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Abstract

The effects of variation in aluminium oxide nanoparticles in aluminium-based metal matrix
composite on the compressive and sliding wear deformation have been investigated. The
compressive and sliding wear resistance of the composite increase significantly with the
addition of nanoparticles in the matrix. The 5% aluminium oxide nanoparticles in the
composite were found to be the optimal weight fraction of added nanoparticles that produced
higher static yield strength, hardness, scratch resistance and lower material loss in wear in the
composite. The addition of nanoparticles, beyond 5% weight fraction, in the matrix showed
adverse effects in the performance of the composite due to its higher brittleness. The effects on
wear properties of the composite with added nanoparticles beyond optimal weight fraction

were more detrimental than those with lower weight fraction of nanoparticles.
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1. Introduction

Aluminium alloys are widely used in engineering applications owing to their low density and
higher elongation at failure which make them an ideal material for light weight components in
the aerospace, automobile, and locomotive industries. One disadvantage of aluminium and its
alloys is their lower elastic-plastic properties which result in lower resistance against fretting,
wear, and impact loading 2. The addition of hard nanoparticles in pure aluminium and its
alloys to form metal matrix composites (MMCs) is an attractive solution to increase their
elastic-plastic properties for use in high strength parts of excellent physical, chemical and
mechanical properties of the materials are expected 3. The use of metal matrix composites in
light weight transport sector can provide significant benefits in the improvement of the life of
the components, lower energy and maintenance requirements, and lower emissions levels.
These composites are preferred in high temperature applications that involve high temperatures
such as thermal barrier coatings, turbine engines, and piston rod, 5%, Whilst it is possible to
develop MMCs of various metals and alloys; aluminium and its alloys are more suitable matrix
material for the addition of nanoparticles to develop MMCs owing to their low density, high
strength to weight ratio and lower cost which are the main selection criteria in light-weighting
%11 The silicon carbide, aluminium oxide (alumina), and boron carbide nanoparticles are
commonly used with aluminium alloys based matrix due to their homogenous bonding with
aluminium and its alloys which help in uniform load transfer in structural applications & *. The
most important challenge for the qualification of MMCs to use in engineering applications is
their consistent material properties. The uniform and homogenous distributions of
nanoparticles in a bulk matrix are extremely important to achieve reliable and consistent
mechanical behaviour of the material. Powder Metallurgy (PM) is a useful method to produce
MMCs with uniformly distributed nanoparticles in the matrix which helps in overcoming the
widely known problems with MMCs such as wetting and lower interface bonding between
reinforcement and matrix material as other fabrication techniques use liquid molten metals 3.
The PM based fabrication process of MMCs initially mixes the metal and nanoparticle powders
followed by cold or hot compaction and sintering ** **. The process parameters are selected
based on the reinforcement particle size, their weight fraction and distribution in the matrix.
The smaller size nanoparticles are preferred in engineering applications due to their wide reach
in the matrix and interfacial bonding with a matrix which helps in achieving uniform and
homogenous static and wear properties of the MMCs *¢28, However, finding the right weight

fractions of nanoparticles in the matrix, with equally good material properties in static and wear



applications of composite, is not straightforward. The variation in the weight fraction of
nanoparticles is directly linked with the mechanical behaviour of MMCs and their deformation

mechanism.

The mechanistic understanding of the deformation of nanoparticles and different matrix
systems is still empirical and case by case experimental investigations are carried out to discern
the optimal weight fraction of nanoparticles ina MMC with consistent mechanical performance
in static, dynamic, fretting, and impact loads °?2. Mohammed et al. # investigated the
mechanical performance of aluminium matrix reinforced with 5, 10 and 15% Al.Oz particles.
The specimens with 5% Al,Oz found to have the highest hardness and compression strength.
Rahimian et al. >* showed a higher wear resistance of Al,O3 nanoparticles in the aluminium
matrix when used a higher weight fraction of large size nanoparticles. Eltaher ef al #
investigated the mechanical and wear properties of aluminium-magnesium dual-matrix
reinforced with Al203 particles. They concluded that the addition of Al>Os in the dual matrix
composite increased the compressive strength and hardness of the material and decreased the
wear rate 2.7 times. Al-Jaafari ?® investigated the mechanical performance of aluminium matrix
reinforced with different particle sizes of Al.Os It was concluded that small size particles of
Al>O3 were more efficient in improving the ultimate tensile strength (UTS) and hardness of the
composite. Aydin %’ investigated the wear rate of 7075 aluminium reinforced with Al.O3
nanoparticles of 0.3 um, 2 um, and 15 um size. The 5% weight fraction of 5um Al>O3
nanoparticles showed the lowest wear of the composite. It was also concluded that an increase
in the applied load and sliding speed increased the wear severity by changing the wear
mechanism from abrasion to delamination. Bharath et al. ?® investigated the wear performance
0f 2014 aluminium reinforced with 9% weight fraction of 20 um Al>O3 nanoparticles. The wear
rate of composite found to be higher at higher contact loads. Qutub ef a/. * and Rahimian et al.
3% showed a higher wear resistance of the Al,Os nanoparticles in aluminium matrix using a
higher weight fraction of large size nanoparticles. They showed a variable wear resistance of
the composite and found a lower wear resistance of the material when tests were conducted at
higher contact loads and lower sliding distance. Lakshmikanthan et al. 3! found that the
mechanical and tribological performance of the A357 alloy can be improved with the addition
of dual size SiC particles in the material. They showed that different weight fractions of large
and small size nanoparticles lead to different effects on the tensile strength, hardness and wear
rate of the alloy and there was no unique weight fraction which increased all mechanical

