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Abstract

The friction and wear behaviour of 6061 aluminium matrix composites reinforced with SiC and AL, O, particles has been
investigated at relatively high loads and speeds on a conventional scratch machine using a pyramidal indenter. It is identified
that ploughing, adhesion and particle fracture all contribute to the friction and wear. The friction coeflicient increases with
particle volume fraction but is independent of the range of normal loads (1-20 N) and sliding speeds (1-10 mm s™') tested.
The wear volume generally increases with normal load and sliding distance (or pass number), and decreases with increasing
particle volume fraction. A comparison of the measured scratch hardness and Vickers hardness shows that the former is not
simply proportional to the latter for composites reinforced with large particles. A new friction and wear model is then
established based on the theories of adhesion and ploughing and the effect of particle fracture. The validity of the model is
confirmed by experiments and microscopic observations on the scratch topography of the metal matrix composites.
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1. Introduction

In a wear system, because of unavoidable roughness
of the two mating surfaces which give rise to the multiple-
asperity contact phenomenon, the real contact area is
much smaller than the nominal area. To understand
the inherent mechanisms of this complex wearing pro-
cess, experiments of sliding a single point indenter on
a target material have been conducted by many re-
searchers [1-7]. The removal of material caused by
hard abrasives is called abrasive wear or abrasion. It
has been found that the abrasion is a main form of
wear in metals [1] and composites [8,9], and the groove
formation is important to understand wear mechanisms
[2,10]. A simple expression for the volume of material
removed during two-body abrasion by a conical abrasive
is given by [3]
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where W, is the volume loss due to wear, S the sliding
distance, P the normal load on the conical abrasive,
H the hardness of the wearing surface and « the attack
angle of the abrasive particle. Replacing the factor
(2 tan @)/7r by a wear coefficient K, the well-known
Archard’s wear law
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is obtained. This model is generally true for most single-
phase metals. However, there are two observations that
are inconsistent with Archard’s equation: (1) an abrupt
change in wear rate can sometimes be found if the
pressure or sliding velocity is changed; and (2) the
wear rate can increase with increasing hardness, if the
attack angle of the abrasive particle varies or the material
has a low fracture toughness [11,12]. A modification
of Archard’s equation was proposed by Hornbogen [12]
to include fracture toughness effects of some metallic
materials when the applied strain exceeded the critical
fracture strain. However, these wear models have never
been related to the role of a second-phase particle in
a composite material. A fixed-depth scratch on Al-Si
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alloy [10] showed that fracture of ceramic particles
occurred and controlled the wear mechanisms. Inden-
tation on monolithic brittle materials [13,14] also in-
dicated that fracture of the material might influence
wear significantly, and Lawn [9] proposed a wear model
for brittle solids under fixed abrasive conditions. The
model has a form similar to Archard’s wear equation.
Evans and Wilshaw [14] pointed out that material
removal by abrasive wear was due to the lateral cracks
spreading to the material surface and they proposed
another wear model which contains both the fracture
toughness and the hardness of the material. The effect
of sliding friction force on the strength of brittle ma-
terials was also studied [8] and it was concluded that,
although frictional effect plays a relatively minor role
in strength degradation, the threshold condition for
cracking is sensitive to the level of friction.

Bowden and Tabor [4] suggested that the friction
cocflicient w was caused by the combination of adhesion
@, and ploughing u:

B= e+ (3)

Following this theory, much attention has been paid
to study the adhesion and ploughing effects on the
frictional force. Some models of friction and wear have
been proposed [1,6,7] and proved to be useful for most
metals. Unfortunately, those models concerned only
the hardness of the wearing material and the geometry
of the abrasive particle. The important effect of the
particle reinforcement in metal matrix composites has
never been fully understood. It is therefore the purpose
of the present paper to make a careful investigation
on the scratch behaviour of aluminum matrix composites
reinforced with ceramic particles and to establish a
theoretical model to explain these phenomena.

2. Experimental work

Wear tests were carried out on a scratch wear machine.
A detailed description of the experimental method has
been reported elsewhere [15]. For the present work,
a pyramidal indenter with an apex angle 26 of 136°
was used and the orientation of the indenter was taken
with one leading plane moving forward during scratch-
ing. A range of linear velocities of 1-10 mm s~' was
used over a wear track about 6 mm long. The normal
load was varied from 1 to 20 N.

