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The work reported in this paper is aimed at establishing the relationship between
processing and the wear resistance of the metal matrix composites (MMCs) based on a
novel alloy, Al-20Si-5Fe-3Cu-1Mg. The MMCs were processed via a commercially viable
powder metallurgy (PM) route, i.e. through mixing the atomized matrix alloy powder with
10 vol % SiC or Al2O3 particles, cold isostatic pressing, degassing and hot extrusion. It has
been found that the extrusion window of the MMCs is greatly narrowed due to their
increased deformation resistance on one hand and incipient melting of their matrix on the
other. For a sound MMC extrudate, a reduction ratio over a critical value must be applied.
However, a further rise of this ratio leads to deterioration of local interfacial cohesion
between the ceramic phase and the matrix dispersed with a high volume fraction of silicon
crystals and intermetallic dispersoids, thus degrading the MMCs in tensile properties.
Furthermore, fretting wear tests at room and elevated temperatures and with dry and wet
contacts show that the MMCs extruded at a higher reduction ratio has a higher mass loss
and an increased friction coefficient. The work points to the direction of further research,
i.e. on MMCs containing spherical reinforcement instead of commonly used angular
particles. C© 1999 Kluwer Academic Publishers

1. Introduction
Since the 1980s, various advanced materials have emer-
ged partly as a result of the strong need of material users
to fulfil the requirements for environmental protection
and energy efficiency. The advanced materials are de-
fined as those with enhanced properties and of improved
quality. The commercially viable advanced materials
are those that can be produced relatively cheaply by
using environment-friendly techniques. The materials
(MMCs) developed and characterized in the present
work fall into this category. They were expected to have
the following characteristics in order to meet the re-
quirements of the aerospace, aircraft, automobile and
electronic industries:

• high wear resistance,
• low thermal expansion coefficient,
• low weight,
• enhanced tensile strength at elevated temperatures,
• reasonable price.

In recent years, the tendency of shifting the uses of the
advanced materials from the defence and aerospace in-
dustries to civil ones becomes more and more notable,
especially to the automotive industry. Development of
high-performance vehicles requires new materials to be
lighter, stiffer, stronger, and more temperature and wear
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resistant than today’s counterparts. For example, the
operational temperature in combustion engines tends
to increase in the near future so as to permit a reduction
in the emissions of exhaust gases, plus an increase in
fuel efficiency. For such an application, MMCs must be
based on thermally stable matrix alloys, although the
reinforcing phase can enhance their thermal resistance
to some extent.

The majority of MMCs based on conventional alu-
minium alloys do not fully satisfy this desire, largely
due to structural coarsening with rising temperature.
High-strength Al-Fe alloys produced by means of
rapid-solidification techniques contain thermally sta-
ble intermetallic dispersoids. However, they are un-
likely to meet the requirements in applications where
components slide and rub against one another with
tight tolerances, such as the piston-piston ring assem-
bly in a conventional combustion engine, because of
their high thermal expansion coefficients. Conventional
ingot-cast Al-Si alloys have relatively low thermal ex-
pansion coefficients, but they suffer from alloying re-
strictions, phase inhomogeneity and brittleness.

In an effort to search for new piston materials, the
Al-20Si-5Fe-3Cu-1Mg alloy has been designed and
manufactured from rapidly solidified powder. The alloy
exhibits encouraging properties: being strong at room
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temperature, stiff, dimensionally stable and wear re-
sistant [1]. The inclusion of 5 wt % iron in the al-
loy contributes toward these properties, particularly hot
strength [2–4]. A further addition of 10 vol % SiC or
Al2O3 particles to the alloy results in a significant en-
hancement in its wear resistance [1, 5, 6]. In selecting
the ceramics to reinforce the alloy, the following criteria
have been taken into consideration:

• low density,
• low thermal expansion coefficient,
• high strength and elastic modulus,
• low cost and commercial availability.

In the present work, an attempt was made to cor-
relate some important process parameters used in the
industrial manufacturing of the Al-20Si-5Fe-3Cu-1Mg
based composites with their wear resistance. Within the
industrial conditions, processing simplicity was a major
concern. At the same time, it was also desired to make
use of newly developed industrially applicable manu-
facturing technologies such as powder metallurgy (PM)
that offers a significant potential of energy savings [7].

