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Abstract

Porous ceramics are being used in many industrial applications and processes that require extreme
environment exposure due to its chemical inertness to corrosive medium and its ability to withstand
high temperatures. Tailoring the porosity through pore modifier is one of the method available to
ensure that the strength of ceramic is homogeneous. In order to improve the strength of the porous
ceramic, the addition of aluminium powders was explored in this research. With the addition of
agricultural waste source pore modifier and aluminium as reinforcement, the microstructure, linear
shrinkage, porosity (open, closed and total), density, hardness and failure strength of this ceramic
composite were examined. The ceramic composites were fabricated through powder metallurgy
processing routes. Alumina, Al,O3; with the respective amounts of 0 to 10 wt.% (intervals of 10 wt.%)
of RHA and 0 to 10 wt.% (intervals of 2 wt.%) of aluminum, Al, were mixed homogeneously with
12 wt.% of sucrose solution. The mixtures were compacted and heat-treated for 1 h at each of the
soaking temperatures of 200°C, 600°C and 1000°C followed by full sintering at 1550°C for 2 hin a
furnace. The results have shown that open and total porosity increases with increasing amounts of
RHA and aluminum. Meanwhile, the linear shrinkage, close porosity, density, hardness and failure
strength was reduced. In this research, the strength was expected to increase with the addition of
aluminum. However, due to the increasing percentage of the total porosity with the increased addition
of aluminum, the samples behave inversely. Phase transformations to mullite (3Al,05.2Si0,) were
seen in this research with the addition of RHA. This phase formation helps to increase the overall
strength of the ceramic composites, showing that 10 wt% addition of RHA have a positive impact,
not only as a medium to modify the pore formation, but it also has a positive effect on the strength
property of the ceramic composite.

Keywords: Alumina, Ceramic matrix composite, Mechanical properties, Microstructure, Powder
metallurgy, Sintering process

Introduction

The fabrication of composite materials by incorporating agro-industrial waste (such as
coconut shell ash, fly ash (FA), rice husk ash (RHA), palm oil fuel ash (POFA), palm oil
clinkers (POC), sugarcane bagasse, bamboo leaf and maize stalk ash) has attracted increasing
interest among current researchers. The quantity of waste materials generated through
industrial, mining and agricultural activities has increased due to the rapid growth of the
world population and living standards. These waste materials are hard to dispose, thus
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increasing contamination in the environment with limited space for disposal [1]. The
recycling of waste materials by converting them into green materials is the best solution to
overcome this issue.

Research works involving the utilisation of agro-industrial waste have discovered
that important elements exist in waste materials which can be used in a wide range of
engineering applications. Almost all of the waste materials have a high percentage of silica,
SiO», content amongst their other constituents such as alumina, Al2O3, calcium oxide, CaO,
potassium oxide, KO and others [2-4]. From previous studies, rice husk ash is one of the
most silica-rich raw materials, containing about 90-98% of crystalline silica (after burning)
among other waste materials [5-7]. For that reason, the approach of using rice husk ash as a
particulate in composite materials is a prime topic for many researchers.

In most metallic materials, the hardness is always lower than in ceramic materials,
thus limiting its application. By embedding hard, stiff and low density rice husk ash, this can
improve the hardness while reducing the overall density of the materials [8]. Meanwhile, a
different approach has been tried involving incorporating rice husk ash in a ceramic material
in order to fabricate a porous ceramic that can be used as a filter, catalyst support, thermal
insulator, heat exchanger and etc. [9, 10].

Depending on the pore diameter, porous ceramics can be classified into three major
groups: micro-porous (d<2 nm), meso-porous (50 nm>d>2 nm) and macro-porous (d>50
nm) with each of the pore diameters having its own specific applications [10]. The partial
sintering process is one of the most conventional and frequently employed methods used to
fabricate porous ceramic materials rather than sacrificial fugitives, replica templates and
direct forming process [10]. Nevertheless, the use of only hard materials will increase the
risk of brittle fracture, which takes place without any appreciable deformation by rapid crack
propagation [11]. To overcome this intensive brittleness and the lack of reliability of the hard
materials, metallic materials/metal phases were added [12].

