
1. Introduction 

Composites based on the aluminium alloy matrix 
reinforced with ceramic particles (silicon carbide and/or 
graphite) offer many additional features as compared to the 
base alloy without reinforcement. The additional characteristics 
include high hardness and compressive strength, better 
resistance to wear and lower coefficient of thermal expansion, 
all of which predispose the composite materials for use in 
aerospace, military and automotive applications [1-6]. The 
increasing interest in this type of materials is dictated by the 
satisfactory strength-to-density ratio, combined with high 
tribological properties compared to the alloy matrix without 
reinforcement. The performance properties of composite 
products (pistons, bushings, bearings, disks), especially the 
resistance to wear under friction, depend mainly on the type, 
size, shape and content of the reinforcing particles [5-9].

When an composite element based on the alloy reinforced 
with particles of, for example, SiC is designed to cooperate 
with another element made of metal, a rapid surface wear due 
to friction can be expected [10]. One of the possible means to 
protect the surface against the effect of friction is by the use of 
lubricant. The lubricant used most commonly is graphite. In 
places hard to access where the lubricant can not be applied, 
the composite structure is enriched with particles of graphite 
(GR) [11-14] or glassy carbon (Cg) [15-18]. As a result of this 
addition, when the composite is rubbing against a metal part, 
the effect of self-lubrication is triggered, reducing thereby the 
wear due to friction. Among the numerous examples of such 
applications are composite piston assemblies based on an 
aluminium alloy with hybrid-type SiC + Cg [3,18] or SiC + 
GR [14] reinforcement.

The aim of this study was to characterize the structure of 
cast composites based on  the AlSi7Mg2Sr0.03 alloy matrix 
reinforced with SiC and GR particles and determine the effect 
of SiC and GR particle morphology on mass loss during 
abrasion testing.

2.  Materials and experimental methods

Tests were carried out on composite pistons produced by 
casting in semi-technical scale at the Złotecki Ltd. Company 
[19, 20]. To prepare a composite suspension, the base AlSi7Mg 
alloy was used. The alloy after melting at 720°C was refined 
with argon jet flowing at a rate of 2l/h. Modification of the 
chemical composition of alloy matrix was accomplished 
with AlMg25, AlSr master alloy (Table 1) (Fig 1a). For the 
composite reinforcing phase, particles of silicon carbide (SiC) 
(Fig 1b) and a hybrid mixture of SiC+GR were selected (Fig. 
1c). The average dimensions of SiC and GR particles were 
38mm and 19mm, respectively.

Pistons were cast from the AlSi7Mg2Sr003 alloy-based 
composites with 10 vol % SiC and 10 vol % SiC+10 vol % GR. 
To reveal the macrostructure, castings were cut through the 
gating system and riser. As a next step, specimens were cut out 
from the castings and metallographic sections were prepared. 
The metallographic sections were prepared using abrasive 
papers and polishing cloth. The process of polishing specimens 
reinforced with particles of SiC and Gr required a significantly 
longer time than specimens from standard aluminum alloys 
which were related to numerous problems in structures. The 
composites were examined under an Olympus GX70 light 
microscope (LM) and by scanning electron microscopy (SEM) 
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with chemical analysis in microregions (EDS) using Inspect 
f50 and Philips XL30 microscopes. Abrasion resistance tests 
were performed on a Taber Abraser 5155 device monitoring the 
mass loss after 1000 and 5000 abrasion cycles on 10 samples 
of the selected material. For both composites, abrasion tests 
were done under the same conditions ((h18 abrasive wheels 
(DB 09A1) load of 500g, 70% suction force, rotating speed 
of 60 rev/min). On each composite, tests were performed for 
statistical purposes using 10 specimens taken from different 
cast pistons.

3. Results and discussion

Studies were carried out on pistons cast samples 
from the AlSi7Mg2Sr0.03/SiC and AlSi7Mg2Sr0.03/SiC 
+ GR composites. In both composites, SiC particles were 
distributed evenly in the examined area of the sample (Fig. 2). 
Occasionally, small cracks were visible probably due to the 
technique by which the metallographic section was prepared. 
The examinations showed an even distribution of graphite 
in the hybrid composite. Because there were no clusters of 
particles, and the distances between particles were arranged 
in similar intervals, thus it can be concluded that both studied 
composites were homogeneous.

a)           b)

 
Fig. 2 The structure of composites: a) AlSi7Mg2Sr0.03/SiC and b) 
AlSi7Mg2Sr0.03/SiC+GR