properties.
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In these studies, It has been found that blending of a specific weight fraction of nanoparticles
in aluminium or other element based matrix can increase the yield strength, hardness, wear
resistance, and energy absorption as compared to the matrix % 2% 3233 The addition of
insufficient nanoparticles in the matrix does not adequately influence the material properties.
Likewise, the excessive weight fraction of the nanoparticles develops brittleness and
agglomeration in the material. The optimal weight fraction of the nanoparticles that produce
the desired material properties of composite varies with the type of matrix, size of
nanoparticles, and elastic-plastic properties of matrix and nanoparticles. The effects of
increased hardness on the wear resistance and variation of the wear resistance of the MMC at

different contact loads and sliding speeds are also not understood thoroughly.

In this study, we present the mechanistic understanding of the deformation behaviour of Al,O3
reinforced aluminium composites in quasi-static compression and sliding wear. The composite
specimens were fabricated with powder metallurgy by adding different weight fractions of
nanoparticles in the pure aluminium matrix. The material with an optimum weight fraction of
the aluminium oxide nanoparticles in the aluminium matrix was found to show higher static
yield strength, hardness, scratch resistance, and lower material loss in wear. It was concluded
that careful investigation of the fracture and deformation behaviour of material led weight
fraction selection of nanoparticles in the matrix can produce the MMC of higher compressive
strength, hardness, and wear resistance. The results obtained are very useful in developing the
mechanistic understanding of the role of aluminium oxide nanoparticles in the deformation
mechanism of aluminium matrix in static and wear load. This will serve as a precursor for the
development of a mathematical model for the prediction of the static and wear properties of
nanoparticles reinforced MMCs with various matrix types, the weight fraction of nanoparticles,

and contact loads.

2. Materials and experimental procedure

2.1. Materials
A 97.8% pure aluminium powder having a particle size 20um was used as a matrix material
for mixing 20nm Al>Os nanoparticles as reinforcement particles. Fig. 1 shows the morphology
of aluminium and Al,O3z powders. The chemical composition of aluminium and AlOs powder

is shown in Table. 1.



(a) (b)
Fig. 1. SEM micrographs of Al and Al,O3; powders (a) Al and (b) Al.O;

Table 1. Chemical composition of Al and Al,O3 powder

Materials Element Content (%)
Al Al: 97.8, Na: 1.4, Cu: 08
Al;,O3 0:66.8, Al: 28.4, N: 3.7, Na: 1.2

2.2. Fabrication process

The MMC was developed by adding 2.5 to 10 % weight fraction of Al,Oz alumina powder in
the aluminium using a powder metallurgy process. The aluminium matrix and Al;Os
nanoparticles were initially mixed for 30 min at a speed of ~2000 rpm. The mixture was then
cold pressed in a cylindrical die at ~ 600 MPa uniaxial pressures, as shown in Fig. 2 (a), to
form green compacts. Zinc stearate was used as a lubricant to reduce the friction between the
die wall and the punch. The manufactured green compacts have a diameter (15 mm) to length
ratio of one. The sintering temperature of 620°C was used to remain consistent with previous
studies on aluminium matrix reinforced with Al>O3 *343¢. In this study, the compact blocks of
the material sintered in argon at 620°C for 90 mins at a heating rate of 20°C /min, as shown in

Fig. 2 (b). The samples were then cooled in the room environment.
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Fig. 2. Equipment used in powder metallurgy process (a) cold press device (b) furnace

2.3. Mechanical tests
2.3.1. Uniaxial compression test

The quasi-static uniaxial compression tests were conducted at a strain rate of 1073 s~!
corresponding to 9mm/min crosshead speed of a universal testing machine according to the
ASTM-E9 standard *. Cylindrical specimens of 15mm length and diameter were prepared.
The surfaces of the specimens were carefully polished to avoid any misalignment in the
compression tests. The lubricant was applied to the interfaces between the specimen and the
loading plates to reduce the friction. Three specimens were used for compression testing to

ensure reliable results.

