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Abstract: This paper presents a short summary of the researches conducted in past few years con-

cerning the metal matrix composites with different matrix material, different reinforcing/alloying elements, and 
obtained by different processing techniques. The results are classified into three groups according to the ma-
trix material. In the first group are the results for microcomposites with AlSi7Mg matrix alloy obtained by 
compocasting method. These results cover the influences of amount and size of reinforcement (Al2O3), and 
the influence of type of reinforcement (Al2O3, SiC and SiC with graphite addition). In the second group are 
the results for nanocomposites with ZnAl25Si matrix alloy obtained by casting and compocasting method. 
These results cover the influences of silicon and strontium addition percentage, and the influences of stron-
tium and/or Al2O3 nanoparticles addition. In the third group are the results for micro- and nanocomposites 
with Cu matrix obtained by powder metallurgy technology (preceded by mechanical alloying and/or internal 
oxidation). These results cover the influence of size of reinforcement (Al2O3) on the macroscale (composite 
properties), and the same influence on the nanoscale (only the matrix properties). 

Key Words: composite, A356 alloy, ZA-27 alloy, Cu powder, micro- and nano-sized Al2O3 particles, 
SiC and graphite particles, strontium. 

 
1. INTRODUCTION 
 

The particulate composites with the aluminium-silicon (Al-Si) alloy matrix are one of the most commonly 
investigated metal matrix materials. Aluminium base provide these materials low density, good mechanical 
characteristics and high ductility, as well as excellent casting characteristics and high corrosion resistance. 
On the other hand, the reinforcements (mainly ceramic) improve the wear resistance of the matrix and the 
improvers (mainly graphite) reduce the coefficient of friction. The A356 Al-Si alloy (AlSi7Mg) is a casting alloy 
consisting of aluminium, silicon and magnesium and belongs to a group of hypoeutectic Al-Si alloys. This 
alloy has been widely applied in the machinery, aircraft and defence industries and particularly in the auto-
motive industry [1]. 

The zinc-aluminium alloys are well-established zinc alloys with high aluminium content (8 to 28 wt. %). 
The alloy with 25 to 27 wt. % Al (ZA-27 alloy) is, due to the high strength and good wear resistance, fre-
quently used for making sliding bearings intended for high load/low speed applications [2]. The dimensional 
stability over a period of time of ZA-27 alloy could be improved by replacing copper in the alloy with silicon 
(Zn-Al-Si alloys) [3]. By suitable additions of strontium to the Zn-Al-Si alloy (ZnAl25Si) the size of silicon par-
ticles can be reduced with its more uniform distribution [4]. The addition of the ceramic nanoparticles to the 
ZnAl25Si matrix alloy should have the similar role as the strontium addition. 

The copper-based composites are used primarily for their excellent electrical and thermal properties, 
and reinforcements are added for control of thermal expansion or improved wear resistance. The matrix is 
usually the pure element to retain the excellent thermal or electrical properties [5]. In case when the rein-
forcement are the non-metallic particles, such as Al2O3, added to or formed within the copper matrix, the ef-
fectiveness of these oxide particles as strengtheners depends upon particle size (finer is better), particle dis-
tribution (well dispersed is better), particle density (more per unit volume is better), and particle spacing 
(closer is better) [6]. Applying the nanoscale tribological tests, by using an atomic force microscope, to the 
small and localized area (approx. few μm in diameter), it is possible to distinguish the influence that particles 
have on wear of the matrix (only the matrix properties) [7]. 

 
2. MATERIALS AND TRIBOLOGICAL TEST PROCEDURES 

2.1. Microcomposites with AlSi7Mg matrix alloy (group I) 
 

The matrix material was A356 hypoeutectic Al-Si alloy (EN AlSi7Mg0.3) with the following chemical 
composition (in wt. %): Al-7.2Si-0.02Cu-0.29Mg-0.01Mn-0.18Fe-0.01Zn-0.02Ni-0.11Ti. Composites were 
produced by applying the compocasting method, where the second phase particles were added into the 
semi-solid A356 alloy by infiltration and admixing. Experimental procedure and apparatus used for the 
compocasting processing are described and discussed elsewhere [8]. 