The characteristic shape of particles and of the SiC/
graphite particles - matrix interface was examined by high-
resolution scanning electron microscopy. The intefaces 

between SiC particles and composite matrix were of an 
angular shape with distinctly drawn outlines (Fig. 3). In most 
cases, the particles were well embedded in the matrix and 
their boundaries were angular in shape. Occasionally, some 
places in the particle-matrix interface showed the presence 
of silicon eutectic, brittle iron phases, Mg2Si compounds and 
small loose fragments, which were probably formed during 
the specimen preparation. Linear chemical analysis of the 
particle-matrix interface has revealed, in addition to Al and 
Si also the presence of Mg. In the direction towards the 
particle and ahead of the particle, a high content of Mg was 
reported. The presence of Sr was not traced in the particle-
matrix interface. Mg and Sr were added to the AlSi alloy to 
improve wetting of the ceramic particles in aluminium alloy 
matrix [21]. Own studies done in [22] demonstrated the 
presence of Al-Mg-O spinel formed in the phase boundary 
and playing the role of a “bridge” connecting both materials. 
Moreover, the formation of spinel layer and/or oxides at the 
Al/SiC interface has been described by many authors [23-
27]. There is a suspicion that in this case formed spinels 
Al-Mg-O around the SiC particles but during the casting 
process were detached from the border and have moved to 
form small (white imaged by SEM) inclusions around the 
particles (Fig. 3 and 4).

Graphite particles were characterized by a well developed 
boundary (Fig. 5). Their shape did not resemble a solid body 
but rather a partially smeared inclusion. The smearing effect 
was caused by the technique of the metallographic section 
preparation. The metallographic sections were prepared 
using abrasive papers and polishing cloth. The process of the 
metallographic section preparation also contributed to the 
occurrence of voids from which, most probably, the particles 
of both SiC and GR “fell out”. The linear analysis of the 
distribution of elements in the GR particle-matrix interface 
showed a pronounced increase in the Si content and a small 
increase only in the Mg and O content. The increased silicon 
content ahead of the phase boundary might be due to the 
presence of Si lamellae included in the composition of the AlSi 
alloy eutectic. Small increase in the Mg and O content proves 
low degree of enrichment of the GR particle-matrix interface 
in magnesium and/or magnesium oxides. No increase of the 

TABLE 1
Chemical composition of the composite matrix [wt.%]

Si Fe Cu Mn Mg Ti Sr B
AlSi7Mg2Sr003 9.04 0.355 0.266 0.245 2.35 0.114 0.044 0.0011

a)   b)   c )
Fig.1 The structure of base materials used for the composite fabrication: a) AlSi7Mg2Sr003 alloy matrix, b) SiC particles, and c) GR particles.
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Sr content was traced in the phase boundary with either SiC 
or GR particles.

 

Fig. 3 The structure of AlSi7Mg2Sr0.03/SiC composite with linear 
chemical analysis

Element Weight % Atomic %
C K 13.28 25.81
O K 0.63 0.91
MgK 0.97 0.93
AlK 47.21 40.84
SiK 37.92 31.51

Fig. 4 Small inclusions around SiC particles

Abrasion resistance was examined by Taber abrasion test, 
which showed different mass loss values for the base alloy 

matrix and composite material (Table 2, Fig. 6). The average 
mass loss after 1000 cycles was 5.33 mg for the composite 
containing 10% SiC, which was 6,2 mg lower of the average 
mass loss (11,5 mg) obtained for a hybrid composite with 10% 
SiC and 10% GR. Compared to the base AlSi7Mg2Sr0.03 
alloy (29,5 mg), the mass loss in the composite with 10% SiC 
was 24,2 mg lower, while in the hybrid composite it was 18 
mg lower. After 5000 cycles, the mass loss was observed to 
increase for the base alloy matrix and both composites tested. 
The mass loss assumed the highest value in the base alloy and 
amounted to 122.9 mg. In the tested composites after 5000 
cycles, the mass loss was higher compared to 1000 cycles. In 
a composite with 10% SiC, the mass loss was 13.6 mg (8,3 mg 
higher compared to 1000 cycles) , while for a hybrid composite 
it was 19.9 mg (8,4 mg higher compared to 1000 cycles).

 

Fig. 5. The structure of AlSi7Mg2Sr0.03/SiC + GR composite with 
linear chemical analysis

As a result of abrasion test made on 10 samples of each 
material, the average mass loss and standard deviation were 
calculated. Analysis of the results showed differences in the 
standard deviation obtained for each material (Fig. 6). The 
lowest scatter of the results of the mass loss measurements 
after 1000 cycles was observed in the hybrid composite. With 
the number of cycles raised from 1000 to 5000, an increased 
scatter of the results has occurred in  the tested composites. 
After 5000 cycles, the scatter of the results was the lowest in 
the composite containing 10% SiC in compare to analysed 
materials. The higher scatter of the results in the tested 
materials after 5000 cycles was probably due to the presence of 

TABLE 2
The average mass loss obtained in Taber abrasion test

Cycles\Material AlSi7Mg2Sr0.03 AlSi7Mg2Sr0.03/SiC AlSi7Mg2Sr0.03/SiC+GR

1000 29,5 mg ±7,6 mg 5,3 mg ±1,1 mg 11,5 mg ±0,8 mg

5000 122,9 mg ±10,7 mg 13,6 mg ±3,5 mg 19,9 mg ±4,7 mg



402

two factors, the first one associated with the abrasion process, 
i.e. maintaining a uniform pressure and disposal of the wear 
products, and the second related to material homogeneity. 