In the present study, Al.O3/Al-RHA composites with different compositions of
RHA and aluminum were fabricated through powder metallurgy routes with the aid of
sintering process. The effect of varying the composition of RHA (wt.%) and Al (wt.%) on
the linear shrinkage, porosity (open, closed and total), density, hardness and failure strength
values was evaluated. Moreover, some of the porous microstructural analysis was also
included.

Experimental Methodology

Rice husk ash (RHA) supplied from a commercial source was ground using a high speed
grinder and sieved to obtain particle sizes ranging from 125 um to 250 um using Retsch
Analytical Sieve Shakers (Model: AS200). Rice husk ash was used as a pore forming agent
in this study. Alumina, Al.O3, and aluminum, Al, were homogenously mixed with RHA
using a planetary micro mill (pulverisette 7) at a rotation speed of 250 rpm for 30 mins in a
zirconium oxide (94.20% ZrO) grinding bowl. The ball to powder ratio was 10:1. 12 wt.%
of sucrose solution (7 wt.% sucrose on dry weight basis) was used as a binder and it also
behaves as a pore former. The preparation of the binder was made by the dilution of solid
sucrose with distilled water according to the mixture presented in Table 1.

The binder was mixed separately using an agate mortar with a pestle. The
composition of RHA and Al were varied from 0 to 10 wt% (intervals of 10 wt.%) and 0O to
10 wt.% (intervals of 2 wt%) respectively. The mixed powders were consolidated in a
cylindrical die with a diameter of 20 mm using a Specac hydraulic press machine under
93.65 MPa pressure.
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Table 1. Mixture of the Sucrose Solution

Materials Weight
Percentage (wt.%0)
Dry solid sucrose 7
Distilled water 5
Total =12

Magnesium stearate powder was used as a lubricant in order to reduce the friction
between the powder and the surface of the die while obtaining good compaction finishes.
Green compacted pellets were first dried in a Shelbab USA 1330fx forced air oven at 110°C
for 24 h to remove the moisture and prevent cracking. Dried pellets were then made to
undergo pre-sintering and sintering process as presented in Figure 1.
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Figure 1. Sintering profile for the pre-sintering and sintering process

All the samples were characterised using ultra-high imaging resolution, FEI Nova
NanoSEM 230 field emission scanning electron microscope (FESEM) with energy
dispersive X-ray spectroscopy (EDX) in order to identify the elements and the particle size
of the raw powders as well as the pore structure. Pore structure examination was also
conducted using an optical microscope with an image analyser (OLYMPUS BX51RF) at
20x and 50x magnifications. For phase analysis, X-ray diffraction (XRD) was conducted
using Cui, radiation with a 0.03 step size, position angle of 20°-80°, and 40 mA/40 kV power
sources. Peak shape analysis was performed using PANalytical X Pert High Score software.
Rietveld analysis was performed to determine the phase fractions.

In order to study the shrinkage of the sample after the sintering process, the
sintering linear shrinkage was calculated by measuring the changes in the thickness of the
green and sintered samples. The porosity (open, closed and total) and density of the
respective sample were determined according to the Archimedes’ principle using Equation
1,2and 3 [13].

