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Abstract: In order to improve dry sliding wear resistance of pure aluminum against steel, aluminum-based composites reinforced
with different contents of SiC, MoS, and SiC/MoS, particles were synthesized by press and sintering of the corresponding powder
mixtures. The microstructural evaluations showed a dense microstructure which were in good agreement with the result of density
and hardness measurements. The results of pin on disk wear tests performed against an AISI 52100 steel pin at a constant load and
sliding velocity showed that there was a critical content for both types of the reinforcements at which the lowest wear rate was
obtained, i.e. 10 vol.% and 2 vol.%, respectively, for Al/SiC and Al/MoS, composites. However, the lowest wear rate and friction of
coefficient were attained for Al/10SiC/2MoS, hybrid composite. According to the scanning electron microscope observations, the
predominant wear mechanism was changed from adhesion to abrasion mostly when MoS, particles were incorporated in the pure
aluminum. Mild delamination was identified as the main wear mechanism for Al/SiC and Al/SiC/MoS, composites. The frictional
traces and worn surfaces of Al/SiC/MoS, composites approached to those of Al/SiC composites, indicating the dominant role of SiC

particles in tribological behavior of the hybrid composites.
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1 Introduction

Particle-reinforced metal matrix = composites
(PMMCs) have received much attention, due to their
advantages toward monolithic alloys. Owing to low
density and high heat conduction, aluminum is the most
commonly used matrix material [1]. Reinforcement
particles can be either harder or softer than the matrix
phase. Aluminum matrix composites (AMCs) reinforced
by hard particles (such as metal oxides and carbides)
possess a higher specific strength and stiffness than that
of the base metal. In addition, this type of AMCs exhibits
improved hardness and wear resistance and low
coefficient of thermal expansion [2]. On the other hand,
soft particles (such as graphite and MoS,) impart the
metallic matrix with improved machinability [3] and
anti-friction properties [4—6]. These properties provide a
wide usage of AMCs in aeronautical [5], automotive [7,8]
and thermal management [2,3] applications.

The wear rate of composite materials is usually

influenced by both material and test parameters. Among

material parameters, the volume fraction of reinforcing
particles could be considered as the most important wear
controlling parameter in both types of composites.
Generally, the wear rate of PMMCs is reduced by
increasing the volume fraction of either soft or hard
particles provided that the interfacial bonding between
the dispersed phase and matrix is strong enough [9].
However, some authors reported that the least wear rate
was attained when an optimized amount of hard particles
was used [10]. A similar observation has been reported
for composites reinforced by soft lubricant particles [11].
On the other hand, the result of some investigations
showed that by increasing the volume fraction of soft
particles, both abrasive [12] and sliding [13] wear rates
were increased. These contradictory results may arise
from different processing procedures or testing
conditions.

Composites that contain more than one type of
reinforcing particles are called hybrid composites [14].
One of the remarkable types of hybrid composites is the
metal matrix composites (MMCs) reinforced by both soft

and hard particles. It is expected that a hybrid composite
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benefits from the properties of both soft and hard
particles. For instance, it was found out that the wear rate
of A16061/SiC/Gr hybrid composites was lower than that
of Al6061/SiC and Al6061/Gr composites [15—17].
RAVINDRAN et al [18] reported the increased
coefficient of friction and wear resistance due to the
addition of hard SiC particles to Al2024/5wt.%Gr
composites. ZEREN [19] reported that addition of up to
6 wt.% graphite to Al/SiC composite resulted in
reduction of hardness and volume loss. MOSLEH-
SHIRAZI et al [20] achieved the minimum wear rate in
Al/SiC nanocomposites by adding 2 vol.% graphite to
the composite. The beneficial effect of soft MoS, particles
on improved wear resistance of Al/Al,O; composites was
also reported by other researchers [21,22]. The formation
of a protective layer between contacting surfaces is the
main reason for reducing the wear rate in hybrid
composites. The increased wear resistance of aluminum
alloys by formation of a hybrid composite layer through
processes such as friction stir processing was also
reported [23,24].

A literature review shows that most investigations
have only studied the effect of one type of reinforcing
particles on wear resistance of the hybrid MMCs. The
purpose of this work is to study the tribological behavior
of Al/SiC, Al/MoS, and Al/SiC/MoS, composites. The
effect of volume fraction of each reinforcing particles on
the wear mechanism is discussed. The focus has been on
differences in tribological features of AMCs contained
different types of reinforcements.