2.3.2. Abrasive wear test

Dry sliding wear tests were conducted using a conventional pin-on-disc testing machine at
room temperature following the ASTM G99-05 standard 8. The pin-on-disc sliding wear test
is used on materials to probe their tribological deformation behaviour and friction
characteristics. The mechanistic understanding of tribological and friction properties of the
low-density materials, like aluminium and its alloys, are essential before their use in high

performance engineering components. A schematic representation of the pin-on-disc test



apparatus is shown in Fig. 3. In this test, a spherical pin is brought in contact with the sample
with a contact load. The sample is rotated at a selected speed which forms a friction track on
the sample.

A steel pin of 15 mm diameter and 15 mm height was used in the tests. The samples' surface
and the pin were polished before the sliding wear test to attain a uniform surface roughness.
The wear tests were carried out at normal contact loads 10, 15 and 20 N. The wear tests were
carried out at two sliding speeds of 1.5 and 2 m/s~1. The sliding distance of 200 m was used
in the tests. A new pin was used in each test. Weight loss in the wear test was measured by an
electronic weighing balance with a sensitivity of 0.1 mg by the weight difference of the samples
before and after the tests. The tests were carried out on three samples at every condition to
ensure the reliability of the results and average values were used for the analysis. During the
wear tests, the normal contact force Fn was used in the wear test and the coefficient of friction
(COF) between the pin and sample surface was determined from the applied contact load. The
worn surfaces of the samples were examined in a Scanning Electron Microscope (SEM) for the

determination of the wear mechanism of the composite.
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Fig. 3. A schematic illustration of the pin-on-disc wear test apparatus
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2.3.3. Vickers hardness test
Vickers micro-hardness testing was carried out on samples following ASTM E384 standard %,
An applied load of 100g was applied to the samples for 15s in the hardness test. The tests were

repeated five times to ensure the reliability of the results.

3. Results and discussion
3.1. Microstructural and elemental study of the Composite



The uniform distribution of nanoparticles in the matrix is extremely important for the consistent
physical and mechanical properties of the metal matrix composites. The distribution of the
Al>O3z reinforcement particles in the aluminium matrix, before and after PM, was investigated
by the Scanning Electron and Optical Microscope. The morphology of mixed aluminium and
Al>03 nanoparticles before the fabrication process is shown in Fig. 4. Fig. 4 (a) shows the
micrograph of mixed powder in a sample with 5% Al,Os and Fig. 4 (b) shows its high
magnification image. It can be seen that Al,Os powder was thoroughly mixed with the
aluminium matrix. However, the nanoparticles showed agglomeration in samples with a higher
weight fraction of AlOz particles. Fig. 4 (c) shows the micrographs of mixed powder in a
sample with 10% Al>,O3 and Fig. 4 (d) shows its high magnification image. The agglomeration
was found lower in the sample with 7.5% Al>Os which increased substantially in the sample
with 10% Al,Os.

The microstructure of the composite developed was investigated with optical microscopy.
Metallographic samples were prepared from standard grinding and polishing procedure to
obtain 1 um surface finish. The polished samples were etched with a solution containing 25ml
each of methanol, nitric acid, hydrochloric acid and one drop of hydrofluoric acid. Fig. 5 shows
the microstructure of samples reinforced with 5 and 10% Al.O3 nanoparticles. The
microstructure was found to have high-density porosities in the material. The specimens with
the higher weight fraction of Al.Oz nanoparticles found to have higher porosity. The
distribution of the Al,O3z nanoparticles was found to be uniform in the aluminium matrix.
Energy Dispersive Spectrometry (EDS) analysis was used to determine the chemical
composition of the composite. Fig. 6 shows the EDS spectra of the material where the
composition of the material was found to have aluminium and oxygen as the main elements.
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Fig. 4. SEM micrographs of the mixed powders (a) 5% Al>O3 in aluminium (b) High
magnification SEM graph of 5% Al>O3 in aluminium (c) 7.5% Al>Oz in aluminium
and (d) High magnification image of 7.5% Al>Os in aluminium (e) 10% Al>Os in
aluminium and (f) High magnification image of 10% Al.Oz in aluminium



