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In the present study an attempt is made to synthesise Al-Zn-Mg-Cu alloy-SiC particle reinforced
composite using liquid metallurgy route and to characterize the composites in terms of microstructure
and sliding wear. It is to be noted that seizure pressure is enhanced by 37.5% due to the addition of
10 wt% of SiC particles in aluminium alloy. The wear mechanism is dictated by the formation and
stability of oxide layer, mechanically mixed layer (MML) and subsurface deformation and cracking.
There is also mutual transfer of pin surface and counter surface materials. The critical load at which
MML gets removed is also examined. These phenomenon are represented schematically in this paper
and the wear mechanism is explained.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Aluminium matrix composites (AMCs), reinforced with hard
ceramic particles, have emerged as potential materials especially
for wear resistant and weight critical applications [1-4]. In
general, AMCs offer superior wear and seizure resistance as
compared to the alloy irrespective of applied load and sliding
speed. This is primarily due to the fact that the hard dispersoid
makes the matrix alloy plastically constrained and improves the
strength of the matrix alloy [5,6]. Additionally, the hard disper-
soids present on the surface of the composite as protrusions and
protects the matrix from the severe contact with the counter
surfaces [7,8] and thus, resulting in less wear, lower coefficient of
friction and temperature rise, in composite, as compared to that
in the alloy [9]. Wilson and Alpas [10] presented wear mechanism
maps for A356 alloy-SiC composites, in which four wear regimes
were observed in the composites and the alloy depending on
speed and applied load. These regions are mild wear, oxidative
wear, delamination wear and severe wear. Mild wear occurs
usually at very slow speed and lower applied load. At relatively
slower speed, if the load increases considerably, mixing of wear
debris and counter face material could take place which due to
higher temperature, gets oxidised and termed as oxidative wear.
The oxidised layer may cover the surface and reduce the wear
rate. The formation and removal of this layer determines the
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overall wear rate of the material. At higher load, this layer is easily
broken and removed from the specimen surface and thus resulting
higher wear rate with applied load and sliding speed. At higher
sliding speed, and relatively lower applied load, wear by delamina-
tion mechanism is prevailing. This may be due to more adiabatic
type of heating and cause more adhesive action between the two
surfaces. Severe subsurface cracking could take place due to the
shear type of deformation of the mixed layer and plastic incompat-
ibility between mixed layer and the underlying material. The
subsurface deformation (which may be the important factor for
subsurface cracking) and subsurface microstructural changes have
been reported by many investigators [11,12]. Severe subsurface
cracking leads to delamination of mixed layer from the wear surface.
At a critical applied load and sliding velocity, temperature rises so
high and because of severe degree of delaminaiton, mixed layer
become discontinuous and naked material come in contact with
counter surface. This also leads to rise in surface temperature to a
critical value, i.e., flashing temperature at which strong adhesion
between counter surface and specimen took place [13]. This leads to
severe wear and on-set of seizure. The wear mechanism map also
demonstrates that the seizure temperature of A356 alloys is 125 °C
and it is increased significantly by addition of 20% SiC to 378 °C. The
critical load and sliding speed for seizure are interdependent. At
slower speed, higher load may lead to seizure of the material.
Improvement in wear and seizure resistance due to addition of SiC
particles may be attributed to reduction in propensity of material
flow at the surface and more thermally stable mixed layer
formed [4]. Alpas and Zhang [14] schematically showed how the
SiC particles help in forming a mixed layer on the contact surface of
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composite specimen. The mixed layer consists of base alloy, oxides
of base alloy and counter surface, counter surface material and
fragmented ceramic reinforcement [15,16]. The presence of iron and
iron oxide has been confirmed by several investigators through
X-ray diffraction [10,13] study or energy dispersive X-ray (EDX)
analysis [10,17]. Subsurface deformation (shear type) which causes
fragmentation of fibres/whiskers followed by mixing in the interface
layer has been clearly demonstrated by few investigators [10,18,19].
The fracturing tendency of the fibre is reported to be more than that
of whisker [20]. The probability of fracture of particle increases with
increase in particle size. Greater degree of fracture of particles or
fibre leads to more brittle MML which is easily detached from wear
surface or coarser particle itself abrade the MML leading to higher
wear rate. It is also reported that the counter surface material is also
transferred into the mixed layer and more transfer of material could
be taken place in case of composite. The transfer of counter surface
material increases with increase in reinforcement content [5,10,13].

