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Alumina (Al2O3) suffers from low fracture toughness and low bending strength which restrict 
its application in the industry for some advanced components. The incorporation of submicron SiC 
into Al2O3 matrix improves mechanical properties of the matrix. However, the high cost of SiC has 
delayed the industrial interest of synthesizing Al2O3-SiC composites. Rice husk, an agricultural waste 
material, is a potential source of low-cost SiC. Therefore, this study presents a simple approach to 
synthesizing SiC from locally sourced rice husk and using it to reinforce alumina. Rice husk was 
pyrolysed in a tube furnace under argon atmosphere at different temperatures (1000 °C – 1500 °C) 
and reaction times (60 – 120 min). Furthermore, Alumina powder was admixed with 5 – 20 vol% SiC 
derived from rice husk, and then sintered at temperatures between 1300 °C – 1600 °C by spark plasma 
sintering. Maximum yield of SiC was obtained from rice husk at 1500 °C and 120 min. Materials 
with theoretical densities higher than 95% were achieved for the sintered composites. The hardness 
of sintered composites reached a maximum of 20.2±1.4 GPa, while a maximum of 4.7±.7 MPa.m0.5 
was obtained for the fracture toughness.

Keywords: Sintering, microstructure, X-ray diffraction, mechanical properties, rice husk, Silicon 
carbide.

1. Introduction
Alumina (Al2O3) displays a great variety of properties 

which are of fundamental as well as technological interest. 
Among these properties are low density, high chemical 
inertness, high compressive strength and good wear resistance. 
Due to these properties, alumina is used in the production of 
armor systems, abrasive materials, cutting tools, electronics, 
aero and automotive parts1. In addition, alumina also finds 
application in the biomedical field as an implant material for 
artificial hip, knee, shoulder, elbow and wrist, as well as for 
replacing diseased, damaged and loosened teeth2. Alumina, 
however, has some drawbacks: low fracture toughness, low 
bending strength and a low heat-resistance limit temperature 
for strength. These weaknesses limit the use of Al2O3 for 
some advanced applications3.

Studies show that the incorporation of a small amount 
of nano-sized silicon carbide (SiC) significantly improves 
the overall mechanical properties of the alumina matrix 
composite, particularly hardness and fracture toughness4-6. 
The effect of nano-sized reinforcements on toughening of 
alumina ceramics was first reported by Niihara and Jeong7 
who asserted that the addition of 5 vol% nano-sized silicon 

carbide particles into an alumina matrix had improved its 
strength by changing the fracture mode from inter granular 
to intra granular. However, the overall cost of production of 
SiC in the industry is high due to the contributions of the high 
raw materials and energy cost8. The need to overcome this 
challenge has led to intense research on alternative techniques 
as well as sources of silicon carbide that are low‑cost and 
renewable, among which rice husk has emerged as one of the 
promising candidates due to its finely dispersed carbon and 
silica that are in intimate contact and exhibit high activity 
with one another9,10.

Silicon carbide (SiC) was first synthesized successfully 
from rice husk by Cutler in the early 1970’s11,12. Consequently, 
various techniques such as thermal plasma reactors13 gas 
furnaces14, thermogravimetry-differential scanning calorimetry 
(TGA-DSC)15 and hydrothermal carbonization16 were 
experimentally employed to synthesize SiC from rice husk 
with a high degree of success. However, the sophisticated 
nature of these techniques makes it difficult for large scale 
production of SiC from rice husk due to high maintenance 
requirements. Therefore, there is still a need for a simpler and 
more economic approach to the synthesis of silicon carbide 
(SiC) from rice husk and using it to reinforce alumina to 
produce a low cost high performance alumina matrix - SiC *email: talweendo@unam.na
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reinforced composite and comparing the results to other 
work that utilized SiC from other sources. The use of rice 
husk ash in metal matrix composites has been reported17-19. 
However, reports on the reinforcement of alumina with SiC 
from rice husk have not been found or perhaps not officially 
published. Therefore, the aim of this work was to synthesize 
SiC from rice husk and using it to reinforce alumina with 
a focus of producing a low-cost ceramic matrix composite.