2 Experimental

Pure Al, SiC and MoS, powders with mass median
diameters of 32, 57 and 17 um, respectively, were used
as starting materials. Figure 1 shows the SEM images of
these powder particles together with their corresponding
size characteristics. The size distribution of powders was
obtained by a CILAS 1064 laser particle size analyzer. In
order to produce AMCs containing 5, 10 and 20 vol.%
SiC, and 2, 4 and 6 vol.% MoS,, predetermined amounts
of each powder were weighed according to Table 1 and
then blended in a roller mixer. Powder mixtures were
pressed in a steel cylindrical mold with an inner diameter
of 25 mm under a constant pressure of 700 MPa.
Subsequently, the produced green compacts were
sintered in a tube type furnace at 620 °C for 1 h in N,
atmosphere. X-ray diffraction (XRD) was performed on
the sintered compacts using a Philips PW-1730
diffractometer with Cu K, radiation.

Densities of sintered specimens were determined by
Archimedes’ principle. Microstructural studies were
performed on polished surfaces of the specimens by
OLYMPUS BXS51M optical microscope. Hardness of the

specimens was measured with an ESEWAY Vickers
hardness tester under a load of 294 N.

Wear tests were performed on rotating disk
specimens using a pin on disk tribometer device,
according to ASTM G99-95a standard in an atmosphere
with 30%—40% humidity at 25 °C. AISI 52100 bearing
steel pins with 3 mm in diameter and 40 mm in height
were used as the counterfaces. The hardness of the pins
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Fig. 1 SEM micrographs of as-received Al (a), SiC (b) and
MoS, (c) powders
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Table 1 Volume fractions of Al, MoS, and SiC powders in
prepared powder mixtures

Volume fraction/%

No.
Al SiC MoS,
1 100 - -
2 95 5 -
3 90 10 -
4 80 20 -
5 98 - 2
6 96 - 4
7 94 - 6
8 88 10 2
9 86 10 4
10 84 10 6

was HRC 62. Before each test, the specimens and pins
were cleaned in acetone using an ultrasonic device. The
force applied to pins was 5 N and the rotational speed of
disk was 0.1 m/s. The mass loss of the steel pins and
specimens was measured using an analytical balance
with the accuracy of 0.1 mg after a sliding distance of
1000 m. The wear surfaces and debris were studied by a
VEGA TESCAN scanning electron microscope equipped
with an energy-dispersive X-ray spectroscopy (EDS)
analyzer. In addition, the worn aluminum and composite
test disks were sectioned across their longitudinal axis in
order to study the subsurface regions.

3 Results and discussion

3.1 Microstructure, density and hardness

Figure 2 shows the optical microscopy images from
the cross section of the sintered aluminum and Al/SiC
composites. As observed in Fig. 2(a), no boundary can be
detected between aluminum powder particles and a
nearly dense microstructure is produced. This
microstructure indicates that the applied sintering
condition is appropriate for producing a consolidated
aluminum powder product.

Figures 2(b—d) show that individual SiC particles
are distributed within the aluminum matrix and minor
agglomeration is observed. Homogenous distribution is
the most important microstructural characteristic of
PMMCs [25]. Furthermore, primary boundaries of the
powder particles in Al/SiC composite specimens are not
observed. This shows that the sintering process was
performed well and resulted in consolidation of the
composite compacts. Dark regions observed in the
microstructure of Al/SiC composites may represent
either ordinary porosities not been eliminated by
sintering or voids left behind by detachment of SiC
particles in the polishing stage of sample preparation. It
is clear from Fig. 2 that the amount of porosities in the
microstructure was increased by increasing volume
fraction of SiC particles.

Fig. 2 Microstructures of pure Al (a) and Al/5SiC (b), Al/10SiC (c) and Al/20SiC (d) composites (Some porosities are marked with

arrows)
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The microstructures of Al/2MoS,, Al/6MoS,,
Al/10SiC/2MoS, and Al/10SiC/6MoS, composites are
shown in Figs. 3(a—d), respectively. These
microstructures reveal that distribution of both MoS, and
SiC particles within the aluminum matrix is reasonably
uniform. However, some agglomerated MoS, particles
are also observed within the microstructure, which is due
to the adhesive nature of this constituent. It seems that by
increasing the volume fraction of the reinforcements, the
volume fraction of microstructural porosities was
increased.

The result of XRD analysis performed on Al/6MoS,
composite, as a representative, is shown in Fig. 4. As
observed, the obtained pattern shows only Al and MoS,
peaks indicating stability of MoS, at the applied sintering
condition.