Once the commercially available raw materials, i.e.
the matrix alloy as well as SiC and Al2O3 particles were
chosen, they were subjected to mixing, cold isostatic
pressing, degassing and hot extrusion. The process pa-
rameters (including temperature, strain and strain rate)
used at the last step of processing, i.e. hot extrusion,
were considered most influential on the mechanical
properties and wear resistance of the MMCs. This is
because only at this stage of processing were the ba-
sic properties of the MMCs as engineering materials
developed.

In this paper, the extrudability of the MMCs is dis-
cussed with respect to temperature, reduction ratio and
extrusion speed. As in any commercial production,
speed is desired to be as high as possible, and as tem-
perature was restricted by the phase constitution of the
matrix alloy and the high stiffness of the MMCs, re-
duction ratio was left as the only variable. Therefore, in
this paper, the influence of reduction ratio on the tensile
properties and fretting wear resistance of the MMCs is
mostly discussed.

2. Material processing and tensile property
evaluation

The Al-20Si-5Fe-3Cu-1Mg matrix alloy was designed
to take advantage of the alloying possibilities provided
by atomization involving rapid solidification to pre-
vent segregation from occurring. It should be noted that
this matrix alloy cannot be produced by conventional
foundry techniques, because it contains a high volume
fraction of silicon crystals and fine intermetallic com-
pounds (Al-Si-Fe).

The matrix powder used was supplied by Showa
Denko K. K., Japan. It was atomized at a mean cooling
rate of 104–106 K · s−1. The composition of the ma-
trix alloy powder is given in Table I, and its relevant
technical data are presented in Table II.

SiC in the form of powder used to reinforce the matrix
alloy was supplied by Lonza, Germany. It had a size
span of 5–50µm and a median size of 23µm. It was

TABLE I Composition of the matrix alloy determined by atomic ab-
sorption spectrophotometry

Element Si Fe Cu Mg Al

Wt % 19.2 5.17 3.24 1.18 Balance

TABLE I I Technical data of the Al-based matrix alloy powder

Oxygen content 0.20%

Mass median size 64µm
Density 2790 kg/m3

Specific surface area 0.16 m2/g

of highly irregular shape and with sharp edges. Al2O3
powder supplied by Cerac, USA, had a wider size span
of 1.2–118µm and a similar median size (24µm). It
had also an irregular shape but in comparison with the
SiC powder it was more flake-like.

Among a variety of possible PM processing routes
that can be followed to produce MMCs [1], the follow-
ing procedure was chosen:

• mixing,
• cold isostatic pressing (CIPing),
• degassing combined with preheating for extrusion

and assisted by flushing with nitrogen,
• hot extrusion or hot compaction.

First, the matrix powder was mixed with the ceramic
powder (SiC or Al2O3) for 30 min using a 1213 HP tur-
bula mixer. The mixtures were then subjected to CIP-
ing. Prior to CIPing, a flexible rubber mould was filled
with the mixture. During CIPing, the mould was pres-
surized isostatically by means of oil. Over a range of
CIPing pressure from 250 to 400 MPa, green compacts
were all sound enough for handling with care, but a
relatively high pressure resulted in too much deforma-
tion of the matrix and formation of disconnected pores,
which would lead to difficulties with degassing of green
compacts. CIPing was finally optimized at a pressure
of 300 MPa, which resulted in green compacts with a
relative density of 74%.

The next operation, degassing, is generally regarded
as an inevitable step in processing aluminium alloy
powders. Powders have a large specific surface area,
corresponding to a large amount of physically and
chemically adsorbed moisture. During processing and
service at elevated temperatures, the moisture would be
converted into hydrogen to deteriorate the mechanical
properties and surface appearance of the consolidated
material. For effective degassing, powder is usually pre-
compacted in a can, followed by hermetic sealing. After
degassing, the canning material has to be removed from
the consolidated material.

In the present experiments, in order to simplify the
procedure and to make the whole processing cheaper,
degassing was combined with preheating before extru-
sion and assisted by flushing with nitrogen. The de-
gassing temperature was selected to be the same as
the temperature of extrusion, varying between 400 and
500◦C (most frequently 450◦C).

It is well known that when aluminium is exposed to
an atmosphere containing oxygen and moisture, due to
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its high affinity to oxygen, oxidation unavoidably takes
place, as shown below.

