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Abstract. Aluminum matrix composites containing hard ceramic particles have higher
strength, hardness and wear resistance than conventional materials. However, the high cost of
hard ceramic reinforcements has led researchers to obtain ceramic reinforcement from
organic wastes such as rice husk and eggshell, and they are looking for ways to increase the
hardness and wear properties by reinforced these organic wastes. In this study, 1, 2, and 4
vol.% rice husk ash (RHA) were added to AA7075 metal matrix. Samples were produced in a
steel tube under 550 mmHg vacuum at 750 °C for 3 minutes. T6 heat treatment (aging) was
applied to the samples. The density, porosity, and hardness of non-aged and aged samples
were measured and compared. In addition, SEM and EDS analysis of aged samples were
performed and wear properties under 20 N load was investigated. While the hardness and the
porosity of T6 heat treated composites increased with increasing reinforcement volume ratio,
T6 heat treatment did not improve the hardness and the wear properties of the composites
significantly compared to unreinforced (0 vol%) sample. Wear tests showed that the mass
loss increased with the increment of reinforcement-volume ratio. Increasing RHA content
resulted in worsening the wear behavior of composites because of the poor wettability of
RHA particles.
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Introduction

Aluminum metal matrix composites (AMCs) are frequently studied due to the
prominent benefits such as improved strength in proportion to weight ratio, relatively low
density, high thermal conductivity, better wear resistance, etc. [1]. Several techniques such as
stir casting, vortex method, powder metallurgy, infiltration casting etc have been used to
fabricate MMC product. It well known that infiltration method is widely used for making
MMC with high volume fraction of reinforcement [2,3] The production of AMCs brings extra
costs comparing to conventional aluminum alloys owing to multiple components and steps
used in production [4]. The cost of AMCs can be lowered if agro-waste and its ceramic
compounds are utilized as reinforcement particles [5]. The use of industrial agro-waste as
reinforcement material has drawn remarkable attention in recent years due to the
environmental awareness in our society [4,6-8]. Rice husk ash (RHA) is one of many
industrial derivatives which is agricultural waste that has high availability worldwide. The
great amount of harvesting paddy consists of rice, bran, and husk. This husk is used as fuel to
provide energy in rice mills. During this process, husk is transformed into ash which is
known as RHA. It is estimated that around 120 million tons of RHA was produced annually
around the world. Therefore, the use of this agro-waste is of much interest among researchers
in terms of environmental concerns [9-11].

Research on publication of RHA in AMC has been studied by many researchers
[12,13] such as Ahamed et al. [13] produced RHA reinforced AMCs by using stir casting
method. They found out that while density of composites decreased, tensile strength (TS) and
hardness increased by increasing reinforcement ratio [12]. Alaneme et al. [13] studied the
mechanical behavior of rice husk ash (RHA) and alumina reinforced aluminium hybrid
composites produced by stir casting method. They reported that the hardness and TS of the
hybrid composite was slightly lower when compared to single reinforced Al2Os3/Al
composites while the fracture toughness increased within percentage of RHA up to 3 wt%.

Prasad et al. [14] also used stir casting method to fabricate RHA/A356.2 metal matrix
composites (MMCs). They stated that the hardness and ultimate tensile strength of the
composites were higher when compared to pure alloy. In another study, Prasad et al. [15]
produced A356.2 aluminium composite reinforced with rice husk ash (RHA) by stir casting
method and its tribological properties were investigated. They reported that while the
hardness of the composites increased with increasing rice husk ash content, the wear rate and
friction coefficient of the composite decreased. Gladston et al. [16] studied on the production
and wear properties of RHA reinforced AA6061 composites. Compo-casting method was
chosen as production method and 0, 2, 4, 6, and 8 wt.% RHA reinforced composites were
produced. It was found that RHA particles also refined the grain structure of aluminium and
thus improved the wear resistance. The presence of RHA particles enhanced the wear
resistance of composites and an increment in the applied load and the RHA particles switched
the wear model [16].

