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Dry sliding wear of an Al2O3 continuous fibre

reinforced Al-Cu alloy against steel counterface
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The tribological properties of Al2O3 continuous fibre reinforced Al-4.43 wt %Cu alloy
composites with a fibres’ volume fraction of about 0.55 were measured for five types of
fibre orientations under a dry sliding contact with a bearing steel. Fibres were in a plain
perpendicular to wear surface and parallel to sliding direction, and had the angles 0◦, 45◦,
90◦, or 135◦ with respect to the direction of motion of the counterface; or were anti-parallel
the sliding direction. The results show obvious dependence of wear characteristics on
fibres orientation: for the 45◦, 90◦, and 135◦ orientations, the larger the fibres’ angle, the
lower the volume loss; while the 0◦ orientation resulted in a higher steady-state wear rate
than those of the 45◦, 90◦, and 135◦, orientations, except that the anti-parallel orientation
caused the highest volume loss at all sliding distances. The wear mechanism was inferred
as a oxidation-microgrooving process through the analyses of worn surface and subsurface
with the aid of optical microscope and scanning electron microscope. Also it was found
that the fibres’ broken and subsurface deformation had played an important role in causing
wear anisotropy. C© 1999 Kluwer Academic Publishers

1. Introduction
Metal matrix composites (MMCs) attract increasing
attentions in both technological and commercial ap-
plications. Apart from high specific strength and stiff-
ness, MMCs often possess excellent friction and wear
properties. Nowadays, the Al2O3 or Al2O3-SiO2 dis-
continuous fibre reinforced Al alloy composites have
been used commercially in the Toyota diesel engine
pistons [1], crankshaft pulleys [2] and the Honda cylin-
ders of aluminium engine blocks [3, 4, 5], to improve
wear resistance. However, because of the complic-
ity of the interrelationships among the different pa-
rameters involved in MMCs-metal couple tribologi-
cal phenomena, the establishment of a formal model
predicting wear rates of these tribosystems as a func-
tion of all tribological parameters was still out of
reach [6], hence the detail studies on the factors re-
lated to MMCs tribological behavior would be still nec-
essary.

The reinforcement orientation in MMCs, as one of
those factors, had been studied by several researchers:
Wang and Rack [7] observed that, for a SiCp,w/7091Al
composites at an applied load of 14.2 N, the run-in
period wear rate depended upon the reinforcement ori-
entation and the highest rate was with the perpendicular
oriented SiCw composite, and the steady state wear rate
were generally independent of the reinforcement ori-
entation (perpendicular vs. parallel); At a much higher
load, 52 N, Panet al. [8] concluded that the sliding
wear rate of SiCw/2124Al composites varied twofold
in magnitude depending on orientation, the higher wear

rate was found for the perpendicular-oriented SiCw
whereas the highest performance was for the paral-
lel orientation which has the largest area fraction of
whiskers; but Leeet al. [9] had found that the MMCs
(SiCwAl2O3f/6061) surface with reinforcements which
were mostly normal to the wear surface had better wear
resistance than the surface with the two dimensionally
random orientation of reinforcements. All the studies
mentioned above were carried on the discontinuously
reinforced MMCs, and the dependence of tribological
behavior on the orientation of reinforcements was still
not clear.

Wear testing on the continuous ceramic fibre rein-
forced MMCs had only been reported by Greenfield
et al. [10] with a found that: for the Al2O3f/Al-Li al-
loy composites, the antiparallel orientation results in
the highest wear rate and the highest coefficient of fric-
tion; and the lowest wear rate and the greatest reduction
of friction were usually observed with fibres that were
normal to the surface and the direction of sliding. How-
ever, further studies are still necessary to identify the
wear mechanism of this kind of MMCs.

The present works investigate the dependence of
wear behavior of an Al2O3 continuous fibre reinforced
Al-Cu alloy composites on fibres orientations. Apart
from the three typical orientations (normal, parallel and
antiparallel), other orientations—when fibres have 45
and 135 degree angle to sliding direction—will also be
employed in this study. In particular, more attentions
will be paid on fibres’ fracture mechanism in each sit-
uation.
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Figure 1 Orientations of fibres.

