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Abstract

The wear resistance of under-aged and peak-aged 6061 Al–Al2O3 particulate composite has been investigated. Peak-aged
composites were more wear-resistant than the under-aged composite, while the plane perpendicular to the extrusion direction was
more wear-resistant than that parallel to the extrusion direction. The difference of the wear resistance between two different
orientations was observed to be greater than that between under-aged and peak-aged matrix microstructures. It shows that
preferential orientation of patriculates has a greater effect on the wear resistance than the change of the matrix microstructure.
The difference of wear properties between two different orientations was explained by the effect of preferentially orientated
reinforcing particles on the shear modulus and shear deformation. The shearing force on the plane perpendicular to the extrusion
direction forces the volume beneath a rotating wheel to undergo semi-iso-shear-strain deformation, which requires greater force.
The greater resistance to shearing force of the plane perpendicular to the extrusion direction would delay the plastic flow and
subsurface damage, which improves the wear resistance. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Metal matrix composites offer considerable potential
for enhanced mechanical properties and wear resis-
tance. Interest in discontinuously reinforced metal ma-
trix composites has increased dramatically, partly
because they have the advantage of being formable
using conventional processing and metal working prac-
tices [1–12]. Aluminium alloy matrix composites are
currently being considered for a number of engineering
applications requiring improved strength, modulus and
wear resistance [13–20]. A number of composites ex-
hibit improved wear resistance due to the incorporation
of hard constituent into a relatively soft matrix [13–21].
Under some conditions, however, ceramic reinforce-
ment was found to have a negligible effect on the wear
resistance [17]. The effect of ceramic reinforcement on
the wear properties of aluminium matrix composites is

not yet fully understood, partly due to the inherent
complexity of many wear process, but the problem is
compounded by a possible interplay with microstruc-
tural variables in metal matrix composites, such as
volume percentage, size, bond strength of the Al matrix
and ceramic reinforcement [13–25].

Most of the studies on the wear of metal matrix
composites have concentrated on the influences of the
type, volume fraction, size and geometry of reinforced
ceramics [18,25]. In the case of abrasive wear, the ratio
of the diameter of the reinforcement and the size of the
abrading particles was found to be of considerable
importance [19,22–25]. The mean force transmitted by
a single abrading particle is known to increase with the
size of abrading particles, which promotes the fracture
of reinforced ceramics [26]. This is consistent with the
observations by Wang and Hutchings [22] and Wang
and Rack [19] that the wear resistance decreased with
increasing size of abrading particles. For composites
with the same volume fraction, size, distribution and
shape of ceramics, high interfacial bond strength and
high matrix strength may improve the wear perfor-
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mance [13,14,27–31]. Wang and Rack [27] and Lin and
Liu [31] reported that wear resistance can be improved
by proper heat treatment of 2XXX and 7XXX Al alloy
matrix composites, suggesting the matrix microstruc-
ture and, possibly interfacial strength [32,33], play im-
portant roles in wear of Al alloy matrix composites.

Since most variables which affect the wear behaviors
of composites are interdependent [25], it is difficult to
draw a clear conclusion even from the results of well-
designed and prepared wear experiments [34]. Under-
standing of wear characteristics of composites is far
from complete and more data and results on wear of
composites should be collected in statistical manner for
effective correlations to be made. The purpose of the
present study is to investigate the wear properties and
damage in an Al–Mg–Si alloy matrix composite rein-
forced with 10 vol.% Al2O3 as a function of wear
parameters, such as sliding speed and applied load. For
better understanding of the effect of microstructural
variables on the wear behaviors of Al alloy matrix
composites, the correlation between the wear properties
and the microstructural evolution in an Al–Mg–Si
alloy matrix composite reinforced with 10 vol.% Al2O3

was examined.