Figure 5(a) shows the effect of SiC content on the
hardness and relative density of Al/SiC composites. It
was found that the relative density of sintered compacts
decreased with increasing volume fraction of SiC
particles. The melting temperature of SiC particles is
much higher than that of aluminum. Therefore, these
ceramic particles were not sintered at the utilized
sintering temperature (620 °C). In addition, SiC particles
retard sintering of aluminum powders by locating
between them and acting as a diffusion barrier. In
addition, the increase in the number of agglomerates for
composites with a higher volume of reinforcing particles
could be another reason for reduction of relative density

Mohammad ROUHI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1169—-1183

with increasing SiC content. It is further clear from
Fig. 5(a) that the hardness of Al/SiC composites showed
a peak at 5 vol.% SiC addition above which the hardness
gradually decreased. SiC is a hard constituent and it is
anticipated that the hardness of the composites increases
with increasing SiC content. However, the reduced
relative sintered density of the composites containing
higher SiC contents resulted in reduction of hardness.
Figure 5(b) shows the effect of MoS, content on the
relative density and hardness of Al/MoS, and
Al/10SiC/MoS, composites. It is evident that both the
relative density and hardness decreased with increasing
MoS, content, regardless of the content of SiC particles.
Similar results were reported by other researchers on the
influence of MoS, particles on the hardness and relative
density of MMCs. XIONG [26] reported that increasing
the amount of MoS, up to 6 vol.% decreased the
hardness and relative density of the composite material.
The hardness of SiC is higher than that of the aluminum
matrix. In addition, the coefficient of thermal expansion
of SiC differs from that of aluminum. As a result, an
increase in hardness of the material is expected when SiC
particles are incorporated within the aluminum
matrix [27]. However, MoS, is a soft phase and unlike
SiC does not increase density of dislocations within
aluminum matrix. In addition, according to Fig. 5(b),
MoS, particles adversely affected the relative sintered
density of powder compacts which in turn resulted in
further reduction in hardness of composite materials.
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Fig. 3 Microstructures of Al/2MoS; (a), Al/6MoS, (b), Al/10SiC/2MoS, (c) and Al/10SiC/6MoS; (d) composites
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Fig. 4 XRD pattern of sintered AI/6MOS, composite
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Fig. 5 Variation of hardness and relative sintered density with
SiC content in Al/SiC composites (a) and MoS, content in
Al/MoS, and A1/10SiC/MoS, composites (b)

3.2 Wear rate

Figure 6(a) shows the variation of wear rate of
Al/SiC composites with SiC content. It was observed that
the volume loss of Al/SiC composites was far less
than that of unreinforced aluminum. The wear rate was
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Fig. 6 Variation of wear rate of Al/SiC composites with SiC
content (a) and Al/MoS, and Al/10SiC/MoS, composites with
MoS,; content (b)

considerably reduced by addition of 5 vol.% SiC. The
wear rate of Al/10SiC composite was 50% lower than
that of Al/5SiC composite, while, according to Fig. 5(a),
hardness of the latter was marginally higher. The wear
rate was slightly increased by increasing SiC content
from 10 vol.% to 20 vol.%. This was mainly due to the
higher hardness of Al/10SiC composite (Fig. 5(a)).
According to the Archard equation [28], the wear volume
of materials is inversely proportional to their hardness.
Furthermore, the relative sintered density decreased
when SiC content increased from 10 vol.% to 20 vol.%
(Fig. 5(a)). This indicates that Al/20SiC composite
contains higher microstructural porosities deteriorating
its toughness. The wear resistance of materials is
decreased by either increased porosity or decreased
toughness [29]. Therefore, the lower wear resistance of
Al/20SiC composite as compared to that of Al/10SiC
could be attributed to the lower hardness and relative
density of the former. The existence of an optimum
content of hard ceramic particles to achieve the least
wear rate in AMCs has also been reported by other
authors [16,30].

Figure 6(b) shows variation of wear rates of
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Al/MoS, and Al/10SiC/MoS, composites with MoS,
content. It was found that, the wear rate was decreased
by increasing MoS, content from 0 to 2 vol.%, regardless
of the SiC content. This is because of the lubricating
effect of MoS, particles. However, when MoS, content
exceeded this threshold, the wear rate increased so that
the wear rate of Al/4MoS, composite was higher than
that of pure aluminum. The reason for this is that both
hardness and relative density were considerably
decreased by increasing MoS, content (Fig. 5(b)). High
wear losses in MMCs containing high content of MoS,
particles were also reported [31]. In addition, Fig. 6(b)
reveals that hybrid Al/10SiC/MoS, composites were
more resistant to wear than Al/MoS, composites. The
minimum wear rate was attained for Al/10SiC/2MoS,
composite. The wear rate of this composite was even
25% lower than that of Al/10SiC composite. In fact,
utilizing the optimized contents of both types of
reinforcements resulted in achieving the highest wear
resistance for Al/10SiC/2MoS,; hybrid composite.