2. Experimental procedures
The MMCs studied in this work was alumina continu-
ous fibre (γ -Al2O3, with a mean diameter of 17µm)
reinforced Al-4.43 wt %Cu alloy fabricated by a in-
filtration process described in detail in reference [11].
The wear test specimens were cut from the as-received
composites, and the surface orientation were defined
by comparing the fibre direction with respect to the di-
rection of motion of the counterface. Fig. 1 pictures
those five kinds of fibres’ orientations: 0◦ orientation
(or Parallel), fibres were parallel to the sliding direc-
tion; 45◦ orientation, fibres had an angle 45◦ to slid-
ing direction; 90◦ orientation (or Normal), fibres were
perpendicular to wear surface; 135◦, fibres had an an-
gle 135◦ to sliding direction; and AP orientation (or
Antiparallel), fibres were parallel to wear surface and
perpendicular to sliding direction. All specimens had a
fibres’ volume fraction about 0.55.

Sliding tests were carried out using a block-on-ring
type of wear machine (OAT-U, Tokyo Testing Machine
MFG Co. LTD.). The test system consists of a station-
ary MMC specimen (10× 10× 2 mm orφ10× 2 mm)
mounted onto a specimen holder of 50× 30× 10 mm,
and a rotating steel ring (JIS-SUJ2 bearing steel) with
an outside diameter of 30 mm, a inside diameter of 16
mm and a thickness of 3 mm heat treated to a hardness
about HRC63. A normal load was applied through a
loading arm during sliding tests, as sketched in Fig. 2.

Prior to wear testing, the wear surface of specimens
were polished under water using silicon carbide papers

Figure 2 Composites specimen and the counterbody.

from 180 to 600 grit, and the counterbody was trimmed
by a grinder attached to the wear test machine, so that
a line contact between the steel ring and the specimen
was obtained. After this, both the specimen and the
counterbody were cleaned by acetone.

For each kind of specimens, the wear tests were un-
dertaken at room temperature under following condi-
tions: a constant normal pressure of 49 N, a constant
sliding velocity of 0.94 m s−1, and the sliding distance
from 100 to 1800 m. Then the volume loss of compos-
ites specimens (1V) was calculated using:

1V = B

(
r 2 sin−1

(
b

2r

)
− b

2

√(
r 2− b2

4

))
(1)

whereB was the width of the sliding ring (3 mm),r was
the radius of sliding ring (r = D/2= 15 mm) and the
b was the width of worn surface measured after wear
testing.

Observations and analyses of the worn surface and
subsurface were performed by aHitachi X-650micro-
analyzer and an optical microscope, respectively. De-
bris produced from the wear tests were also analyzed.

3. Results and discussion
3.1. Wear results
The wear results for all the five kinds of orientations,
expressed by volume loss vs. sliding distance, are plot-
ted in Fig. 3. For the orientation of 45◦, 90◦, and 135◦,
the larger the fibres’ angle is, the lower its volume loss
is. The volume loss vs. sliding distance curves of these
orientations have a similar slopes during the steady-
state period. While in the case of 0◦ orientation, the

Figure 3 Volume loss vs. sliding distance curves for various orienta-
tions.
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TABLE I Wear results of Al2O3/Al-4.43%Cu composites

Specific Steady-state
Fibres Volume loss wear rate wear rate
orientation (mm3) (10−6 mm3/Nm) (10−4 mm3/m)

0◦ 0.7723 8.757 3.802
45◦ 0.6775 7.682 1.790
90◦ 0.6477 7.343 1.735
135◦ 0.5114 5.799 2.567
Anti-parallel 1.5812 17.93 —

volume loss is greater than that of 135◦ orientation but
less than those of the 45◦ and 90◦ orientations after a
run-in period about 600 m, the slope of curve of this
orientation is higher than those of the 45◦, 90◦, and
135◦ orientations, and its volume loss surpass those of
the other orientations at a sliding distance of 1800 m.
When the fibres are parallel to the wear surface and
perpendicular to the sliding direction, the volume loss
is greater than all of the other orientations at all sliding
distances, indicating that fibres in AP orientation have
the least resistance to sliding wear.

Three types of wear data, i.e., the total volume loss,
the specific wear rate and the steady-state wear rate,
were calculated and listed in Table I. Where the spe-
cific wear rate [8.10] is defined as the total volume loss
(at a sliding distance of 1800 m) divided by the ap-
plied load times the sliding distance, and the steady-
state wear rate [8] is calculated from the slope of
the volume loss vs. sliding distance curve using the
data after 600 m sliding wear. The 45◦, 90◦, and 135◦
orientations have their steady-state wear rate varying
from 1.735× 10−4 to 2.567× 10−4 mm3/m despite
that their specific wear rates, which are 7.682× 10−6,
7.343× 10−6 and 5.799× 10−6 mm3/Nm respectively,
decrease with the increasing of fibre’s angles. For the 0◦
orientation, both the specific wear rate (8.757× 10−6

mm3/Nm) and the steady-state wear rate (3.802× 10−4

mm3/m) are higher than those of the 45◦, 90◦, and 135◦
orientations. The curve of specific wear rate vs. fibres
angle was plotted in Fig. 4 shows a decrease tendency
within 0◦ to 135◦. While, the specific wear rate of AP
orientation (1.793× 10−5 mm3/Nm) are greater than
all of the other orientations.