Composite specimens (Table 1) were subjected to heat treatment with following parameters: solution 
annealing at 540 °C for 6 h, water quenching and artificial aging at 160 °C for 6 h. The chemical composition 
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of gray cast iron, chosen as the reference material, fabricated using the sand casting procedure followed with 
heating at 550 °C, was: Fe-3.18C-2.17Si-0.60Mn-0.7P-0.37Cr. 
 

Table 1. Designation and properties of the tested materials (group I) 

Specimen des-
ignation 

Composition Particle content, wt. % Particle size, μm 

A0 Gray cast iron (reference material) – – 
A1 A356 + Al2O3 3 12 
A2 A356 + Al2O3 10 12 
A3 A356 + Al2O3 10 35 
A4 A356 + SiC 10 39 
A5 A356 + SiC + Gr (graphite) 10 (SiC); 1 (Gr) 39 (SiC); 35 (Gr) 

 
Microstructures of the tested materials have been presented and discussed elsewhere [1, 8], as well as, 

the hardness and other mechanical properties [1, 9-12]. 
Tribological test were conducted in two phases: In the first phase (specimens A0, A1, A2 and A3) influ-

ences of amount and size of reinforcement were investigated, and in the second phase (specimens A3, A4 
and A5) influences of type of reinforcement and graphite were investigated. Both tests were under dry sliding 
conditions, in ambient air at room temperature. The phase I tests were carried out on the standard pin-on-
disc tribometer with cylindrical pins made of tested materials. Test parameters were as follows: sliding speed: 
1 m/s; normal load: 1, 2, 3 and 4 MPa; sliding distance: 5000 m; counter-body: disc (nodular gray cast iron). 
The phase II tests were carried out on the ball-on-barrel tribometer with linear (reciprocating) movement. 
Moving body with cylindrical geometry was made of tested materials. Test parameters were as follows: slid-
ing speed: 0.038 m/s (average); normal load: 1 N; sliding distance: 500 m; counter-body: ball (alumina). The 
values of coefficient of friction were monitored during both tests. Diagrams of the load, sample, counter body 
and the direction of movement for both tribometers are shown in Fig. 1. 
 

          
 

Fig. 1. Schematic drawing of the tribometer used in: (a) phase I and (b) phase II 
 

2.2. Nanocomposites with ZnAl25Si matrix alloy (group II) 
 

Technically pure zinc and aluminium were used to obtain the Zn25AlSi alloys (Table 2), with the addition 
of master alloys Al7Si and Al18Si for achieving the desired content of silicon. Strontium was added in the 
alloys using the master alloy Al10Sr. The alloys were melted in the laboratory electric resistance furnace. 
The molten alloys (570 °C) were poured in the steel moulds preheated to 200 °C. Immediately before pouring 
the melts were intensively manually stirred. For the purpose of comparison, a commercial ZA-27 alloy [13] 
was used; with the identical casting procedure as for Zn25AlSi alloys. Microstructures and mechanical prop-
erties of these materials have been presented and discussed elsewhere [4]. 
 

Table 2. Designation and properties of the tested materials (group II) 

Specimen des-
ignation 

Composition Particle content, wt. % Particle size, nm 

B0 ZA-27 alloy (reference material) – – 
B1 Zn25Al-1Si – – 
B2 Zn25Al-1Si-0.03Sr – – 
B3 Zn25Al-1Si-0.05Sr – – 
B4 Zn25Al-3Si – – 
B5 Zn25Al-3Si-0.03Sr – – 
B6 Zn25Al-3Si-0.05Sr – – 
B7 Zn25Al-3Si + Al2O3 1 20 – 30 
B8 Zn25Al-3Si-0.03Sr + Al2O3 1 20 – 30 