4Al + 3O2→ 2Al2O3

2Al + 3H2O→ Al2O3+ 3H2

During and after an aluminium alloy powder is atom-
ized, these reactions take place and, as a result, an alu-
minium oxide layer is formed on the powder particle
surface. This surface layer tends to adsorb moisture and
form hydroxides:

Al2O3+ H2O→ 2AlOOH

AlOOH+ H2O→ Al(OH)3

Both hydration and dehydration processes depend on
temperature and the partial pressure of water, which
provides guidance to the selection of proper degassing
conditions. Thus, a commonly used degassing condi-
tion is the combination of an elevated temperature and
a high vacuum environment. Under the condition where
the dew point is low and so is the oxygen partial pres-
sure, adsorbed compounds will efficiently evacuate and
further oxidation can be effectively minimized.

Degassing in an inert gas atmosphere, with gas flush-
ing and at elevated temperatures may not be as effective
as in vacuum, due to residual oxygen remaining inside
the pores between powder particles. However, using an
inert gas atmosphere instead of high vacuum remark-
ably simplifies the procedure and reduces the require-
ments for equipment, thus making the whole operation
less expensive. Moreover, it has been found [8] that
degassing in an inert gas atmosphere improves the re-
sistance to re-hydration and re-adsorption of moisture
during post-degassing processing or storage, in compar-
ison with degassing in vacuum. Considering the above,
degassing at elevated temperatures, in a nitrogen atmo-
sphere and with gas flushing was applied during the
processing of the MMCs in the present work.

Once nitrogen was chosen as the protective atmo-
sphere for degassing, temperature and time remained
the variables affecting the extent of the evolutions of
gaseous compounds. When an aluminium alloy pow-
der is exposed to elevated temperatures, the following
reactions may take place:

Al2O3 · 3H2O→ Al2O3 · H2O+ 2H2O ↑
Al2O3 · H2O→ Al2O3+ H2O ↑
2Al + 4H2O→ Al2O3 · H2O+ 3H2 ↑
2Al + 6H2O→ Al2O3 · 3H2O+ 3H2 ↑

The above reactions imply that the effectiveness of
degassing to remove water vapour and hydrogen is
governed by temperature, the partial pressure of wa-
ter vapour and free aluminium available. It should be
noted that what really affects gas evolution is not the
pressure level, but the partial pressure that should be
lower than that of the equilibrium, in order to allow
surface reactions to occur. Considering this, and after a
series of experiments as well as a fundamental work on
vacuum degassing, the following condition was chosen:

• A vacuum atmosphere was replaced by nitrogen
flushing to purge the evolved compounds.
• Billets were heated up to an extrusion temperature

in the range of 400–500◦C for 100 min with nitro-
gen flushing.
• A soak at the degassing temperature for 40 min in

a preheating furnace was given in order to allow
gas evolutions to proceed.

Since the materials were not intended to be heat
treated after hot extrusion, there was little chance for
blistering to occur, as caused by further gas evolutions
(most dangerously, evolution of hydrogen) at temper-
atures above the degassing temperature. Therefore,
with the present degassing condition, the service tem-
perature of the MMCs should not exceed the degassing
temperature that is the same as the billet preheating
temperature for extrusion.

As the next step, hot extrusion was performed with
an industrial extrusion press to consolidate the green
compacts. A degassed billet was transported from the
preheating furnace to the container of the press and
then extruded with a flat die. Prior to extrusion, the
die was heated to the same temperature as the billet,
i.e. between 400 and 500◦C. Reduction ratios varied
from 5 : 1 to 40 : 1, yielding extrudates with diameters
of 23.5 to 8.5 mm, respectively. Ram speed varied from
4.1 to 25 mm/s, which was self-adjusted, according to
the temperature of the product extruded at full press
power capacity. The variables of extrusion were thus
temperature and reduction ratio.

Different values of reduction ratio and billet temper-
ature were used to examine the effect of strain, strain
rate and temperature on the quality of composite struc-
ture and extrudability (which is usually defined as the
maximum exit speed that can be applied without tear-
ing). Some of the extrusion conditions and results are
presented in Table III.

Finally, the extrudates were subjected to tensile tests
at room temperature, in the direction of extrusion, to
determine ultimate tensile strength and elongation to
fracture, using a computer-controlled Instron tensile
machine. Cylindrical specimens had a gauge length of
30 mm and a gauge diameter of 4 mm. An extensometer
clipping on the gauge section of the specimen was used
to determine strain. A crosshead speed of 0.35 mm/s
was selected, corresponding to an initial strain rate of
1.9× 10−4 s−1.

