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a b s t r a c t

In this study, the microstructural features, mechanical properties and dry sliding wear characteristics
of Al–4.5Cu–3Mg/15 vol.% SiCp matrix composites, manufactured by squeeze casting technique, were
investigated. Wear tests were carried out at 0.5, 1 and 2.0 m/s sliding speeds under the loads of 5, 10, and
15 N for a 1000 m sliding distance versus AISI D2 steel disc. The results showed that, the composites have
homogeneously distributed porosity free SiC particles. The failure in composites occurs in both matrix
eywords:
queeze casting
l/SiC composite
haracterisation of Al/SiCp composites
echanical properties

racture

and particles simultaneously implying good bonding between matrix and particles. Friction coefficient
of the composites decreased with an increase in the applied load and the sliding speed. In addition, the
higher the applied load and the faster the sliding speed are, the higher the wear rate is. SEM analysis
indicated that worn surfaces consisted of plastically deformed and oxidized particles removed by the
micro-machining effects of the reinforcement phase.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Aluminium-based alloys are widely used in the automotive
nd aerospace industries because of their low densities and good
echanical and tribological properties. However, the relatively

oor seizure resistance of aluminium alloys has restricted their uses
n such engineering applications [1]. The wear resistance of these
lloys can be improved considerably by adding ceramic reinforce-
ents into aluminium, leading to the formation of the metal-matrix

omposites (MMCs). Incorporation of ceramic reinforcements can
esult in a favourable combination of the high ductility and the high
trength [2,3]. The ceramic reinforcements generally can be in the
orm of particles, whiskers and fibres. Particulate reinforced MMCs
ppear to be the most popular choice because they can offer rela-
ive ease in processing, lower fabrication cost, and nearly isotropic
roperties in comparison to fibre-reinforced materials [4–6].

Al-matrix composites are preferred in many applications such
s, bearings, gears, seals, guides, piston rings, pistons, cylinder

eads, brakes and clutches [4,7]. It has been observed that abrasive
haracteristics are of importance in such applications [8]. Materi-
ls possessing high wear resistance (under dry sliding conditions)
re associated with a stable tribolayer on the wearing surface and
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925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.09.027
the formation of fine equiaxed wear debris. For adhesive wear,
the influence of applied load, sliding speed, wearing surface hard-
ness, reinforcement fracture toughness and morphology are critical
parameters in relation to the wear regime encountered by the
material [9].

Wear is one of the most commonly encountered industrial prob-
lems, leading to frequent replacement of components [7]. During
the last two decades, superior wear performance of MMCs rein-
forced with ceramic particles has been reported [2,3].

Extensive review papers on the dry sliding wear characteris-
tics of composites based on aluminium alloys have been presented
by Sannino and Rack [10], and abrasive wear behaviour by Deuis
et al. [4]. In their studies and discussions, the effect of reinforce-
ment volume fraction, reinforcement size, sliding distance, applied
load, sliding speed, hardness of the counter face and properties
of the reinforcement phase which influence the dry sliding wear
behaviour of this group of composites are discussed in greater
detail. Sliding wear rate and wear behaviour were reported to be
influenced by various wear parameters [11–14]. Lim et al. [15]
studied the tribological properties of Al–Cu/SiC metal-matrix com-
posites prepared using different processing routes. They reported

that the wear resistance of these composites were influenced sig-
nificantly by the process techniques used to make this composites
[5].

In this study, improving the dry sliding wear behaviour of
Al–4.5Cu–3Mg matrix composites reinforced with SiC particles

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ademonat@gmail.com
dx.doi.org/10.1016/j.jallcom.2009.09.027
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Table 1
The chemical composition of the matrix alloy (wt.%).
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3.2. Fracture

Fig. 2 represents the fracture surface of the composite. It can be
seen that fracture started and initiated along the grain boundaries,

Table 2
The qualitative element identification of composite microstructures (wt.%).
Cu Mg Zn Fe Si Mn Sn Pb Cr Ni Ti

4.45 3.14 0.50 0.20 0.08 0.01 0.009 0.006 0.002 0.001 0.001

SiCp) at different loads and speeds has been investigated. Results
ave been discussed and relevant tribological applications are iden-
ified.

. Experimental details

In this study, direct squeeze casting technique was used to production of
l–Cu/SiCp metal-matrix composite. The details of experimental setup and pro-
uction route were given in the previous publication [16]. The mean value of
pectrographic analysis of matrix alloy is given in Table 1.

The matrix alloy was dispersed with 15 wt.% SiC particles to synthesize the com-
osite. The SiC particles, which were used to fabricate the composite, had an average
article size of 36 �m and average density of 3.2 g/cm3.