Figure 7 shows the variation of wear rate of the
counterface (steel pin). As shown in Fig. 7(a), wear rate
of the pin counterface increased with increasing content
of SiC particles in the rotating disk. The steel pin in
contact with the unreinforced aluminum showed mass
gain. This can be caused by mass transfer from the
aluminum disk to the steel pin. The mass transfer in
sliding wear occurs by formation and then breakage of
adhesive bonds at the asperities of the mating surfaces.
However, the content of SiC particles in the disk samples
resulted in mass loss of the steel pins during sliding. The
abrasive action of SiC particles on the pin surface was
intensified by increasing SiC content. Figure 7(b) shows
variation of wear rate of the counterfaces in contact with
Al/MoS, and Al/10SiC/MoS, composite disk. The wear
rate of the counterface in contact with Al/MoS,
composite was not considerably changed by increasing
the MoS, content. However, in the counterfaces in
contact with the hybrid specimens, the wear rate slightly
increased with increasing MoS; content of the disk.

In summary, the results of the wear test showed that
addition of either soft MoS, or hard SiC reinforcing
particles increased the wear resistance of aluminum
provided that their content was limited to a critical value.
A comparison between the effect of SiC and MoS, on
enhancing the wear resistance of pure aluminum
indicates the superior impact of hard SiC particles (Fig.
6). Addition of 10 vol.% SiC decreased the wear rate of
aluminum by 90%. While, in the best circumstances,
addition of 2 vol% of MoS, to aluminum was
accompanied with a 42% reduction in the wear rate. The
profound effect of SiC particles on reduction of wear rate
could be ascribed to the higher hardness and relative
density of Al/10SiC composite in comparison to that of
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Fig. 7 Variation of wear rate of counterface (steel pin) with SiC
content of Al/SiC composites (a) and with MoS, content of
Al/MoS, and Al/10SiC/MoS, composites (b)

the Al/2MoS, composite. However, the reduction of wear
rate in the Al/SiC composite specimens was
accompanied by increasing the wear rate of the counter
steel pin (Fig. 7). In fact, superior hardness and wear
resistance of the Al/SiC composites deteriorated the wear
resistance of the tribosystems through increasing the
wear rate of the counterface. Whereas, the wear rate of
counterface did not change considerably by addition of
soft MoS,; particles to the aluminum matrix disks. As a
result, the best tribological performance was attained by
using the Al/10SiC/2MoS, hybrid composite. While the
wear rate of this hybrid composite was 97% lower than
that of unreinforced aluminum, no severe abrasion was
observed for the mating counterface.

3.3 Wear mechanism

Figure 8 shows SEM images of the wear surface
and debris together with result of EDS analysis for the
pure aluminum disk. The worn surface of pure aluminum
sample (Fig. 8(a)) was subjected to severe plastic
deformation with large protrusions indicating excessive
adhesive wear. The results of EDS analysis show the
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absence of aluminum oxide layer on the worn surface. As
observed in Fig. 8(b), the generated debris particles have
irregular shapes and are very large (>100 um). These
irregularly shaped chunky particles are usually caused by
adhesive wear [32]. The formation of large wear debris
resulted in inferior wear resistance of pure aluminum
disk (Fig. 6). According to EDS analysis, these particles
comprise of mostly aluminum and are poor in oxygen
implying the absence of oxidative wear.

Element wt.%
C 49
(0] 0.1

Al 93.7
Si 0.3
S 0
Fe 0.5
Mo 0.5

JSEM MAG: 150 x
[FEM HY: 15.00 kv

WD: 21.09 mm
Det: SE Detector 200 pm

Element wt.%
C 1.6
(0] 0

Al 97.2
Si 0.2
S 0
Fe 0.7

Mo 0.2

[FEM MAG: 200 x WD: 21.34 mm
BEM HY: 15.00 kv Det: SE Detector 100 pm
0611216 Vac: Hivac

Fig. 8 SEM micrographs of wear surface of pure Al (a) and
generated debris (b) together with their corresponding EDS
analysis results (The arrow shows the sliding direction)

Figure 9 presents the SEM images of wear surfaces
of Al/SiC composites together with their EDS analysis
results. As evident from Fig. 9(a), the extent of plastic
deformation on worn surface of Al/5SiC composite is
much lower than that of unreinforced aluminum (Fig.
8(a)). In addition, some cracks and platelets are observed
on the wear surface of Al/5SiC composite. The existence
of these platelets that their front edges oppose the sliding
direction could be a sign of delamination [33]. The worn
surface of Al/10SiC shown in Fig. 9(b) relatively
resembles to that of Al/5SiC composite. Some parts of
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0.9
29.5 O
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Pate(m/d/y): 06/18/16 Vac: Hivac