TABLE I I I Conditions and results of hot extrusion

Exit speed Ram speed Remark on
(m/min) (mm/s) quality

At reduction ratio 5 : 1
Matrix (M) 2.75–2.9 9.1–9.7 Shiny
Matrix + 10 vol % SiC 3.5 11.7 Shiny
Matrix + 10 vol % Al2O3 3.5–4.0 11.7–13.3 Shiny

At reduction ratio 20 : 1
Matrix (M) 25–30 21–25 Surface
Matrix + 10 vol % SiC 25–30 21–25 tearing
Matrix + 10 vol % Al2O3 25–30 21–25 after 40 mm
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Figure 1 Configuration of specimens and counterspecimen in the fret-
ting wear testing (the friction direction of the specimens being perpen-
dicular to the extrusion direction).

3. Tribological tests
The wear resistance of the materials extruded at 5 : 1
and 20 : 1 was assessed by means of a fretting wear
tester. It was designed to produce reciprocating rela-
tive displacement, representing in a simplified manner
a practical working situation where many contacting
components are placed, such as the piston-piston ring
assembly in a combustion engine. A schematic drawing
of the specimen assembly is shown in Fig. 1.

The specimen configuration of the fretting wear tester
consisted of a conically shaped counterspecimen, made
of grey cast iron (resembling the material for piston
ring), and three rectangular PM specimens (resembling
the potential materials for piston) which were placed
underneath the counterspecimen. The specimens were
mounted in specimen holders and distributed evenly
along the lateral surface of the cone, i.e. at an interval of
120◦. The mating surfaces of the specimens against the
counterspecimen were perpendicular to the extrusion
direction.

The specimen holders allowed free movement of
the specimens in two directions, i.e. linear movement
along the axis perpendicular to the lateral surface of the
cone and, simultaneously, revolution of the specimen
(around the axis perpendicular to the page), as schemat-
ically shown in Fig. 1. This configuration was chosen
to secure optimal, permanent alignment between the
lower specimens and the upper conical counterspeci-
men. Its advantage lies in the elimination of a detrimen-
tal stress distribution between mating surfaces, which
may occur with inflexible assembling. During assem-
bling, the attachment of the loading shaft to the cone
was ensured by a screw joint of a tightly fitted square-
shaped pin at the lower tip of the loading shaft and a
mortise in the cone.

During the tests, the pneumatically loaded vertical
shaft and the cast iron (CI) counterspecimen oscillated
at a constant frequency and an invariable amplitude,
while the three lower specimens remained motionless in
the specimen holder. Thus, the friction couple operated
under the condition of oscillatory motion.

The initial contact between the specimens and the
surface of the cone was line contact. Thus, the tests
started under the condition of a high initial contact

TABLE IV Conditions applied during the wear tests

Parameter Value

Amplitude, A (µm) 385
Ambient temperature,T (◦C) 22 and 200
Frequency,f (s−1) 33
Normal force,FN (N) 36 and 72
Initial-line (Hertzian) pressure,pHi (MPa) 71 and 100
Contact pressure at full conformity,pc (MPa) 1.5 and 3.0

pressure, as determined by elastic deformation of the
mating surfaces. Although the initial line contact led
to high initial Hertzian pressures,pHi, upon running-
in, the contact pressure rapidly diminished. This was
due to wear, leading to mass loss of the mating sur-
faces and consequently to adaptation of the contact
surfaces of the specimens to the radius of the cone sur-
face. Normal forces of 37 and 72 N were applied to
the counterspecimen, which yielded initial line contact
pressures of 71 and 100 MPa, respectively. However,
with wear process proceeding, the high values of initial
line-contact pressure decreased at full conformity to 1.5
and 3.0 MPa, respectively. The counterspecimen oscil-
lated against the specimens at an amplitude of 385µm
and a frequency of 33 s−1. Mass loss was measured at
regular intervals until the curve of the mass loss versus
the number of oscillations (cycles) was stabilized. At
least 10×106 cycles were run, corresponding to a total
sliding distance of 15360 m covered by each specimen.
The testing conditions are summarized in Table IV [9].

During the wear testing of the PM specimens (i.e.
the matrix alloy and the MMCs), the following envi-
ronments were used.

(1) Kerosene was used as the environment for the
friction couple during the tests at room temperature.
This testing environment was considered reference con-
ditions. During the tests, the specimen assembly was
completely submerged in a kerosene bath in order to
protect the friction couple from severe oxidation and
from humidity change. In such an environment, the
behaviour of the materials could be studied without
the influence of any lubricant and its various additives,
i.e. under the conditions of extremely poor lubricity.
In practice, because of stringent environmental regu-
lations, there is a worldwide tendency toward limiting
exhaust and smoke emissions from vehicles by using
so-called reformulated fuels with reduced lubricity.