(a) (b)
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Nanocomposites (specimens B7 and B8 in Table 2) were produced by applying the compocasting 
method using Zn25Al-3Si and Zn25Al-3Si-0.03Sr as the matrix alloys, and Al2O3 nanoparticles as the rein-
forcement. The compocasting process was performed in two steps. In the first step each matrix alloy was 
melted, overheated at 570 °C and then cooled with 5 °C /min cooling rate to 485 °C. After that it was mixed 
with 50 rpm mixing rate, and continuous cooling (5 °C/min). When the melt reached temperature of 465 °C, 
the mixing rate was increased to 500 rpm. Mixing of the semisolid melt lasted 5 min, and then the addition of 
Al2O3 nanoparticles was then performed, that lasted 3 min. The addition of nanoparticles was carried out at a 
reduced mixing rate (250 rpm). After the addition of nanoparticles a short homogenization mixing (at 250 
rpm) was carried out at for 3 min, and an intensive mixing (with mixing rate of 500 rpm) for 25 min. Semisolid 
nanocomposite mixture was poured in the steel moulds preheated at 400 °C, which is the end of the first step 
of the applied compocasting process. In the second step of the process a hot pressing was performed at the 
temperature of 350 °C and pressure of 250 MPa. 

Tribological test were conducted in two phases: In the first phase (specimens B0, B1, B2, B3, B4, B5 
and B6) influences of silicon and strontium addition percentage were 
investigated, and in the second phase (specimen B7 and B8) influences 
of strontium and/or Al2O3 nanoparticles addition were investigated. Both 
tests were carried out on the block-on-disc tribometer under lubricated 
sliding conditions, in ambient air at room temperature. Test parameters 
were as follows: sliding speed: 0.5 m/s; sliding distance: 1000 m; nor-
mal load: 100 N. 

A schematic diagram of tribometer is presented in Fig. 2. Rectangu-
lar blocks of tested materials were used as wear test samples. Disc 
(counter-body) was made of steel C60E (46 to 48 HRC). Lubrication 
was provided by revolving of the disc which was sunk into oil container. 
Lubricant was mineral engine oil (SAE 15W-40, ACEA E3). Wear scars 
on blocks were measured in accordance with ASTM G77 with accuracy 
of 0.05 mm, after each test to calculate the volume loss. The values of 
oil temperature, coefficient of friction, normal and friction force were 
monitored during the test. 
 

2.3. Micro- and nanocomposites with Cu matrix (group III) 
 

Both Cu-based composites were produced by powder metallurgy (PM) technology, but the starting com-
ponents for micro and nano Cu-based composite were different. The microcomposite was produced by PM 
technology (preceded by mechanical alloying) and contained micro-sized Al2O3 particles. Starting compo-
nents were copper powder and 5 wt. % Al2O3 particles. This mixture was mechanically milled and com-
pacted. The nanocomposite was produced by PM technology (preceded by mechanical alloying and internal 
oxidation) and contained nano-sized Al2O3 particles. Starting component was prealloyed copper powder con-
taining 2.5 wt. % Al. This powder was subjected to internal oxidation, i.e. during milling aluminium, dissolved 
in the copper matrix, oxidizes and forms nano-sized Al2O3 particles (approx. 4.7 wt. %). For the purpose of 
comparison, a copper-based alloy Cu-0.4Cr-0.08Zr produced by casting, followed by heat treatment was 
used. Designation and properties of tested materials in this group are shown in Table 3. Detailed processing 
parameters for all materials and other properties are given elsewhere [14]. 
 

Table 3. Designation and properties of the tested materials (group III) 

Specimen des-
ignation 

Composition Particle content, wt. % Particle size, μm 

C0 Cu-0.4Cr-0.08Zr (reference material) – – 
C1 Cu + Al2O3 5 ≈ 750 
C2 Cu + Al2O3 4.7 < 100 

 
Tribological test were conducted in two phases: In the first phase (specimens C0, C1 and C2) influences 

of size of reinforcement (Al2O3) on the macroscale (composite properties) were investigated, and in the sec-
ond phase (specimen C1 and C2) the same influence were investigated on the nanoscale (only the matrix 
properties). Both tests were under dry sliding conditions, in ambient air at room temperature. 

