
binder and sintered at high temperature to produce porous
mullite and cristobalite-corundum ceramics. Previously, sev-
eral researchers used the Al,O0;-SiO, system to produce
porous ceramics with good mechanical properties. Dong et
al. [13] used a mixture of fly ash from industrial waste and
bauxite to fabricate bulk porous mullite supports for ceramic
membranes using dry pressing and sintering. Serra et al.
[8] used rice husk ash to produce mullite ceramics through
a sintering reaction of alumina and rice husk ash using
different sintering temperatures. Cao et al. [14] prepared low-
cost porous mullite supports for ceramic membranes using
recycled coal fly ash with natural bauxite. While Hua et al.
[1] fabricated anorthite-mullite-corundum porous ceramics
using the waste from construction sites and alumina powder
(AL, O;). Therefore, the aim of this study is to produce mullite
and cristobalite-corundum ceramic composite materials with
high porosity and mechanical properties but low cost through
the direct mixing of commercial rice husk ash and alumina
powder, followed by sintering at high temperature.

2. Experimental Procedure

2.1. Materials and Specimen Preparation. The matrix materi-
als used included a commercial aluminum oxide Al,O5 pow-
der (p = 3.94 g/cm’) with high level of purity (99.99%) and
a particle size of 0.5 yum. Commercial sucrose (sugar) used as
the binder (10%) was added to the ceramic mixture according
to the maximum solubility of sugar in distilled water. For
the use of the binder in this study, the concentration was
fixed at 60 wt% [15]. The binder was mixed manually with
ceramic powder for 3-5 minutes using an agate mortar. Then,
the rice husk ash powder was added to the ceramic slurry at
ratios of 10, 20, 30, 40, and 50 wt%. After that, all the batches
were mixed in a mortar for around 5-10 minutes followed
by ball milling for 3 hrs in a plastic container homogenously
mixed at a ratio of weight 3 : 1, which is 3 parts alumina balls
to one part weight of powder. Later, the dry mixtures were
pressed uniaxially in a circular steel die (diameter = 20 mm
and thickness = 5mm) using an Instron hydraulic press at
a pressure of 90 MPa. Following this, the green compacts
were dried in the oven at 110°C for 24 hrs. The organic
burnout of the dried samples was carried out in an ambient
atmosphere in an electrically heated, programmable furnace.
The rate of heating was set at 1.5°C/min for each increment in
the temperature. According to the TGA (thermogravimetric
analysis) of sucrose and rice husk ash, the samples were
sintered at 200°C, 300°C, 500°C, and 900°C in an electric
furnace for a duration of 1hr of soaking time. The rate of
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heating and cooling was fixed at 1.5°C for the removal of the
carbon and organic materials in the rice husk ash as well as
the sucrose. After that, the ceramic specimens were sintered
at 1600°C for a duration of 2 hrs of soaking time while the
rate of heating and cooling was fixed at 5°C/min. The findings
revealed that all the samples with different ratios of rice
husk ash and (binder) sucrose showed uniform dimensions
without cracks after undergoing sintering.

2.2. Ceramic Samples Characterisation. The microstructure
and the chemical composition of the porous ceramics
were examined using a field emission scanning electron
microscope (FESEM) and an EDX technique (SE-440). The
phase compositions of the porous ceramics were deter-
mined using an X-ray diffractometer (PANAlytical (Philips)
X’pert ProPW3050/60) with Cu radiation (wave length =
1.54060 A) that had been set at 40 mA and 40 Kv using X-pert
software.

The pore size distribution was determined from the
FESEM images that had been taken using the image analysis
software (image-J) [16, 17]. The compressive strength of the
samples with dimensions of 20 mm in diameter and 24 mm
in height were measured using an Instron machine. The
measurements were in accordance with the ASTM-1424-
10 standard [18] at a crosshead rate of 0.5 mm/min. The
maximum mechanical load and cross-sectional area were
used to calculate the compressive strength of the samples [19].
The hardness values of the samples were measured. A micro
Vickers hardness machine was used to measure the value of
the hardness of the samples whereby the applied force was
9.81N for 15 sec at full load [20]. All the samples were ground
and polished using polishing media and then thermally
etched. A Brazilian test was performed using samples of
dimensions 20 mm in diameter and 5mm in thickness by
means of an Instron machine. An average of five samples was
used to obtain the average value for the strength and hardness
for each composition. The calculation of the diametrical
tensile strengths of the porous alumina ceramics was based
on the tensile strength of the Brazilian test.