(2) A heat-resistant oil was employed as the envi-
ronment for the wear tests at 200◦C in order to protect
the mating surfaces from oxidation and to provide suf-
ficient lubrication. This environment was of particular
interest from the viewpoint of the potential applications
of the materials in question, i.e. inside the combustion
chamber of an internal combustion engine.

4. Results and discussion
4.1. Extrusion characteristics
Extrusion at 400◦C was impossible because the force
required for breakthrough went beyond the power limit
of the press used. At 500◦C , fine cracks appeared on the
surfaces of the products extruded at different reduction
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Figure 2 Room-temperature tensile properties of the composite containing 10 vol % SiC, extruded at different reduction ratios.

ratios, indicating that heating as a result of mechanical
work and friction brought the temperature of the mate-
rial above the incipient melting point of the matrix.

Differential scanning calorimetry of a similar com-
posite shows that endothermic reactions start at about
507◦C, which correspond to the melting of the
Al5Cu2Mg8Si6 and Al7Cu2Fe phases [10]. Thus, the
occurrence of hot shortness and the power limit of
the press restricted the extrusion temperature to about
450◦C .

However, at that temperature another defect at the
surface of the extrudate, i.e. stick-slip tearing, was ob-
served. This defect appeared occasionally, when the
friction exerted on the MMC extrudate was so high that
it exceeded the fracture stress of the matrix. In addition,
because no lubrication was applied during extrusion,
the surface quality of the extrudate solely relied on the
material properties and extrusion conditions. Clearly,
the interactions between the die material (AISI H13
hot-work tool steel) and the MMCs, the scrubbing ac-
tion of the hard particles (Si-crystals and SiC or Al2O3)
of a very high volume fraction in the MMCs on the die
surface, together with their low hot ductility, favoured
the occurrence of the defect. It appeared to be also re-
lated to the billet temperature, die temperature, reduc-
tion ratio and exit speed in a complex way. In most
cases, it tended to occur after a certain length (volume)
of the MMC material had been extruded. Probably, by
that time, the transferred layer formed on the die sur-
face became unstable and vulnerable to breakage due
to local severe working conditions. When the reduc-
tion ratio was low and thus the extrudate was short, the
defect was negligible or did not occur at all. However,
when the reduction ratio was high and then the exit
speed was proportionally high, the surface of the end-
ing part of the extrudate became rough, while the be-
ginning part was shiny. In the worst instance, i.e. when
the die cooled down after a few extrusion runs, seizure
occurred. Although the surface layer with the defect
could be machined off, the problem as to how to ensure
the surface quality of an extruded MMC based on a
high-strength, low-ductility aluminium alloy and con-
taining phases with low melting points remains to be
solved. An industrially viable solution should neither
complicate processing, such as canning billets or ap-
plying lubrication, nor sacrifice productivity by using
a low extrusion speed.

4.2. Tensile properties
Fig. 2 shows the ultimate tensile strength (UTS) and
elongation of the MMC containing 10% SiC at room
temperature, as a function of reduction ratio applied
during hot extrusion. The strength values are all higher
than the strength of the composite based on a conven-
tional Al-Si alloy (A356) and containing 10 vol % SiC
(283 MPa) [11].

From Fig. 2, it can be seen that the tensile properties
are indeed affected by extrusion ratio applied during
extrusion. The low strength and elongation values at
zero reduction ratio (namely hot compaction in the ex-
trusion container with a blind die) can be attributed
to weak bonding between the original powder parti-
cles (the matrix alloy and SiC particles). Fractographic
study of the matrix alloy extruded at 2.5 : 1 shows that
debonding between the original powder particles is re-
sponsible for the premature fracture of the material,
which has undergone insufficient shear deformation to
break up and redistribute the oxides at the original pow-
der particle boundaries [12]. Therefore, a threshold of
shear deformation, corresponding to a critical reduction
ratio, is needed to obliterate the boundaries, which is
generally agreed to be 5 : 1 [13]. However, at that reduc-
tion ratio, the percentage elongation of the composite
is poor. This is probably caused by the oxides and the
ceramic particles at the original powder particle bound-
aries, which are insufficiently redistributed during pro-
cessing. For monolithic aluminium alloys, strength and
elongation have been observed to increase with rising
reduction ratio till approximately 10 : 1 and then sta-
bilize or moderately increase, if there is no structural
change affecting the trend. However, such a trend has
not been observed for the present MMCs. At reduction
ratios above 5 : 1, strength decreases with increasing
reduction ratio (see Fig. 2).

