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Abstract
Dry sliding wear properties of MgO (10–40 vol.%) reinforced aluminium matrix composites
produced by vacuum inﬁltration method were investigated using a pin-on-disc test machine
after examining their microstructural and mechanical properties. The hardness of the composites increased continuously with increasing MgO content and the highest hardness (71 HB) was
obtained for Al-40vol.%MgO. The highest tensile strength (139 MPa) and the lowest porosity
(1.3 %) were obtained for Al-20vol.%MgO composite. It was observed that the wear volume of
the composites increased with increasing load and sliding speed. Wear resistance of the composites tested was observed to be strongly dependent on their tensile strength and porosity
rather than their hardness. Although adhesion and abrasion took place during the wear of
tested composites, smearing appeared to be the most eﬀective wear mechanism for the composites contaning up to 20 vol.% MgO, while abrasive wear dominated for the Al-30vol.%MgO
and Al-40vol.% MgO composites.
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1. Introducton
Metal matrix composites are of a considerable interest over the last three decades [1–4]. Ceramic reinforcements (SiC, TiC, B4 C, etc.) can improve the
hardness, strength, fatigue and wear properties compared to traditional engineering materials [5–9]. However, the use of MMCs is hindered by their relatively
poor fracture properties and brittleness [10]. To prevail over these disadvantages, aluminium based metal
matrix composites are developed with diﬀerent reinforcements [11–13]. Aluminium based MMCs can be
produced by diﬀerent methods such as powder metallurgy, in situ processes and inﬁltration methods [14–
16]. Inﬁltration method: a molten metal matrix is incorporated into a solid porous ceramic reinforcement
preform. An external driving force must be employed
to force the inﬁltration of the liquid matrix into the
reinforcement. A gas over pressure is applied to the
free surface of the liquid metal (pressure inﬁltration)

or the reinforcement preform vented to either atmosphere (pressureless inﬁltration) or vacuum (vacuum
inﬁltration).
MgO, which is a high temperature ceramic material, has been largely used as reinforcement in aluminium based MMCs [17]. MgO and Al have cubic
structure and this raises the possibility of forming low
energy interfaces between them at any orientation and
gives better wetting characteristics [18]. In addition,
the presence of O2 gives rise to formation of MgAl2O4
(magnesium aluminate) at the interface of MgO reinforcement and Al matrix [19, 20]. Recent works
showed that MgO reinforced Al based MMCs could
be easily produced by vacuum inﬁltration method.
Parameters such as reinforcement powder size, volume
ratio, vacuum value and molten metal temperature,
which aﬀect the manufacturability, were investigated
by diﬀerent researchers [17, 21]. However, dry sliding
wear properties of MgO reinforced aluminium based
MMCs produced by vacuum inﬁltration method have
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Fig. 2. Schematic diagram of the used wear test machine.

Fig. 1. Vacuum inﬁltration apparatus.

not been investigated under diﬀerent test conditions.
Therefore, the purpose of this study is to investigate
the eﬀects of the MgO content, pressure and sliding
speed on the wear behaviour of the Al-based MMCs
after determining their microstructural and mechanical properties.

2. Experimental procedure
2.1. Preparation of composites
Vacuum inﬁltration tests were carried out by using the prototype apparatus shown in Fig. 1. The system consists of a vacuum unit, an inﬁltration tube
(quartz), and a crucible and temperature control system. Quartz tube has an outside diameter of 10 mm,
a wall thickness of 1 mm and a length of 300 mm.
Stainless steel ﬁlter and Al foil were placed at the
bottom of the tube. Inﬁltration tests were performed
with MgO powder ﬁlled to form 50 mm height. A
ﬁlter, alumina blanket and a balance weight were
placed on the powders to prevent the vacuuming of
the powders. The molten metal temperature was kept
730 ◦C. 500 ± 5 mm Hg vacuum was applied to the
tube and the tube was dipped in liquid metal in normal atmosphere. The vacuum was kept under these
conditions for 3 min. After 3 min of vacuuming, the
tubes were taken out and cooled to the room temperature. The tubes were broken and composites were removed from the tubes. Commercially pure aluminium
(99.7 %, Öz-ka Metal Ltd.) and MgO (0.6 % Fe,
1 % SiO2 and 0.4 % CaO, TRS Ltd.) with d50 =
149 µm were used as matrix and reinforcement phases,