2. Materials and Methods

2.1 Preparation and characterization of starting 
materials

The rice husk used in this study was sourced from 
Ogongo rice project in Omusati region, northern Namibia. 
The as‑obtained (raw) rice husk was washed with distilled 
water to remove dirt such as adhering sand and then dried in 
the sunlight for 12 h. After washing, a proximate analysis was 
done according to the ASTM standard D5373-02 (2007)20 on 
5g of raw rice husk pulverized in a Fritsch pulverisette 6 ball 
mill. Black ash was prepared by coking rice husk in a muffle 
furnace (635 HT) at 700 °C for 10 min before pyrolysis. 
The coking was carried out in sealed ceramic crucibles with 
a hole of 1 mm of diameter in the crucible cover to create an 
atmosphere deficient in oxygen. This step was necessary to 
convert organic matter into carbon. After coking, the sample 
was milled for 3 h in a Fritsch pulverisette 6 ball mill using 
20 mm diameter stainless steel balls at 200 rpm and ball 
to powder ratio of 3:1. Alumina powder (99.8%) with a 
particle size of 3.5 microns (µm) from Labtech Suppliers, 
Windhoek, Namibia was used in this study.

2.2 Synthesis of SiC by pyrolysis of rice husk
Silicon carbide (SiC) was synthesized by pyrolysis 

of black ash (produced by the coking rice husk) in a tube 
furnace (THS 15-50-450). A mass of 5 g of the black ash 
were pyrolyzed at temperatures of 1000, 1300 and 1500 °C 
at a heating rate of 10 °C/min. The pyrolysis time was also 
varied at 60, 90 and 120 min. The process was done in an 
inert (argon) atmosphere flowing constantly at a rate of 2l/min 
to form pyrolysis products, which are SiC, unreacted SiO2 
and unreacted carbon. The pyrolysis products were calcined 
in a muffle furnace (Huster 635 HT) at 700 °C for 2 h in 
air to burn off the residual carbon. The calcined pyrolysis 
products were leached in hydrofluoric acid (HF) to remove 
any unreacted silica, while leaching in hydrochloric acid 
(HCl) was done to remove metallic oxide impurities as well 
as any residual carbon. After the treatments, the actual SiC 
mass was measured. The overall, stoichiometrically balanced 
formation reaction of SiC by carbothermal reduction of silica 
by carbon is given by Equation 18.

	 ( ) ( ) ( ) ( )2SiO s   3C s   SiC s   2CO g+ = +  	 (1)

From our previous study21, we established that there are 
20% SiO2 and 11% carbon by mass in the rice husk from 
proximate analysis. Therefore, the theoretical SiC mass 
was determined from the stoichiometric equation using the 
SiO2 and C masses present in the rice husk used at different 
temperatures. The percentage yield was calculated using 

Equation 2 after measuring the weight of the actual SiC 
obtained from rice husk.

	    %  
  

Actual SiC mass obtainedYield 100
Theoretical SiC mass

= ×  	 (2)

2.3 Characterization of pyrolysis products
A Bruker D2 advance XRD analyzer was used to 

analyze the pyrolysis products before and after leaching to 
confirm the removal of impurities from the produced SiC 
powder. The D2 advance uses Co-kα radiation produced 
at 40kV and 40mA, and the measurements were taken at 
2θ values ranging from 10°- 90° with step sizes of 0.02°. 
An FEI Quanta 400 FEG SEM/EDS machine was used for 
microscopic analysis of the treated pyrolysis products in 
terms of phase morphology.

2.4 Admixing alumina (Al2O3) with silicon 
carbide (SiC) from rice husk

Alumina and SiC powders were admixed in a planetary 
ball mill (Fritsch pulverisette 6) using 20 mm corundum 
balls at a ratio of 3:1 ball to powder, for 3 h. The powders 
were mixed in ratios of 5, 10, 15 and 20 vol% SiC in ethanol 
medium with the addition of dolapix CE 64 at 2 wt% as a 
dispersant, and then dried at 100 °C in an oven for 12 h.

2.5 Sintering of Al2O3-SiC composites
Spark plasma sintering (FCT HP-D5) technique was 

used to produce a consolidated Al2O3-SiC composite at 
different temperatures ranging from 1300 to 1600 °C at an 
interval of 100 °C and a ramp up of 250 °C/min for 5 min 
at 50 MPa pressure applied throughout the sintering cycle.

2.6 Density measurements
The densities of sintered composites were calculated 

using the Archimedes’ principle as shown in Equation 3, 
where ρwater is 1.0 gcm-3, ms is the suspended mass of the 
samples, mw is the saturated mass, and md is the dry mass.

( ) ( )  /s d water s wm  m mρ ρ= × −  	 (3)

The theoretical densities of the composites were calculated 
using the rule of mixture method (3.95 g/cm3 and 3.21 g/cm3 
for Al2O3 and SiC, respectively). The densification of the 
composites was calculated by dividing the experimental 
density by the theoretical density.

