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 The use of different kind of composite materials is in constant growing over the years, because 
they have better physical, mechanical and tribological properties comparing to matrix materials. 
Composite materials based on light metals like Aluminium, Magnesium and Zinc, due to their low 
density, find application in many industries. 
In automotive industry they are used for pistons, cylinders, engine blocks, brakes and power       
transfer system elements. 
This paper considers the tribological properties of Al-based MMCs as a function of the 
manufacturing technologies and variation of shape, dimension and percentage of reinforcement 
material. 
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1. INTRODUCTORY CONSIDERATIONS 

Composite material is a mixture of two or more 
materials or phases of the same material, insoluble in 
one another, possessing properties which are 
superior to any of the component materials. 

Volume fraction of component materials should be 
above 5 % of total volume and their properties must 
be different from one another. Usually, volume 
fraction of one material is significantly higher than 
the volume fractions of the others and that material 
is called � matrix. Matrix can be ceramic, metal and 
polymer. 

Reinforcements are usually fibres or particles of 
different orientation and shape (Fig. 1). The arrangement 
of the particles can be random, in most cases (Fig. 1a), 
or preferred, in the shape of sphere, cube or any close-
to-regular geometrical form. 

A fibrous reinforcements are characterized by its 
length and diameter so we distinguish, long 
(continuous) fibres (Figs. 1d and 1e) and short 
(discontinuous) fibres - whiskers (Figs. 1b and 1c). 
Arrangement can be, as well, preferred (Fig. 1b) and 
random (Fig. 1c), and often the direction of fibres is 
changed from one layer to another (Fig. 1e). Hybrids 

are a newer type of composites and there we have 
two or more fibre types, or combined fibres and 
particles, mixed throughout the layers or in the same 
layer. 

Two mostly used reinforcements are silicon carbide 
(SiC) and alumina (Al2O3), and variation of their 
shape, dimension and percentage have a great 
influence on the properties of MMCs. 

 

Figure 1: Shape and arrangement of reinforcements 
in composite materials 

The use of different kind of composite materials is in 
constant growing over the years, because they have 
better physical, mechanical and tribological 
properties comparing to matrix materials. 
Composites based upon light metals, aluminium, 
magnesium and zinc, grace to their low density, are 
being applied in many industries, including the 
automotive. Among all these, aluminium based 
composites might be the most frequently used ones 
and extensive research has been performed on 
possibilities of their use for manufacturing of the 
tribomechanical components, so they will be 
analysed in the following text as representatives of 
the light metals based composites. 
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2. TECHNOLOGIES OF 
MANUFACTURING THE AL-BASED 
METAL MATRIX COMPOSITES  (AL 
MMCS)

The Al MMCs are generally manufactured either by 
the powder metallurgy technique or some of the 
castings methods. 

By using the powder metallurgy technique one can 
obtain the composite materials of the best 
mechanical and process properties. The shortcoming 
of this technique is its high cost, compared with the 
casting methods, so today it is used for 
manufacturing the specially assigned parts. Need for 
obtaining low cost products that can be produced in 
large series has induced the need for development 
and application of several casting methods [1, 2]. 

In order to attain favourable mechanical and process 
properties of the composite material it is necessary 
to ensure maximal transfer of properties between the 
matrix and reinforcement. The most important 
conditions to achieve that are attaining a sufficient 
bond between the matrix and the reinforcement and 
providing maximal strength between the matrix and 
the reinforcement [3]. 

Up to date, several casting techniques have been 
developed. Some of them (squeeze-casting, 
compocasting and vortex) are widely used in parts 
production. Others, like the centrifugal method, 
method of producing metallic foams and the 
directional solidification method, are, currently, in a 
limited extent use [1, 4, 5]. 

Squeeze casting method 

The oldest and today the most frequently used 
method, primarily in the automotive industry, is 
squeeze casting. The principle schematic of this 
method is given in figure 2 [1]. 

