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Abstract: Using squeeze-infiltration technique, Mg-9Al-1Zn-0.8Ce composite reinforced by graphite particles and Al,O; short fibers
was fabricated. The reinforcing phases combined closely with the matrix and no agglomeration was observed. The microstructure,
hardness and wear property of the composites with the graphite content of 5%, 10%, 15% and 20% were investigated, respectively.
The results reveal that Ce tends to enrich around the boundaries of graphite particles and Al,O5 short fibers, and forms Al;Ce phase.
When the graphite content increases to 20%, the grain size becomes small. Moreover, with increasing the graphite content, the
microhardness of the composites decreases but the wear resistance increases. The graphite which works as lubricant during dry
sliding process decreases the wear loss. At low load, the wear mechanism of the composite is mainly abrasive wear and oxidation
wear; at high load, except that the composite with 20% graphite is still with abrasive wear and oxidation wear, the wear mechanism

of other composites changes to delamination wear.
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1 Introduction

Among the light metals, Mg and its alloys have high
potential in automotive and aerospace industries due to
their low densities and high specific strength[1].
However, its poor resistance to wear and corrosion is a
serious impediment preventing them from being used as
widely as Al alloys[2—4]. Recently, some researches have
been done on magnesium matrix composites containing
particles, fibers or rare earth elements, which exhibit
higher properties than single alloy[5—7]. KUMAR et al[8]
investigated the Mg-SiC composites and discussed the
formation of MgO during the early stage of abrasive
wear. CONTRERAS et al[9] investigated the Al-Mg/TiC
composites and found the aluminum carbide forming at
the interface. Most researches use hard particles like SiC
or TiC particles as reinforcing phase; however,
investigation on self-lubricating magnesium matrix
composites is less. Especially, using graphite as
reinforcing phase which works as lubricant during
sliding is absent[10—13]. In the present work, to make

use of the combination of lubricating graphite and hard
Al,O; short fiber, a set of graphite and Al,O; reinforced
Mg-9Al1-1Zn-0.8Ce magnesium matrix composites were
fabricated. The effects of graphite content on the
microstructure, hardness and wear property were
investigated along with the wear mechanism during the
dry sliding process.

2 Experimental

Mg-9Al-1Zn-0.8Ce alloy was chosen as matrix
alloy. The short fibers with a diameter of 8—12 um and a
length of 300—700 um contained 98.9% Al,O;. The size
of graphite particles was 100—150 pm. The content of
AlLO5 short fibers kept constant at 8% (volume fraction)
and volume fraction of the graphite were 5%, 10%, 15%
and 20%, respectively.

The process of fabricating the composites was
composed of two steps. First, graphite and Al,O; short
fibers were used to prepare the preform. Second, the
molten Mg-9Al-1Zn-0.8Ce alloy was added into the
preform by squeeze-infiltration technique. The pouring
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temperature was 680 C, the applied pressure was 55
MPa and was maintained for 60 s. The worn surface was
analyzed by JSM—6700F scanning electron microscope
(SEM) with an energy-dispersive X-ray spectrometer
(EDS). The pin-on-disc type apparatus MM2000 was
used to test dry sliding wear behavior. In this system, the
test specimen was d6 mm X 12 mm in dimension and the
disc (d70 mm) was made of GCrl5 steel with the
hardness of HRCS55. The disc was kept rotating at a
constant speed of 0.785 m/s, and slid a distance of 376.8
m. The density of sample was measured using the
standard Archimedes method with distillated water. Mass
changes before and after wear tests were used to
calculate the volume wear loss.

3 Results and discussion

3.1 Influence of graphite and Al,O; additions on
microstructure of composites
The optical microstructures of the composites with
different graphite (Gr) contents are shown in Fig.1. It is

revealed that the graphite particles and Al,Os short fibers
combine closely with the matrix, and no agglomeration
and casting defect are observed evidently. The graphite
takes the form of flake and Al,O; short fibers appear in
round and needle shape. Some rod-like phases are found
around the boundaries of graphite and Al,O5 short fibers,
as shown in Fig.1(e). It is Al;Ce phase confirmed by
XRD analysis due to the electronegativity for the reason
that Ce is in preference to form Al;Ce phase with Al. As
the graphite content increases from 5% to 15%, the grain
size changes little; but when the graphite content
increases to 20%, the grains become uniform and the
particle size becomes small. This indicates that in
solidification process more graphite particles which
divide the liquid can provide more nucleate regions and
finally lead to smaller grain size.

3.2 Influence of graphite content on wear resistance
of composites
The microhardness of the composite matrix away
from the graphite and Al,O5 short fibers was measured.

Fig.1 Optical microstructures of composites:
(a) w(Gr)=5%; (b) w(Gr)=10%; (c) w(Gr)=15%;
(d) w(Gr)=20%; (e) Backscattering image of
composite with 20% graphite
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The microhardnesses of the composites containing 5%,
10%, 15% and 20% graphite are HV110.12, HV106.68,
HV90.03 and HV86.17, respectively. The microhardness
decreases with increasing the graphite content. Although
the presence of Al;Ce phase and the effect of fine grain
strengthening can enhance the strength of the matrix, the
graphite particle is still a soft phase which decreases the
strength of the matrix and affects the microhardness.