2. Experimental

The Al–Mg–Si alloy (6061 Al) matrix composite
reinforced with 10 vol.% a-Al2O3 (nominal size, 13 mm)
selected for this study was produced by a molten metal
method and extruded into a rod with a diameter of 25
mm, the extrusion ratio being 12:1. The as-received
composite was solution treated at 550°C for 2 h and
water quenched to room temperature, naturally aged at
room temperature for 24 h. and artificially aged. The
under-aged condition was obtained by heat treating at
178°C for 30 min. The peak-aged condition was ob-
tained by heat treating at 178°C for 8 h. Some samples
were cut parallel to the extrusion direction before test-
ing for transmission electron microscopy (TEM) char-
acterization; detailed sample preparation method is
given elsewhere [35]. To evaluate the effect of the aging
and the preferred particle orientation on the hardness,
Rockwell hardness measurements on a B scale were
made. Wear properties were examined utilizing a disk
and block-type Ohgoshi wear tester. The configuration
of the Ohgoshi-type wear tester is schematically shown
in Fig. 1 [36].

A high carbon chromium steel (0.61% C, 0.82% Mn,
0.15% Si and 0.80% Cr) disk (Rockwell hardness,
HRc=43) was driven by a motor at variable speeds,
and the sliding distance was calculated by multiplying
the rotation speed by the circumference of the disk. The
radius and the thickness of the disk were 15 and 3 mm,
respectively. Both the disk and composite samples were

ground against 400 grit SiC paper and then cleaned in
methanol before testing. The arithmetic average surface
roughness Ra of the disk after grinding was 1.6 mm and
that of composite samples was 1.8 mm. The sliding
speed was varied from 0.51 to 3.62 m/s and the contact
load was varied from 21 to 123 N. For all tests in this
study, the total sliding distance travel was fixed at 100
m. In order to measure the steady-state temperature, a
hole, 2 mm in diameter, was machined through the
thickness in the center of the expected sliding track and
a K-type thermocouple was inserted from the bottom
and attached to the inner surface of the hole approxi-
mately 2 mm below the final wear surface, which was
predicted based on the experimental data in this study.
After testing, the wear surfaces were examined using
scanning electron microscopy (SEM). Some of the worn
samples were sectioned perpendicular to the sliding
direction using a low-speed diamond saw and examined
using SEM.

3. Experimental results

3.1. Microstructure and mechanical properties

SEM micrographs of two planes parallel and perpen-
dicular to the extrusion direction are shown in Fig. 2a
and Fig. 2b, respectively. A close look at the shape of
particles on the plane parallel to the extrusion direction
(Fig. 2a) reveals anisotropy in the particle alignment in
the extrusion direction (indicated by an arrow) as com-
pared to the other directions, although the shape of
Al2O3 particles was observed to be irregular on the
plane perpendicular to the extrusion direction(Fig. 2b).
The preferred orientation distribution of the particu-
lates, evidently the result of the extrusion process [37],
may have an effect on the anisotropic properties of
composites.

Quantitative information on the aspect ratio distribu-
tion and orientation distribution of particles was ob-
tained from the image analysis. Fig. 3a,b shows the
aspect ratio distribution on the planes parallel (Fig. 3a)
and perpendicular (Fig. 3b) to the extrusion direction.

Fig. 1. Schematic configuration of Ohgoshi wear tester.
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Fig. 2. SEM micrographs of the planes parallel (a) and perpendicular
(b) to the extrusion direction.

Fig. 5a and Fig. 5b show the matrix microstructure
of the under-aged and peak-aged composites, respec-
tively. The under-aged composite was found to contain
very small G.-P. zones throughout the Al matrix. Fig.
5a shows the dark field micrograph of the under-aged
matrix in which the very small spherical white spots are
the G.-P. zones. In the peak-aged composite (Fig. 5b),
Mg2Si needles [38–41] were observed throughout the
matrix.

In Table 1, the Rockwell hardnesses (B scale) of the
under-aged and the peak-aged composites on the planes
parallel and perpendicular to the extrusion direction are
summarized. The values reported in Table 1 were aver-
aged from at least ten readings. In case of Rockwell
hardness, the indentation covers a large volume con-
taining a large number of particles and each measure-
ment may represent the relatively accurate average of
bulk properties including ceramic particles. The peak-
aged composite was found to be harder than the under-
aged composite. Since the scatter of the Rockwell
hardness data is relatively small, the small difference of
the hardness between two different orientations may
have a physical validity. The plane perpendicular to the
extrusion direction was observed to be slightly harder
in the under-aged composite, but the difference does
not appear to be large enough to influence the wear
resistance in the peak-aged composite. The small differ-
ence of the Rockwell hardness between two different
orientations may be associated with the orientation
dependence of the elastic modulus of ceramic particles
[37].