 

Figure 2: Scheme of the squeeze casting method 

 

It is based upon the principle that melt of the matrix, 
metal or alloy, at high pressure (over 100 MPa) fills 
all the pores and channels of the preform, which 
should be porous enough to ensure optimal filling. 
This can assure favourable bond between the matrix 
and the reinforcement. Preforms are made of fibres 
or particles of reinforcement materials [1, 4]. 

A characteristic of this method is that liquid�solid 
phase change is very quick. Consequence of the non-
equilibrium solidification is that favourable fine grain 
composite structure is attained. 

Besides the favourably arranged reinforcement within 
the matrix and the strong bond between the matrix and 
the reinforcement, this method ensures smooth surface 
of the product as well. Since pressing operation is very 
rapid, high productivity is ensured that is of high 
practical significance. Shortcomings of the method are 
need for costly tools (tools withstanding high pressure 
and high temperature), and additional cost for tools 
maintenance, since each damage of a tool induces an 
error in product dimensions [1, 4]. 

Compocasting method 

Compocasting method, together with rheocasting 
and thixoforming methods, belongs to the group of 
SMF (Semi Solid Forming) technologies that 
include reformation of hyper- and hypo-eutectic 
alloys in the semi-solid state [1, 6, 7]. Semi-solid 
melts exposed to shear forces behave as 
pseudoplastic non-Newtonian fluids, i.e. their 
viscosity varies depending upon the intensity of 
these forces [8]. This phenomenon enables 
infiltration of the reinforcement particles into the 
metallic matrix followed by the entrapment of 
particles or fibres and escaping to solve the 
wettability problem at the matrix-reinforcement 
boundary. 

Compocasting method has several qualities. It is 
performed at lower operation temperatures and 
pressures compared to, e.g. squeeze casting method. 
This saves energy and extends the tool life. It 
enables favourable distribution of the reinforcement 
by varying the shear rate � mixing rate ratio. Also, 
optimal combination of parameters, as shear rate and 
cooling rate, can result in a favourable structure. 

The main shortcoming of this method is its non-
applicability for obtaining composites with the 
matrix out of pure metals and - eutectic alloys. 
However, in the area of producing the composites 
with the matrix based on alloys with the appropriate 
temperature semi-solid region, it is considered as 
one of the most prospective casting methods [1, 5, 6, 
7]. 



Tribology in industry, Volume 26, No. 3&4, 2004.  33

Vortex method (Stirr casting) 

Schematic of Vortex method is given in fig. 3 (in the 
pouring-through-bottom variant) [9]. 

Infiltration of the reinforcement is performed into 
the overheated melt (above the liquidus temperature 
analogously to classical casting), with stirring for 
attaining their favourable distribution. It is simply to 
perform and very productive. It is used mostly for 
producing composite casts, with pure metal and 
eutectic alloys matrices. Advantage of the Vortex 
method is enabling production of low price casts � 
composites of complex configuration and thin walls 
(large series, use of sand moulds, molds etc.) [1, 9]. 
Its basic limitation is necessity of solving the 
problem of reinforcement particles wettability in the 
matrix melt. 

 

Figure 3: Scheme of Vortex method  

 

3. PHYSICAL AND MECHANICAL 
PROPERTIES OF AL MMCS 

Coefficient of thermal expansion is an important 
property for many applications and it is lower for 
composite materials compared to the matrix. This 
reduction is, partially, due to the fact that the 
coefficient of thermal expansion of reinforcement is 
two to three times less than its value for the matrix 
material. It should be noted that if the reinforcement 
is in the form of fibres, the coefficient of thermal 
expansion of the composite won't be the same in the 
direction of fibres and perpendicular to fibres. 

Basic properties of SiC and Al2O3, the two most 
frequently used reinforcements, are given in table 1, 
and their influence on the mechanical properties of 
composites is given in table 2, showing the 
comparative values for some Al alloys with and 
without the reinforcement. 