Element wt.%
C 13 E
(6] 337
Al 55.5
Si 39
S 0
Fe 55 §
Mo 0

BEM MAG: 200 x WD: 26.53 mm

FEM HV: 15.00 kV Det: SE Detector 200 pm
Pate(m/d/y): 06/18/16 Vac: Hivac

SEM MAG: 200 x WD: 21.23 mm
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Pate(m/d/y): 06/18/16 Vac: Hivac

Fig. 9 SEM micrographs of wear surface of Al/5SiC (a),
Al/10SiC (b) and Al/20SiC (c) composites (The arrows show
the sliding direction)

the worn surface are completely smooth and some others
show slight plastic deformation. The EDS analysis
results indicate that smooth areas are rich in oxygen and
iron as well as aluminum. This suggests the mass transfer
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from the steel counterface and its oxidization. In fact,
during the sliding, hard SiC particles within the
composite disk abrade the steel pin. Subsequently, the
worn particles are severely deformed and oxidized
forming a mechanically mixed layer (MML). This
tribolayer is hard and protects the surface of the
composite material from further wear damage resulting
in reduction of the wear rate [29,34]. The white marks on
the worn surface may indicate the fractured oxide layers
as confirmed by EDS analysis. These results clearly
indicate that the oxidative wear mechanism was active
during the sliding of Al/SiC composites against the steel
counterface. The plastically deformed areas on the
surface of Al/10SiC composite represent minor adhesive
wear. Furthermore, Fig. 9(b) shows that some of the
worn particles are embedded on the surface of composite
disk under the applied force existed between the surfaces
in contact. This also decreased the wear rate of the
Al/10SiC composite. The worn surface of Al/20SiC
composite, as shown in Fig. 9(c), is also covered by the
MML in some smooth areas. However, some surface
detachments which are caused by brittle fracture
mechanism are also observed. This mechanism was
activated because the relative density of Al/20SiC
composite was inferior to that of Al/5SiC and Al/10SiC
composites. Similar to Al/10SiC composite, the worn
surface of Al/20SiC was rich in oxygen and iron
confirming the formation of the MML in some regions.
However, it seems that the amount of reinforcement
particles in Al/5SiC composite was not sufficient for
creation of MML as its worn surface was poor in iron.
The lower wear rates obtained for Al/10SiC and
Al/20SiC composites as compared to that of Al/5SiC
with a higher hardness could be attributed to the
protective role of MML formed on their surfaces.

Figure 10 shows the SEM images of wear particles
of Al/SiC composites together with their EDS analysis
results. The generated debris particles show two different
morphologies. The smaller particles have a powder-like
form and the larger particles are thin platelets. In
addition, the size of the wear particles decreased with
increasing SiC content of the composite. As the volume
fraction of SiC particle increased, the contact of these
ceramic particles with the steel counterface increased.
This causes higher abrasion of the pin material that may
lead to three-body wear forming smaller debris. The
morphology of small wear particles is similar to that
generated in another investigation at low applied
loads [35]. Those large but thin flake debris particles
were generated due to the delamination wear mechanism.
Generally, delaminated materials are large flake-like
particles. However, the plowing action of the counterface
can break these particles and form particles in different
shapes [36].

Al
Si
S
Fe

Mo

BEM MAG: 500 x WD: 20.85 mm
BEMHV:15.00kV  Det SE Detector
Pate(midiy): 06112116 _Vac: Hivac

C 1.6
O 34.4
Al 50.3
Si 3.1
S
Fe
Mo

[BEM MAG: 500 x WD: 20.68 mm
BEM HV: 15.00 kv Det: SE Detector 50 pm
Date(midiy): 06/12/16 Vac: HiVac

_Element wt.%

C 6.5

(0] 17.4 &

Al 26.0 §

Si 9.7

S

Fe

Mo :
SEM MAG: 500 x WD: 15.68 mm
SEM HV: 15.00 kV Det: SE Detector 50 pm
Pate(m/dsy): 06/24/16 Vac: Hivac rezild

Fig. 10 SEM micrographs of generated wear debris of
Al/5SiC (a), Al/10SiC (b) and Al/20SiC (c) composites

According to EDS results presented in Fig. 10, the
wear debris of Al/SiC disks contained relatively high
oxygen content. This indicates that the generated wear
particles of Al/SiC composites are predominantly oxide
unlike that of unreinforced aluminum which is mainly
metallic (Fig. 8(b)). It seems that the oxidation of the
generated wear particles has been induced due to their
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fineness. The existence of the oxidized fine worn debris
implies mild wear process [37]. Figures 10(b—c) show
that the wear debris of the composites containing 10
vol.% and especially 20 vol.% SiC particles composed of
significant amount of iron. As discussed earlier, this is
due to the abrasive action of SiC particles on the steel
counterface.