2.7 Microstructural characterization of sintered 
composites

All sintered samples were cut and polished to 1µm 
finish with diamond suspensions. An FEI Quanta 400 FEG 
SEM scanning electron microscope (SEM) equipped with 
an energy dispersive spectrometer was used to assess the 
microstructure of the polished samples. The elemental analysis 
was done using an energy dispersive spectrometer (EDS).

2.8 Mechanical properties of sintered composites
A Vickers hardness testing machine (MHV-1000A) was 

used to determine the hardness and fracture toughness of the 
sintered samples. The testing was performed by indenting the 
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sintered samples with a pyramid shaped diamond indenter 
under a test force of 5kg. Fracture toughness (KIC) of the 
sintered materials was calculated using Equation 4, the 
Anstis’ equation22.

	 .
1
2

IC 3
2

E FK 0 016
H

C

 = × 
 

 	 (4)

where F is the load in Newtons, c is the crack length from 
the centre of the indent to the crack tip in meters, E is the 
Young’s modulus in GPa and H is the Vickers hardness in GPa.

3. Results and Discussions

3.1 XRD analysis of pyrolysis products
Figure  1 presents the XRD spectra for the rice husk 

pyrolysed at 1300 °C and 1500 °C. Two major silica peaks can 
be observed at 2θ = 22° and 26.8° as shown in Figure 2a and 2b, 
respectively. These peaks imply that the amorphous silica 
had crystallized and transformed to β-cristobalite23,24. It is 
evident that no silicon carbide (SiC) formed at 60 min for 
both pyrolysis temperatures. However, at 90 min, a small 
SiC peak was observed at 2θ = 35.8°. The intensity of the 
SiC peaks increased further at 120 min, which indicates an 
increase in the yield of SiC from rice husk.

Figure 2 shows the composite XRD plot for leached 
pyrolysis products obtained at 1500 °C. The results revealed 

that the leaching process has removed the unreacted silica 
and other oxide impurities. The hydrofluoric acid attacks the 
silica to form hexafluorosilicic acid vapour8 that effectively 
evaporates all silica from the pyrolysis products according to 
Equation 5. The main peak appeared at 2θ = 42° as opposed 
to that observed in Figure 1 at 2θ = 35.8°. This variation 
was caused by the different anodes used as radiation sources 
for the XRD machines used. The spectrum in Figure 1 was 
obtained using an XRD machine with a Cu-kα, while that 
in Figure 2 was obtained using Co-kα radiation.

	 ( ) ( ) ( ) ( )2 2 6 2SiO s   6HF  l   H SiF g    2H O g  + = ↑ + ↑  	 (5)

3.2 SEM analysis of silicon carbide (SiC) powder
Figure 3 presents an SEM image of the pyrolysis products 

after leaching. The image reveals that the obtained silicon 
carbide powder is in the form of whiskers and particles. 
The whiskers have diameters in the range 90 – 130 nm, while 
the particulates have diameters in the range of 60 – 110 nm. 
It is believed that the synthesis of SiC by carbothermal 
reduction of silica is a multi-stage, vapour-solid growth 
process that involves a series of chemical reactions which 
produce either particles or whiskers. SiC particles result 
from nucleation by reaction 6 with gas-solid interaction and 
whiskers grow by reaction 7.

	 ( ) ( ) ( ) ( )  SiO g   2C S   SiC s   CO g+ = +  	 (6)

Figure 1: XRD spectra for rice husk pyrolysed at (a) 1300°C (b) 1500°C
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	 ( ) ( ) ( ) ( )SiO g   3CO g   SiC s   2CO2 g+ = +  	 (7)

It is also believed that at temperature above 1450°C, 
some of the whiskers are converted to particulates via a 
process called coagulative formation of crystal particulates13.

3.3 Effects of temperature and time on SiC yield 
from rice husk

The effects of reaction time and temperature on the yield 
of silicon carbide from rice husk was investigated between 
1300°C – 1500°C. The yield of silicon carbide was found 
to increase with an increase in temperature for all reaction 
times studied as shown in Figure 4. The maximum yield 
obtained was 69.2%.

3.4 Microstructural analysis of sintered Al2O3-SiC 
composites

Figure 5a presents SEM image of Al2O3-SiC materials 
doped with 20 vol% SiC sintered at 1500°C. The image 
displays a dense microstructure with some pores visible 

within the matrix. This agrees with the density results in 
Figure 6, which reveal that this composite has a relative 
density of 96.4%. In addition, EDS spot analysis revealed 
that the light grey phase indicated by the arrows in Figure 5a 
is SiC as shown in Figure 5b. The SiC particles appear to 
be homogeneously distributed within the alumina matrix. 
Furthermore, XRD analysis of the composites reveal only 
Al2O3 and SiC peaks, which shows no secondary reactions 
between SiC and Al2O3 as shown in Figure 6.