The tangential forces were measured using an LVDT
and recorded by a computer. The average value of the
tangential force for each scratch was taken from at
least eight experimental points and each test condition
was repeated three times. The friction coefficient is
defined by f=F,/P, where F, is the tangential force and
P the applied normal load on the indenter.

The samples were 6061Al-matrix reinforced with 10
vol.% and 20 vol.% acute-shaped SiC particles with
an average diameter of 1.8 um, and 10 vol.% and 20
vol.% acute-shaped alumina (Al,Q;) particles with av-
erage diameters of 4.5 um (for 10 vol.%) and 8.8 um
(for 20 vol.%), supplied by Comalco Pty Ltd, Australia.
All the composites underwent the same T6 heat treat-
ment, i.e. 1.5 h solution treatment at 530 °C, quenching
into water followed by natural aging for 20 h and then
artificial aging at 175 °C for 8 h. Disk-shape specimens
were polished down to 1 um using diamond paste and
cleansed with acetone prior to the scratch test.

3. Results and discussion

3.1. Groove formation and definition of cross-sectional
area

The bulk composite material was first plastically
deformed under static indentation. The indenter was
then moved forward under the same normal load. A
V-shaped groove, which was almost identical with the
pyramidal geometry, was formed on the specimen sur-
face. This V-shaped groove profile was observed with
the aid of the laser confocal image method, as shown
in Fig. 1. The groove depth increased with increasing
applied load. In the load range studied here, the groove
dimensions were much larger than the particle sizes
and V-shape grooves with uniform cross-sections were
always obtained, even at the smallest load level of 1
N. Microscopic observations demonstrated that the
indenter would rise only slightly when it scratched
through very large particles and fractured them. How-
ever, the magnitude of such a movement was so small
that its influence on the total wear volume was negligible.
Therefore, the groove size in this study could be con-
sidered as a constant in a sliding pass. Fig. 2 shows
the groove shape of (a) 10% SiC-Al composite and
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Fig. 1. Laser confocal image showing the groove shape of 20 vol.%
Al,O;-Al composite under a normal load of 12 N.
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Fig. 2. Groove shape at a normal load of 9 N: (a) 10 vol.% SiC-Al
composite; (b) 10 vol.% Al,O;-Al composite.

(b) 10% Al,0,-Al composite, at a normal load of 9
N.

Because of the sharp edge of the indenter, some
cutting could also be found. A prow was formed ahead
of the indenter and the material was continually dis-
placed sideways to form ridges adjacent to the groove.
However, the grooves showed a slight difference for
different types of reinforced composites. For example,
the composite with 20 vol.% Al,O; particles results in
shallower groove depth and rougher ridges than those
with 10 vol.% SiC particles. The reasons are that the
hardness of the former is higher than that of the latter
and that larger particle reinforcement is likely to be
fractured. In the ideal case of ductile metals, ploughing
due to a single pass of scratch does not result in any
material detachment from a worn surface [1]. However,
since the present composites are relatively brittle, the
majority of the ridges (i.e. materials displaced sideways)
are fractured. These loose ridges have a very small
load-carrying capacity and hence are easily removed
by the ensuing passes during repeated wear. It is
therefore reasonable to define in the present study that
the effective cross-sectional area A4, is equal to the area
of the groove inside the original surface of the composite,
as shown in Fig. 3, i.e. A,=wd/2, where w is the width
and d is the depth of the groove.

3.2. Scratch mechanisms

Ploughing is a dominant scratch mechanism for many
ductile materials and can be proved by the groove
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Fig. 4. Scanning electron micrograph showing fractured Al,O; particles
under a normal load of 9 N.

topography. However, there are some important factors
that should be specially taken into account for these
metal matrix composites reinforced with ceramic par-
ticles. For instance, fractured particles could always be
observed on the groove surface in our tests loaded
from 1 to 20 N. Most particles on the scratch path
were fragmented by the indenter. This fracture phe-
nomenon became severe for Al,Os-reinforced com-
posites, because the reinforced particle size was large,
as shown in Fig. 4. It indicated that the particles would
hinder the forward movement of the indenter until
they were fractured. In other words, a force is needed
to fracture these particles. Fig. 4 also shows good
adhesion between the contact surfaces during scratching
and it contributes to the frictional force as well. It
therefore follows that the mechanisms for scratching
the present composites consist of three components:
(1) ploughing of the composite; (2) adhesion between
the counterfaces; and (3) fracture of the particles. All
of them contribute to the macroscopic frictional force.