Figure 11 presents the SEM images of wear surface
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Fig. 11 SEM micrographs of wear surface of Al/2MoS, (a),
Al/4AMoS; (b) and Al/6MoS, (c) composites (The arrows show
the sliding direction)

of the AI/MoS, composite disks together with their EDS
analysis results. The wear surface of Al/2MoS,
composite, as shown in Fig. 11(a), is covered by parallel
grooves in the slip direction indicating the two-body
abrasive wear. As known, the wear rate of two-body
abrasive wear is usually higher than that of the
three-body wear [38]. Therefore, a higher wear rate was
attained for this specimen as compared to that of
Al/10SiC composite (Fig. 6). In addition, it seems that
the white lines on the worn surface of Al/2MoS,
composite represent the broken oxidized layer. The EDS
analysis of this specimen indicates the existence of an
oxide layer as well as a film rich in sulfur and
molybdenum (the MoS, lubricant layer) on the surface.
During the wear test, the MoS,; particles come out to the
surface of the composite under the applied load. These
particles are then smeared on the surface of composite
disk in a way that the areas in contact are covered by a
lubricant layer of MoS,. This lubricant film decreases
metal to metal contact on the mating surfaces. As a result,
the wear rate is reduced as compared with that of the
pure aluminum (Fig. 6(b)).

The worn surface of the Al/4MoS, composite is
shown in Fig. 11(b). It was found that increasing the
MoS, content from 2 vol.% to 4 vol.% resulted in
reduction of abrasive wear and increasing of
delamination wear. In addition, formation of a smooth
and dark film of MoS, lubricant layer is evident on the
worn surface. This decreased the oxygen content on the
wear surface of Al/4MoS, composite. On the wear
surface of the specimens containing 6 vol.% MoS, (Fig.
11(c)), sever delamination as well as abrasion marks are
observed. Based on the hardness values reported in Fig. 5,
the hardness of both Al/4MoS, and Al/6MoS, samples
was low. Therefore, in these composite disks, the created
lubricant layer may not adhere firmly to the surface and
could be easily detached under shear stresses applied by
the counterface during sliding. This would activate the
delamination wear mechanism and deteriorate the wear
resistance of the materials. As shown in Fig. 6(b), the
wear rates of the composites containing 4 vol.% and
6 vol.% MoS, particles were even more than that of the
unreinforced aluminum. The effectiveness of a solid
lubricant material in reducing the metal to metal contact
during sliding depends on the ability of the sheared
lubricant layers in adhering to the sliding surface [13]. It
seems that when the MoS, content exceeded 2 vol.% the
adhesion force between the lubricant layer and the
material surface became lower than shear strength of
MoS, particles. As a consequence, the MoS, lubricant
layer did not effectively adhere to the materials surface
and was easily delaminated.

Figure 12 shows the SEM images of wear debris
of the Al/MoS, composites. Regardless of the volume
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Fig. 12 SEM micrographs of generated wear debris of
Al/2MoS, (a), Al/4AMoS, (b) and Al/6MoS, (c) composites

fraction of MoS, particles, the wear particles were
mostly large (~100 um) and sheet-like. However, some
smaller debris particles (~10 pm) are also observed. The
wear sheets of Al/MoS, disks are even thicker than those
of unreinforced aluminum (Fig. 8(b)). This is because of
the lower hardness and frictional stress on the wear
surface of Al/MoS, composites [39]. While the

morphology of the wear particles did not depend on
MoS, volume fraction, their thickness slightly increased
as MoS, content increased from 2 vol.% to 6 vol.%. In
addition, the fraction of the smaller wear particles
increased with increasing MoS, content. This could be
attributed to the reduced relative density and increased
structural discontinuities in the aluminum matrix due to
the existence of higher content of MoS, particles in the
composite. In the case of Al/6MoS, composite, the shape
of wear particles (Fig. 12(c)) approaches to the typical
shape of debris generating by abrasive wear of brittle
materials [9]. It was also found that the generated wear
debris of Al/MoS, composites was larger than that of
Al/SiC composites (Fig. 10) resulting in higher wear rate
for the A/MoS, composites. In addition, the wear debris
of Al/MoS, composites was relatively poor in oxygen
that further discriminates them from that of Al/SiC
composites.