Vacuum infiltration method used in metal matrix composites consists of following
several steps: the melt and the reinforcement contact at the surface of particle preform, the
infiltration starts with the melt flow through the preform under negative pressure and the
solidification takes place [17,18]. Recently, hybrid techniques comprising of vacuum
infiltration method were implemented to achieve improved mechanical properties [19,20].
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Despite the fact that many new techniques have been developed in using RHA as
reinforcing fillers in AMC to minimizing the amount of waste, application of vacuum
infiltration method were missing in the literature although this method associated with this
filler is one of the cost efficient, safe, fast, simple production processes compared to other
production methods [21]. In this research, manufacturability of RHA reinforced aluminum
composites using vacuum infiltration method was carried out and the wear behaviour and
properties of RHA reinforced 7075 aluminium T6 composites was investigated.

Materials and Methods

In this study, rice husk ash (RHA) particles (particle size: 125 to 250 pum) (supplied
from Department of Mechanical and Manufacturing Engineering, Putra University, Malaysia)
and AA7075 alloy were used. The chemical composition of the AA7075 alloy powder is 5.6
wt.% Zn, 2.6 wt.% Mg, 1.6 wt.% Cu, 2.6 wt.% Cr, and the rest is Al. The x-ray fluorescence
(XRF) analysis was used to obtain the chemical composition of the RHA used in this study is
6.8 wt.% C, 56.4 wt.% O, 35.7 wt.% Si, 0.7 wt.% Ca, and 0.4 wt.% Mg. RHA was added to
the matrix with the volume fractions of 1 %, 2 %, and 4 %.

Steel tubes with an outer diameter of 12 mm, wall thickness and height of 300 mm
were used in the infiltration process as seen in Figure 1. Steel filters are placed at the bottom
of the steel tubes to prevent powder from pouring. AA7075 and RHA powders were mixed
with turbula 3D mixer to form the composite preforms having reinforcement volume fraction
(R-V) of 1 %, 2 %, and 4 %. The mixed powders were placed into the steel pipes at a height
of 70 mm. It is prevented from mixing with SiO2 powder by placing the filter mesh on the
powder. After this process, the same height of SiO2 powders were placed on the top of mixed
powders which prevented the melting metal from rising during the vacuum process. For
melting the metal, an electrical resistance furnace was used. The melting furnace
configuration were shown in Figure 1(b).
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Figure 1: (a) Infiltration tube and (b) furnace used for manufacturing [21]

12



Naci Arda Tanis et al. Malaysian Journal of Microscopy Vol. 18 No. 2 (2022), Page 10-22

The melted aluminium alloy temperature was kept constant at 750 °C + 5 throughout
the experiment. About 500 + 5 mmHg vacuum pressure was applied to the tube and the steel
tube was sunk into liquid aluminium. Vacuum was kept under these conditions for three
minutes. After three minutes of vacuuming, the tubes were taken out and cooled down to
room temperature in normal atmosphere. The tubes were carefully machined to remove the
composites from the tubes. Non-infiltrated part was separated from infiltrated part as powder.
Infiltration height and densities of composites were determined. The percentages of porosity
of specimens have been determined in accordance with experimental and theoretical
densities. Then, composites were cut into slices for microstructural examinations and heat
treatment. The composites that were produced by vacuum infiltration were subjected to T6
heat treatment (aging) in order to increase the hardness of the composites by forming MgZn>
in the microstructure. Solution heat treatment was applied to the composites at 485 °C for
two hours and then specimens were quenched. After that, composites were held in the heat
treatment furnace at 120 °C for 24 hours.

The measurements of porosity, SEM and EDS analyzes of the aged samples were
carried out by using JEOL JSM-6060LV and hardness measurements were performed using
Galileo Durometria Vickers indenter with the loading force of 0.2 kg and a dwell time of 10
s.  Thermogravimetry analysis-differential thermal analyses (TGA-DTA) analysis was
performed to examine the thermal properties of RHA particles in molten metal at high
temperature. After T6 heat treatment, XRD analysis were performed to determine the
chemical composition of the intermetallic precipitates. Later, dry wear tests were carried out
on the Pin-on disc device at a distance of 40 meters under 20 N load and with 240 mesh
sandpaper.

Results and Discussion
Density and Porosity Measurements

Porosity (%) of the samples produced in the study were calculated based one
Archimedes’ method. Table 1 shows that the porosity increased in proportion to the
increasing reinforcement ratio in non-aged samples. In this table, the actual density gives the

ratio of actual weight to volume after infiltration and heat treatment.