(2 % P)

o (tensile MPa) = m,
T * T *

@
where o (compressive) is in MPa, P is the applied force (N),
d is the diameter of the samples (mm), and ¢ is the thickness
of the sample (mm) [21].

A water immersion method based on Archimedes’ prin-
ciple, as specified in ASTM C20-00, was used to determine
the overall porosity, density, and open porosity of the sintered
samples using the following equations:
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TaBLE 1: The chemical compositions of rice husk ash powder and sucrose.

Materials Elements C 0, Si P S K AL Mg Ca

Rice husk ash Weight% 6.78 56.40 35.74 — — — — 0.43 0.66

Sucrose (sugar) Weight% 59.13 40.88 — — — — —

8 (sugar) powder were conducted under nitrogen gas at a
temperature rate of 10°C/min. It is necessary to perform TGA
analysis of the rice husk ash in order to determine the thermal
decomposition range.

6 Figures 2(b) and 2(c) are the FESEM images of the rice
husk ash delivered from the factory and the sucrose. The
average length of the rice husk ash particles was 355.3 ym. The

g FESEM image of the sucrose shows the shape of the sucrose

:E: 4 particles.

3 Figure 2(a) presents the TGA results of commercial rice

= husk ash and sucrose. The weight loss of the rice husk ash
is around 6.48%. The removal of the unburnt elements and

- organic materials, such as carbon, started from around 200°C
to 650°C. The maximum weight loss occurs at approximately
300°C.

Based on the weight loss of the rice husk ash, the pyrolysis
| of the rice husk ash was incomplete. This incomplete pyrolysis

0 . . .

— T of the rice husk ash was attributed to the presence of ceramic
0 200 400 600 800 1000 1200

Particle size (ym)

FIGURE 1: Distribution of particle size of the rice husk ash powder.

where My,, is the dry mass [22] of the sample, M,ended 18
the mass of the sample suspended in distilled water, M, is
the mass of the sample after soaking in water, M,;,. is the
mass of the suspending system, P, .., is the volume fraction
of the overall porosity (vol.%) of the sample, and P, is the
volume fraction of the open porosity of the sample [23, 24].
The theoretical density (true) of alumina (Al,O;), recorded at
3.94 g/cm’, has been used as a reference. This measurement
was obtained using the Accupyc II 1340. The relative density
of the porous alumina ceramic samples was determined from
the ratio of the measured bulk density to the theoretical

density [25].

3. Results and Discussion

3.1. Characterisation of the Rice Husk Ash and Binder. The
commercial rice husk ash was ground in an electrical grinder
(type RT-024, 3000 rpm) for 1 min. Then, it was sieved in an
electrical sieve (type Retsch, As 200) to obtain a particle size
of 250 ym.

The actual measurement of the density of rice husk ash
powder was obtained using a gas pycnometer (Accupyc II
1340). Meanwhile, a particle size analyser (Malvern, master
size 2000) was used to analyse the distribution of particle size
for the rice husk ash powder as shown in Figure 1.

The actual measurement of the density for rice husk
ash is 217 g/cm’ as indicated by the Accupyc II 1340. The
thermogravimetric (TGA) tests for rice husk ash and sucrose

oxide (SiO,). Meanwhile, the decomposition and burning of
the organic materials in the sucrose take place between 180°C
and 500°C based on the sucrose TGA. Based on the TGA
data of rice husk ash and sucrose, the sintering temperature
of porous alumina ceramics was selected in order to perform
the sintering process [26, 27]. It is necessary to achieve a
controlled burnout process for the rice husk ash and sucrose
in order to obtain defect free samples [28].

The chemical compositions of rice husk ash and sucrose
(sugar) were measured using an EDX machine. Table 1 shows
the chemical compositions of the powder obtained from rice
husk ash and sucrose.