3.2. Wear properties

In this study, the specific wear rate, which is the
volume of wear loss per unit load and unit sliding
distance [36], was used to express the wear rate. The
specific wear can be determined by using the following
approximation.

W=b1
3bo/8rPd (1)

where P is the final load; r is the radius of the disk;
bo is the thickness of disk; b1 is the length of the sliding
track, and d is the sliding distance (see also Fig. 1).

Fig. 6 shows the variation of the specific wear of
planes parallel and perpendicular to the extrusion direc-
tion in the under-aged and peak-aged composites as a
function of sliding speed. The specific wear rate was
found to increase with increase of sliding speed proba-
bly due to friction heating. As shown in this figure, the
plane perpendicular to the extrusion was more wear-re-
sistant than the plane parallel to the extrusion direc-
tion. Additionally, the peak-aged composite was more
wear-resistant than the under-aged composites. In Fig.
7, the specimen temperature is plotted against the slid-
ing speed at the applied load of 62 N for the peak-aged

The average aspect ratio on the plane perpendicular to
the extrusion direction was found to be 3.9, which is
greater than that (3.1) on the plane parallel to the
extrusion direction. The orientation distributions on the
planes parallel (Fig. 4a) and perpendicular (Fig. 4b) to
the extrusion direction show more clear difference be-
tween these two planes. The orientation angle was
measured with respect to the line perpendicular to the
extrusion direction on the plane parallel to the extru-
sion direction, whereas the orientation angle on the
plane perpendicular to the extrusion direction was mea-
sured with respect to an arbitrary line drawn on the
plane since the microstructural variables are supposed
to be symmetrical with respect to the extrusion axis. As
shown in Fig. 4, the orientation distribution on the
plane parallel to the extrusion direction (Fig. 4a) shows
a pronounced preference for the particles to lie along
the extrusion direction (90°). On the other hand, the
orientation distribution on the plane perpendicular to
the extrusion direction (Fig. 4b) shows random distri-
bution of particles.
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composite of the present study. The difference of the
specimen temperature between the under-aged and the
peak-aged composites was found to be negligible. The
specimen temperature was observed to increase contin-
uously with increasing sliding speed, reaching120°C at 4
m/s. In Fig. 8, the specific wear rate of planes parallel
and perpendicular to the extrusion direction in the
under-aged and peak-aged composites is plotted as a
function of final load. The specific wear rate was found

to increase with increase of load as expected. The figure
also shows that the plane perpendicular to the extrusion
direction was more wear-resistant than that parallel to
the extrusion direction and that the peak-aged com-
posites was more wear-resistant than the under-aged
composites over the whole load range of this study.

The worn surfaces of the composites were observed
using SEM to examine the mode of wear loss. SEM
micrographs of the worn surfaces of the under-aged

Fig. 3. Aspect ratio distribution of Al2O3 particulates on the planes parallel (a) and perpendicular (b) to the extrusion direction.
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Fig. 4. Orientation distribution of Al2O3 particulates on the planes parallel (a) and perpendicular (b) to the extrusion direction. The orientation
angle was measured with respect to the line perpendicular to the extrusion direction on the plane parallel to the extrusion direction (a), whereas
the orientation angle on the plane perpendicular to the extrusion direction (b) was measured with respect to an arbitrary line drawn on the plane.

and peak-aged composites which are parallel to the
extrusion direction are shown as a function of slid-
ing speed in Fig. 9. The depth of subsurface af-
fected by the shear force of the rotating wheel
increased drastically with increase of sliding speed as
clearly shown in Fig. 9. As shown in this figure, no
pronounced difference in wear surface morphologies
due to different heat treatments were detected by

SEM. The presence of grooves and wear sheets was
observed to be more evident with increase of sliding
speed, indicating the shear plastic flow increased
with increase of sliding speed. The general feature of
the worn surfaces of the under-aged and peak-aged
composites which are perpendicular to the extrusion
direction appeared to be quite similar to those
shown in Fig. 9.
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Fig. 5. (a) Dark field TEM micrograph showing small spherical zones
in the under-aged composite: (b) Dark field TEM micrograph show-
ing Mg2Si needles in the peak-aged composite. Both micrographs
were taken using a {111} reflection in a �110� zone.