. 3\ mq
Density,p (g/cm?) = ma—m, * PHz0 @
, m3z—my
Open porosity, Popen (%) = — 100 2
Total pOTOSity' PTotal(%) - (1 B Theoreticl:zl density) x 100 (3)
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The theoretical density was measured using the rule of mixtures. The mass of the
sintered sample, mz, was measured directly after the sintering process. Then, the sample was
hung using thin nylon wire (0.32 mm) and suspended in distilled water, m,. After soaking in
distilled water, the sample was removed and excess water at the surfaces was lightly wiped
off with a wet sponge. The mass of the sample after soaking in water, mz was measured. This
measurement was conducted using an analytical balance (Model: AS200) at room
temperature. Hardness testing was conducted using a micro Vickers indentation tester
(401MVD) at 100 gf applied load for 20 s dwell times. The sample was first ground using
SiC paper and polished using a polishing cloth with an alumina suspension (0.05 pm) to
provide a high surface quality for accuracy and repeatability of the test results. The failure
strength (indirect tensile strength) was tested using a universal testing machine (UTM)-
Instron 3382 with a maximum load capacity of 100 kN at room temperature. The samples
were compressed diametrically between two flat platens with a crosshead rate of 0.50
mm/min. An average of five samples was used to obtain the value of the sintering linear
shrinkage, porosity (open, closed and total), density, hardness and failure strength.

Results and Discussion

Characterisation of Powders

Figure 2a-c illustrates the FESEM images for the as received powders of alumina, aluminum
and grounded rice husk ash (RHA). From this assessment, alumina and aluminum have a
round to spherical shape with an average particle size that varies from 127.15 to 176.01 nm
and 52.03 to 86.77 nm respectively. For the RHA, it has a cellular structure and an irregular
shape consisting of multilayered, angular and microporous surfaces. RHA has also been
examined by Chindaprasirt et al. [14] and Habeed et al. [15], and they have revealed a similar
structure.

Figure 2. Particle size measurements of as-received powders (a) alumina, Al,Os3, (b)
aluminum, Al and (c) ground rice husk ash (RHA)
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The purity of the as received alumina powder was approximately up to 99.90%.
Figure 3a showed the elements of aluminum (Al) and oxygen (O) exist within the alumina
which are the basic elements of alumina (Al20s) [16]. Hence, it is confirmed that there is no
contamination in the alumina powder. Meanwhile, the element carbon (C) was detected in
the aluminum powder (Figure 3b). This is due to the penetration of the high energy electron
beam into the carbon tape which is used to attach the powder to the sample holder. On the
other hand, the element oxygen is also detected in the aluminum powder. As mentioned by
Eric, aluminum is a reactive material which will react spontaneously with moisture and/or
air and tends to form oxide materials [17]. In other words, there is an oxidation process. For
RHA (Figure 3c), the elements that exist are silicon (Si), calcium (Ca), magnesium (Mg),
potassium (K) and oxygen, which are common elements that exist in RHA as reported by
most researchers [1, 2, 6, 18-20].
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Figure 3. Elemental analysis with energy spectrum peak for as-received powders: (a)

alumina, Al2O3, (b) aluminum, Al and (c) ground rice husk ash (RHA)
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Characterisation of Sintered Pellets

X-Ray Diffraction (XRD) analysis from Figure 4a-b shows two different samples of the
sintered matrix alumina for Al,Oz-sucrose solution and Al,O3/Al-RHA system. From this
interpretation, the incorporation with RHA and aluminum will result in slight changes from
aluminum oxide-alpha (a — Al,03) phases to mullite (3Al,05.2Si0,) phases due to the
active reaction of the alumina with the SiO> derived from RHA. It is about 27.60 % of o —
Al, 05 phases was transformed to mullite phases. Aluminum with (0 2 2) orientation was
observed at 65.24° (Figure 4b). The lattice constants were a(=b) = 4.764, ¢ = 13.00A for a-
Al,Ozwhere the O and Al were positioned at 18e and 12c. For a-Al.O3 phase, the number of
repetitions (sof) for both O and Al was only 1.00. For 3Al,05.2Si0,
and Al, details of the refinement analysis are presented in Table 2. Conversion of a — Al,04
to mullite phases may affect the behaviour of the samples as the properties of mullite is
different from o — Al, 05. This will be discussed in the next section.
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Figure 4. X-ray diffraction (XRD) patterns with phases identification and miller indices of
sintered pellets: (a) Al203+SS and (b) Al20s+RHA+AI+SS. *Al,Oz=alumina, RHA=rice
husk ash, Al=aluminum, SS=sucrose solution