Figure 3 shows the results obtained from the XRD and
EDX tests for rice husk ash. The findings reveal the presence
of amorphous silica (SiO,) in the powder of the rice husk
ash. This agrees with the chemical compositions tabulated in
Table 1.

3.2. The Porosity, Density, Mechanical Properties, and Pore
Size Distribution of Porous Ceramics. Generally, rice husk
plays a role in the formation of pores due to the nature of
its composition. Rice husk consists of ash (17-23%), fixed
carbon (10-15%), and volatile matter (60-65%). Rice husk
comprises around 20% silica, 30% group of lignin, and
40% cellulose [29]. Therefore, after burning the materials
inside the ceramic during sintering, materials such as carbon,
cellulose, and a group of lignin will turn into another form
such as CO, and evaporate, which leads to the formation
of pores in the ceramic body, and around 92-97% silica
with other oxides in a minor percentage will remain in the
matrix. The silica (SiO,) in the rice husk or rice husk ash
is found in either an amorphous or crystalline form [30].
In addition, the rice husk has an important effect on the
sinterability of the ceramic body. As compared to other
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FIGURE 2: (a) TGA, (b) FESEM images of the rice husk ash, and (c) sucrose.

TaBLE 2: Different ratios of rice husk ash with alumina used to fabricate porous ceramics, porosity characterization, and density.

Rice husk ash content Al O, ratio Overall porosity ~ Open porosity ~ Green density  Sintered bulk density  Relative density

(Wt%) (wt%) (vol%) (vol%) (g/cm3) (g/cm3) (%)

0 100 18.45 10.76 1.92 2.99 75.89

10 90 42.97 24.29 1.86 2.25 5711

20 80 48.09 27.38 1.76 2.04 51.78

30 70 47.63 23.94 1.67 2.06 52.28

40 60 49.44 24.00 1.58 1.99 50.51

50 50 49.04 20.15 1.53 2.01 51.02
factors, such as the sintering temperature which was constant Table 2 shows the ratios for the rice husk ash, the
(1600°C) in this research study, the ratio of rice husk ash has ~ bulk density for the green and sintered samples, the overall
more effect on the sintering parameters such as the density,  porosity, and the open porosity.

average pore size, porosity, and the formation of the phases The bulk density and porosity were characterised quan-

[8]. titatively by determining the values of the overall and open
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TABLE 3: Mechanical properties of porous ceramics.

Rice husk ash content Porosity
(Wt%) (vol%)

Hardness
(HV))

Compressive strength
(MPa)

Tensile strength
(MPa)

0 18.45
10 42.97
20 48.09
30 47.64
40 49.45
50 49.04

372.83 £ 750
110.00 £ 2.11
101.90 + 2.99
150.92 £ 1.88
114.92 + 3.97
158.93 + 3.96

218.66 + 2.52
59.81 +£2.27
59.33 +3.96
69.72 + 2.87
53.87 £ 1.55
60.14 £ 2.01

2739 £0.92
20.17 £1.19
18.99 £1.26
2412 +£0.93
21.88 £1.03
21.98 £ 0.84
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FI1GURE 3: EDX and XRD for rice husk ash.

porosities of the samples of porous alumina. Figure 4 shows
the variations of open and total porosities with different ratios
of rice husk ash. An increase in the contents of rice husk
ash showed an increase in the total and open porosities,
followed by a decrease due to the formation of glassy phases
[31]. Meanwhile, the green and bulk densities decreased from
1.92 to 1.53 g/cm’ and from 2.99 to 2.01g/cm”, respectively.
This is attributed to the burnout of the carbon, the organic
materials, and the binder after sintering at high temperature
[32]. The decrease in the green densities was attributed to
the low density of rice husk ash (2.17 g/cm”) compared with
the density of the alumina matrix. The maximum porosity is
at 49.45% while the lowest porosity is recorded at 42.97%.
Generally, the characteristics of the pores were categorised
into pore size, pore morphology, and porosity. The pore
morphology can be classified into closed and open pores.
Closed pores are important for heat insulating materials and

high weight materials, whilst open pores are beneficial for
separation and filtration [27].