Stress/strain curves showed that the material failed
during the continuous, non-linear load increase, indi-
cating that it was the brittle fracture of the materials,
which could be caused by internal stresses and defects,
that interrupted the development of normal elastic-
plastic deformation in tensile testing.

4.3. Tribological tests at room temperature
and in kerosene

Figs 3 and 4 give the data on the wear of the PM spec-
imens extruded at 5 : 1 and 20 : 1 and then tested at
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Figure 3 Volume losses per contact cycle1V/Nc (mm3/cycle× 10−9)
of the PM specimens and grey cast iron (CI) counterspecimen under the
reference conditions and at the loadFN = 36 N.

Figure 4 Volume losses per contact cycle1V/Nc (mm3/cycle× 10−9)
of the PM specimens and grey cast iron (CI) counterspecimen under the
reference conditions and at the loadFN = 72 N.

FN=36 and 72 N, respectively. Wear is expressed by
the volume loss calculated per contact cycle,1V/Nc
(mm3/cycle× 10−9). From the figures, the beneficial
effect of the two types of ceramic reinforcement in the
MMCs on the wear resistance is evident. The MMC
with SiC addition exhibits the highest wear resistance
at both of the loads applied. It can also be seen that the
PM materials, i.e. both the matrix and the MMCs, ex-
truded at a lower reduction ratio (5 : 1) yield less wear
than those extruded at a higher reduction ratio (20 : 1).
The influence of reduction ratio on wear resistance is
apparent also at both the loads applied. SEM analysis
of the wear-tested specimens revealed structural defects
in the MMCs extruded at 20 : 1, i.e. decohesion around
sharp edges of the reinforcing particles (see Fig. 5), as
observed in the extruded materials [1, 9, 14].

Decohesion may have originated from manufactur-
ing of the MMCs, when a pressure of 300 MPa was ap-
plied during CIPing and especially when severe shear
deformation was exerted during extrusion. It may also
have formed during machining; the interaction between
a cutting edge and the ceramic reinforcement may
have led to stress concentrations in the vicinities of
the tips of angular particles. Therefore, the stress con-
centrations may be responsible for decohesion in the
matrix/reinforcement interface and microcrack prop-
agation in the matrix material. Considering that the
same machining parameters were applied to all of

Figure 5 Topography of the composite containing 10 vol % SiC ex-
truded at 20 : 1 and tested at room temperature, at the load of 36 N and in
kerosene, after 0.5× 106 cycles, showing decohesion around the sharp
edges of the reinforcing particles.

Figure 6 Topography of the composite containing 10 vol % SiC ex-
truded at 5 : 1 and tested at room temperature, at the load of 36 N and
in kerosene, after 18.5× 106 cycles, showing non-uniformly distributed
wear tracks.

the PM specimens, a lower reduction ratio (5 : 1), i.e.
lower shear stresses generated during extrusion, yields
a sound structure with less internal defect, which leads
to better wear resistance.

Decohesion between the reinforcing particles and
the matrix may contribute substantially to the wear of
the MMCs. It is likely that reciprocating movement
in the friction zone results in fatigue, thereby accel-
erating the development of the decohesion at the ma-
trix/reinforcement interface. Finally, the hard particles
are pulled out. When the hard ceramic particles with
an angular shape are free to move in the friction zone,
they accelerate the abrasion of both mating surfaces.

SEM analysis of the wear-tested MMCs extruded at
5 : 1 revealed scratches and grooves within wear paths,
as shown in Fig. 6. No significant differences in the
depth or shape of the scratches and grooves with respect

5094



Figure 7 Topography of the composite containing 10 vol % SiC ex-
truded at 20 : 1 and tested at room temperature, at the load of 36 N and in
kerosene, after 0.5× 106 cycles, showing voids around the SiC particles.

to the load applied were found for the materials ex-
truded at 5 : 1. It implies mild wear, even after a long
sliding distance up to 30× 103 m. SEM analysis of the
wear-tested material extruded at 20 : 1 however showed
voids with faceted walls and microzones with a reduced
density, as shown in Fig. 7. This structural imperfec-
tion may arise from a high volume fraction of hard
Si-crystals and intermetallics in the matrix and more
importantly from reinforcing particles, SiC or Al2O3.
The hard ceramic particles and the dispersoids in the
matrix are not deformable. Their presence may be in the
form of micro-clusters, opposing further densification
during extrusion. Therefore, this may result in the for-
mation of undensified regions on a micro scale. In turn,
they may act as a source of cracks during the fretting
wear tests under the condition of oscillatory motion.
As a result, increased removal of the material could be
anticipated.