3.5 Effects of sintering temperature and SiC 
composition on densification

The effects of sintering temperature and SiC composition 
on the densification of Al2O3-SiC composite are shown 
in Table 1 and presented in Figure 7, respectively. It was 
observed that the density of the composites increased with 
sintering temperature. This behaviour is expected because 
consolidation of powders during sintering occurs due to partial 
melting of powder particles, which is a temperature dependent 
phenomenon. Therefore, as the sintering temperature increases, 

Figure 2: Composite XRD plot for leached pyrolysis products obtained at 1500 °C and different reaction times

Figure 3: SEM image of SiC powder obtained from rice husk pyrolysed at 1500°C for 120 min
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Figure 4: SiC yield as a function of retention time

Figure 5: (a) SEM image of Al2O3-20 vol% SiC composite sintered at 1500°C (b) EDS spot analysis results for Al2O3-20 vol% SiC

Figure 6: X-ray diffraction spectrum for Al2O3-20 vol% SiC sintered at 1500°C showing only Al2O3 and SiC peaks.
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the partial melting of powder particles in more pronounced 
which leads to better densification of the composites. 
From the table, it is evident that the incorporation of SiC 
into alumina matrix reduces the densification of alumina. 
This may be attributed to the poor sintering properties of 
the SiC phase. In a related study, Min et al.25, successfully 
synthesized Sialon-SiC composites from kyanite tailings. 
They reported 1550°C as the optimum temperature for 
achieving the best results in their study, while in this study, 
the temperature was fond to be 1600°C. In a separate study by 
the same authors26, Al2O3-SiC composites were synthesized 
by pressure less sintering for 6h and 1600°C as the optimum 
conditions. Comparing their findings with those form this 
study, it is evident that Spark Plasma Sintering technique 
significantly decreases the amount of time required to 
achieve the optimum densification and mechanical properties. 
This has an advantage of achieving the desired properties 
with minimized grain growth, resulting in energy saving 
and superior mechanical properties, owing to the pressure 
assisted, rapid heating electric pulse mechanism applied in 
SPS technique.

3.6 Effects of SiC composition and sintering 
temperature on hardness

Figure  8 presents the effect of sintering temperature 
and SiC content on the hardness of Al2O3-SiC composites. 
It was observed that the hardness of the composites increased 
with SiC content at each respective sintering temperature. 

Figure 7: Relative density of Al2O3-SiC materials as a function of sintering temperature and SiC content

This behavior could be attributed to the addition SiC phase 
that is harder27 or, additionally, due to the refinement of the 
alumina matrix grains, where the composites with a higher 
SiC content tend to have smaller grains where dislocations’ 
slips are blocked by grain boundaries. The refinement of 
alumina grains is shown in Figure 9 for Al2O3-SiC composites 
sintered at 1600°C, where the composites with 20 vol% 
SiC has a smaller grain size than the 5 vol% SiC content. 
For illustration purposes, the difference in grain size is shown 
in the figure. The average grain Parchovianský et al.28, in a 
related study reported that there was no significant effect of 
SiC particle size on the hardness of the composites, but it 
is mainly affected by volume fraction of the second phase. 
Meanwhile, hardness was found to increase with an increase 
in sintering temperature for 10 vol% and 20 vol%. However, 
an unusual decrease was observed in hardness for the 5 vol% 
and 15 vol% as the temperature approached 1600°C. It is 
believed that at lower amounts of SiC, the growth of matrix 
grains was inhibited to a lesser extent resulting in larger 
grain sizes and consequently lower hardness values, while 
it was suppressed almost entirely at higher volume fractions 
of SiC resulting in higher hardness values even at higher 
temperatures. Comparing the hardness of the composites 
to that of pure alumina sintered at similar conditions as 
presented in Table 2, it is revealed that the addition of SiC 
to alumina matrix results in increased hardness values at 
higher volume fractions of SiC.