3.3. Vickers hardness and scratch hardness
Vickers hardness has been used as a main material

parameter in many wear models for single-phase metals
[1,3,4]. However, it has been questioned if the wear
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rate of a multi-phase composite could also be related
to this parameter simply by Eq. (2). Conversely, the
scratch hardness has been introduced in some related
studies [6,16,17], although there is no standard mea-
surement method for it. It is therefore necessary to
understand the difference between these two hardness
measurements before any practical modelling is made.

First, we recall the definition of the Vickers inden-
tation hardness, which is obtained by dividing the applied
normal load P by the surface area of the indentation
Ay
H, = P _ 2P sin(26)

4, d;?
where d, is the mean diagonal of the indentation.

The Vickers hardness was measured for all the com-
posites investigated under normal loads from 25 to
1500 gf (i.e. 0.25-15 N). The average value was obtained
from five measurements at each load level. As shown
in Fig. 5, the H, values are almost constant over the
whole range of applied loads for the SiC-Al composites,
but for the Al,O,-Al composites these values increase
slightly with increasing load for loads less then 1 N
and remain constant for larger loads. For realistic
measurements of the Vickers hardness for different
particle-reinforced composites investigated in this work,
therefore, an indentation load of 5 N was applied
throughout.

Now consider the scratch hardness, which is the ratio
of the normal load P on the indenter to the projected
contact area of the horizontal plane A4, [16], as shown
in Fig. 3. In the present investigation, it is also assumed
that only the leading edge of the indenter contact the
test material [6]. The scratch hardness, H, is then given
by

(kgf mm™?) 4)

P _ 4P

H,= = )

where w is already defined as the groove width. Then
the cross-sectional area A is
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Fig. 5. Variation of Vickers hardness H, (open symbols) and scratch
hardness H, (full symbols) with normal load P for 10 vol.% SiC-Al
(O, B) and 20 vol.% Al,Os-Al (A, A) composites.

A,=A, cot §=cot 8 -g (6)
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A comparison of the scratch hardness with Vickers
hardness versus normal load is presented in Fig. 5. For
SiC-Al composites containing very small reinforcing
particles, they follow approximately a linear relationship
of H,=5.3 H,. However, for Al,O,—Al composites with
large particles, the relationship between H, and H, is
not proportional. It indicates that, unlike metals, neither
the scratch hardness nor the wear volume for those
large particle-reinforced composites can be expressed
by the Vickers hardness alone.

3.4. The cross-sectional area

The cross-sectional area of a scratch is a strong
function of some variables such as hardness H,, particle
size @ and particle volume fraction f, [1]. It is also
influenced by some external conditions such as the
applied normal load P, and the number of passes n
of a scratch test.

The cross-sectional areas decrease generally with
increasing Vickers hardness, but does not necessarily
follow a linear relationship as indicated in Fig. 6. This
presents some slight differences from the observations
on metals [1,17]. Fig. 7 shows a linear relationship
between the cross-sectional area and the number of
passes and implies that the wear volume would be
proportional to the sliding distance in a real wear
situation. For the present case of a single-pass scratch,
the cross-sectional area is almost constant along the
groove so that the wear volume is a product of the
cross-sectional area and the sliding distance. In Fig. 8,
the solid symbols which are obtained from the scratch
tests show that the cross-sectional areas increase linearly
with increasing normal load for the ALO,-Al com-
posites.
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Fig. 6. Vickers hardness H,, friction coefficient f and cross-sectional
area Ay under a normal load of 9 N for different SiC-Al and Al,O;-Al
composites.
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Fig. 7. The relationship between cross-sectional area A4, and pass
number n under a normal load of 2.5 N for the 20 vol.% AlL,O;-Al
composite.
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Fig. 8. Experimental data and predicted cross-sectional areas for
Al,O5-Al composites. (Experiment: B, 10 vol.%; A, 20 vol.%. Theory:
0, 10 vol.%; A, 20 vol.%).
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In addition, scratch tests under different sliding ve-
locities from 1 to 10 mm s™~! were carried out for 10
vol.% SiC-Al and 20 vol.% Al,0;~Al composites. No
significant changes of friction coefficient and wear vol-
ume were found. Therefore, the effect of sliding speed
on the wear volume and friction coefficient is negligible
in these two composites.