The worn surface of Al/10SiC/2MoS, hybrid
composite, as shown in Fig. 13(a), was mainly composed
of parallel superficial scratches indicating mild abrasion.
In addition, the plastic deformation and the fracture of
oxidized layer are also observed. The EDS analysis
results confirmed the formation of MML on the wear
surface. The existence of lower contents of Mo and S on
the wear surface as compared to those of O and Fe shows
that the tribological behavior of Al/10SiC/2MoS, hybrid
composites was mostly controlled by the oxidized MML
formed on the surface of the material. In other words, the
role of the hard SiC particles in tribological behavior of
the hybrid composites was more effective than that of
soft lubricant MoS, particles. Consequently, it is
anticipated that the wear surface and debris features of
Al/10SiC/2MoS, hybrid composite approach to those of
Al/10SiC composite. The wear debris of the Al/10SiC/
2MoS, hybrid composite, as observed in Fig. 13(b),
consists of fine equiaxed particles and small sheets. The
morphology of these particles is similar to that of Al/SiC
composites. However, the wear debris is smaller in the
hybrid composite. In fact, by addition of MoS, particles
to Al/10SiC composite, the structural discontinuity in the
aluminum matrix increases, resulting in generation of
smaller debris. As a result, the minimum wear rate was
obtained for the Al/10SiC/2MoS, hybrid composite. Like
Al/10SiC composite, the wear debris of the hybrid
composite contained a significant amount of iron and
oxygen, indicating micro-cutting of steel pin and
generation of iron/iron oxide debris.

3.4 Subsurface deformation

Figure 14 shows the SEM images of the section
under the wear surface for aluminum and the composites.
Figure 14(a) reveals an intense deformation of the
material just beneath the worn surface for the Al disk.
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This is due to the frictional shear force applied by the
counterface. Therefore, as observed, a lamellar structure
was developed directly below the worn surface due to
intense strain induced by sliding. As the distance from
the worn surface increases, the induced strain decreases
and hence grains maintain their original shape. Finally,
an inhomogeneous deformation zone developed in
subsurface regions. However, there is no sign of
subsurface cracks for pure aluminum specimen. This
indicates that formation of the wear particles in
unreinforced aluminum is due to the asperity rupture and
its adhesive transfer to the counterface. Because of this
adhesive transfer the mass of counterface was increased
in the wear test (Fig. 7(a)).

In cross-sectional microstructure of the worn
Al/10SiC composite (Fig. 14(b)) a protruding SiC
particle is seen. This type of reinforcements is in contact
with the counterface and concentrates the wear damage
on the steel pin. However, the inhomogeneous shear
deformation of the subsurface regions resulted in
interfacial decohesion and crack initiation at the

reinforcing particles. During the wear process,
dislocations accumulate in surface regions. In these
circumstances, different mechanisms are suggested for
formation of cavities and cracks. The slip of moving
dislocations, produced by the applied normal force, is
usually restricted by the hard reinforcing particles.
Therefore, the rate of crack initiation in a metal matrix is
increased by the existence of hard particles. Since the
strength of SiC particles is higher than cohesive strength
of the aluminum matrix, the cracks nucleate due to the
stress induced by dislocations pile-up. Cavities are
usually generated by decohesion along the interface of
the matrix and particles during the plastic deformation.
In particular, the inhomogeneous plastic flow of the
matrix around the hard particles could result in cavity
formation. In addition, the formation of cracks around
the hard particles is considered as the most important
mechanism for cavity formation. However, the formation
of cracks and cavities under the surface is not necessarily
accompanied by the formation of wear particles. Wear
particles are only formed when the cracks and cavities
coalescence in a way that strength of subsurface layer
becomes lower than the applied shear stress established
between the material and counterface. The crack
propagation, growth and shear plastic
deformation of the metal between the cavities are the
three main mechanisms for joining of cracks and
cavities [39]. The crack propagation and interfacial
decohesion mechanisms for Al/10SiC composite are
evident in Fig. 14(b). In agreement with the
well-documented delamination theory of wear [40], the
cracks nucleated at the interface between reinforcements
(SiC particles) and aluminum matrix and then propagated
parallel to surface. The same mechanism was found for
formation of wear debris in Al/2MoS, composites as
shown in Fig. 14(c). Furthermore, since the strength of
reinforcing MoS, particles is too low, the stress caused
by dislocation pile-up breaks these soft particles and
forms cavities in them. However, it seems that because
of the low hardness of Al/MoS, composites as compared
to that of Al/SiC composites (Fig. 5), more plastic
constraint is applied to surface of Al/MoS, composites
by the counterface. Therefore, in the case of Al/MoS,
composites, cracks inevitably nucleated and propagated
at relatively deep layers of subsurface region. As a result,
thicker wear particles were formed. The wear debris of
Al/10SiC/2MoS, hybrid composite was mostly generated
by interfacial decohesion and crack propagation
mechanisms as shown in Fig. 14(d).