Table 3 shows the variations in the mechanical properties
for the different ratios of rice husk ash content and porosity.
Generally, the mechanical properties of the porous materials
decrease with an increase in the porosity [33]. According to
Rice’s formula (o = ooe %), where oo and o are the strengths
of the nonporous and porous materials, b is the constant value
related to the pore characteristics and p is the porosity of the
porous materials [34-36].

Figure 5 presents the data in Table 3 in graph form. Ini-
tially, the hardness of the porous alumina ceramics decreases
at 20% after which it increases at 30% and 50%, due to
the variations of porosity and the formation of the ceramic
phases, namely, mullite and cristobalite, which have a high
value of hardness as shown in Figure 5(a) [37-39]. The
compressive and tensile strengths of porous alumina ceramics
reached a peak at 30% rice husk ash. This improvement in
the mechanical properties was attributed to the formation
of the phases of the ceramic, that is, mullite, cristobalite,
and corundum. Figure 5(b) shows the variation of the
porosities.

Figure 6 shows the distribution of the pore size (open
pore) of the samples. The distribution of the pore size (open
pore) was strongly affected by the ratios of rice husk ash.
All the samples displayed a unimodal pore size distribution
for all the ratios. The average pore sizes recorded were
18.28 um for 10 wt% rice husk ash, 28.35 ym for 30 wt% rice
husk ash, and 50.02 ym for 50 wt% rice husk ash. It can be
concluded that the shape and pore size distribution in porous
ceramics corresponds to the required functions of certain
applications [27]. Generally, during sintering at high sintering
temperature with different ratios of rice husk ash, the relative
density of the porous alumina ceramics has various values.
With sintering at 1600°C, the decrease in the relative density
was in the range from 18.78% (relative density 57.11%) to
24.84% (relative density 51.02%) at 10 wt% and 50 wt% rice
husk ash due to the porosity, which affected the pore size
distribution. With a decrease in the relative density, the
porosity increased, leading to pore formation. In addition,
it can be seen that there is not much difference in the open
pore size distribution above 20 wt% rice husk ash due to the
presence of the glassy phase, which leads to an increase in
the relative density of 52.28% at 30 wt% of rice husk ash and a
decrease in the porosity to 47.63%, resulting in little difference
in the pore size of the ceramic body [40, 41].
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1600°C for 2 hrs; (a) hardness and (b) compressive strength and tensile strength.

3.3. XRD Analysis, Al,05-SiO, Reaction, and the Microstruc-
ture of Porous Alumina Ceramics. The objective of the XRD
analysis in this research study is to observe the phase
formation in the porous alumina ceramics and how it affects
the mechanical properties. Figure 7 indicates that the XRD
patterns of porous alumina ceramics samples sintered at
1600°C for 2 hrs with different ratios of rice husk ash have
different peaks, which refer to some of the ceramic phases

including corundum (Al,O;) (JCPDS file number 01-075-
0785), cristobalite (SiO,) (JCPDS file number 00-001-0424),
mullite (3A1,05-2510,) (JCPDS file number 00-006-0259),
and sillimanite (Al,SiO5) (JCPDS file number 01-088-0890).
It was found that, with increasing ratios of rice husk ash
and sintering at high temperature, the phases detected in the
samples of the porous alumina with rice husk ash included
corundum (Al,O;) at 10 wt% rice husk ash, cristobalite (SiO,)
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FIGURE 7: XRD pattern for the porous alumina samples sintered at
1600°C for 2 hrs with rice husk ash.

and corundum (Al,O;) at 30 wt% rice husk ash, and mullite
(3A1,05-2810,) at 40 wt% rice husk ash while sillimanite
(AL, SiO;) and mullite (3A1,05-2Si0,) existed at 50 wt% rice
husk ash. All these phases were matched with their JCPDS file
number.