Figure 4 Specific wear rate vs. fibres’ angle to sliding direction.

3.2. Wear morphology and debris analysis
Observations on the worn surface were performed by
using scanning electron microscope (SEM) with a find-
ing that all the worn surface are covered with a rough
surface layer on which several fish-scale-like plateaus
with a relative smoother surface are distributed. Those
plateaus have a altitude difference with the rough sur-
face on the side facing to the sliding direction but there
is no obvious margins of these plateaus on the other
side as representatively shown in Fig. 5. Cracks had
been observed in the plateaus at the margin side facing
the sliding direction at a higher amplification, shown in
Fig. 6, indicating that these plateaus are always broken
and then worn away at the side facing sliding direction
and develop opposite to the sliding direction resulting
a margin with a altitude difference. The electron probe
microanalyser (EPMA) mapping of each element indi-
cates that both the rough surface and the plateaus are
consisted of transfer material from the counterbody and
the fragmented materials from MMC itself. After been
washed by acetone with the aid of ultrasonic, the broken
fibres had been observed in a cave within the center of
the worn surface (Fig. 7). Debris produced from wear

Figure 5 SEM micrographs of composite’s worn surface of 0◦ orienta-
tion, 1800 m sliding, sliding direction is from left to right.

Figure 6 SEM micrographs of cracks generated on the worn surface of
0◦ orientation, 100 m sliding, sliding direction is from left to right.

5595



Figure 7 SEM micrographs of fibres fragment near the worn surface of
90◦ orientation, 100 m sliding, sliding direction is from left to right.

Figure 8 SEM micrographs wear debris collected from AP orientation
after 1800 m sliding, sliding direction is from left to right.

process take a form of particles clusters with dispar-
ity sizes, they had been deformed during their moving
from the delamination position to the boundary of worn
surface. Micro observation and EPMA mapping show
that both the surface morphology and the constitution
of the debris are similar to those of the rough part of
worn surface. A SEM micrographs of debris is given in
Fig. 8.

3.3. Observation of worn subsurface
Fig. 9 are optical micrographs of composites’ cross sec-
tion through their worn surface and parallel to sliding
direction after 100 m sliding wear. In the 0◦ orienta-
tion specimen (Fig. 9a), fibres near the worn surface
were broken and the fragments generally stay in their
original positions, no obvious deformation layer can be
observed in this section. While in the case of 45◦, 90◦,
and 135◦ orientation (shown in Fig. 9b, c and d, re-
spectively), fibres within certain depth below the worn
surface were broken, and fibres chops tend to align with
the sliding direction. The movement of fragments indi-
cates that the composites had been suffered the plastic

deformation before they were worn away from the sur-
face. In addition, fine fragments (with a sizes smaller
than the fibres’ diameter) are found in the place very
near the worn surfaces. The subsurface morphology of
composites after 1800 m sliding wear have been ob-
served to be similar to those after 100 m sliding’s.

3.4. Wear mechanism
All the five kinds of composites specimens had a simi-
lar worn surface morphology. According to the results
from above observations, the worn mechanism of the
surface layer is inferred as follows: At first, the surfaces
are made to conform to each other, the matrix is easy
to be deformed and so the load is mainly supported by
the fibres and/or their fragments, and a real area of con-
tact is established. The composites surface are mainly
consisted of broken fibres and the matrix alloy covered
with a thin alumina film due to oxidations. As a result
of relative motion, Fe-rich material is transferred from
the counterface to composites surface due to the micro-
grooving of the alumina fibres and the alumina film.
The transferred materials are oxidized before and/or af-
ter they attach to composites’ worn surface. From here,
a kind of small nuclei of oxides plateaus are formed at
the spots of the real area of contact due to oxidation of
all major metallic elements both in the MMC and from
the counterbody, and the oxidation process is enhanced
by friction heating. During this period, the submicron
oxides would be embedded into the Al alloy matrix
by the external forces forming a complicated mixture.
These plateaus grow in height to a critical thickness and
protrude above the surrounding surface areas. Due to
surface fatigue and the repeated plastic deformation by
the counterbody, micro cracks are generated in oxide
plateaus. These cracks develops and the oxide plateaus
breaks up opposite to the sliding direction to form flakes
and/or small debris. The plateaus are mainly supported
by the underlying fibres, and the broken fibres are fur-
ther more pulverized into fine pieces during the growth
and peeling off of the plateaus. After removal of the el-
evated oxide plateaus, other load-bearing plateaus are
formed and the oxidation and micro-grooving processes
continuous. The metallic debris produced will be de-
formed and fractured during sliding, which increases
its surface exposed to the environment. Thus metallic
debris is easily oxidized, even at low ambient temper-
atures. Oxide debris of submicron size crystals can be
agglomerated to form debris clusters on the boundary
of worn surface.