From a practical point of view, it is of great impor-
tance to consider the total volume loss of the whole
friction couple (i.e. specimen plus counterspecimen),
which will be directly related to the development of
clearances or leakage. Therefore, the total volume
losses of the friction couples are presented in Figs 3
and 4. It can be seen that when the applied load is
low (FN = 36 N), the ceramic reinforcement in the
MMCs extruded at 5 : 1 brings down the total wear,
while the same reinforcement in the MMCs extruded
at 20 : 1 enhances the wear of the counterspecimen
and thus the total wear although it decreases the wear
of the MMC specimens. Clearly, it is associated with
the angular morphology of the hard ceramic particles
that are strongly abrasive to the cast-iron counterspec-
imen. When the load applied in the wear tests is higher
(FN = 72 N), the total wear is increased because of the
significantly increased wear of the counterspecimen,
although the wear of the MMCs is lower than that of
the matrix alloy. Therefore, in considering the effect of
ceramic particles on the wear resistance of MMCs, one
must take the friction couple as a system. The morphol-
ogy of ceramic particles, their bonding with matrix, the

TABLE V Friction coefficientµ of the PM specimens tested against
grey cast iron counterspecimen under the reference conditions and at
two levels of load (FN=36 and 72 N)

Friction coefficientµ

PM material tested FN = 36 N FN = 72 N

At reduction ratio, 5 : 1
Matrix 0.12 0.35–0.38
Matrix + 10 vol % SiC 0.07 0.28–0.38
Matrix + 10 vol % Al2O3 0.10 0.20

At reduction ratio, 20 : 1
Matrix 0.11 0.20
Matrix + 10 vol % SiC 0.10 0.35–0.39
Matrix + 10 vol % Al2O3 0.12 0.27–0.32

properties of counterspecimen and the load applied will
all influence the total wear.

The values of friction coefficientµ are presented in
Table V. It shows that a much lower friction coefficient
was generated when the lower load was applied (FN =
36 N). In this case,µ stabilizes at a level of 0.11–0.12,
although the MMCs with SiC and Al2O3 reinforcement
extruded at 5 : 1 yield even lowerµ values, i.e. 0.07 and
0.10, respectively.

When the load applied was low (FN=36 N), the PM
materials extruded at 20 : 1 yielded a friction coeffi-
cient at the level of 0.10–0.12. However, at the higher
load (FN=72 N), their friction coefficients moved to
a higher level and also showed a much larger scatter in
the range from 0.20 to 0.39.

The differences in friction coefficient measured at
the different loads may be due to the differences in the
freedom of movement of pulled-out hard particles. At
FN = 36 N, such particles may well be free to roll
between the contacting surfaces, thus lowering friction
and, in some cases, also reducing wear due to the for-
mation of three-body abrasion system [15]. AtFN =
72 N, however, the pulled-out particles may be pressed
into the softer matrix, thus recreating two-body abra-
sion. That results in higher friction and, in most cases,
higher wear. Furthermore, as the friction acts on the
specimens in the direction transverse to the extrusion,
the structural defects induced during extrusion would
act as stress concentration sources. Those located in
the subcutaneous layer may easily link up to result in
plate-like material removal, as shown in Fig. 8, and thus
enhanced wear.

4.4. Tribological tests at 200 ◦C and in oil
Some encouraging results of the wear tests carried out at
room temperature and under the reference conditions,
and the requirements of potential users to test the ma-
terials under closer-to-real conditions, led to the wear
tests at the temperature elevated to 200◦C and in the
Shell THERMIA B oil bath. This particular type of oil
was chosen because of its high durability at elevated
temperatures (up to 380◦C).

The results of the wear tests in the form of volume
loss are presented in Fig. 9 and the friction coefficients
of the PM specimens are given in Table VI.
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TABLE VI Friction coefficientµ of the PM specimens tested against
the grey cast iron counterspecimen in the oil bath at 200◦C and at the
load of FN = 72 N

Friction coefficientµ
PM material tested FN = 72 N

At reduction ratio, 5 : 1
Matrix 0.16
Matrix + 10 vol % SiC 0.14
Matrix + 10 vol % Al2O3 0.18

At reduction ratio, 20 : 1
Matrix 0.18
Matrix + 10 vol % SiC 0.16
Matrix + 10 vol % Al2O3 0.19

Figure 8 Topography of the composite containing 10 vol % SiC ex-
truded at 20 : 1 and tested at room temperature, at the load of 36 N and in
kerosene, after 0.5× 106 cycles, showing plate-like material removal.