Mechanical Properties of Sintered Pellets

Sintering linear shrinkage declines with the addition of RHA and aluminum. From Figure 5,
the prominent linear shrinkage was shown for alumina without either RHA or aluminum,
having the value of 17.42+0.47 %. Al,O3 become denser after sintering as a result of higher
volumetric changes [12]. This value kept decreasing to 12.11+0.19 % up to 10 wt.% of Al
for 0 wt.% of RHA. A similar trend was seen for 10 wt.% addition of RHA (decreased from
6.44+0.15 % to 2.38+0.62 %). This can be justified due to the increasing total volume
fraction of aluminum which has a higher coefficient of thermal expansion (24.80
ax 107°K~1) than alumina (6.20 ax 107°K~1), which will lead to the expansion of the
grains and hence a larger sized sample [21-23].
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Table 2. Structure Refinement Parameters for Al2Os/Al-RHA System

Rp (%) 12.33
Rwp (%) 15.24
GoF 6.01
Aluminum oxide-alpha, Mullite, Aluminum,
a-Al2O3 3Al,03.2Si0, Al
a(=b) [4] 4.76 a[A] 7.55 a(=b=c)[A] 4.05
b [A] 7.69
c [4] 13.00 c [4] 2.89
Oxygensite  18e Oxygensite  O1(=04) =4qg, Aluminum 4a
02=2a,03=4h site
X 0.31 X 01=045,02=0.00, x(=y=2 0.00
03=0.13,04=0.35
y 0.00 y 01 =10.38, 02 =0.00,
03=0.27, 04 =0.07
z 0.25 z 01(=02=04) =
0.00,
03=0.50
sof 1.00 sof 01=0.11,02=0.66, sof 1.00
03(=04) =1.00
Biso 1.53 Biso 01 ( =03= 04) = Biso 0.50
4.40,
02 =5.50,
Aluminum 12c Aluminum All( = Al2) =4g,
site site Al3=2d
X(=vy) 0.00 X All1=0.28, Al2 =0.15,
AI3 =0.00
y All1=0.28, Al2 =0.16,
AI3 =0.50
y 0.15 z All( = Al2) =0.00,
AI3 =0.50
sof 1.00 sof All=0.11, Al2 =0.50,
AI3=1.00
Biso 1.68 Biso All = 1.50, Al2 = 3.70,
AlI3=3.10
Silicon site 49
X 0.15
y 0.16
y4 0.00
sof 0.39
Biso 370

The effect for the sintering linear shrinkage with the addition of aluminum shows
minimum changes of 5.31+0.28 % and 4.06x0.47 % reduction for both 0 wt% and 10 wt%
of RHA as compared to the addition of RHA, which having the reduction changes range
from 9.73+0.43 % to 11.07+0.17 % for 0 wt% to 10 wt% of aluminum. The presence of
RHA will obstruct densification and pore collapse due to its hard properties [24, 25], and
also the existence of the mullite phase as detected in the XRD [26].
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Figure 5. Reduction in linear shrinkage with the addition of RHA and aluminum

The sum of open (an accessible pore channel) and closed porosity is referred to as
the total porosity. For 0 wt.% RHA, it showed that the open porosity increased with
additional amounts of aluminum (Figure 6a). It was increased from 10.82+0.36 % to
19.4620.77 % (increment of 8.64+0.41 %) up to 8 wt.% Al and decreased to 19.23+0.53 %
(decrement of 0.24+0.23 %) at 10 wt.% Al. Similar trend were obtained for the sample
having 10 wt.% RHA (Figure 6a). The results for closed porosity was opposite from the open
porosity. As showed in Figure 6b, it was observed that the closed porosity reduced when the
aluminum content increased. The values were reduced from 22.75+1.11 % to 15.91+1.53 %
(decrement of 6.84+0.42 %) and 16.31+0.33 to 7.44+0.47 % (decrement of 8.87+0.14 %)
for 0 wt.% and 10 wt.% RHA, respectively. For this reason, as higher amounts of aluminum
were added, there was an increase in the total volume fraction of aluminum. Thus, this may
produce a higher tendency for the molten aluminum to be entrapped within the sample.