(c)
Fig. 5. The microstructure of the composites reinforced with (a) aluminium matrix
without added nanopatrticles (b) 2.5% Al2Oz (c) 5% Al.O3 and (d) 10% Al>O3
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Fig. 6. Energy Dispersive spectrum of a composite sample with 10% Al,Os

3.2. Density of the Al-Al>Oz Metal Matrix Material
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The variation in the powder morphology of matrix and nanoparticles affects the mechanical
properties of the composites. The difference in the weight fraction of nanoparticles in the
matrix alters the density of the material resulting in the variation of mechanical properties of
the composites 3% %°. The density of the prepared samples was measured experimentally using
ASTM B328 standard ** and then compared with the theoretical density of the powder
mixtures. The percentage relative density of the material was obtained by comparison of
experimental and theoretical densities using the equation 1. Fig. 7 shows the variation in the
relative density with Al,Oz weight fraction in the samples. It was found that the addition of
nanoparticles in the matrix decreased the relative density of the composite. The samples with
a higher weight fraction of Al.Os nanoparticles found to have high-density porosities in the
material, as shown in Fig. 5. The porosities in the material are not considered in the theoretical
density of the material which led to a continuous decrease in the relative density of the material
with an increase in the weight fraction of Al.O3 nanoparticles.

) ) Experimental density
Relative density (%) = Theoritical density x 100. (D
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Fig. 7. Variation in the relative density of the composite with weight fraction of Al,O3
nanoparticles

3.3.  Quasi-static compressive behaviour of composite

Fig. 8 shows the quasi-static compressive stress-strain curves of the composite with and
without added Al>O3 nanoparticles in the aluminium matrix. The stress-strain curves of the

composites were found to have three different stages of deformation. The compression in the
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samples starts with a stiff and elastic deformation showing a linear increase in strain with stress
up to the yield stress. The samples with added nanoparticles showed a steeper elastic part in
the compression than a pure aluminium sample. The samples with added nanoparticles showed
a higher elastic modulus and yield strength as compared to a pure aluminium sample *2. The
plastic deformation of samples initially showed a stress plateau with the continuous increase in
strain without an increase in the stress. In the last part of the deformation, a sharp increase in
stress without an increase in the strain was observed. The plateau stress effect was not observed
in samples containing any or lower weight fraction of Al,Os nanoparticles. The deformation of
powder metallurgy based metal matrix composites is divided into three stages named as a
primary, secondary and tertiary stage “> 4. In the primary stage, a high growth rate of elastic
deformation is obtained. In the secondary stage, the plasticity in the ductile aluminium matrix
starts as damage initiation which grows in the deformation process to form voids. The
progressive void formation is reflected in the form of a stress plateau in the plastic deformation.
These void coalescences in the last part of the secondary stage to form large cracks. The third
stage of the deformation shows a sample barrelling phenomenon in which hard Al>Os
nanoparticles fracture completely after absorbing a considerable amount of energy. In this
stage, a sharp increase in the stress followed by plateau stress is observed which can be
attributed to the densification of the samples in compression. Fig. 9 shows the variation in the
compressive yield strength of the composites with the weight fraction of added nanoparticles.
The addition of Al.O3 nanoparticles in the matrix increased the yield strength of composites.
The highest yield strength of the composites was found for a 5% weight fraction of added
nanoparticles when it reached to ~80MPa. However, the yield strength of the composite started
to decrease with the further addition of nanoparticles beyond the 5% weight fraction. The
samples with a 10% weight fraction of Al,Os nanoparticles found to show a similar yield
strength that was found for samples without Al.O3 nanoparticles. It can be said that the addition
of nanoparticles up to a specific limit increase the compressive behaviour of composite. The
excessive weight fraction of added nanoparticles increases the porosity in the samples leading
to a lower compressive yield strength of the composite 23, . The higher fraction of porosity in
the samples acts as the potential sites for stress concentration and crack initiation leading to the

lower strength of the composite *°.
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Fig. 9- Variation in the yield strength of the composites with different weight fractions

of Al,Oz nanoparticles

Fig. 10 shows the fracture surface of the compression test samples with and without added
Al>O3 nanoparticles. Fig. 10 (a) shows the fracture surface of the pure aluminium sample
without added nanoparticles. The surface showed a ductile failure with multiple narrow cracks
moving along the grain boundaries due to the coalescence of micro-cavities. Fig. 10 (b) and (c)
show the fracture surface of the samples with 2.5 and 5% weight fraction of added
nanoparticles, respectively. The surfaces were found to have high density ductile cracking
regions which were not found in the pure aluminium sample. The fracture surfaces of samples
with 7.5 and 10% weight fraction of added nanoparticles showed several microcracks, crack
branching, arrested cracks, and grains pull out, as shown in Fig. 10 (d) and (e). It can be said
that the samples with a higher weight fraction of nanoparticles were brittle and showed multiple
fracture regions. The high cohesive energy of agglomerates and clusters of the nanoparticles

turned the samples brittleness and reduced their yield strength.
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Fig. 10- SEM graphs of the fracture surface of specimens after quasi-static loading of
aluminium matrix (a) without added Al>Os (b) 2.5% Al>Os (c) 5% Al>O3 (d) 7.5% Al>O3
and (e) 10% Al,O3