Table 1: Effect of SiC Reinforcement on the Relative Density of Sintered Composites

SiC content (vol.%)
1300°C 1400°C 1500°C 1600°C

Relative density (%)
0 98.4 98.6 100.0 100.0
5 88.9 98.0 100.0 99.8
10 93.0 96.0 99.1 100.0
15 100.0 100.0 100.0 100.0
20 84.6 93.9 96.4 99.7
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Figure 8: Hardness of Al2O3-SiC composites as a function of sintering temperature

Figure 9: SEM images of Al2O3-SiC composites sintered at 1600°C (a) 20vol.% SiC (b) 5vol.% SiC

Table 2: Effect of SiC Reinforcement on Hardness of Sintered Composites

SiC content (vol.%)
1300°C 1400°C 1500°C 1600°C

Hardness (GPa)
0 14.4 18.3 16.5 15.8
5 8.5 10.2 10.9 10.3
10 12.3 12.7 13.0 16.1
15 14.6 16.9 18.6 18.5
20 16.8 18.4 19.3 20.2

3.7 Effects of sintering temperature and SiC 
composition on fracture toughness

Figure 10 presents the effect of sintering temperature on 
the fracture toughness of various Al2O3-SiC composites. There 
was not really a defined relationship between SiC content 
and fracture toughness observed. Parchovianský et  al.28, 
in a related study reported that the mechanism of fracture 
toughness of Al2O3-SiC composites is complicated. There 
exists a widespread of theories published29-31 on factors that 

influence the fracture toughness of these composites such 
as the amount of SiC, the particle size of SiC, influence of 
intragranular and intergranular SiC phases, role of residual 
stresses and many more. It has however, been established that 
the mismatch in thermal expansion of Al2O3 (8.8 × 10−6 K−1) 
and SiC (4.4 × 10−6 K−1) causes the intergranular SiC phases 
to bond strongly at Al2O3/Al2O3 interfaces, which inhibits the 
propagation of cracks along grain boundaries, resulting in a 
change from intergranular to intragranular cracking32. The high 
fracture energy of Al2O3/SiC interfaces of the intragranular 
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Figure 10: Fracture toughness of various compositions of Al2O3-SiC materials as a function of sintering temperature

Table 3: Effect of SiC Reinforcement on the Fracture Strength of Sintered Composites

SiC content (vol.%)
1300°C 1400°C 1500°C 1600°C

Fracture toughness (MPa.m0.5)
0 3.2 3.6 3.6 4.2
5 3.6 3.7 4.1 4.5
10 3.8 4.0 4.5 4.7
15 3.8 3.8 4.3 4.2
20 3.7 3.7 4.1 4.2

SiC inclusions results in the deflection28 of cracks. On the 
other hand, the mismatch in thermal expansion between Al2O3 
and SiC results in circular compressive forces and tangential 
tensile forces to act on SiC particles. This implies that at 
lower amounts of SiC, part of the matrix is compressed while 
the other is under tension, hence, the propagation of cracks 
is inhibited in regions under compression while the tensile 
regions promote crack propagation. However, at higher 
amounts of SiC, the entire matrix becomes tensile, which 
leads to a promotion of crack propagation and lowering the 
fracture energy of the composites18. This explains why the 
fracture toughness of the composites was only improved 
at lower amounts of SiC and decreased at higher volume 
fractions. Meanwhile, It was observed that for low SiC 
content (5 and 10 vol%), the fracture toughness increased 
with sintering temperature. This may be attributed to the 
increase in fracture energy of Al2O3/SiC interfaces caused 
by an increase in residual stresses experienced at higher 
temperatures. However, the fracture toughness decreased 
for higher SiC contents (15 and 20 vol%), which could be 
caused by embrittlement of the matrix due to microstructure 
refinement and prohibition of grain growth by the SiC particles. 
Comparing the fracture toughness values of the composites 
to those of pure alumina sintered at similar conditions as 
presented in Table 3, it is evident that the addition of SiC leads 
to improved fracture toughness, although the relationship 
between SiC volume fraction and fracture toughness is not 
well defined from the results. Perhaps, more research needs 
to be carried out to better define this relationship.

4. Conclusions
The synthesis of SiC from rice husk and the mechanical 

properties of alumina reinforced with SiC from rice husk 
were studied. The results showed that a maximum yield 
of 69.2% was achieved in this study. Analysis of the 
morphology of the synthesized SiC revealed that the powder 
was a mixture of particulates and whiskers in the nanometre 
range. The yield of SiC from rice husk was found to be 
dependent on the pyrolysis temperature and time. In addition, 
the morphology and mechanical behaviour of Al2O3-SiC 
were studied. Density results showed that an increase in 
sintering temperature improved the densification, while 
beyond 15 vol% SiC, the densification decreased. Hardness 
improved with SiC content, but the fracture toughness only 
increased up to 10 vol%. The maximum values obtained in 
this work for both hardness and fracture toughness were 
20.2±1.4 GPa and 4.7±0.7 MPa.m0.5, respectively. Rice 
husk has the potential to become an alternative source of 
low cost SiC that may lead to commercial production of 
low-cost ceramic materials.
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