The squeeze cast composites were machined by using diamond blades in CNC
achine to obtain tensile and wear specimens. Tensile test samples, have 6.4 mm

iameter with a gauge length of 26 mm, were prepared for testing in Hounsfield Ten-
ometer. Standard microscopic methods were used to study the composite structure,
article distribution and porosity. Microstructure and fracture surfaces (obtained
y tensile test) were studied by SEM. Hardness has some influence on the wear
ehaviour on any material. Hardness measurement was carried out using a Brinell
ardness tester. Before testing, specimen surfaces were polished using emery papers
own to 1000 mesh. At least 10 measurements were taken for each sample and the
verage was taken as the hardness value.

Wear tests were carried out under dry sliding condition on a pin-on-disc appa-
atus. A steel disc (AISI D2) was used as counter surface and composites were made
nto pins having 6 mm diameter and 30 mm in height. The steel disc was heat treated
o achieve 61 HRC, then polished with 600-grid emery paper. Average roughness (Ra
) of the disc was 1.2 �m. The pins were made to slide on the steel disc at 0.5, 1.0
nd 2.0 m/s sliding speeds under the loads of 5, 10, and 15 N for a 1000 m sliding
istance. The wear was measured in terms of weight loss of the materials measured
o 0.0001 g resolution. The wear damage on the specimens was evaluated via wear
ate (mm3/m) calculated by using ASTM formulas.

Steady state friction coefficient values were also measured by a load cell-
quipped with the pin-on disc apparatus. A complete wear microstructural
haracterization was carried out via scanning electron microscopy (JEOL JSM 5410
nd JEOL JSM 5600). The wear tracks on the disc were also investigated with optical
icroscopy.

. Results and discussion

.1. Microstructure

Microstructure of composite consists of primary phase and
utectic regions. SiC particles were surrounded by eutectic region.
iC particles are behaving as a nucleation agent for Al and eutectic
hase during solidification. In general, eutectic phase was formed
n the SiC particles and/or SiC particles were segregated into last
rozen eutectic regions (Fig. 1).

Fig. 1a represents relatively low magnified typical microstruc-
ure of composite specimens. This micrograph indicates that
istribution of SiC particles in the matrix was uniform with no
gglomeration. SiC particles in the matrix are observed to be angu-
ar in shape and apart from the large SiC particles; fine SiC particles
re also present.

It can be clearly seen that eutectic is accumulated into two
egions (eutectic close to SiC and eutectic away from SiC). Addi-
ionally, there were relatively large islands that consisted solely
f eutectic (marked A in Fig. 1a). The eutectic region close to SiC
marked A in Fig. 1b) and away from the particles (marked B in
ig. 1b) had somewhat different composition (Table 2). From the
ocal chemical analysis, it can be concluded that SiC particles are

ehaving as a nucleation agent for Al and eutectic phase during
olidification.

As can be seen from the micrographs, the solidification started
t in the interparticle channels, and growing dendrites rejected
olute-rich liquid to the particle surfaces, which were the last loca-
Fig. 1. Optical micrographs of specimen: (a) relatively low magnification of com-
posite microstructure; (b) eutectic region close to SiC particles.

tions to solidify. Mg also segregated towards the particles that are
generally believed to promote good bond strength through limited
chemical reaction. Mg is expected to improve composite properties
by both providing in limited chemical interaction at the particle sur-
face, and by increasing matrix strength, while Cu has the opposite
effect [17].

Interdentritic segregation of particles during casting of discon-
tinuously reinforced Al-matrix composites is a serious problem.
In some situations, this segregation causes severe agglomeration
and interparticle contact. The factors believed to influence dendrite
segregation is the dendrite arm spacing (DAS) of matrix that is pro-
portional to the dendrite growth rate, the size of the particles, the
relative thermal conductivities, and the difference in contact angles
between a particle/solid interface [16]. In this study, since solidi-
fication rate was very high in squeeze cast composites, so serious
agglomerations have not been observed.
Element Eutectic region Island region

Al 87.11 34.49
Mg 3.50 11.47
Cu 9.40 54.04
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a result of SiC particles standing proud of worn surface of compos-
ite sample as well as dislodged SiC particles trapped at the sliding
interface. It is therefore proposed that the dominant wear mecha-
nism operating during sliding over this range of loads at 1 m/s is a
combination of abrasion and delamination [9].
Fig. 2. SEM micrograph of fracture surface.

elatively brittle fracture and a limited amount of ductile fracture
f the surrounding matrix.