Fig. 6. The variation of the specific wear of planes parallel and
perpendicular to the extrusion direction in the under-aged and peak-
aged composites as a function of sliding speed.

surface. The profile of the sectioned under-aged and
peak-aged composites in which the worn surface is
parallel to the extrusion direction showed similar mor-
phologies as shown in Fig. 10, and the surface layer
with fine particles was most evident when the sliding
speed was 1.14 m/s.

4. Discussion

As shown in Fig. 6, the specific wear increased by a
factor of 5–10 with the increase of sliding speed from
0.51 to 3.62 m/s at the same applied load. The increase
of the sliding speed is thought to increase the shear
deformation rate of the near-surface layer and the
temperature due to friction heating. Indeed, the speci-
men temperature near the surface (2 mm below the
wear surface), due to friction heating, reached 120°C at
the highest sliding speed employed in this study. The
real temperature on the surface is believed to be higher
than 120°C since the temperature increases quite
rapidly near the surface [34]. The ratio of the applied
load to the matrix strength would increase with increas-
ing sliding speed, even at constant applied load since
the matrix strength decreases due to friction heating at
high sliding speeds. Therefore, the increase of the slid-
ing speed may have the similar effect to the increase of
the applied load, since the matrix strength decreases
with the increase of sliding speed because of the friction
heating.

It is now generally accepted that plastic deformation
in the near-surface region is prevalent in wear process

Fig. 10 shows the profile of the sectioned under-aged
and peak-aged composites in which the worn surface is
perpendicular to the extrusion direction. The plane of
the micrographs is perpendicular to the sliding direction
and the worn surface is towards the top of the micro-
graphs. The extrusion direction of the composites is
vertical in Fig. 10. As shown in these micrographs, the
presence of the surface layer with fine particles by
fragmentation was most evident when the sliding speed
was 1.14 m/s. The surface layer with fine particles are
indicated by brackets in Fig. 10b,e. When the sliding
speed was lower (0.51 m/s) and higher (3.61 m/s), the
size of Al2O3 particles in the near-surface region was
not found to be different from that far away from the

Table 1
Rockwell hardness (B scale) of the composites studied

ParallelPerpendicular
Peak-aged Peak-agedUnder-aged Under-aged

Rockwell 63.191.064.690.944.592.1 41.391.4
hardness
(HRB)
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Fig. 7. Steady-state temperature versus sliding velocity at the applied load of 62 N for the peak-aged composites.

of most materials [42–45]. Rigney and his co-workers
[42–44] examined the sub-surface region of worn mate-
rials and observed cellular microstructure or dislocation
tangles, which present a suitable pathway for separa-
tion of wear debris from the surface. They [42–44]
suggested that the plastic deformation changes the
near-surface microstructure in ways which make the
material unstable to local shear. The deformation mor-
phology observed in the near-surface region on Al
metal matrix composites [13,14] suggests that similar
substructures may develop in Al metal matrix com-
posites after wear testing.

In Fig. 11, the effect of the sliding speed on the depth
of the plastic flow is illustrated schematically. In this
figure, it can be assumed that the effect of the sliding
speed on the shearing stress due to a rotating disk is
negligible, and the maximum temperature due to fric-
tion heating increases with sliding speed. The shearing
stress caused by the rotating disk would decrease grad-
ually with increasing depth from the wear surface as
illustrated in Fig. 11. Since the temperature due to
friction heating would also decrease with increasing
depth until it reaches the equilibrium temperature, the
flow stress of the matrix would increase gradually with
increasing depth until it attains the flow stress at the
equilibrium temperature.