In overall, it can be said that the total porosity increased with the addition of RHA
and aluminum (Figure 6¢). Embedded with 10 wt.% RHA attributed to the increase in total
porosity with increment values ranging between 12.03+1.14 % and 15.23+0.37 %. This
occurrence was due to the burning out of the organic materials/elements from RHA, which
lead to the formation of pores. Figure 7a illustrates images of the formation of long, irregular
and different pore shapes and sizes. The non-uniformity of pore structure and size was
mainly due to the nature of the physical appearance of RHA as discussed in the previous
section. With addition of aluminum, the total porosity increased from 33.56+£1.01 % to
36.55+0.77 % (increment of 2.99+0.34 %) up to 8 wt.% Al and decreased to 35.14+1.28 %
(decrement of 1.41+0.61 %) at 10 wt.% Al for 0 wt.% RHA. Similar trend was obtained for
10 wt.% RHA with increasing the aluminum content (Figure 6¢). The increase in total
porosity with additional amounts of aluminum can be understood through the theoretical
melting temperature of aluminum. When sintered above 660.30°C [11], the aluminum will
melt and it changes to molten aluminum. There are possibilities of the molten aluminum to
immersed within the interfaces of the sintered alumina body and flowing out from the
sample, thus, leaving the pores. The microscopic images in Figure 7b show the porosity
created by the aluminum particulates within the sample. Thus, this explained the reason how
the addition of aluminum leads to the formation of pores and increased porosity. However,
the increment is very small (<4.35%). Figure 7c emphasizes the perfect and poor interfacial
bonding between alumina and aluminum within the sample. From these results, the
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relationship of the total porosity to the open and closed porosity can be described as
following:

I.  The closed porosity will dominate as the fractional porosity is lower.
ii.  The open porosity will increase as the fractional porosity increase.
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Figure 6. Variation of (a) open, (b) closed and (c) total porosity of the
sintered alumina with the addition of RHA and aluminum
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The density without RHA showed a higher density value (between 1.93+0.02
gcmand 2.08+0.03 gcm3) compared to the addition of 10 wt.% RHA (between 1.41+0.03
gem2and 1.55+0.01 gcm®) as shown in Figure 8. The reduction values were in the range
between 0.51+0.04 gcm2and 0.61+0.01 gcm. The highest density measured was 2.08+0.03
gcm3, which is without particulates both RHA and aluminum. This is reasonable as a higher
linear shrinkage occurs and the lower value of total porosity for this samples [4]. Density
strictly depends on the sintering linear shrinkage and total porosity. The density is always
being linearly proportional to the sintering linear shrinkage and inversely proportional to
total porosity [9]. For both 0 wt.% and 10 wt.% RHA, the density values kept decreasing up
to 8 wt.% Al (2.08+0.03 gcm=to 1.93+0.02 gcm for 0 wt.% RHA and 1.55+0.01 gcm=to
1.41%0.03 gcm for 10 wt.% RHA) due to increase in total porosity. However, the density
started recovering again at 10 wt.% Al (increased to 1.96+0.04 gcmand 1.44+0.04 gcm™
for 0 wt.% and 10 wt.% RHA, respectively). These increments were related to the reduction
in total porosity due to the elimination of pores [27]. A lowering of the density value also
was attributed to the addition of low density RHA (1.80 g/cm?®) [28-30] and aluminum (2.70
g/cm?®) [11].
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The hardness of the sintered samples reduces with the increasing content of RHA
and aluminum. From Figure 9, the hardness value decreases from 373.12+22.20 HV to the
minimum value of 75.78+6.11 HV with increasing amounts of RHA up to 10 wt.%. Due to
the role of RHA as a pore forming agent, most of the organic materials/elements were
removed during the sintering treatment, leaving more pores inside the material (reduced
resistance to failure) and thus reducing the hardness. Meanwhile, with increasing amounts
of aluminum, this also leads to a reduction in hardness. The values reduced from
373.12422.20 HV to 176.1245.99 HV (decrement of 197.00+16.21 HV) without RHA and
from 75.78+6.11 HV to 36.00+9.28 HV (decrement of 39.78+3.17 HV) with 10 wt.% RHA,
respectively.