2. Experimental

Aluminium matrix composite was synthesised through solidifi-
cation processing (stir-casting) route using AA7010 alloy (Al-Zn-
Mg-Cu) as matrix and SiC particle (size range: 20-40 um, wt% 10)
composites have been used for the present study. The alloy having
chemical composition of Fe - 0.27%, Cu - 1.28%, Mg - 1.14%, Zn -
5.30%, Al - rest. The composite and the alloy were cast in the form of
cylinders of dimension: 200 mm in length and 16 mm in diameter,
in a permanent cast iron die. The cast samples were mechanically
polished and etched with Keller’s reagent (1% HF, 1.5% HCl, 2.5%
HNO; and remaining water) for microstructural study using SEM
(model: JEOL, ]SM-5600). The etched samples were sputtered with
gold prior to SEM examination.

The alloy and composites were heattreated in a Muffle electric
furnace. Three stages involved during heat treatment of the
investigated material are: (i) Solution treatment: the alloy or
composite are heated for 8 h at a temperature of 490 °C until the
alloying solute elements are completely dissolved in Al solid
solution; (ii) quenching: the solution treated material is cooled
rapidly in the water to prevent the precipitation of the solute
elements and to obtain a super saturated solid solution; and (iii)
artificial aging: hardening can be done by reheating the quenched
alloy to a temperature of 180 °C for 4, 6, 8 and 10 h in order to get
the better properties.

Sliding wear tests were conducted in dry condition using pin-
on-disc wear testing apparatus (model: TR20-LE, Wear and
Friction Monitor, Ducom Make, Bangalore, India) against EN32
steel disc having hardness of 470Hv. The pin-samples were
machined from the cast cylinders of dimensions 27 mm in length
and 8 mm in diameter. The samples were tested at different

applied pressures and the sliding distances were varied up to
5000 m. The wear rate was measured from the weight loss
measurement and is expressed in terms of m?/m. The fresh
sample was used for each test and is allowed to travel desired
distance. The maximum load selected in the present study is the
load at which the sample gets seized, i.e., the seizure pressure.
The temperature rise and frictional forces were recorded from the
digital display. A thermocouple was inserted into a small drill
made on the specimen near to the contacting surface (2 mm from
the contact surface) for measuring the temperature.

3. Results and discussion

Fig. 1(a) shows the microstructure of AA7010-10% SiC compo-
site showing uniform distribution of SiC particle in Al alloy
matrix. Higher magnification micrograph of composite clearly
shows good bonding between particle and the matrix (Fig. 1(b)).
Fig. 2 shows that the seizure pressure of the alloy and composite
in cast and heat treated conditions. It noted that seizure pressure
is enhanced by 37.5% due to the addition of 10 wt% of SiC particles
in aluminium alloy, in as cast sample. The heat treated alloy
shows 12.5% improvement in seizure pressure as compared to
cast alloy. However, the improvement in the seizure pressure of
the composite due to heat treatment is around 50% as compared
to cast alloy. It is noted that heat treatment leads to considerable
improvement in the transition load or seizure pressure in the
alloy samples as well as in the composite. The seizure pressure of
the composite is noted to be considerably higher than that of the
alloy. It is evident from Fig. 3 of the bar chart that the wear rate in
all the samples decreases due to the addition of SiC content and
heatreattratmet irrespective of the material. Fig. 4 shows the
recorded temperature at various materials during sliding wear. It
is noted that temperature rise is more in the case of composite as
compared to alloy irrespective of the surface conditions. It is
further noted from Fig. 4 that initially the temperature increases
slowly with applied pressure and after a certain pressure it
increased very rapidly. It is understood that rapid increase in
temperature is primarily due to on set of seizure. The composite
seizes at a temperature of 166 °C and 164 °C for heat treated and
as cast conditions respectively. The alloy, on the other hand,
seizes at a temperature of 158 °C and 152 °C in as cast surface and
heat treated condition respectively. It is inferred from the above
results that the thermal stability of alloy is enhanced by reinfor-
cing SiC particle and heat treatment. Fig. 5 represents coefficient
of friction for alloy and composite in as cast and heat treated
condition, there is no definite trend for comparison of coefficient
of friction between alloy and composite. In lower applied pressure
alloy exhibits higher value of coefficient of friction, whereas at
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Fig. 1. Microstructure of alloy and composite: (a) alloy showing aluminium dendrites and intermetallic precipitates, (b) distribution of particles in composite and

(c) interface between particle and matrix.
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Fig. 5. Coefficient of friction at the seizure of the material.