In Fig. 11, the region where the shearing stress
exceeds the flow stress would experience plastic flow
and the depth of plastic flow can thus be determined.
As shown in Fig. 11, the flow stress level in the near-
surface region would decrease with sliding speed since
the temperature due to friction heating increases with
sliding speed, and the depth of plastic flow, therefore,

would increase with sliding speed. The worn surface
(Fig. 9) clearly indicates that the shear plastic flow
increased with increase of sliding speed. The increase of
the specific wear rate with increasing sliding speed is
thought to be associated with the increase of the fric-
tion heating. The depth of the plastic zone is also
expected to increase rapidly with increasing load, since
the increase of the shearing stress and the friction
heating also increase with increasing load (Fig. 8).

Fig. 8. The specific wear of planes parallel and perpendicular to the
extrusion direction in the under-aged and peak-aged composites as a
function of final load.
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Fig. 9. SEM micrographs of the worn surfaces of the under-aged (a–c) and peak-aged (d–f) composites which are parallel to the extrusion
direction are shown as a function of sliding speed. The final load was 62 N. (a,d) Sliding speed, 0.51 m/s; (b,e) sliding speed, 1.14 m/s; (c,f) sliding
speed, 3.62 m/s.

The depth of the surface affected by sliding wear
appear quite shallow at a sliding speed of 0.51 m/s and
the test load of 62 N as shown in Fig. 10. When the

sliding speed is very low, the depth of the subsurface
affected by the shear force is very shallow, and the
oxidation rate may be faster than the wear and removal
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Fig. 10. The profile of the sectioned under-aged (a–c) and peak-aged (d–f) composites in which the worn surface is perpendicular to the extrusion
direction. The final load was 62 N. (a,d) Sliding speed, 0.51 m/s; (b,e) sliding speed, 1.14 m/s; (c,f) sliding speed, 3.62 m/s.
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rate of surface [46]. In this case, the wear rate may
decrease with the formation of the surface oxide layer.
Since the depth of the surface layer is shallower com-
pared to the size of particles [13,14], and the resistance
of the matrix to the plastic flow is high due to relatively
low friction heating and the presence of the surface
oxide layer, the incidence of Al2O3 particle fracture and
mechanical milling may be negligible.

One interesting observation in this study is that the
wear properties are dependent on the orientation. Al-
though the compressive strength and hardening behav-
ior were found to be greatly influenced by the matrix
microstructure, the effect of the matrix microstructure
on the wear properties is not as pronounced as that of
the orientation. The relatively weak dependence of wear
resistance on the matrix microstructure (under-aged
versus peak-aged) may be explained by the stress–
strain responses of the under-aged and the peak-aged
composites [47]. The difference of flow stresses between
the under-aged and the peak-aged composites narrowed
with increasing strain. The plastic flow near the surface
region during wear is very severe and the difference of
strength caused by the difference of the matrix mi-
crostructure may be small, resulting in the relatively
weak dependence of wear resistance on the matrix
microstructure. Vaidya and Zurek (unpublished) found
that the difference of the flow stresses of 8090 Al matrix
composite at the true strain of 0.1 between the extru-
sion direction (300 MPa) and the direction perpendicu-
lar to the extrusion (280 MPa) was 20 MPa. The
difference of the flow stresses between the extrusion
direction and the direction perpendicular to the extru-
sion was also found to be negligible in 6061 Al matrix
composite [47]. Therefore, the orientation difference of
wear resistance cannot be explained by the difference of

Fig. 12. A rotating wheel on a part of the composite block. (a) The
shearing force on the plane perpendicular to the extrusion direction
the volume beneath a wheel to undergo iso-shear-strain deformation.
(b) The shearing force on the plane parallel to the extrusion direction
forces the volume beneath a wheel to undergo iso-shear-stress defor-
mation.

the flow stresses between planes parallel and perpendic-
ular to the extrusion direction (Vaidya and Zurek,
unpublished work).