3.4. Dry sliding wear analysis
3.4.1. Effect of contact load on the coefficient of friction

The wear behaviour of the materials depends on their surface characteristics. The degradation
and deformation of the surface of MMCs in contact loading vary with the weight fraction of
Al>Oz nanoparticles in the matrix. The friction generates between the contact surface and pin,
in the sliding test, controls the surface degradation of the material. Dry sliding wear tests were
carried out on composite samples, with different weight fractions of Al,Oz nanoparticles, using
10, 15 and 20N contact load. The coefficient of friction between the material surface and the
sliding pin was calculated as the ratio between lateral friction force and applied contact load
given ineg. (1).

f lateral (friction) force

= L~ normal (externally applied)load

ey

Where p is the coefficient of friction, f is the friction force and L is the applied contact load.

Fig. 11 shows the variation in the coefficient of friction between a composite sample with 5%
weight fraction Al>Os nanoparticles and a sliding pin for different contact loads. It was found
that the coefficient of friction increased with the contact load. The higher penetration of the
contact pin at a higher contact load offered more resistance to the sample in moving to lead to

a higher coefficient of friction between the sample and pin. The coefficient of friction was
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found to be 0.2 at 10N contact load which increased by 100% at 15N contact load and found
to be 0.4. However, the coefficient of friction increased by only ~7% for a further 5N increase
in the contact load from 15 to 20N. It can be said that initially, the coefficient of friction
increased with a higher slope with an increase in the contact load. However, the coefficient of
friction increased with a very moderate slope with a further increase in the contact loads. It can
be said that variation in coefficient of friction was higher at lower contact loads than that at

higher contact loads.

Fig. 12 shows the variation in the coefficient of friction between the material surface and sliding
pin for different weight fractions of Al.Oz nanoparticles in the aluminium matrix. The
coefficient of friction was higher in the samples without Al.Oz particles. The addition of Al.O3
nanoparticles in the material decreased the coefficient of friction between the sample surface
and the pin. This trend was observed in samples up to 5% weight fraction of Al.Os
nanoparticles which showed the lowest coefficient of friction. It can be said that the addition
of nanoparticles in the matrix forms thin films which act as the solid lubricant and reduce the
coefficient of friction as mentioned in *6. The coefficient of friction started to increase again
with a further increase in the weight fraction of Al,Oz nanoparticles beyond 5% in the
aluminium matrix. The increase in the coefficient of friction was proportionally higher as
compared to samples with nanoparticles less than 5% weight fraction. For example, at 20N
contact load, the decrease in coefficient of friction was ~10% with every 2.5% increase in the
weight fraction of nanoparticles in the samples up to 5% weight fraction. However, the
coefficient of friction increased by ~20% for every 2.5% further increase in the weight fraction

of nanoparticles in the samples containing more than 5% weight fraction of nanoparticles.
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Fig. 11- Variation in the coefficient of friction for a sample with 5% Al>O3 with
different contact loads
The increase in the weight fraction of nanoparticles increased the brittleness and agglomeration
in the samples, decreasing the bonding between the aluminium and Al>O3z nanoparticles. The
lower bond strength between the aluminium and Al.O3 nanoparticles resulted in grains pull out
of nanoparticles from the aluminium matrix in the wear test and increased the coefficient of
friction. It can be said that the samples with a higher weight fraction of nanoparticles offer
more resistance to the pin in sliding and are more prone to scratch and fretting wear, loss of
material, and interfacial bond breaking of nanoparticles with the matrix. The excessive
percentage of hard nanoparticles in the aluminium matrix provided more resistance to the pin
in sliding over the samples and produced a higher coefficient of friction. The sample surface

found to have debris of removed particles from the matrix “°.
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Fig. 12- Variation of the coefficient of friction in samples with different weight
fractions of Al,Oz nanoparticles at different contact loads

3.5. Effect of load on wear loss of the samples
The wear loss of the material in the sliding wear test was calculated from the change in the
weight of samples before and after the test. Fig. 12 shows the variation in the material loss in
samples with different weight fractions of AlOs nanoparticles in the aluminium matrix at
different applied contact loads. The material loss data is shown for sliding wear tests at 1.5 m/s

speed for pin sliding distance 200 m. The sliding speed and distance were used to remain
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consistent with previous studies on the material for validation of wear rate and deformation
mechanism 4’ 48, The material loss in the samples found to be higher in tests conducted at
higher contact load. It can be said that a deeper penetration of the pin at higher contact loads
produced a higher plastic deformation of the material in the scratching and sliding process

resulting in more loss of material from the sample surface.