181

higher pressure the reverse is true. But in the present study there
is no much difference is observed irrespective of the material.
The mechanism of material removal in case of alloy and
composite is schematically represented in Figs. 6 and 7, respec-
tively. Stage (I) (Fig. 6) shows the asperity-to-asperity contact in
the initial period of sliding wear of the alloy. Some of the
asperities make contact at the tip. The asperities of counter
surface having grater height penetrate deep into the softer sur-
face. Further, some of the asperities of counter surface and
specimen surface make contact along their sidewalls. Stage (II)
(Fig. 6) shows initiation of plastic deformation at the surface and
subsurface and leading to alignment of particles towards sliding
direction and plastic deformation at the asperity-to-asperity
contact. It also shows generation of grooves due to scratching
action of asperities on the counter surface and formation of wear
debris due to fracture of few asperities. Stage (III) (Fig. 6) depicts
compaction of wear debris on the specimen surface forming
mechanically mixed layer and significant amount of subsurface
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Fig. 6. Wear mechanism of alloy. Stage I. (Fig. 6): Asperity to asperity contact,
Stage Il. (Fig. 6): Asperity deformation, Fracture, Stage Il (Fig. 6): Formation of
MML/mixed oxide layer and subsurface deformation, Stage IV (Fig. 6): Fracture of
MML/MOL and partially melting of subsurface and delamination of MML/MOL and
Stage V (Fig. 6): Adhesion between the counter surfaces.
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Fig. 7. Wear mechanism of composite. Stage I (Fig. 7): Protruded SiCp penetrate in to the counter face, Stage II (Fig. 7): Micro grooving on the counter surface (formation of
wear debris, fracture of sharp asperities interaction of these wear debris to O,), Stage I (Fig. 7): Micro cracking of protruded SiC particles (plastically deformed), Stage IV
(Fig. 7): Compact of wear debris (eqiaxed and elongated) and forming MML and partially oxidized, Stage V (Fig. 7): Counter surface become smoother, accommodated,
some amount of material transferred from the composite surface, Stage VI(Fig. 7) : Fragmentation of elongated wear debris in MML and cracking of MML, Stage VII (Fig. 7) :
Partial melting of plastically deformed subsurface of composite and Stage VIII (Fig. 7): Adhesion between the counter surfaces (seizing of the composite).

deformation leading to alignment of precipitates and other micro-
constituents towards sliding direction. Stage (IV) (Fig. 6) shows
partial melting of subsurface region (onset of seizure), which
comes out through the crack of the MML and exposed to the
counter surface. The valleys of asperities of counter surface
get accommodated by the material transferred from specimen

surface. Stage (V) (Fig. 6) represents that the MML gets removed
from the specimen surface and partially melted subsurface
material flows over the worn surface and gets adhered to counter
surface leading to seizure. Because of the flow of partially melted
specimen surface, the worn surface in seizure looks like wave like
flow of material on the specimen surface after seizure.
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Fig. 7 shows the schematic diagram indicating mechanism of
material removal of Al-SiC composites during sliding wear. Stage
(I) (Fig. 7 represents the contact between counter surface and
composite surface, which are in relative motion against each
other under normal applied load. It shows contact between the
asperities of counter surface and the matrix of composite mate-
rial, penetration of longer asperities of counter surface to the
matrix of composite material and protruded SiC particles which
penetrate into the counter surface. Stage (II) represents formation
of fine wear debris due to fracture of sharp asperities. Stage (III)
(Fig. 7) shows micro cracking of protruded SiC particles, formation
of large number of elongated and equiaxed wear debris which are
getting accommodated on the contact surfaces. In addition the
subsurface region gets plastically deformed. Stage (IV) (Fig. 7)
represents that the wear debris at the contact surfaces gets
compacted and going to form mechanically mixed layer over
the composite surface as well as transfer of some material to the
counter surface. The MML in composite is the mixture of partially
oxidised, equiaxed and elongated wear debris generated from
matrix of composite material and counter surface material along
with fine SiC particle. Stage (V) (Fig. 7) shows that the counter
surface become smoother and accommodated some amount of
material transferred from the composite surface. As the counter
surface comes in contact with MML the transferred material is
expected to be similar to the MML. This stage also shows that the
MML is discontinuous along the area containing SiC particle. Stage
(VI) (Fig. 7) demonstrates that fragmentation of elongated wear
debris in MML and cracking of the MML along the interface of the
compacted wear debrises. Stage (VII) of Fig. 6 represents that
partial melting of plastically deformed subsurface just below
MML and flow of partially melted subsurface through the wide
cracks generated in MML. The cracking of MML is facilitating due
to upward thrust given by the flow of the partially melted sub-
layer and the plastic and thermal incompatibility between MML
and sub-layer. The fragmented MML in due course gets delami-
nated from the wear surface and the partially melted sub layers
comes in direct contact with counter surface. Stage (VIII) (Fig. 7)
shows the flow of partially melted sub layer which comes through
the crack in MML and thus forming wave like flow of partially
melted material on the composite surface which subsequently
gets adhered to the counter surface. This stage referred to the
seizing of the composite surface. This stage also shows that the
flow of partially melted sub layer is resisted by the presence of SiC
particle, which in other words leads to particles, which penetrate
into the counter surface.