For the ratio of 10 wt% rice husk ash, only the corundum
(A,0;) phase was detected because the ratio of SiO, in the
rice husk ash was not sufficient to react with Al,O; for
production or transformation into another ceramic phase like
cristobalite (S10,) and mullite (3A1,05-25i0,); this is evident
in Figure 7. Based on the XRD pattern, there is no sign of

the silica (SiO,) peak. Meanwhile, for the ratio of 30 wt%
rice husk ash, the cristobalite (SiO,) and corundum (Al,O5)
phases were detected, which lead to improvements in the
mechanical properties. The big peaks of cristobalite (SiO,)
can be seen due to the increase in the rice husk ash ratio.
After sintering at high temperature, there is no sign of the
silica peak for the 40 wt% rice husk ash sample. This is evident
in Figure 7 based on the XRD pattern. This proves that the
silica (SiO,) reacted with the surrounding alumina (Al,O;)
to produce a stable mullite (3A1,05-25i0,) phase, according
to the following equation [15]:

3AL0, + 25i0, — 3AL,0; - 25i0, 3)

By increasing the percentage ratio of mullite (3A1,05-2Si0,)
at 40 wt%, the densification rate was retarded and increased
the porosity, which lead to a reduction in the mechanical
properties of porous ceramics [42]. The silica peak was also
unclear from the 50 wt% rice husk ash sample. It is believed
that the alumina had dissolved into the residual glassy phase
of the silica (SiO,) to form the mullite (3Al,05-2Si0,)
and sillimanite (AL,SiO5) or (Al,05:Si0,) phases [43, 44]
according to the following reaction:

AL O, + Si0, — AL O, - SiO, (4)

Thus, it can be concluded that all these phases of the ceramics
formed have an effect on the mechanical properties of porous
ceramics [15]. In this case, the ratios of the rice husk ash
controlled the sintering parameters such as the density, the
average pore size, porosity, and the formation of the phases.
Figure 8 illustrates the FESEM images of the samples of
porous alumina ceramic with different ratios of rice husk
ash (10 wt%, 30 wt%, and 50 wt% rice husk ash; the sintering
temperature was set at 1600°C for 2 hrs). An increase in the
ratio of the rice husk ash not only causes an increase in
the porosity but also brings changes to the microstructure.
Figures 8(a), 8(b), and 8(c) show the longitudinal shape of
the pores in the samples of the porous alumina ceramics,
which were attributed to the shape and size of the pore agent
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FIGURE 8: FESEM images of the samples of porous ceramic sintered at 1600°C for 2 hrs with different ratios of rice husk ash; (a, d) 10 wt% rice

husk ash, (b, €) 30 wt% rice husk ash, and (c, f) 50 wt% rice husk ash.

particles as shown in Figure 2. The pores, grains, glassy phase,
and neck shapes of the samples of the porous alumina can
be clearly seen in Figures 8(d), 8(e), and 8(f). The growth
of the grains and necks was a result of sintering at high
temperature [45], while each gap between the particles and
the neck becomes a pore in addition to the effects of the pore
agent [46]. In addition, the different sizes of the pores resulted
in an increase in the ratio of the rice husk ash and sucrose
burnout [15]. The linking of the open pores resulted in fine
and big pores.

Figures 8(e) and 8(f) present the glassy phase of 30 wt%
and 50 wt% rice husk ash during sintering at 1600°C for 2 hrs.
The presence of the glassy phase for 30 wt% and 50 wt%
rice husk ash was to fill the porous structure, which leads
to a decrease in the porosity from 48.09% to 47.64% and
from 49.45% to 49.04% for 30 wt% and 50 wt% rice husk ash,
respectively [31]. Hence, decreasing the porosity, through the
formations of the glassy phase ceramic phases, has improved
the mechanical properties.

4. Conclusion

The use of alumina and commercial rice husk ash as a source
of silica (Si0,) and as a pore agent has successfully resulted in

the preparation of porous mullite and cristobalite-corundum
ceramic composite materials. The porosity increased with
an increase in the ratios of the rice husk ash from 10 wt%
to 50 wt%. However, the tensile and compressive strengths
showed an initial decrease, followed by an increase. The the
improvement in the mechanical properties was attributed
to the formation of the phases of the ceramic (silliman-
ite, mullite, corundum, and cristobalite) at high sintering
temperature and higher rice husk ash ratios. Finally, the
distributions of the pore size corresponded to the ratio of the
rice husk ash.
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