The material loss was found to be higher in the samples without Al.O3 nanoparticles and their
addition in the matrix decreased the material loss in samples. The lowest material loss was
found in the samples with 5% weight fraction of Al.O3z nanoparticles. It can be said that the
addition of nanoparticles in the matrix caused a higher interfacial bonding between
nanoparticles and the matrix. This led to a higher scratch resistance of the sample and lower
material removal in the sliding wear test. The material loss in the samples started to increase
again with a further increase of Al.O3 nanoparticles in the aluminium matrix beyond the 5%
weight fraction. The increase in the material loss was significantly higher in samples with
nanoparticles greater than 5% weight fraction. At 20N contact load, the decrease in material
loss was ~10-15% with every 2.5% increase in the weight fraction of nanoparticles in the
samples up to 5% weight fraction. However, the material loss increased by ~40-100% for a
further every 2.5% increase in the weight fraction of nanoparticles in the samples beyond the

optimum 5% weight fraction of nanoparticles.

The higher loss of material at higher contact loads showed that the scratch resistance of the
composite material was significantly lower in samples with a higher weight fraction of Al.O3
nanoparticles than 5%. This was in agreement with previous studies which showed a higher
wear rate of the MMCs at higher contact loads ***°. The significantly higher material loss of
the samples with a higher weight fraction of Al.O3 nanoparticles than optimum level showed
that the effects of excessive weight fraction of nanoparticles in the composite were more
detrimental than having an insufficient weight fraction of nanoparticles in the composite. It can
be said that agglomeration in samples with a higher weight fraction of nanoparticles than
optimal weight fraction reduced the strength of samples. Furthermore, the weak bonding

between nanoparticles and matrix in these samples increased the brittleness.
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Fig. 13- Variation in the material loss in wear test with weight fraction of Al,O3
nanoparticles in the matrix

3.6.  Worn surface analysis

The variation in the coefficient of friction and wear behaviour of the material with contact loads
and weight fraction of nanoparticles was investigated by comparing the wear surface
morphology in the samples. Fig. 13 (a) shows the wear trace on the samples in the sliding wear
test at 15N contact load. The higher magnification images of surface morphology of material
with different weight fraction of Al,Os nanoparticles are shown in Fig. 13 (b) to (f). Fig. 13 (b)
shows the wear surface of the sample without nanoparticles. The surface of the material was
found to have small size grooves showing removal and abrasion of the aluminium. The material
showed accumulated plastic shear flow on the surface of the sample. The addition of Al,Os
nanoparticles in the aluminium matrix affected the wear surface morphology. Fig. 13(c) and
(d) show the wear surface of the samples with 2.5 and 5% weight fraction of nanoparticles,
respectively. The worn surfaces in these samples were comparably smooth to those without
nanoparticles. There were shallow grooves along the sliding direction on the surface of the
samples. The lower density grooves on the surface of samples showed a higher scratch and
wear resistance of the material which resisted against the plastic deformation and material flow.
The shallow groove density was lower in the sample with 5% Al,Os nanoparticles than in with

2.5% Al>Os nanoparticles which showed a relatively higher wear resistance of the material.
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Fig. 13 (e) and (f) show the worn surface of the sample with 7.5 and 10% weight fraction of
nanoparticles, respectively. The plastic deformation of the surface showed evidence of
ploughing of the material, cutting, and debris of material. The material removed in the sliding
wear process was found to be ploughed around the sliding groove. The deeper sliding grooves
in the samples showed their lower scratch and wear resistance which can be attributed to
insufficient bonding, agglomeration of nanoparticles with matrix, and porosities in their
microstructure. The nanoparticles squeezed out from the matrix in the scratching process and
formed debris around the sliding track. The significantly higher material loss in these samples,
as shown in Fig. 12, indicates that the weight fraction of Al.Os nanoparticles in composite more
than their optimum level is more detrimental than keeping an insufficient weight fraction of

nanoparticles in the composite.
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Fig. 14- SEM images of worn surface of the aluminium matrix and nanocomposites at
15 N sliding load (a) wear trace on the sample; part (b) to (f) shows surface of
aluminium matrix samples with (b) no added Al>Oz (c) 2.5% Al>Os (d) 5% Al2O3 (e)
7.5% Al;0O3 and (f) 10% Al>O3