respectively. The particle size was determined using
laser diﬀraction (Malvern, Model mastersizer Hydro
2000e) connected to a computer. Samples for microstructural examinations were prepared using standard
metallographic techniques, etched with 3 % NaOH and
examined by optical (Nikon MA-100) and scanning
electron microscopy (Jeol JSM-6060 LV).
2.2. Physical and mechanical tests
The density of the composites was determined by
water replacement method and porosity of the composites was measured using theoretical and experimental densities. Theoretical density values of the
composites were obtained using the rule of mixture
for composites. The Brinell hardness of the composites was measured using a load of 62.5 kg and 2.5 mm
diameter steel ball as indenter. The tensile strength of
the composites was measured using round specimens
with a diameter of 6 mm and a gauge length of 30 mm
at a strain rate of 5.7 × 10−3 s−1 . All these physical
and mechanical properties were determined by taking
the average of at least three readings.
2.3. Wear tests
The wear tests were carried out using a prototype
pin-on-disc test machine. A schematic diagram of the
test machine is shown in Fig. 2. The machine consists of a disc, a pin (specimen) and its mounting
system and a loading system. Specimens with 8 mm
diameter and 30 mm length were prepared from Al-10vol.%MgO, Al-20vol.%MgO, Al-30vol.%MgO and
Al-40vol.%MgO composites. Wear tests were performed at diﬀerent loads (10–40 N) and sliding speeds
(0.5–2.0 m s−1 ) for a sliding distance of 40 m using
140 mesh (105 µm), 230 mesh (63 µm) and 320 mesh
(44 µm) grain size Al2 O3 abrasive papers. The discs
on the pin-on-disc machine were made of abrasive paper of diﬀerent particle sizes. Each specimen was ultrasonically cleaned and weighed before wear tests
using a balance with an accuracy of 0.01 mg. The
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Fig. 3. Microstructure of the produced composites for diferent amounts of reinforcement phase: (a) Al-10vol.%MgO,
(b) Al-20vol.%MgO, (c) Al-30vol.%MgO and (d) Al-40vol.%MgO.
T a b l e 1. Density and porosity values of produced composites
Composite

Al-10%MgO
Al-20%MgO
Al-30%MgO
Al-40%MgO

Theoretical density
(g cm−3 )

Experimental density
(g cm−3 )

Porosity
(%)

Uncertainty for porosity
(%)

2.72
2.79
2.86
2.93

2.65
2.75
2.62
2.42

2.51
1.30
8.20
17.47

0.6
0.4
1.1
1.3

wear samples were removed after the test, cleaned in
solvents (to eliminate the debris) and weighed to determine the mass loss. The measured values of mass
loss for all the specimens tested were converted into
volume loss using the measured density of the composites. The surface of the wear samples was examined
using SEM.

3. Results
The SEM micrographs of the Al-MgO composites
produced at diﬀerent volume ratios by vacuum inﬁlt-

ration method are shown in Figs. 3a–d. It can be seen
from these ﬁgures that the microstructures of the composites consisted of Al matrix and MgO particles. It
was observed that MgO particles showed a homogeneous distribution in the composites containing up to
20 % MgO. However, when the MgO content exceeded
this level, MgO particles piled up in diﬀerent locations.
The experimental and theoretical densities and
porosity of the composites are given in Table 1. It was
observed that the porosity of the composites decreased
with increasing volume ratio up to 20 % MgO, above
this level the trend reversed. The variation of the hardness, tensile strength and porosity of the MMCs as a
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Fig. 4. Variation of hardness, tensile strength and porosity
of the produced composites as a function of MgO contents.

Fig. 5. Wear volume as a function of MgO volume fraction
using 140 mesh abrasive paper.

Fig. 6. Wear volume as a function of MgO volume fraction
using 230 mesh abrasive paper.

function of MgO content are shown in Fig. 4. It can
be seen that the hardness of the composites increased
continuously with increasing MgO content. However,
the tensile strength of the composites increased with
increasing MgO content up to 20 %, above which the

Fig. 7. Wear volume as a function of MgO volume fraction
using 320 mesh abrasive paper.

Fig. 8. Wear volume of the produced composites as a function of applied load.

tensile strength decreased with increasing MgO content.
The curves showing the change of wear volume at
diﬀerent loads and diﬀerent mesh sizes as a function
of volume fraction of MgO are given in Figs. 5–7. It
can be seen that the wear volume of the composites
decreased with increasing MgO content up to 20 %,
above the trend reversed.
The changes of wear volume of the composites as a
function of load and sliding speed are shown in Figs. 8,
9, respectively. It was observed that the wear volume
of the composites increased with increasing load and
sliding speed. The highest wear resistance was obtained for the Al-20%MgO composite.
Wear surfaces of the composites tested at a load of
20 N and a sliding speed of 1 m s−1 for a total sliding distance of 40 m are shown in Figs. 10a–d. The
wear surfaces of the composites were characterized by
smearing, scratches and grooves. As the MgO content
increased in the composites, the scratches became larger and their number increased. On the other hand,
the formation of grooves was observed on the wear sur-
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served that the number and width of the scratches
and grooves on the wear surface of the composites increased with increasing load.