The variation of wear loss with load of the
composites of different graphite contents is shown in
Fig.2. It is revealed that the wear loss goes up with
increasing load for all composites. At 20 N and 60 N, the
composites with 5%, 10% and 15% graphite have similar
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Fig.2 Variations of wear loss with load of composites

wear losses. At high load their wear losses show different
phenomena and the wear loss of the composite with 5%
graphite increases sharply. The composite with 20%
graphite keeps the best wear resistance. Compared with
the composite with 5% graphite, the wear loss of the
composite with 20% graphite descends by 35% and 40%
at 20 N and 180 N, respectively. This implies that besides
the presence of Al,O; short fibers can increase the
strength of the matrix and bear load, graphite added
delays the changes from mild wear to severe wear and
works effectively at high load[14].

3.3 Wear mechanism of composites

Fig.3 displays the SEM morphologies of the worn
surface and EDS analysis results of the composites with
5% graphite at 20 N and 60 N. At 20 N the worn surface
which has no evident grooves is made up of graphite and
oxide film. It is proved by EDS analysis that the peak
value of oxygen element is high. It is known that at low
load the wear mechanism of Mg alloy is mainly abrasive
wear and oxidation wear, so the worn surface presents
grooves and powder debris[15]. But, there are no clear
grooves on the worn surface of the composites at 20 N. It
is only covered with oxide film. This is because that at
the beginning of the dry sliding process, for the reason of
abrasive wear, the worn surface has slight grooves and
debris. While sliding the graphite smears on the worn
surface, and its lubricating effect decreases the influence
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Fig.3 SEM morphologies of worn surface and EDS analysis results of composites with 5% graphite: (a), (b) At 20 N; (c), (d) At 60 N
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of abrasive wear, so the grooves become less. At the
same time, more friction heat concentrates on the worn
surface, so the worn surface is easier to be oxidized. But,
the test load is not high enough to peel off the oxidative
alloys as they form, so the oxidative alloys form
continuous oxide area and finally the oxidative alloys
mixed with graphite form the oxide film. Other
composites also show the similar phenomenon at 20 N,
and they display similar wear loss at 20 N, as shown in
Fig.2.

After increasing the test load to 60 N, the worn
surface of the composite with 5% graphite shows many
parallel grooves and debris, which indicates the wear
mechanism is abrasive wear and oxidation wear, as
shown in Fig.3(c). At 60 N the test load is high enough to
peel off the oxidative alloys, so it is hard to form large
continuous area of oxide film and the oxidative alloys
take the form of powder debris or extrudes on the edge of
grooves. The EDS analysis result also confirms that the
content of oxygen element on the worn surface is low.

The SEM morphology of the worn surface of the
composite with 5% graphite at 180 N is shown in
Fig.4(a). With increasing the load the worn surface
deteriorates. The grooves become discontinuous; and
some metal chips break off and form stripping hole. But,
the worn surface of the composite with 20% graphite
(Fig.4(b)) is nearly intact. The graphite particles which
still act as lubricant can be also seen on the worn surface.
During the dry sliding process they are extruded from the

worn surface and smear on the surface, then form
graphite film, which improves the wear resistance of the
composite at high load[16—17].

The optical photograph of cross-sectional profile
shows (Fig.4(c)) that the plastic deformation occurs on
the surface layer. The grains next to the surface are
elongated along the contrary side of the sliding direction,
which results in the cracks initiating in sub-surface. At
the same time, the plastic deformation makes some Al,O;
short fibers break up which can no longer bear load and
decrease the strength of the composites. So, the worn
surface is easier to be peeled off and gives rise to wear
debris in flakes. The composite with 5% graphite has
larger strip debris compared with the composite with
20% graphite, as shown in Fig.4(d). Because small debris
influences wear process less, large debris deteriorates the
contact surface. So, large debris speeds up the changes
from mild wear to severe wear.

Although Al;Ce phase which has better thermal
stability than -Mg;;Al;, can prevent the slide of grain
boundaries, the plastic deformation inevitably takes place
at high load. Adding more graphite can provide better
lubricating effect on the worn surface and decrease the
influence of plastic deformation in the sub-surface. So,
the composite with 20% graphite can still keep a low
wear loss at 180 N. At high load, except that the
composite with 20% graphite is still with abrasive wear
and oxidation wear, the wear mechanism of others
changes to delamination wear.

Fig.4 SEM morphologies of worn surface of composites at 180 N: (a) w(Gr)=5%; (b) w(Gr)=20%; (c) Optical photograph of

cross-sectional profile; (d) SEM morphology of debris
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4 Conclusions

1) Graphite particles and ALO; short fibers
reinforced Mg-9Al-1Zn-0.8Ce composites can be
fabricated by squeeze-infiltration technique. When the
graphite content increases to 20%, the grain size
becomes small.

2) The microhardness increases with the decrease of
graphite content. The wear resistance of the composites
increases with increasing the graphite content.

3) At low load, the wear mechanism of the
composites is mainly abrasive wear and oxidation wear;
at high load, except that the wear mechanism of the
composite with 20% graphite is still abrasive wear and
oxidation wear, the wear mechanism of others changes to
delamination wear.
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