Fig. 15 (a) and (b) show the high magnification image of worn surface of samples with 5 and
10% weight fraction of nanoparticles, respectively, deformed at 20N contact load. It can be
seen that in these samples the sliding mark, scratches, and grooves were deeper than those
observed at 15N contact load as seen in *° the morphology of worn surfaces shows that

ploughing and abrasion of the wear surface are considerably increased with increasing applied
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load. The ploughing material was greater than that observed at the 15N contact load. The
samples with a 10% weight fraction of nanoparticles showed a higher abrasive surface and
brittleness. This showed that a higher weight fraction of nanoparticles in composite triggers

brittleness in the material and show a severe loss in wear resistance of the material.
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Fig. 15- Worn surfaces of composite samples at 20 N contact load for aluminium
matrix with (a) 5%AIl,03(b) 10% Al,Os

It can be said that the wear resistance of the samples increases with the addition of nanoparticles
in the matrix up to a limit. The maximum wear resistance was found in the material with a 5%
weight fraction of nanoparticles. The addition of Al.Oz nanoparticles in the material beyond
the 5% weight fraction decreases its wear resistance. This can be attributed to the limitation of
the hard Al.O3 nanoparticles performance in the aluminium matrix. The plastic deformation of
the material in the wear showed abrasion and adhesion of the surface. The aluminium matrix
plastic deformation is ductile while Al.Os nanoparticles on plastic deformation show brittle
cracking. The insufficient bonding and agglomeration of nanoparticles with matrix in samples
with a higher weight fraction of nanoparticles give rise to a lower scratch and wear resistance
of the material. The excess nanoparticles in these samples squeeze out from the matrix in the

scratching and sliding wear process.

Fig. 16 (a) and (b) show the variation in the debris of material formed in the sliding wear test
of samples with and without nanoparticles, respectively. As shown in Fig. 16 (a), the
aluminium samples without nanoparticles showed long chips and delamination scales on the
surface. The material was found to have ductile damage with shallow grooves and debris

particles. It can be said that the higher coefficient of friction between the aluminium sample
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and pin produces high shear forces in the sliding wear process pulled out the debris of material
and showed abrasive damage. A tape was used to collect the debris from the worn surface of
the sample with a 5% weight fraction of Al,O3 nanopatrticles. Fig. 16 (b) shows the SEM image
of debris on that tape surface. The surface found to have uniformly distributed debris with
lower abrasive damage. The lower abrasive wear damage observed in the sample can be

attributed to the strong interfacial bonding of matrix and uniformly distributed nanoparticles.

(b)
Fig. 16 Wear debris at 20N contact load in samples with (a) no Al2O3 (b) 5% Al.O3

3.7.  Effect of sliding speed on material loss in wear

Fig. 17 shows the variation in loss of material with sliding speeds used in the wear test. It can
be seen that material loss was higher at higher sliding speed and in those samples without added
nanoparticles. The material loss decreased with the addition of nanoparticles in the samples to
a 5% weight fraction. The addition of nanoparticles in the samples beyond the 5% weight
fraction showed a higher material loss in the sliding wear test which was proportionally higher
as compared to samples with nanoparticles less than 5% weight fraction. This showed that
samples with a higher fraction of AlOs nanoparticles were prone to a higher material loss in
high-speed fretting and sliding applications. The increase in the material loss was significantly
higher in samples with nanoparticles greater than 5% weight fraction. Initially, the material
loss decreased by ~15% with every 2.5% increase in the weight fraction of nanoparticles in the
samples up to 5% weight fraction. However, the material loss increased by ~40-100% for every
2.5% further increase in the weight fraction of nanoparticles in the samples beyond the

optimum 5% weight fraction of nanoparticles.
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The higher weight fraction of nanoparticles in the material increases the hardness and
brittleness of the materials which reduces the scratch and wear resistance of the material. The
lower resistant brittle material deforms more at a higher sliding speed and showed a significant
material loss. It can be said that a higher energy and contact temperature that develop at the
higher sliding speed lead to the rapid oxidation of the matrix material and produce more
material loss in the wear 5153, It can be said that samples with a higher weight fraction of Al,O3
nanoparticles experience more material loss in composite and due to their higher brittleness
and extremely poor wear resistance. The effects of a higher weight fraction of nanoparticles in
the composite were more damaging than adding a lower weight fraction of nanoparticles in the
matrix. The variation in sliding speed in the wear test showed that material loss from samples
was higher for lower sliding speed tests 2°52, The wear at lower sliding speed results in abrasive
wear of the surface resulting in deeper scratches on the worn surface. However, the higher
sliding speed produces delamination and adhesion of the worn surface of the material.
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Fig. 17- Variation in the material loss of samples with weight fraction of Al.O3
nanoparticles at different sliding speeds