Fig. 6 Mass loss observed in the tested materials after 1000 cycles and 
5000 cycles with standard deviation marked in the diagram.

a)           b)

 
Fig. 7 The surface of composites after abrasion test (5000 cycles): 
(a) AlSi7Mg2Sr0.03/SiC and (b) AlSi7Mg2Sr0.03/SiC + GR. White 
circles indicate the crushed SiC particles.

Subsequently, an analysis of the sample surface after 
the abrasion test was carried out (fig. 7). visible in the 
photograph (Fig. 7a) topography has wider and deeper 
furrows in comparison to the topography shown in Figure 
7b. More detailed examinations also show the effect of 
particle disintegration taking place in this particular case, and 
crushed particles penetrating  the matrix material with their 
angular and sharply outlined edges. The process of abrasion 
proceeds in this case with more difficulty because crushed 
particles are moving along the plastic surface of the matrix, 
leaving deep furrows. The situation was different in the case 
of a hybrid composite containing 10% SiC and 10% GR. 
The furrows were shallow probably due to the presence of 
graphite, which facilitated sliding over the abraded surface. 
In measuring the average width of furrows on SEM it shows 
that the composite with 10% SiC have wider furrows which 
were 3.14 μm than in the hybrid composite wherein has 
been found furrows with a width of 1.35 μm. Graphite in 
the structure of the composite reinforced with SiC tended to 
penetrate the crushed SiC particles, acting as a “lubricant”. 
Figure 8 shows a particle of SiC smeared with graphite after 
the preparation of a metallographic section as confirmed by 
performing point chemical analysis on EDS in the lubricating 
area on SiC particle and on the particle. The fine particles of 
SiC tried to penetrate the alloy matrix but 

 

Spot 2
Element Weight % Atomic %

C K 24.78 43.5
AlK 0.67 0.52
SiK 74.56 55.98

Spot 3
Element Weight % Atomic %

C K 23.02 40.82
AlK 0.96 0.84
SiK 76.01 58.34

Fig. 8 Graphite-smeared SiC particle present in the AlSi7Mg2Sr0.03/
SiC + GR hybrid composite

having much lower force of adhesion fell out and under 
the pressure of the clamping device were crushed even more, 
leaving only minor scratches on the metal surface.

Therefore, isolated crushed SiC and GR particles torn out 
during friction have contributed to more severe mass loss of 
the composite. From the studies of abrasion carried out in [12] 
on similar hybrid materials containing 20% SiC and 3% GR as 
well as 10% GR it follows that increasing the graphite content 
up to 10% reduces the wear resistance.

4. conclusions

•	 In the study a comparison was made between two pistons 
cast from the AlSi7Mg2Sr0.03/SiC and AlSi7Mg2Sr0.03/
SiC + GR composite materials. The structure and abrasion 
wear behaviour of the composites were examined and the 
following conclusions were drawn:

•	 Composites based on the AlSi7Mg2Sr0.03 alloy showed 
a uniform distribution of the SiC and SiC + GR particles 
in matrix.

•	 SiC particles were characterized by polyhedral shapes 
with sharp edges, while GR particles were more elongated 
than the granules in base state and showed highly 
developed matrix interface.

•	 The AlSi7Mg2Sr0.03/SiC composite was enriched in 
elements such as Al, Si and Mg at the particle/matrix 
interface and inside the matrix around SiC particles, 
while in the AlSi7Mg2Sr0.03/SiC + GR composite, the 
phase boundary was enriched in the particles of elements 
such as Al, Si, C, Mg and O.

•	 It was found that the lowest mass loss during abrasion 
tests, and hence the best wear resistance was obtained in 
the AlSi7Mg2Sr0.03/SiC composite.

•	 The AlSi7Mg2Sr0.03/SiC + GR hybrid composite was 
characterized by the mass loss of approx. 6,25 mg after 
both 1000 and 5000 cycles, i.e. higher than the composite 
reinforced with SiC particles. 

•	 During the abrasion process, in the composite with 
10% SiC, the crushed SiC particles were penetrating 
the matrix material and by moving in the matrix were 
contributing to the formation of deep furrows. In the 
hybrid composite with 10% SiC and 10% GR, the surface 
topography after the abrasion test showed the presence 
of more shallow furrows, formed by the SiC particles 
falling out, crushed and then smeared with graphite.
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