Table 1: Density and porosity values of AMC produced

Non-aged T6 Heat Treatment
f R-tY Dzll:sliiy Theoretical Porosity DIll;lsliety Theoretical Porosity
raction . 3 o : 3 )
(vol%) (g/em?) Density(g/cm”) (%) (g/cm’) Density(g/cm”) (%)
0 2.733 2.811 2.774 2.602 2.811 6.688
1 2.683 2.804 4315 2.458 2.804 13.358
2 2.569 2.798 8.184 2.625 2.798 11.924
4 2.415 2.787 13.347 2.401 2.787 13.254

After T6 heat treatment, it was observed that the porosity increased in the
unreinforced sample (0 vol.%). The porosity increased drastically for the samples with 1 and
2 vol.% reinforcement ratios. It was determined that the increase in density of the sample was
the highest at 4 vol% in the non-aged sample. The increase in the porosity after aging is due
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to the expansion of the pores and diffusion of the matrix by the migration effect of Si and O
atoms in the grain [22]. This mechanism may be explained with Kirkendall effect as reported
by Zang et al. [23].

Microstructure Analysis

As can be seen from the SEM images of the produced samples (Figure 2), the non-
reinforced sample seen in Figure 2(a) was less porous than the samples containing 1 and 2
vol% RHA reinforcement as shown in Figure 2(b) and (c), respectively. Figure 2 shows that
the porosity (%) increased in proportion to the reinforcement rate in homogeneously
distributed samples. The increase in porosity (%) is clearly seen in Table 1. The reason for
this is that the RHA particles were formed due to their very porous structure as shown in
Figure 2(a).

Figure 2: SEM images of RHA reinforced AA7075 matrix composite materials (a) non-
reinforced alloy reinforced with (b) 1 vol% RHA, (c) 2 vol% RHA and (d) 4 vol% RHA.

Figure 3(a) shows the SEM images of the RHA particles, taken prior to its addition
into the aluminum matrix. It was observed that the RHA particles were highly porous. From
SEM images taken after production, it was seen that the large porosities appeared in the
reinforced composites which were correspond to the RHA particles. (Figures 3(a) and (b)).

In the EDS analysis taken from the same region in which SEM images were taken, the
high Si and O ratio in the large pores found in the matrix shows that SiO2 compound was
present in these pores. However, by dissolving the organic compounds left in the RHA at
high temperature, the RHA component disintegrates in some regions over the matrix. In order
to determine this situation, the EDS Mapping analysis with the results of the porous surface is
shown Figure 4.
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Figure 4: EDS mapping analysis of the matrix sample reinforced with 2 vol% RHA
of AA7075

In the EDS mapping analysis of the sample containing 2 % RHA reinforcement as
shown in Figure 4, the green color represents the Al element, the blue colour represents the O
element and the red element represent Si. As seen in SEM image, O and Si atoms in blue and
red colour are distributed homogeneously in aluminium matrix and generally seen in same
regions together. The fact that the results of the analyses were close to each other indicate
that the SiO2 compound, the main compound of RHA, where found in these regions. In
addition, in some regions where there is no O element, Si elements were found. These areas
are located near the porous areas. The reason for the existence of Si element in the matrix
close to the pores is the diffusion of Si into the Al matrix from RHA. Kumar et al. obtained

similar results in their study on carbon nanotube reinforced aluminum composites [24].
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XRD Analyzes

The XRD spectrum of the sample without RHA reinforcement which was not
subjected to heat treatment is given in Figure 5. It was determined that only a-aluminum gave
peaks as a result of analysis. No peaks were observed with regards the compounds of
intermetallic or ceramic structure. When the XRD spectrum of the T6 heat treated and 1 wt.%
RHA sample given in Figure 6 was examined, the peaks of MgZn: intermetallic precipitates
expected to appear after the heat treatment can be clearly seen.
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Figure 5: XRD spectrum of the Al alloy that not been heat treated and no reinforcements
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Figure 6: XRD spectrum of 1% RHA reinforced, AA 7075 matrix composite sample
after T6 heat treatment
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In addition, it was seen that the peaks of Si element occur in the regions where silicon
passed into the matrix by diffusion around the RHA grain which was shown in Figure 2. Cu
in the alloy resulted in the formation of CusO compounds during heat treatment due to its
high oxygen affinity.