The difference of wear properties between two differ-
ent directions may be explained by the effect of the
preferentially oriented reinforcing particles on the shear
modulus and shear deformation as schematically pre-
sented in Fig. 12. In this figure, the square represents
the part of composites which is under the influence of
the shear force caused by a rotating wheel, and the lines
in the square represent the preferential orientation of
the reinforcing particles. It may be assumed that the
preferentially oriented particles behave as continuous
fibers in the small area, as shown in Fig. 12, to simplify
the discussion. In discontinuously reinforced com-
posites, as in this study, the effect of the preferential
orientation on the shear deformation is not as effective
as that described in Ref. Fig. 12. Nevertheless, the
shear deformation near the wear surface will be influ-
enced by preferentially oriented particles. The shearing
force on the plane perpendicular to the extrusion direc-
tion, as shown in Fig. 12a, caused by a rotating wheel,
forces the volume beneath a wheel to undergo iso-
shear-strain deformation. On the other hand, the shear-
ing force on the plane parallel to the extrusion
direction, as shown in Fig. 12b, forces the volume
beneath a wheel to undergo iso-shear-stress deforma-
tion. It is well known that the composite modulus for
isostrain deformation is greater than that for isostress
deformation [48]. Indeed, Jeong et al. [37] observed that
the in-plane shear modulus was 7–10% higher than
those of other directions. Therefore the resistance to
shearing force would be greater on the plane perpendic-
ular to the extrusion direction, which is consistent with
the observation in Fig. 6and Fig. 8. Rigney and Glaeser
[42] suggested that anything which delays the plastic
flow and the formation of the cellular structure will

Fig. 11. A schematic representation illustrating the way the depth of
plastic flow can be determined.
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delay the stage of wear. If the reinforced particles are
rigid enough, preferentially oriented particles perpen-
dicular to the wear surface, as in Fig. 12a, would delay
the plastic flow and the wear rate. The small difference
of the hardness between two different orientations
(Table 1) may have contributed to the difference of the
wear resistance.

Since wear is a very complex problem and, in most
cases, the removal of material during wear occurs by
fracture and fatigue processes [45,49–51], the effect of
preferentially oriented ceramics given in Fig. 12 may
not be valid if the particles or whiskers crack more or
less easily under the influence of shearing force. If the
fracture of preferentially orientated particles or
whiskers, as in Fig. 12a, occurs easily, they cannot
resist the shearing force and, therefore, cannot delay
the shear deformation of the near-surface region, which
may result in inferior wear resistance. Wang and Rack
[17,19] also examined the effect of whisker orientation
on wear of SiC-whisker-reinforced 7091 Al matrix com-
posites. Their result shows that, in the case of abrasive
wear, the plane perpendicular to the extrusion direction
is more wear resistant than that parallel to the extru-
sion direction, as in this study, if the abrasive particle
diameters are smaller than 60 mm [19]. The reverse is
the case at abrasive particle diameters greater than 60
mm. Under unlubricated sliding conditions [17], the
plane parallel to the extrusion direction was found to
be more wear resistant, in contradiction to the observa-
tion of the present study. These seemingly contradic-
tory results may be associated with the difference of the
size, shape and distribution of ceramic particles or
whiskers.

The critical load F* to cause fracture of a long brittle
fiber supported in a ductile matrix may be given by the
following equation;

F*=ad2(3psfHm)1/2 (2)

where d is the diameter of the fiber, sf is its tensile
strength, Hm is the hardness of the matrix and a is a
parameter dependent on the orientation of the fiber
with respect to the stress axis. It should be noted that
the fracture load decreases with decreasing fiber diame-
ter. Although the above equation was developed for
fiber-reinforced composites, it may be used to predict
the general trend of the fracture load F* for whisker or
particulate-reinforced composites with or without mi-
nor modification. The effect of the orientation of ce-
ramic reinforcement (with the aspect ratio greater than
the unity) on the wear behavior of metal matrix com-
posites may depend on the diameter and the aspect
ratio of the ceramics. When the diameter of the rein-
forced ceramics is relatively large, they may not crack
easily and can resist the shear deformation. Therefore,
the resistance to shearing force would be greater when
the preferentially oriented particlulates, whiskers or

fibers are lying perpendicular to the wear surface, as
observed in this study (see Fig. 6, Fig. 7and Fig. 12).
The average diameter of the ceramic particulates in the
6061 Al matrix composites of the present study was
approximately 4 mm, whereas that of the ceramic
whiskers in 7091 Al matrix composites studied by
Wang and Rack [17,19] was 0.5 mm.