Table 1. Basic properties of SiC and Al2O3 
reinforcements[10, 11] 

Reinforcement
Density, 
kg/m3 

Young�s 
modulus, 

MPa x 
103 

Tensile 
strength, 

MPa 

Fibres Al2O3 3900 380 1400 

Fibres Al2O3* 3300 380 1800 

Particles SiC 3210 370 - 

Fibres SiC** 2600 250 2200 

Fibres SiC** 2400 280 2000 

 *Al2O3: 95 %; Al2O3 + SiO2: >99 % 

 ** different manufacturers materials 

 

Generally, all physical and mechanical properties of 
composite materials are better compared to the 
matrix material, although when comparing the 
results one should keep in mind that Al MMCs are 
heterogeneous and often anisotropic materials. 
Young�s modulus, for instance, measured in 
direction of reinforcement fibres is higher than for 
composites with particulate reinforcement, for the 
same volume of reinforcement. If Young's modulus 
is measured in direction perpendicular to fibres - the 
case is reversed. 

Yield stress and tensile strength mostly increase with 
increasing volume fraction of reinforcement, although 
this is not necessarily the rule and for each particular 
use the optimal volume fraction of reinforcement 
should be determined. 

Ductility of composite materials is far lower than for 
the matrix material. Among the factors which may 
play a role in this effect are matrix-reinforcement 
interface properties and possible reactions, the 
homogeneity of the reinforcement dispersion, the 
surface properties of the reinforcement, the 
cleanness of the matrix, the reinforcement and the 
whole processing route. Presence of porosity in the 
material additionally lowers the ductility. 
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Table 2. Mechanical properties of Al based alloys with and without the reinforcements[12, 13, 14] 

Alloy 
Young�s modulus, 

MPa x 103 
Yield stress, 

MPa 
Tensile strength, 

MPa 
Elongation, % 

1050A 
1050A + 20% SiC 
1050A + 20% SiFe 
1050A + 20% Al2O3 

1050A + (10% SiFe-10% 
Al2O3) 

- 
- 
- 
- 

71,5 
122,7 
120 
80,9 
153 

134,2 
212,3 
191,2 
167 
262 

21,6 
12,5 
15,9 
17,3 
15,4 

2014 (T6) 
2014 + 10% Al2O3 (T6) 
2014 + 15% Al2O3 (T6) 
2014 + 20% Al2O3 (T6)

73 
84 
92 

101 

427 
483 
476 
483 

496 
517 
503 
503 

13 
3,3 
2,3 
1,0 

2124 + 20% SiC (T4) 
2124 + 25% SiC (T4) 

105 
116 

405 
490 

560 
630 

7,0 
2�4 

2618 (T4) 
2618 (T651) 
2618 + 15% SiC (T4) 
2618 + 15% SiC (T651) 

70 
70 
94 
95 

222 
418 
254 
484 

470 
445 
482 
503 

16,4 
7,2 

12,3 
4,1 

A356 (T6) 
A356 + 10% SiC (T61) 
A356 + 15% SiC (T61) 
A356 + 20% SiC (T61) 

- 
82 
91 
98 

230 
287 
329 
336 

290 
308 
336 
357 

13 
0,6 
0,3 
0,4 

4047 
4047 + 4 % C  
4047 + 12% Al2O3  
4047 + (4% C-12 % Al2O3) 

57,5 
64,2 
71,5 
79 

- 
- 
- 
- 

303 
250 
301 
287 

- 
- 
- 
- 

6061 (T6) 
6061 + 15% SiC (T6) 
6061 + 20% SiC (T4) 
6061 + 25% SiC (T4)
6061 + 10% Al2O3 (T6) 
6061 + 15% Al2O3 (T6) 
6061 + 20% Al2O3 (T6)

69 
91 
98 

115 
81 
87 
98 

286 
342 
405 
430 
296 
317 
359 

310 
364 
460 
515 
338 
359 
379 

12 
3,2 
7,0 
4,0 
7,5 
5,4 
2,1 

 
4. TRIBOLOGICAL BEHAVIOUR 
    OF AL MMCS 

Numerous authors have investigated tribological 
properties of Al-based composite materials and have 
analysed different impacts. 

First of all, influence of the type and properties of 
materials was analysed. Aluminium and its alloys: Al-
Cu, Al-Si, Al-Mg-Si and Al-Zn were mostly used as 
the matrix, and SiC and Al2O3 of different size and 
volume fraction were mostly used as the 
reinforcements. Influence of additives (graphite) and 
surface roughness was analysed as well. 