TGA-DTA Analysis

Figure 7 shows the TGA and DTA analyses of the reinforcement element. It was
observed that the mass loss was 2.75 % in the samples when the temperature increased up to
700 °C. The loss of mass in the sample was believed due to small amount of inorganic
compounds in the rice husk ash left after the heating. When the DTA analyses of the RHA
were examined, the reaction was exothermic up to 500 °C and endothermic between 500 -
800 °C. It is thought that the loss of organic component near 800 °C seen in the TGA analysis
of RHA increases the porosity since the infiltration process was carried out at the same
temperature values.
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Figure 7: TGA-DTA analysis of the RHA reinforcement element

Hardness Properties

The microstructures were examined for the hardness values of the samples. The
hardness values of the samples which are non-aged and aged (T6 heat treated) are shown in
Figure 8. It can be seen that the hardness values of the aged samples increased with
increasing RHA % volume. However, for samples with T6 heat treatment, only a small
increment on hardness was observed for all samples except for non-reinforced sample. This
may be explained by the development of MgZn: intermetallic compounds in the matrix and
reduction of pores in the non-reinforced sample after heat treatment. The proportional
increase in the porosity of the samples and the growth of these pores with heat treatment
reduced the hardness of the materials reinforced with RHA. It was found that the sample
hardness containing 4 % RHA reinforcement was higher than 1 and 2 % RHA. This can
relate of the diffusion of Si from the RHA into the aluminium matrix to form SiO2
compound. However, due of the existence of porosity from the RHA, the hardness value is
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still lower than the non-reinforced sample after heat treatment. Additionally, promising
results were obtained compared to stir casting method which is one of the widespread
methods in metal matrix composite production [25].
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Figure 8: Hardness values of as-cast and T6 heat treated samples

Wear Properties

Figure 9 shows the morphology of the worn surface using SEM analysis for non-
reinforced and aluminium composites (AA7075) reinforced with different amounts of RHA.
SEM image of the alloy without reinforcement (Figure 9(a)) (depending on the direction of
sliding), the plastic deformation in the sample can be clearly seen. Due to the load applied
during the wear tests, the plastic flow occurs on the surface of the aluminium composites.
Again, in the SEM images given in Figures 9(b) to (d) (on the aluminium composites with 1,
2 and 4 vol.% RHA reinforced), the micro debris detached from the surface of the sample
remain in the tribological system and were again adhered to the surface of the composite. The
reason for these micro debris was remain in the tribological system is that the structure of
these composites has a porous structure. This view is consistent with the result of mass loss
values of the composites after wear test as shown in Table 2. As the amount of pore
increased, the number of micro debris adhered to the surface of the aluminium composites
increased, since these pores act as crack source leading to detrimental effect on wear
properties of the composites. Therefore, the debris broken away from the porous surface
readily were smeared and embedded in the matrix over the wear test. Similar observation was
reported by Gui et al. [26].

Table 2: Mass loss values after wear test

RHA R-V (vol%) 0 1 2 4
Before (g) 17.422  21.737 17.544 20.723
After (g) 15724  19.547 14818 1.789

Mass Loss (g) 1.6980 2.190 2.726 2.833
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Figure 9: Worn surface SEM images of heat-treated samples (a) 0 vol% RHA (non-
reinforcement), (b) 1 vol% RHA, (c) 2 vol% RHA and (d) 4 vol% RHA

In addition, these results are similar to previous studies carried out by Ozyiirek and
Tekeli [27]. When the wear surfaces were examined, it was observed that the adhesive wear
mechanism is the dominant type of wear in this study with incorporation of RHA into the
composite [28].

Conclusions

For non-aged sample, it was found that the porosity of AMC increased as the RHA
reinforcement vol % increased with the highest porosity is 4 vol.% RHA. After T6 heat
treatment (aging), the size of pores was expanded due to the expansion of the pores and
diffusion of the matrix by the migration effect of Si and O atoms in the grain. From SEM
analysis, it was found the MgZn intermetallic compounds were homogeneously formed in
T6 heat-treated samples which indicated the aging heat treatment process was successfully
applied. The hardness of the non-aged and aged samples increased proportional to the
strengthening ratio with the highest hardness value for non-aged sample with 4 vol% RHA.
In the T6 heat treated samples, the highest hardness value was found in the unreinforced
sample. After examined the worn surfaces, it was seen that the wear consumption was by the
adhesive wear mechanism. The mass loss increased with increasing reinforcement vol % and
the highest mass loss value was occurred in the sample of 4 vol% RHA. It can be concluded
that the vacuum infiltration method has been successfully applied to produce AMC with
RHA as reinforcement.
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