Fig. 8 shows the worn surface of (a) alloy at higher applied
pressure shows severely damaged surface and formation of long-
itudinal and transverse cracks (marked ‘A’), relatively smoother
MML/MOL (marked ‘B’) it also shows debris about to fall off from

the wear surface(arrow marked) and (b) composite, at lower
sliding speed and lower applied pressure, continuous grooves
(marked ‘A’), MML/MOL (marked ‘D’), exposed SiC particles
(marked ‘B’) patches of damaged regions (marked ‘C’) and also
pitting marks (arrow marked) on the wear surface marks and
badly damaged (marked A) in some places.

Comparison of the schematic representation of sliding wear of
alloy and composite against steel counter surface clearly demon-
strates that the transfer of counter surface materials to the MML
is more in case of composite as compared to the alloy and the
extent of transfer of counter surface materials increases with
increase in applied pressure. The MML or the subsurface layer of
composite has higher strength and hardness as compared to the
alloy. Which make it suitable to withstand more pressure and
temperature. In near to the seizure pressure, the MML becomes
unstable and get delaminated readily from the specimen surface.
At the point of seizure there will be hardly any trace of MML on
specimen surface this is exactly experimentally observed from
SEM analysis on subsurface and wear surfaces at different loading
conditions.

The wear rate as a function of applied pressure in case of
sliding wear is expressed by Archard [21] law of wear equation,
which states that the wear rate increases linearly with increasing
applied pressure. This is primarily due to the fact that with
increase in applied pressure, the penetration of hard asperities
of the counter surface to the softer pin surface increases and also
the deformation and fracture of asperities of the softer surface
increases. Again, on the other hand more amount of softer
material from the pin surface get accumulated at the valleys
between the asperities of counter surface resulting in decrease in
asperity height of the counter surface. This leads to reduction in
cutting efficiency of counter surface asperities. Again, with
increase in applied pressure surface and subsurface deformation
and micro cracking tendency increases. The effective wear from
the specimen surface is due to the combined effect of all these
above mentioned factors. In the present investigation it is also
noted that up to certain applied load (before seizure) the wear
rate increases more or less linearly with applied pressure. But the
rate of increase in wear rate with applied pressure within this
range is not so significant. However, when the applied pressure
reaches to a critical value the frictional heating becomes signifi-
cantly high and thus the localised adhesion of the pin surface with
the counter surface increases and also because of softening of the
surface material the penetration of the asperities increases
significantly. Under such conditions the material removal due to
delamination of adhered areas, micro cutting and micro fracturing
increases significantly. This leads to destruction of MML, which
might be forming at lower applied load at the initial period of
sliding. As a result, after a critical load there is a transition from

Fig. 8. The wear surface of (a) alloy at higher applied pressure and (b) composite, at lower sliding speed and lower applied pressure.
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smooth linear increase wear rate to sudden increase in wear rate.
Because of the greater degree of softening of pin surface and
considerable higher amount of material transfer between the
counter surfaces, the surfaces become smoother. This fact leads
to greater degree of sliding action and spreading of softer material
on the specimen surface. As a result the wear rate after transition
load remains unchanged up to certain applied pressure. But at the
point of seizure, the temperature increases significantly, so that
the pin surface material gets partially melted and this highly
viscous material gets completely adhered with the counter sur-
face and subsequently removed readily from the specimen sur-
face in the form of flash. This leads to sudden increase in wear
rate to a significantly higher value, and is identified as seizure of
the specimen.

4. Conclusions

1. The sliding wear behaviour of aluminium alloy strongly depends
on the surface conditions and the particle reinforcement.

2. Addition of hard particle in the alloy substantially decreases
the wear rate and the temperature rise, and increases the
seizure pressure. The wear rate increases with increase in
applied load.

3. When the samples undergone for heat treatment increase the
seizure pressure and seizure temperature and decrease the
wear rate, coefficient of friction and temperature-rise irre-
spective of the material. The improvement is due to the
formation of thin oxide coating and formation of smoother
surface.

4. However, the improvement in the seizure pressure of the
composite due to heat treatment is around 50% as compared
to cast alloy.

5. Sliding wear is associated with transfer of counter surface
materials and formation and destruction of MML. At lower
applied load MML is thinner but stable. At intermediate load
MML thickness increases and its iron content increases indi-
cating more stable MML. Above a critical applied load MML
become unstable and starts getting destroyed. At seizure load
MML is totally destroyed.
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