Aside from analysing the influence of different 
materials and composite manufacturing processes, 
investigations were performed on influence of 
different conditions (pressure, temperature, type of 
relative motion, with and without the lubricant). 

Unfortunately, different authors have led 
investigations under different conditions, and this 
makes comparison of their results very difficult. A 
possible solution for comparison of results is use of 
wear mechanism maps. An example of such a map 
for 6061 Al-alloy reinforced with SiC whiskers is 
given in figure 4 [15]. 

Role of wear mechanism maps is in the approximate 
prediction of material behaviour and in comparison 
of results of the experiments depending on the 
testing conditions (normal load and sliding speed). 

Differences in testing conditions can be overcome by 
establishing correlations of normalized values of 
testing parameters (wear rate, load and sliding speed) 
with the influential factors. 

 



Tribology in industry, Volume 26, No. 3&4, 2004.  35

 

Figure 4: The empirical wear-mechanism map for Al 
alloy 6061 reinforced with SiC whiskers 

Figures 5 and 6 shows how the normalized wear rate 
and normalized coefficient of friction depend on 
volume fraction of reinforcement in different Al 
alloys [13]. 

Normalized wear rate (composite wear rate / matrix 
wear rate) decreases with the increase of 
reinforcement volume fraction, and limit after which 
this becomes apparent is about 20 % [13, 16, 17]. 
Similar dependence on reinforcement volume 
fraction is obtained for the normalized coefficient of 
friction. Increase of reinforcement size reduces the 
wear rate as well (fig. 7) [18]. 

 

Figure 5: Normalized abrasive wear rate of some Al 
composites reinforced with hard particles 

 

Figure 6: Normalized coeff. of friction of some Al 
composites reinforced with hard particles 

 

Figure 7: Dependence of specific wear rate and 
diameter of SiC particles for Al-Si-Cu alloy 

This is characteristic for testing conditions where 
abrasive wear was dominant. Softer metal matrix 
material is usually worn away first, leaving the 
protrusions of the hard second phase of particulates 
or short fibre reinforcement which protect the metal 
matrix from further wear. For a certain critical 
volume fraction of the reinforcement, the metal 
matrix will be completely protected (fig. 8). Increase 
of the volume fraction and size of reinforcement 
both reduce the plastic deformation in the layer 
below the worn surface, which reduces the adhesive 
wear of the composite. 

 

Figure 8: Schematic illustration of hard second 
phase particles protecting the ductile matrix from 

abrasion 

Volume fraction of reinforcement can have opposite 
effect as well, i.e. its increase can induce the 
increase of the wear rate.

A group of authors from China [11] have varied 
volume fraction of Al2O3 fibres in the Al alloy 4047, 
in order to determine their optimal content. The 
account was taken of the dual effect of increasing 
the content of Al2O3 fibres (fig. 9). Higher content 
increases strength, load-bearing capacity and 
thermal stability and reduces plastic deformation of 
the matrix i.e. reduces the wear rate (  W1), but 
higher content increases the probability for fracture 
and comminute of Al2O3 fibres, their spalling from 
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the surface and abrasion, i.e. increased wear rate (  
W2). The lowest value of the total wear rate (  W) 
was obtained for the 12 % volume fraction of Al2O3 
fibres. 

 

Figure 9: The schematic diagram of dual-effect of 
Al2O3 fibres on wear rate of Al alloy 4047 

Influence of normal stress and contact temperature is 
such that their increase induces a steady wear rate 
increase, which is lower for composite materials 
than for the matrix material. Also, the appearance of 
critical values of load and temperature, above which 
the wear rate increases sharply, has been noted (figs. 
10 and 11). 

 

Figure 10: Dependence of wear rate on normal load 
for Al alloy 4047 [11] 

At normal loads above the critical value, 
reinforcement is being fractured and separated from 
the matrix, and acted like abrasive, at temperatures 
above critical the surface layers soften and tested 
materials suffer the adhesive wear. 