When the diameter of the reinforced ceramics is
relatively small, as in the study by Wang and Rack,
they may crack easily and the orientation dependence
of the shear modulus (Fig. 12) may not play an impor-
tant role. Rather, the mechanically mixed surface layer
of the matrix and ceramic fragments may play an
important role. In this case, the mechanically mixed
layer formed on the plane with higher area fraction of
ceramics will be harder since it would contain more
ceramic fragments and the plane with higher area frac-
tion of ceramics (i.e. the plane to which preferentially
oriented particles, whiskers or fibers lies parallel) would
be more wear resistant, as observed by Wang and Rack
[17,19]. The suggestion on the orientation dependence
of the wear resistance given above is consistent with the
observation of Wang and Rack [19]. They observed
that the plane perpendicular to the extrusion direction
is more wear-resistant than that parallel to the extru-
sion direction at abrasive particle diameter below 60
mm in SiC-whisker-reinforced 7091 Al metal matrix
composites and the effect was reversed when coarser
abrasives were used.

The critical abrasive particle diameters Dc, above
which the fiber fracture occurs in abrasive wear of
alumina fiber-reinforced 6061 Al matrix composites,
were observed to be 20–40 mm [22]. It may be assumed
that 60 mm is the critical abrasive diameter for fracture
in SiCw-reinforced 7091 Al matrix composites. In this
case, at abrasive particle diameters below 60 mm, rein-
forced SiCw may not crack easily and the resistance to
shearing force and wear resistance would be greater (see
also Fig. 6, Fig. 7 and Fig. 12) when the preferentially
whiskers are lying perpendicular to the wear surface, as
observed by Wang and Rack [19]. At abrasive particle
size larger than 60 mm, ceramics may crack easily and
the orientation dependence of the shear modulus (Fig.
12) may not play an important role. In this case, the
mechanically mixed layer formed on the plane with
higher area fraction of ceramics will be harder, as
explained above, and wear resistance would be greater
(see also Fig. 6, Fig. 7and Fig. 12) when the preferen-
tially whiskers are lying parallel to the wear surface, as
observed by Wang and Rack [19].

The observation that the effect of preferentially ori-
ented particles has a greater effect on the wear proper-
ties than the effect of the matrix microstructure in the
present study suggests that the wear resistance of com-
posites cannot be directly related to their strength.
Recently, Venkataraman and Sundararajan [13,14] also
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observed that the wear resistance of composites has no
linear relationship with their hardness. They [13,14]
suggested that the overall wear resistance of the com-
posites is determined not by the relative strengths of the
matrix and the particulates but by the relative wear
resistance of the matrix and particulates. This explains
why the presence of relatively big hard particles has a
greater influence on the wear resistance than on the
strength.

5. Conclusions

Based upon a study of the mechanical response and
microstructural evolution of Al–Mg–Si alloy matrix
composites, the following conclusions can be drawn:

(1) The peak-aged composite was more wear resistant
than the under-aged composite, and the plane perpen-
dicular to the extrusion direction was more wear resis-
tant than that parallel to the extrusion direction.

(2) The difference of wear properties between two
different directions can be explained by the effect of
preferentially orientated reinforcing particles on the
shear modulus and shear deformation. The shearing
force on the plane perpendicular to the extrusion direc-
tion is thought to force the volume beneath a rotating
wheel to undergo semi-iso-shear-strain deformation,
which requires greater force.

(3) The presence of grooves and wear sheets was
observed to be more pronounced with increase of slid-
ing speed and applied load, indicating the plastic shear
flow increased with increase of sliding speed and ap-
plied load.

(4) The subsurface layer with fine Al2O3 fragments,
which may act as a protective layer, was observed at a
sliding speed of 1.14 m/s. When the sliding speed was
increased to 3.62 m/s, the presence of the subsurface
layer with fine particles was much less pronounced and
the specific wear increased drastically.
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