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Abstract. Metal matrix composites (MMCs) are considered as important
engineering materials due to their excellent mechanical, as well as
tribological properties. When the metal (or alloy) matrix is reinforced with
two or more reinforcements, those composites are the so-called hybrid
composites. The aluminum metal matrix composites, reinforced with
silicon carbide (SiC) and graphite (Gr), are extensively used due to their
high strength and wear resistance. The tribological characteristics of such
materials are superior to characteristics of the matrix. This research is
presenting influence of the load and the graphite and silicon carbide
contents the composites' wear rate and the friction coefficient.

1 Introduction
Composite materials consist of the matrix, content of which is much greater with respect to
other materials, and the reinforcer(s), i.e. material(s) whose properties result in desired
properties of the composite. Materials that can be used for the substrate, i.e. the matrix of
composites, can be metals, polymers and ceramic materials. If the composite matrix is a
metal, then one speaks about the metal matrix composites (MMC); if the matrix is made of
the polymer material, then such composites are the so-called polymer matrix composites
(PMC); the composites whose matrix is a ceramic material are the ceramic matrix
composites (CMC). Metal matrix composites (MMCs) are the materials with the superior
properties with respect to the conventional materials [1].
Because of the raising necessity for producing materials with better characteristics, than
the existing ones, the investigation of the MMCs is increased in last decades. Usually,
reinforcements of the MMCs are ceramics, which can be in form of particles, whiskers or
fibers. When two or more different reinforcements are incorporated in the metal matrix the
new type of the MMC is developed, called the hybrid metal matrix composite (HMMCs).
[2, 3].
Characteristics of hybrid composites depend on properties of their reinforcements (e.g.
their hardness, size of particles, volume fractions), distribution of the reinforcing phases, as
well as the manufacturing technique. Development of the hybrid MMCs is performed so
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that their performances would be better than those of the conventional MMCs [2, 4]. The
high resistance-to-weight and strength-to-weight ratios, hardness and wear resistance, good
creep behavior, small weight, design flexibility and other good characteristics are the
reason why the HMMCs' application is rapidly growing [5-7].
The most used MMCs are the aluminum matrix composites (AMCs). The fact that
aluminum and its alloys have low specific (volume) weight, high corrosion resistance and
easy processing, is the reason for aluminum to be widely used in industry, in general [4, 8].
Compared to conventional alloys, the AMCs provide many advantages, such as: high
strength, superior high temperature properties, low density, better stiffness, good damping
characteristics, abrasion and wear resistance [8, 9].

2 Types of reinforcements
Characteristics of composites are determined by: type of reinforcement, particle sizes of
reinforcements and volume fractions of reinforcements, microstructure, homogeneity and
isotropy of the system.
As reinforcements in aluminum matrix composites (AMCs) usually are used graphite
(Gr), silicon carbide (SiC), titanium carbide (TiC), titanium diboride (TiB2), alumina
(Al2O3), tungsten carbide (WC), boron carbide (B4C), fly ash, zircon (Zr), silicon nitride
(Si3N4) and some organic wastes such as the rice husk ash, coconut shell ash, palm oil fuel
ash and the sugar cane bagasse. With addition of hard reinforcements (silicon carbide,
alumina, titanium carbide), with respect to the matrix alloy, the hardness, strength and wear
resistance of the composites are improved [10, 11].
Compared to conventional alloys, the SiC particle reinforced AMCs have higher
mechanical strength and wear resistance, due to the fact that SiC particles have high
modulus of elasticity and yield strength, and the base alloy has the low yield strength and
good plasticity [4, 10]. Because of those characteristics, in machining of the composites,
matrix deforms plastically and the SiC particles only deform elastically or break. For the
better tribological characteristics of aluminum matrix composites, as a reinforcements,
commonly are used both SiC and Gr [12, 13].
By combining these two reinforcements with aluminum matrix the hybrid composites
are develop. Those hybrid composites are known as the Al/SiC/Gr hybrid composites.

3 Manufacturing methods
Manufacturing process has a big effect on tribological properties of the Al/SiC/Gr
composite materials. Microstructure, distribution of reinforcement particles and bonds
between the matrix and the reinforcement are influenced by the fabrication process. It can
cause porosity formation, poor wettability and improper distribution of reinforcement.
At the industrial level, there are two groups of basic processes for fabrication of the
aluminum matrix composites: processing in the solid state and processing in the liquid
state.
The solid state fabrication of Metal Matrix Composites is a process, in which the MMCs
are formed due to bonding of the matrix metal and the dispersed reinforcement phase,
which is a result of the mutual diffusion the in solid state, at elevated temperature and under
pressure. The fabrication processes in the solid state include the powder metallurgy
technology, diffusion metallization and the vapor deposition technology. Sintering
fabrication of the Metal Matrix Composites is a process, in which a powder of a matrix
metal is mixed with a powder of the dispersed phase (in the form of particles or short
fibers), followed by compacting and sintering in the solid state (sometimes with presence of
a liquid).
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The liquid state fabrication of Metal Matrix Composites is a process where the
dispersed reinforcement phase is incorporated into the molten matrix metal, what is
followed by solidification. Fabrication processes in the liquid state include stir-casting,
compo-casting, squeeze casting, spray casting and reactive – in situ process.
Selection of the fabrication process depends on numerous factors, like the type and level
of reinforcement load, desired degree of micro-structural integrity etc. [14-16].
Based on review of literature on HMMCs, it was noticed that the beginning of the
Al/SiC/Gr hybrid composites research points to application of the higher weight/mass %
share of SiC particles, as compared to research results of the same composites of the more
recent times. The higher %/mass share of the SiC particles leads to more difficult
manufacturing and processing of the material, since increased content of the ceramic
particles causes increase of the composite's hardness. In the last few years, research of these
composites shows that the content of the SiC particles did not exceed 10 wt %, while the
minimum content was 3% of SiC particles, what improves the manufacturing and
machining of the Al base hybrid composites, without compromising their mechanical
properties.
Researchers have also studied tribological behavior of the Al/SiC/Gr composites, by
application of the statistical methods with smaller number of experiments like the Taguchi
method, the Analysis of Variance (ANOVA), the Full Factorial Method, Response Surface
Methodology, Center Composite Design, Taguchi Grey Analysis and Artificial Neural
Network.