The extremely limited amount of damage below the fracture
ath noted on sectioned fractured specimens confirms that the
ucleation of defects is the stage governing the fracture process

n composites. Apparently, the growth and coalescence of fracture
o not require significant remains of strain energy. Consequently,
actors influencing the fracture of the MMCs must be sought among
he aspects of nucleation. In the present investigation, initiation of
oids was assumed to depend mainly on a particle cracking, par-
icle/matrix debonding and grain boundary fracture. Both of these
re complex phenomena influenced by a number of factors such as
he local stress field, the presence of the interface inhomogeneities,
tructural alterations in the matrix close to the interface, or notch
ffects around and inside the brittle ceramic particles. From the
ensile fractographic results, it may be inferred that completely
uctile behaviour was not totally achieved. The hardness results,
lso, supply this brittle fracture state (Table 3). Mechanical prop-
rties of matrix alloy and composite produced by direct squeeze
asting method is tabulated in Table 3.

As can be seen in Table 3, particle reinforcement increases hard-
ess but affects toughness properties inversely.

.3. Friction and wear behaviour

Fig. 3 presents the variation of friction coefficients of Al–Cu/SiC
MCs with applied loads at 0.5, 1 and 2 m/s sliding speeds.
It can be seen that the friction coefficient of the composites

ecrease with increasing applied load. This is an agreement with
he results obtained by Zhang [18] and Yalcin [19]. There is an aver-
ge 16.9%, 29.7% and 11.9% decrease in friction coefficient value
t 200% increase in applied load with sliding speeds, respectively.
he variations of friction coefficient with increasing normal applied
oad is more distinctly at sliding speed 1 m/s than other condi-
ions. Moreover, there is an average 31.6% decrease with the 300%
ncrease in sliding speed.
Fig. 4 represents the variation of wear rates of composites with
pplied load at 0.5, 1, and 2 m/s sliding speeds.

An increase in the normal applied load will lead to an increase in
he wear rate. This is an agreement with studies of some researchers

able 3
he hardness and mechanical properties of composite specimens.

Hardness (BHN) UTS (MPa) Elongation (%) Reduction
in area (%)

Matrix alloy 100 ± 1.94 247 3.30 2.51
Composite 139 ± 2.41 239 0.45 0.44
Fig. 3. Steady state friction coefficient variations with applied load and sliding
speed.

[1,4,5,7,8]. Increasing sliding velocity also increases wear rate [4,5].
Mild wear was observed for a small-applied load, but as the load
was further increased up to 15 N, the wear rate of composite
increased. There is an average 167%, 350% and 227% increase in
wear rate for a 200% increase in applied load with sliding speeds,
respectively. Moreover, there is an average 30% increase in wear
rate for 300% increase in sliding speeds. Heavy noise and vibration
were observed during the process and transfer of the pin material
to the disc was observed.

Specific wear rate of the MMC materials calculated from Fig. 4
increases with the increase in sliding speed shown in Fig. 5.

The worn surfaces were examined with scanning electron
microscopy (SEM). As can be seen in Fig. 6, the presence of grooves
of varying sizes was observed frequently on the worn surfaces. The
formation of such grooves during the sliding of composites had
been, on numerous occasions, linked to the process of delamination
[20–23] which according to Suh [24], is the preferential propagation
of sub-surface cracks along the sliding direction, giving rise to the
detachment of wear particles in the form of sheets or flakes. These
grooves are also the evidence of abrasive actions during sliding as
Fig. 4. Variations in wear rates a function of applied load and sliding speed.
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Fig. 6. Micrographs of worn surface of composite materials: (a) 0.5 m/s sliding speed
and 10 N applied load; (b) 1 m/s sliding speed and 10 N applied load; (c) 2 m/s sliding
speed and 10 N applied load.

Table 4
EDS analysis of tribolayer as a function of applied normal load and sliding speed
(wt.%).

0.5 m/s 1.0 m/s 2.0 m/s

Fe Cr O Fe Cr O Fe Cr O
Fig. 5. Variations in specific wear rate as a function of sliding speed.

At lower loads, the projected SiC particles in the composites will
e in contact with the counterface during the course of wear. The
sperities of the sliding composite material surface come into con-
act with the steel disc surface, and are work hardened under the
pplied load and speed due to cold working on the surface of the
omposite material [5].

As the load increases, the morphology of the worn surfaces
radually changes from fine scratches to distinct grooves, and dam-
ged spots in the form of craters can be seen. The asperities of
oth the composite material and counterface are in contact with
ach other and are subject to relative motion under the influence
f applied load. Initially, both the surfaces are associated with a
arge number of sharp asperities, and contact between the two sur-
aces takes place primarily at these points. Under the influence of
pplied load and speed, when the asperities on each surface come
n contact, they are either plastically deformed or remain in elastic
ontact.

At higher applied loads, higher wear rates are observed. The
earing surface is characterised by a significant transfer of material

etween the sliding surfaces. A delamination wear mechanism has
een inferred for this wear regime, where the tribolayer is removed
y sub-surface plastic deformation and fragmentation of the SiC
articles [25].