4. Discussions on the influence of fibres’
orientation on wear

Although the wear mechanism of surface layer are sim-
ilar for all specimens, the wear results are related ob-
viously to fibres’ orientations. We contribute it to the
difference of fibres’ broke mechanism and subsurfaces’
deformation in each kind of situations as detail dis-
cussed in the following:

1) In the case of 45◦, 90◦, and 135◦ orientations.
Many factors could influence the wear mechanism
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Figure 9 Optical micrographs of composites’ cross section through their worn surface and parallel to sliding direction. (a) 0◦ orientation, (b) 45◦
orientation, (c) 90◦ orientation and (d) 135◦ orientation, sliding direction is from left to right.

during sliding contact [12]. It is reasonable to propose
that, during the run-in period, fibre fracture is a control-
ling step in the wear of continuously reinforced MMCs.
Fibre fracture can occur where there is an unsupported
length. Loss of support can result from the chipping or
wearing away of the matrix from around the fibres or
by softening of the matrix, leaving the fibre as a can-
tilevered beam [13]. In the present studies, specimens
are the hard ceramic fibre reinforced soft matrix MMC,
under the adhesive effect, the matrix have a tendency to
flow in the sliding direction leaving fibres to support the
load and the friction force. For a quantitative analysis,
fibres in above conditions can be simply considered as
a beam with axial loads, then the stress in it is,

σ = N/A+ My/I (2)

where:N is axial force,A is area of cross section,M
is bending moment,y is the distance to beam central,
and I is moment of inertia.

In present studies, fibres have an angle (θ ) to sliding
direction, and are subjected to a normal pressP(N/m2,
perpendicular to wear surface) and a tangenital friction
forceµP(N/m2, parallel to sliding direction) as illus-
trated in Fig. 10, so the axial forceFx and lateral force
Fy at the end of this fibre are:

Fx = πd2P(µctgθ − 1)/4 (3)

Fy = πd2P(ctgθ + µ)/4 (4)

Figure 10 Schematic diagram for the stress analysis of fibres in the worn
subsurface.

whered is diameter of fibre. For Equation 2, there are
following relations:

A = πd2/4 (5)

I = πd4/64 (6)

N = Fx

= πd2P(µctgθ − 1)/4 (7)

M = Fy X f

= πd2P Xf (ctgθ + µ)/4 (8)

whereX f is the length of fibre beam. And for the max-
imum stress

y = d/2 (9)

Substituting Equation 5 to Equation 9 into Equation 2,
yields
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σ = P[(µctgθ − 1)+ 8X f (ctgθ + µ)/d] (10)

this reveals the largest tensile stress occurs at the bottom
of the fibre beam. Obviously, the fibres orientation has
a great influence on the maximum stress, and the stress
values for the various orientations are given as follows:

σ45 = P[(µ− 1)+ 8X f (µ+ 1)/d] (11)

σ90 = P[−1+ 8X fµ/d] (12)

σ135= P[−(µ+ 1)+ 8X f (µ− 1)/d] (13)

Hereσ45>σ90>σ135 indicating that fibres normal to
the wear surface are easier to be broken than those hav-
ing the angle 135◦ to the sliding direction, but they
are better than those distributed in 45◦ orientation. The
above qualitative analysis are correspond to the exper-
imental results obtained from subsurface observations
except that fibres in the center part of worn surface are
easily to be broken than those near the worn boundary.
With the development of worn surface, the normal press
per unit worn surface area are gradually decreased, this
in turn would also affect the wear mechanisms, but no
obvious change in wear mechanism was observed under
the present testing conditions.