Generally speaking, higher particle volume fraction
results in higher hardness, and both bring about lower
wear volume (or cross-sectional area). Unfortunately,
no apparent relationship is available so far to correlate
the friction and wear behaviour with these parameters.
This consideration is elucidated in the following section.

4. A new theoretical model

As has been discussed before, in addition to the
components of adhesion and ploughing, particle fracture
also plays an important role in making up the total
frictional force. Hence, the overall frictional force should
be given by

F=F,+F,+F; )

where F,, F, and F; are the components caused by
adhesion, ploughing and particle fracture, respectively.
To calculate these individual frictional forces, the fol-
lowing assumptions are made based on experimental
observations: (a) there is no particle debonding; (b)
particles are uniformly distributed and have an average
size a; and (c) the diamond indenter is rigid.

If the shear strength at the interface between the
composite and indenter is s, and the flow or yield
pressure is p, the adhesion and ploughing force will
be

F,=s54,=54, tan )
and
F,=pA, 9

Plasticity theory shows that the shear or yield strength
of a material is proportional to its hardness. This is
assumed to be true for the present bulk material. Thus
the combination of the adhesion and the ploughing
parts can be expressed in terms of the Vickers hardness:

F,+F,=(s tan 0+p)A,=k,A H, (10)

where k, is a geometric factor. In the above equation,
the frictional force caused by the particle is not included.

The contribution of the particle fracture to the fric-
tional force can be derived from the Griffith equation
[18], which leads to the fracture stress of a hard particle
as

ch

0 =C; 2 (11)

where ¢, is a constant, K, is the fracture toughness
of the composite and a is the particle size which is
considered to be proportional to the crack size. The
stress on the particle applied by a pyramidal indenter
can be determined by

Fr

A, (12)

og=c,

where ¢, is a geometric factor and f, is the particle
volume fraction.
Combining Egs. (11) and (12) gives.

K.
Ff=k2Apfv ;Tl/_z (13)

where k,=c, /c, being a geometric factor for the particle-
reinforced composites. The sliding friction coefficient
f is then given by

F,+F,+F
f= _a_PE.__f (14)
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Substituting Eqs. (10) and (13) into Eq. (14) gives
a straightforward expression for the cross-sectional area
A, as

A - b

P
K
ki H,+kyf, =

(mm?®) (15)

x 100

ayp

where k, and k, can be determined from two sets of
experimental data for any given composite. For example,
for the Al,O;-Al composites, it is found that k, =13.8
and k,=49 when the following data are used: (1) for
10 vol.% Al,O5-Al composite: f=0.48, P=9N, H,=130
kgf mm~2 f,=0.1, a=4.5 um, K,.=24.2 MPa m~'?
and A, =585%10"° mm? and (2) for 20 vol.% Al,05~Al
composite: f=0.57, P=9 N, H,=145kgf mm 2, f,=0.2,
a=88 um, K;.=22.8 MPa m'? and 4,=538x10"°
mm?, where K, values are taken from [19].

Fig. 8 shows both experimental data and predicted
cross-sectional areas from Eq. (15) for AL, O, particle-
reinforced aluminum composites under different loads.
The good agreement achieved between theory and
experiments has confirmed the validity of the proposed
wear model.

The wear volume V for a single scratch can also be
predicted:

fLP
ch
kH, +k,f, —< %100

a1/2

V=A,L= (mm?) (16)

where L is the sliding distance in mm. At first ap-
pearance, the wear volume increases proportionally with
the increase of the normal load, sliding distance and
friction coefficient, but decreases with increasing Vickers
hardness, particle volume fraction and the ratio K./
a'?, Unlike previous models, Eq. (16) reveals that many
variables influence the wear volume. The advantage of
the present model is that it involves the most important
properties of the wearing materials in a simple expres-
sion and describes explicitly their correlations.

5. Conclusions

Based on observations of the scratch test, the mech-
anisms of single-point scratching have been identified
as the abrasion of the composite, adhesion between
the contact surfaces and the fracture of the reinforced
particles. These three parts all contribute simultaneously
to the friction and wear behaviour of the composite.
A new theoretical model has been proposed to explain
the friction and wear behaviour of the metal matrix
composites studied. The test results indicate good agree-
ment with the theoretical predictions on the AlLLO,-Al

composites with large particles. The model does not
include interactions between many abrasive particles
acting simultaneously, but this could be conducted if
the number and spacing of the abrasives are known.
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