Presence of graphite in composites reduces the wear 
rate and coefficient of friction because graphite acts 
as lubricant when it is in contact area exposed to 
load [11, 18]. 

 

Figure 11: Dependence of wear rate on contact 
temperature for Al alloy 1050A [12] 

A more detailed review of the used apparatus, 
materials and testing conditions can be found in the 
paper written by A. Vencl and A. Rac [19]. 

 

5. APPLICATION OF AL MMCS IN 
AUTOMOTIVE INDUSTRY 

Basic requirements in engine industry, which are 
major driving forces for developing and 
implementing new materials, are reduction of fuel 
consumption and vehicle emissions. Aluminium and 
other light metals have lower density compared with 
the standard materials used in engine industry (grey 
cast iron and steel). Their utilization reduces mass, 
and increases the efficiency, and thus satisfies the 
basic requirements on fuel economy and vehicle 
emissions. 

Unfortunately their tribological properties are not 
satisfactory, which limits their application in 
manufacturing the tribomechanical components. One 
of the possible solutions for this problem is use of 
Aluminium Metal Matrix Composites (Al MMCs). 
These materials, although being primarily developed 
for the needs of airplane and space industry, find an 
increased application in automotive industry, where 
they are utilized for manufacturing pistons, 
cylinders, engine blocks, brakes and power transfer 
system elements. 

The present state and possibilities for wider 
application of Al MMCs have been reviewed in 
numerous studies and papers [13, 20, 21, 22]. 

Toyota Motor Co. developed in 1985 a diesel engine 
piston, in which a discontinuous fibre preform of 
Al2O3, was infiltrated by squeeze casting into 
aluminium matrix [13]. 

Similar process, since 1990, is employing for 
producing the Honda Prelude 2,3 litre engine, in 
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which the cylinder liners, consisting of a hybrid of 
graphite and alumina fibres, were infiltrated during 
casting of the engine block. Wear resistance is 
superior to cast iron with a 20 % weight reduction of 
the engine block [21]. 

Aluminium MMC brake drums and rotors have been 
used in light-weight vehicles such as Lotus Elise, 
Volkswagen Lupo 3L, Chrysler Plymouth Prowler 
and General Motors EV-1. Advantage of weight 
savings (50 - 60 %), higher wear resistance, and 
higher thermal conductivity was achieved [13, 21]. 

Some global market studies show that, in 1999, the 
overall MMC market (not just aluminium-based) 
grew by 62 % of the volume in ground 
transportation applications. That studies projects that 
by 2004, this grow will continue at an average 
annual rate of 14,1 % [20]. 

6. CONCLUSION 

Aluminium alloys have favourable physical and 
mechanical properties, primarily low density, but 
their tribological properties are unsatisfactory. One 
of the solutions is reinforcement of the basic alloy 
(matrix) and formation of composites. Most 
frequently used composites, in automotive industry, 
are Al-based alloys with silicon as the main alloying 
element reinforced with SiC and Al2O3. 

These composite materials are produced by several 
standard technologies. Investigations are led aiming 
their improvement and cheaper production of 
composites with better properties. 

The existing composite materials, compared to the 
matrix, have shown better physical, mechanical and 
tribological properties (wear resistance and 
coefficient of friction) both at room and at elevated 
temperatures. Investigations were mostly model-type 
and they have led only to correlations among the 
quantities, the real results can be obtained only in 
service-type investigation. The investigations of 
properties depending upon the counterpart contact 
material are less numerous but also relevant for 
creating the complete image of a material behaviour. 

Use of composite materials in automotive industry is 
still increasing. Up to date, they have been used for 
manufacturing pistons, cylinders, engine blocks, 
brakes and power transfer system elements. 
Performance benefits of using the Al MMCs in 
automotive industry are reduced weight and improved 
wear resistance, together with better thermal 
conductivity comparing to the traditional materials 
(steel and gray cast iron). In the future, applications of 
Al MMCs are likely to continue to grow because of 
the continuing pressures to reduce vehicle weight and 

levels of vehicle emissions and to increase fuel 
economy. 
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