The reduction of hardness was attributed to the presence of the mullite phases,
which has lower properties than o — Al, 05 [31, 32].
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Figure 9. Reduction in hardness with the variation amounts of RHA and aluminum
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The results for the failure strength also exhibited a similar pattern to the hardness

value. The failure strength-total porosity relationship can be related through mathematical
function in Equation 4:

Ofc = Co-fs(l - p)3/2 (4)

where, oy is tensile strength, C a geometric constant characteristic of the unit cell shape,
ors the webs strength and p the porosity [33].

Failure strength is always inversely proportional to the total porosity. When
embedded with 10 wt.% of RHA, the strength is reduced at the respective amount of
aluminum (decrement between 22.56+13.22 MPa to 42.28+17.06 MPa) due to the increase
in total porosity which may influence crack propagation (Figure 10). The highest strength
obtained is alumina without the addition of either RHA or aluminum (55.62+17.92 MPa).
This result is supported by Mohanta et al. who reported that the maximum strength value
was obtained from the alumina without any materials embedded [9]. For 0 wt.% RHA, by
adding aluminum up to 8 wt.%, the strength was reduced from 55.62+17.92 MPa to
31.76+£14.11 MPa (decrement of 23.86+3.81 MPa) and was improved at 10 wt.% Al
(increment of 0.82+4.38 MPa). For 10 wt.% RHA, the strength also reduced from
13.34+0.86 MPa to 8.99+1.82 MPa (decrement of 4.35+0.96 MPa) up to the addition of 6
wt% Al. Above this ratio (at 8 wt.% and 10 wt.% Al), the strength starts to increase to
9.20+0.90 MPa and 9.26+1.65 MPa, respectively. Even though there has been an increment
in strength, these values are still below the reference sample.
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Figure 10. Reduction in failure strength with the variation amounts of RHA and aluminum

Theoretically, by adding aluminum, the hypothesis is to improve the strength due
to the interfacial bonding between the alumina and the aluminum, which would prevent the
propagation of the crack [12]. However, the results showed inverse behaviour. The images
illustrated in Figure 6b and 6¢ show that some of the aluminum melts during the sintering
process, resulting in more pores. This may reduce the interfacial reaction between the
alumina matrix and the aluminum, thus reducing its strength.
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Conclusions

This study had shown that the addition of RHA has a major impact on the properties of the
pellets rather than the addition of aluminum. With the addition of 10 wt% RHA, the linear
shrinkage, closed porosity, density, hardness and failure strength are reduced. The reduction
was varied from 9.73+0.43 % to 11.07£0.17 % for linear shrinkage, 5.41+0.43 % to
8.46+£0.47 % for closed porosity, 0.51+0.04 gcm-3 to 0.61+0.01 gcm-3 for density,
373.12422.20 HV to 75.78+6.11 HV for hardness and 22.56+13.22 MPa to 42.28+17.06
MPa for failure strength. Meanwhile, the open and total porosity was increased from
10.82+0.36 % to 19.46+0.77 % and 12.03+1.14 % to 15.23+0.37 %, respectively. Induced
porosity is the prime concern in this study since the main applications are for filtration
purposes.
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