3.8.  Micro-hardness of the composite

Fig. 18 shows the variation in the hardness of the material with the weight fraction of
nanoparticles. It can be seen that the addition of nanoparticles linearly increased the hardness
of the composite %4¢. The increase in hardness of the composite can be attributed to the addition

of hard refined Al:Os nanoparticles following the Hall-Petch theory 37 3. The addition of

nanoparticles in the matrix hinders the dislocation motion according to the Orowan mechanism
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increasing the strength and hardness of the material **. The higher weight fraction of AlLOs
nanoparticles in the composite increases the dislocation density of the matrix as observed in

dislocation strengthening 2.
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Fig. 18- Variation in the hardness of the composite with weight fraction of
nanoparticles

The increase in hardness with the addition of nanoparticles in the composite reduced the
material loss in the sliding wear test. However, the effect was observed only up to a 5% weight
fraction of nanoparticles in the composite. The addition of nanoparticles in the samples beyond
the 5% weight fraction increased the hardness of the composite however, an opposite effect
was observed on the material loss of the composite. It can be said that the addition of
nanoparticles up to a 5% weight fraction in the aluminium matrix increases the hardness of the
composite which leads to a higher scratch and wear resistance of the composite. Further
addition of Al,O3 nanoparticles increased the hardness but that increase changed the sliding
wear mechanism of the composite and adversely affects the performance of the material. The
higher brittleness of the material, due to the excessive addition of Al,Oz nanoparticles,
produced a significantly higher material loss in the wear load. It can be said that only an
increase in hardness can be misleading for the prediction of the performance of the MMCs in

fretting and wear applications.
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The addition of Al>Os nanoparticles in the aluminium matrix yields two different wear
mechanisms of the composite. The Al.Oz nanoparticles in the aluminium matrix in the optimum
range help in developing a tribological layer that augments the sliding between the sample and
scratching pin. However, excess addition of Al,Oz nanoparticles in the aluminium matrix form
a brittle composite which becomes more prone to abrasive failure of the material surface. It can
be said that an optimum weight fraction of the aluminium oxide nanoparticles in the composite
result in higher static yield strength, hardness, scratch resistance and lower material loss in
wear and improve the mechanical performance of the material in quasi-static and sliding wear
loading. The addition of nanoparticles beyond optimal weight fraction adversely affects the
performance of the material due to increased brittleness. The material properties of the
composite were found to be more sensitive to the weight fraction of nanoparticles beyond the
optimum level. The Al,Os nanoparticles in the aluminium matrix beyond the optimum level
show a severe loss in wear properties as compared to adding a lower weight fraction of
nanoparticles which has marginal consequences. It can be concluded that careful investigation
of the fracture and deformation behaviour of composite led weight fraction selection of
nanoparticles in the matrix can produce the MMC of higher compressive strength, hardness,
and wear resistance. The MMC developed can be used effectively in engineering applications
where higher strength, friction, and scratch resistance of the material are required. The
mechanistic understanding of the role of Al.O3 nanoparticles in the aluminium matrix in static
and wear load will be used in the future for the development of a mathematical model for the

prediction of the material properties of nanoparticles reinforced MMCs.

4. Conclusion

Powder metallurgy was used to produce composite specimens by adding different weight
fractions of Al,Oz nanoparticles in the aluminium matrix. It was found that the addition of
Al>Oz nanoparticles in the aluminium matrix produces composites with uniform distribution of
reinforced particles in the matrix which helps in achieving the consistent mechanical properties
of the material in static and wear load. The effects of variation in aluminium oxide
nanoparticles in aluminium-based metal matrix composite on the compressive and sliding wear
deformation showed that an optimum weight fraction of nanoparticles in composite increase
the quasi-static and sliding wear performance of the material. The 5% weight fraction of Al,O3
nanoparticles was found to be the optimal weight fraction which showed significantly higher
compressive yield strength, hardness, scratch resistance, and lower material loss in wear. The

addition of nanoparticles beyond optimal weight fraction adversely affects the performance of
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the composite and the effects were more detrimental than those with a lower weight fraction of
nanoparticles. The material showed an increase in the coefficient of friction with an increase
in the applied contact load. The wear rate of the material was found to be higher at higher

contact loads. The increase in sliding speed showed a lower wear rate of the material.
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