4 Influence of the load and reinforcement
composites' tribological properties

content

on

Infiltration of the reinforcement particles into the metal matrix affects the tribological and
mechanical properties of the composite materials. Depending on various requirements of
the industry, the volume shares percentages of SiC and Gr are being combined, as well as
sizes of the reinforcing particles.
Generally, the friction and wear properties of composites also depend on the shape and
distribution of hard or soft particles filled in the matrix. Hard particles increase the strength
and wear resistance of composites, but decrease their ductility, whereas the soft particles
acting as lubricant decrease the coefficient of friction [17, 18].
Tribological behavior of specimens made of the Al/SiC/Gr composites were studied by
conducting the dry sliding wear test, mainly on the pin-on- disc tribometer. The wear test
parameters were within the following intervals: load between 10 N to 60 N, sliding speed
from 1 m/s to 3 m/s, the sliding distance up to 1000 m. The size of the reinforcement
particles varied from nm for SiC to mm for Gr.
The effect of load on the wear rate of the Al/SiC/Gr composites, with different weight
percentage of SiC particles, in the presence of graphite, is shown in Figure 1.
Based on the diagram in Figure 1, one can conclude that the wear rate increases with the
load increase. Increase of the SiC reinforcing particles volume share in the hybrid
composite, on the other hand, causes reducing of the wear rate, since the hardness of the
composite material is increased. The sliding speed increase, for the same experimental
conditions (the same load and the sliding distance), causes decrease of the wear rate.
The effect of the load on coefficient of friction of the Al/SiC/Gr composites, with
different weight percentage of SiC particles, in the presence of graphite, is shown in Figure
2.
In addition, the effect of load on coefficient of friction of the Al/SiC/Gr composites with
different weight percentage of Gr particles and fixed 5 wt % SiC is shown Figure 3.
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Fig. 1. The effect of load on the wear rate of the Al/SiC/Gr composites with different wt % of the SiC
particles and fixed 1 wt % Gr [13, 19-20].

Fig. 2. The effect of load on coefficient of friction of the Al/SiC/Gr composites with different weight
percentage of SiC particles and fixed 5 wt % Gr [21-24].

From diagram in Figure 2, one can notice that the friction coefficient increases with the
load increase, as well as with the SiC particles volume share increase. The sliding distance
has the same effect, as well, while the sliding speed increase causes decrease of the friction
coefficient of the composite material.
From diagram in Figure 3 one can notice that the coefficient of friction increases with
increase of the load, as well as that the sliding distance increase cause increase of the
coefficient of friction. It can also be concluded that the friction coefficient increases with
increase of the Gr reinforcing particles.
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Fig. 3. The effect of load on coefficient of friction of the Al/SiC/Gr composites with different wt % of
the Gr particles and fixed 5 wt % SiC [15, 25].

5 Conclusions
Though the composite materials were known for a long time and were used for thousands
of years, their research is intensified and well invested in only in recent times.
Improvement of properties of the Al/SiC/Gr hybrid metal matrix composites (HMMCs)
is strongly dependent on the nature of the reinforcement, its hardness, particles sizes,
volume share and uniformity of dispersion within the matrix and the method of hybrid
production.
The quality of the hybrid metal matrix composites (HMMCs) can also be improved by
the manufacturing process itself, with the proper choice of the production parameters (the
pouring temperature, stirring speed, preheating temperature of reinforcement etc.).
The hybrid composites generally have better tribological properties than the
conventional composites.
Adding of the hard reinforcer – ceramic materials (SiC) – causes increase of composite's
mechanical and tribological properties with respect to the same properties of the base
aluminum alloy (hardness, tensile strength, toughness, wear resistance and corrosion
resistance).
Adding the second, soft reinforcer – graphite (Gr) – causes decrease of the friction
coefficient and improves the machinability of the hybrid composites.
Thus, one can conclude that the adequate combination of the manufacturing process,
reinforcement material, its content and size of its particles, can result in optimal tribological
properties of the aluminum based hybrid composites that are much better than properties of
the conventional composites.
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