Similar changes in wear behaviour with increase in applied
oad were reported by Lim et al. [15] for an A356 alloy reinforced

ith SiCp. At a slow sliding velocity (0.5 m/s), the wearing surface
as covered with a transferred material layer. At higher speeds,

n oxide-like transferred layer formed at the sliding interface and
educed direct metallic contacts. At very high speeds, thermal soft-
ning of the matrix was reported. The oxide layer was observed to
reak down and allow greater direct metallic contact during sliding
nd SiC particles became dislodged and three-body abrasive wear
as predominant.

The worn surface produced by adhesive wear, is defined as the
ransfer of material from one surface to another during relative

otion by a process of solid-phase welding or because of localised
onding between contacting surfaces. Particles, which are removed
rom one surface, are either permanently or temporarily attached
o the other surface resulting in a tribolayer (Fig. 7).

This layer generally consists of plastically deformed and oxi-
ised particles that reduce the wear rate of the material [25,26].

he formation of wear debris was directly related to delamination
ear active within this region. Studies of the tribolayer reveal that

t is composed of a mechanical mixture derived from the wearing
lloy and the counterface (Table 4).

5 N 30.44 2.77 43.89 48.67 3.66 11.66 91.63 7.88 12.88
10 N 18.46 1.86 25.00 29.56 2.13 22.59 84.75 5.60 20.98
15 N 56.53 3.41 15.00 26.17 2.49 24.66 83.48 5.57 22.76
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delamination wear mechanism was the dominant wear process.
ig. 7. EDS analysis of worn surface of composite materials. (a) 0.5 m/s sliding speed
nd 15 N applied load; (b) 1 m/s sliding speed and 15 N applied load; (c) 2 m/s sliding
peed and 15 N applied load.

The transition from one wear mechanism to another as a
unction of applied pressure and sliding speed has also been

ocumented in literature [27–31]. Moreover, some researches
eveloped wear mechanism maps for Al alloys and composites
ear encountered in dry sliding of steel [32–36]. At low loads,
here a mild wear regime was reported, the wearing surfaces was
Fig. 8. Micrographs of worn surface of counterface (AISI D2 steel has 61 HRC): (a)
0.5 m/s sliding speed and 10 N applied load; (b) 1 m/s sliding speed and 10 N applied
load; (c) 2 m/s sliding speed and 10 N applied load.

described as relatively smooth and wear debris as small and brit-
tle. Oxidation of aluminium was considered an important part of
this wear mechanism even though no quantitative data regarding
oxidation was given. With increased load and sliding velocity, the
Formation of wear debris and associated transfer of material onto
the steel counterface was related to the poor whisker/matrix inter-
facial bond strength. The wearing surface at low speeds exhibits
a low wear rate and a stable tribolayer. In a defined sliding speed
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ange, the extent of the tribolayer formation becomes significant
nd a reduction in direct sliding surface contact results in a lower
ear rate. At higher speeds, thermal softening of the matrix indi-

ates a breakdown in the tribolayer, corresponding to a high wear
ate and oxidation (see Table 4).

Worn surfaces of the counterface are given in Fig. 8. Findings
ndicate that a proportion of the counterface material removed by
he micro-machining effects of the reinforcement phase is subject
o oxidation. This oxidised material is present as Fe, O, in the tri-
olayer of both wearing surfaces. Furthermore, this oxidised phase
elps stabilise the tribolayer on the MMC surfaces.

. Conclusions

The findings in this investigation can be summarized as follows:

. The microstructure of the SiCp-reinforced composite showed a
reasonably uniform distribution of particles and good interfacial
bonding of dispersed particles with the matrix alloy. Failures
in composites, produced by squeeze casting, occur simultane-
ously both matrix and SiC particles implying that here is a good
bonding between the matrix and the particles.

. Composite material that possesses superior adhesive wear resis-
tance is associated with a stable tribolayer. The creation of this
layer depends on the magnitude of the applied load and sliding
speed.

. The amount of wear generally increases with increasing sliding
speed and the extent of wear generally becomes greater with an
increase in applied load. The specific wear rate also increased
from 8.9 × 10−8 to 1.2 × 10−8 mm3/Nm with increasing sliding
speed.

. The friction coefficient decreased with increasing applied load
and sliding velocity. Variations of friction coefficient with
increasing normal applied load are more distinctly at sliding
speed 1 m/s than other conditions.

. SEM analyses indicate that a proportion of the counterface

material removed by the micro-machining effects of the rein-
forcement phase is subject to oxidation. This oxidised material
is present as Fe, O, in the tribolayer of both wearing surfaces
in EDS analysis. Furthermore, this oxidised phase helps stabilise
the tribolayer on the MMC surface by pinning dislocations.
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