cavities

3.5 Coefficient of friction

Figure 15(a) shows the variation of average
coefficient of friction as a function of SiC content for
Al/SiC composites. The coefficient of friction decreased
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with increasing SiC content up to 10 vol.%. This is due
to the lubricating role of MML formed on the wear
surface [41]. However, the coefficient of friction
increased when SiC content increased from 10 vol.% to
20 vol.%. This could be attributed to the increased plastic

deformation on the wear surface of Al/20SiC composite
(Fig. 9(c)) due to its reduced hardness (Fig. 5(a)). In
addition, the higher volume porosity of Al/20SiC
composite encouraged the crack coalescence. This
resulted in detachment of MML through debris
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generation. As a result, the coefficient of friction
increased. The overall trend of variation of coefficient of
friction with SiC content is identical to that of wear rate
presented in Fig. 6(a). This implies the importance of
coefficient of friction in controlling the wear volume of
the material. In the case of Al/MoS, composites, the
average coefficient of friction decreased with increasing
MoS, content as shown in Fig. 15(b). However, the least
coefficient of friction was attained for the
Al/10SiC/2MoS, composite.

In addition to the average coefficient of friction, its
variation with wear distance during the sliding can also
provide useful information about the tribological
behavior of the material. Figure 16 shows the friction
traces for pure aluminum and its composites. Dissimilar
frictional characteristics are evident for different
materials. The coefficient of friction for pure aluminum
disk, as presented in Fig. 16(a), is unstable with violent
fluctuations throughout the sliding distance. This kind of
friction variation with sliding distance is categorized as
severe fluctuation type [42]. The friction trace of
Al/10SiC composite (Fig. 16(b)) exhibits a relatively
steady coefficient of friction after a very short running-in
distance. This stable trend could be attributed to the
lubricating role of the MML layer formed on the wear
surface. The friction trace of Al/2MoS, composite
(Fig. 16(c)) starts with a severely fluctuated running-in
period which continues for about 200 m. During this
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Fig. 16 Friction traces for pure Al (a), Al/10SiC composite (b),
Al/2MoS, and Al/10SiC/2MoS, hybrid
composite (d)

composite  (c)

time period, MoS, particles are squeezed out from the
matrix and smeared on the wearing surfaces.
Consequently, both coefficient of friction and its
fluctuation decrease and the friction trace reaches a
nearly stable stage. The most stable friction trace was
obtained for Al/10SiC/2MoS, composite under the
lubricating effect of both MML and MoS, film.

4 Conclusions

(1) The microstructural characterization showed that
the distribution of both types of reinforcements within
the aluminum matrix was reasonably uniform. Increasing
the volume fraction of the reinforcing particles was
followed by the reduction of relative density. However,
the highest hardness was obtained for Al/SSiC
composite.

(2) Addition of 10 vol.% SiC and 2 vol.% MoS, to
aluminum decreased the wear rate by 90% and 42%,
respectively. The composites containing more than
2 vol.% MoS, particles showed higher wear rate than
that of unreinforced aluminum. The improved wear
resistance of the composites containing SiC particles was
attributed to formation of a protective MML on the wear
surface.

(3) The least coefficient of friction and wear rate
were obtained for Al/10SiC/2MoS, hybrid composite.
Excellent feature of the hybrid composites was
manifested in considerable reduction in the wear rate of
the steel counterface.

(4) Adhesion was found as the dominant wear
mechanism for the unreinforced aluminum. In the case of
Al/SiC composites, however, mild delamination was the
dominant wear mechanism. Abrasion as well as heavy
delamination wear mechanisms predominated for
Al/MoS, composites.

(5) Wear debris were generated by adhesive transfer
mechanism in unreinforced aluminum. However,
subsurface crack propagation parallel to the worn surface
was the main mechanism for formation of wear particles
in the composite disks. Interfacial decohesion also
encouraged this process in Al/SiC composites. In the
case of Al/MoS, composites, formation of subsurface
cavities contributed to the debris generation.

(6) The friction traces of pure aluminum fluctuated
severely. Formation of a solid lubricating MoS, film on
the wear surface of Al/2MoS, composite decreased the
friction fluctuations. However, the composites containing
SiC particles exhibited a more stable friction.

(7) The friction characteristics and wear surfaces of
the Al/SiC/MoS, hybrid composites were similar to those
of Al/SiC composites, indicating the important influence
of hard SiC particles on controlling tribological behavior
of the hybrid composites.
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