Figure 9 Volume losses per contact cycleV/Nc (mm3/cycle× 10−9)
of the PM specimens and grey cast iron (CI) counterspecimen tested in
the Shell THERMIA B oil bath at 200◦C and at the loadFN = 72 N.

Over the whole testing time ranging from 30 to 35 h
(i.e. 3.5–4×106 cycles), the friction coefficients of
the materials remained low. For the PM materials ex-
truded at 5 : 1 and those extruded at 20 : 1, friction co-
efficient was virtually at the same level, i.e. 0.14–0.18
and 0.16–0.19, respectively. In both cases, the friction
force verses time curves were smooth and steady. No
signs of sudden collapse of the lubrication layer could

be detected. This is in agreement with no vibration of
the fretting wear tester or friction-induced noise during
the tests. In addition, neither signs of severe wear nor
interfacial oxidation process could be observed. After
30–35 h testing, the mating surfaces were only slightly
affected by the wear process. They were covered by a
hard-to-remove layer, consisting of dense, dark-brown
remains of the oil and wear products.

Comparison of the data obtained from the wear tests
at the two levels of temperature (see Tables V and VI)
shows that testing in the Shell THERMIA B oil at 200◦C
instead of in kerosene at room temperature leads to
slightly lowerµ-values. Clearly, the Shell THERMIA B
oil at 200◦C provides better lubrication than kerosene
at room temperature.

Again from a practical point of view, the total wear of
the friction couple is given in Fig. 9. It is clear that the
beneficial effect of ceramic reinforcement in terms of
the total wear is indeed obtained under the lubricating
conditions at the elevated temperature. One must how-
ever note the increased wear of the counterspecimen,
which irons out part of the beneficial effect of ceramic
reinforcement. This points out the direction of further
research, i.e. to change the morphology of ceramic par-
ticles in the MMCs for the benefits of the friction couple
as a system.

5. Conclusions
1) The processing window for the consolidation of the
Al-20Si-5Fe-3Cu-1Mg alloy based composites by hot
extrusion is small. The upper temperature limit is im-
posed by incipient melting of the matrix, while the
lower temperature limit is dictated by high deforma-
tion resistance of the MMCs. At 450◦C, the MMCs are
adhesive to tool-steel die and their matrix may not be
ductile enough to withstand the friction. As a result,
stick/slip tearing tends to occur when the combination
of extrusion parameters is inadequate. This problem
should be scrutinized. New die technology applicable
to commercial extrusion of the MMCs should be devel-
oped.

2) The tensile properties of the MMCs are affected
by the value of reduction ratio applied during extrusion.
Hot compaction alone is insufficient for complete struc-
tural integration from loose powders. A value above
5 : 1 should be used. However, increasing the reduc-
tion ratio results in severe structural disturbances of
the matrix alloy around SiC or Al2O3 particles and the
presence of unclosed voids at the longitudinal ends of
clustered particles.

3) The wear resistance of the PM materials is also in-
fluenced by the value of reduction ratio. This influence
is apparent for the PM materials tested in kerosene at
room temperature and for those tested in an oil bath at
200◦C. Enhanced wear resistance is obtainable when
ceramic reinforcement is firmly embedded in the matrix
material. A too high reduction ratio results in decohe-
sion at the interfaces between the matrix and ceramic
reinforcement, which leads to delamination and, finally,
accelerates the wear of the materials.

4) The addition of ceramic reinforcement to the
PM aluminium alloy could increase its wear resistance
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considerably. In general, the wear resistance of the
MMCs depends on extrusion parameters. For example,
the MMCs extruded at 5 : 1 behave better than those
extruded at 20 : 1 with respect to mass loss and friction
coefficient.

5) Further reduction of wear, both for the MMC spec-
imen and non-MMC counterspecimen, is expected to
obtain, when spherical ceramic particles are used for
reinforcement, instead of the current angular ceramic
particles. Smooth surface of spherical particles will lead
to a reduction of the abrasive action of the MMCs on
the counterspecimen, in addition to a reduction of the
stress concentrations in the MMCs. This should have a
positive effect on the total wear of the MMC-containing
friction couple.

6) The machining process for the MMCs should be
optimized in order to minimize stresses induced. This
should also lead to improvement of surface quality and
thus enhanced wear resistance of the MMCs.
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