4. Discussion

Fig. 9. Wear volume of the produced composites as a function of sliding speed.

face of the produced composites. It was observed that
the number of grooves increased with increasing MgO
content. The wear surface values of Al-20%MgO tested
at diﬀerent loads are shown in Figs. 11a–c. It was ob-

It was observed that the porosity of the composites decreased with increasing volume ratio up to 20 %
MgO, above this level the trend reversed Figs. 3a–d.
MgAl2O4 (magnesium aluminate) may be formed in
the interface of MgO reinforcement and Al matrix under the 20 vol.% MgO. It is known that formation of
magnesium aluminate gives better wetting characteristics with Al and its alloys [19, 20].
MgO particles showed a homogeneous distribution
in the composites containing up to 20 % MgO. However, when the MgO content exceeded this level, MgO
particles piled up in diﬀerent locations. This may be
due to the sticking and collision of these particles in
the liquid metal during vacuum inﬁltration process.
It was observed that the hardness of the compos-

Fig. 10. Wear surfaces of (a) Al-10%MgO, (b) Al-20%MgO, (c) Al-30%MgO and (d) Al-40%MgO composites tested at a
load of 20 N and a speed of 1.0 m s−1 for a sliding distance of 40 m.
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Fig. 11. SEM images of the worn surfaces of the Al20%MgO composite tested at diﬀerent loads: (a) 10 N, (b)
20 N and (c) 30 N at a sliding speed of 1 m s−1 for a sliding
distance of 40 m.

ites increased continuously with increasing MgO content, Fig. 4. Continuous increase in the hardness of
the composites with increasing MgO content can be
related to the amount of relatively hard and brittle
MgO particles in their microstructures. It is known
that porosity has an adverse eﬀect in hardness. How-

ever, it was observed that the porosity of the composites increased with increasing MgO content. It can be
said that the volume fraction of hard and brittle MgO
particles is more eﬀective in hardness than porosity of
the composites.
The tensile strength of the composites increased
with increasing MgO content up to 20 %, above which
the tensile strength decreased with increasing MgO
content. Changes in tensile strengths of the composites may be explained in terms of distribution of the
hard MgO particles and porosity of the composites.
These particles in the composites showed more homogeneous distribution and resulted in a gradual increase in tensile strength, Figs. 3a–d. However, MgO
particles showed a tendency to pile up in diﬀerent locations in the composites containing more than 20 %
MgO. It is known that the piling of hard particles in
the composites results in a reduction in their strength
by giving rise to cracking tendency [22–24]. On the
other hand, the porosity of the composites increased
above the 20 % MgO content. It is also known that the
strength of the composites decreased with increasing
porosity rate [10, 13]. Therefore, the reduction would
be expected in tensile strength of the composites when
their MgO content exceeded 20 %.
The wear volume of the composites decreased with
increasing MgO content up to 20 %, above the trend
reversed, Figs. 5–7. It is known that the wear volume
of the composites is related to their tensile strength
and porosity [25]. The volume loss of the composites decreases with increasing tensile strength. Porosity has an adverse eﬀect on the volume loss of the
samples. In view of the above, Al-20%MgO composite
would be expected to exhibit the lowest wear volume.
It was observed that the wear volume of the composites increased with increasing load and sliding speed,
Figs. 8 and 9. The increase in the wear loss due to
load is consistent with the Archard equation which
states that the volume of wear material is proportional
to the normal load or pressure between the contacting surfaces [26]. The increase in the wear loss due to
sliding speed may be related to the production rate
of the wear particles and centrifugal force acting on
them. As the sliding speed increases the production
rate of the wear particles would be expected to increase. As the centrifugal force increases the amount
of loose particles scattered from the surface of the rotating disc is expected to increase. This may reduce
the amount of smeared material on the surface of the
wear samples and give rise to higher wear volume.
The wear surfaces of the composites were characterized by smearing, scratches and grooves, Fig. 10.
Smearing may have resulted from the back transfer of
the wear material from disc to sample surface, while
the scratches are produced by ploughing action of the
hard wear particles during either their removal or back
transferring.
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5. Conclusion
The porosity rate of the composites produced decreases with increasing volume ratio up to 20 % MgO,
above this level the trend reversed. The hardness and
tensile strength of the MMCs increased with increasing MgO content, but the trend reversed for the tensile
strength higher than 20 % MgO. Although adhesion
and abrasion took place during the wear of tested
composites, smearing appeared to be the most effective wear mechanism for the composites contaning up to 20 vol.% MgO, while abrasive wear dominated for the Al-30vol.%MgO and Al-40vol.%MgO
composites. Wear resistance of the composites tested
was observed to be strongly dependent on their tensile
strength and porosity rather than their hardness. The
Al-20vol.%MgO composite can be used for diﬀerent
tribological applications.
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