After been broken, fibres’ chops are flowed with the
matrix’s deformation and tend to align their axes with
the sliding direction. It is the obstruction behavior of fi-
bres’ fragment that enhances the wear resistance of sur-
face layer, because the deformation of subsurface will
undoubtedly accelerate the fracture of oxide-plateaus.
Among the three kinds of orientations (45◦, 90◦, and
135◦), the 45◦ orientations results in the smallest angle
between fibres’ axes and the sliding direction, and so
the fragments only do a relatively little resistance to ma-
trix’s deformation before they are worn away from the
composites’ blocks. While in the case of 135◦ orienta-
tions, fragments have to long march (or turn a large an-
gle) to align their axes to the sliding direction (Fig. 9d),
so they have enough time to give full play to their re-
sistance behavior to the matrix’s deformation. The case
of 90◦ orientation’s situated between those of 45◦ and
135◦ orientation’s. For the consideration of fragments’
resistance behavior to the deformation of subsurface
layer, the larger angle is beneficial to composites’ wear
resistance.

2) In the case of 0◦ orientation.Different from the
cases of 45◦, 90◦, and 135◦ orientations in which fibres
are sequentially broken along their axial, fibres in the
0◦ orientation specimen bear the normal press and act
as the “simple beams,” and so, they are broken at the
same step (Fig. 9a). Fibres’ broken can also spread to
the outer of worn surface as a evidence given in Fig. 11
showing that fibres in the un-worn surface had also been
broken at the end near the worn boundary. Fibres on the
worn surface are parallel to sliding direction that would
have less resistance to the sliding of counterbody. Once
they are broken, the fragments are easily moved and
worn away, and so the plastic deformation layer is very
thin in this plain distributed situation. Layer by layer,
the worn surface is rapidly developed into composites
blocks. Fibres’ layer-style-broken and the fragments’

Figure 11 SEM micrographs of the boundary region of worn surface
showing the fibres broken near this boundary, 0◦ orientation, 100 m
sliding, sliding direction is from left to right.

Figure 12 SEM micrographs of the boundary of worn surface showing
the fibres received abrasion by the rough counterface, AP orientation,
100 m sliding, sliding direction is from left to right.

little resistance make the 0◦ orientation to have a steady-
state wear rate greater than those in the 45◦, 90◦, and
135◦ orientations.

3) In the case of AP orientation.Apart from their
plain distribution which would result a higher wear
rate, fibres in anti-parallel orientation can be more eas-
ily broken and worn away than those in the case of 0◦
orientation, due to that a rough counterface will obvi-
ously aggravate the fraction of fibres distributed cross
the sliding direction, as the Fig. 12 shows that fibres
had been abrasion worn by the micro points protrude
on the counterface. If the roughness of counterface is
larger than fibres’ diameter, this lateral-abrasion effect
would became more serious. So the AP orientation has
the least wear resistance.

5. Summary
The wear behavior of Al2O3 continuous fibre reinforced
Al-4.43%Cu composites against a steel counterface in
a dry sliding conditions depends strongly on the fi-
bres orientations: for the 45◦, 90◦, and 135◦ orienta-
tions, the larger the fibers’ angle was, the lower the
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composites’ volume loss were; and the 0◦ orientation
resulted a higher steady-state wear rate than those of
the 45◦, 90◦, and 135◦ orientations; when fibres were
anti-parallel the sliding direction, the largest wear rate
had been observed at all sliding distances.

Dominant wear mechanism was suggested from wear
surface analyses. The major wear mechanism was in-
ferred as a oxidation-microgrooving process, i.e. un-
der the micro-grooving behavior of the alumina fibres
and the alumina film, metal materials were transferred
into the worn surface to form oxide-plateaus with fi-
bres’ fragments and the composites’ matrix. The wear
rate of composites’ were mainly determined by the for-
mation and fracture of these oxide-plateaus.

The influence of fibres’ orientation on composites’
wear resistance was revealed from the observation of
worn subsurface and the fibres’ stress analyses in the fi-
bres. For the 45◦, 90◦, and 135◦ orientations, the smaller
orientation angle resulted a greater stress in fibres, and
also the fibres’ broken fragments had less resistance
to the deformation of worn subsurface, these resulted
a less wear resistance. In the case of 0◦ and AP ori-
entations, fibres were plain-layer distributed, and were
easily broken and worn away, these in turn, decreased
composites’ wear resistance. In addition, the wear rate
in AP orientation would be raised by the roughness of
counterface.
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