The phase I tests were carried out on the ball-on-disc nanotribometer (Fig. 3a) in rotation sliding mode 
(Fig 3b). Static body (counter-body) was a steel ball made of 100 Cr6 martensitic bearing steel with 1.5 mm in 
diameter. Moving body (test sample) was flat circular disc made of the tested materials. Test parameters were 
as follows: sliding speed: 6, 8 and 10 mm/s; normal load: 1 N; sliding distance: 30 m. Wear volumes of the test 
samples were calculated after each test, by measuring the wear track width, according to ASTM G99. 

The values of coefficients of friction, normal and friction force, steel ball penetration depth were monitored 
during the test. Used nanotribometer is equipped with optical displacement sensor (fiber optic sensors) for 
measuring deflection of the cantilever (Fig. 3b), with high sensitivity. Light emitted from the sensor tip is re-

 
Fig. 2. Schematic drawing of the 

used tribometer
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flected from the reflective areas attached to the spring, received by the sensor and converted into electrical 
signal. The signal is related to the distance between the sensor tip and a reflective area on the cantilever. 
 

    
 
Fig. 3. Schematic drawing of the: (a) and (b) nanotribometer used in phase I (a – contact conditions; b 

– rotation sliding module) and (c) atomic force microscope used in phase II 
 

The phase II tests were performed with an atomic force microscope (AFM) using the circular mode [15], 
schematically shown in Fig. 3c. Test parameters were as follows: normal load: 150 nN; sliding distance: ≈ 2.7 
m (720.000 cycles of 1.2 μm in diameter). The coefficients of friction were also recorded. 
 
3. RESULTS AND DISCUSSION 
 

3.1. Microcomposites with AlSi7Mg matrix alloy (group I) 
 

Average steady-state values of coefficients of friction, obtained in both phases of the tribological test, are 
shown in Table 4. All tested materials showed very similar values (0.5 to 0.7), which were in expected range 
for metals under dry sliding conditions (approximate values for the metals under dry sliding conditions are 
from 0.3 to 1.5 [17]. 

In the first phase of the tribological test (specimens A0, A1, A2 
and A3), i.e. tests that investigated the influences of amount and 
size of reinforcement, the coefficient of friction values did not 
change significantly with the change of specific load, and one mean 
value per material can be accepted for the whole applied load inter-
val. Both composite materials with 10 wt. % of Al2O3 (specimens A2 
and A3) had higher values of the coefficient of friction than gray 
cast iron (specimen A0), principally due to the presence of hard 
reinforcing particles. Confirmation for this statement is the value of 
the coefficient of friction obtained with composite containing 3 wt. % 
of Al2O3 (specimen A1). In this case we have the same matrix and 
the same reinforcement but in lower amount, which induced lower 
coefficient of friction. 
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Fig. 4. Wear factors of the tested materials in the first phase (group I) [1, 16] 

Table 4. The coefficient of friction 
average values of tested materi-

als (group I) [11, 16] 

Specimen 
designation 

Phase I 
values 

Phase II 
values 

A0 0.53 – 
A1 0.46 – 
A2 0.61 – 
A3 0.60 0.73 
A4 – 0.71 
A5 – 0.65 

   

(a) (b) (c)
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The wear factors, i.e. specific wear rates of the materials tested in the first phase (calculated for the 
steady-state period) are presented in Fig. 4. Obtained wear factor values correspond to the literature data for 
metallic materials in sliding contact (under unlubricated condition, and for adhesive wear, the interval is from 
10–7 to 10–2 mm3/Nm) [18]. The results show that the increase of the reinforcement amount, as well as, the 
increase of the reinforcement particle size had beneficial influence on the wear resistance of the composites. 

For specimens A0 and A1, the existence of the critical load, at which the wear rate abruptly increases, is 
noted. This critical load indicates the transition of the wear regime. This transition is confirmed with the scan-
ning electron microscopy (SEM) analysis of the worn surfaces and wear products. Gray cast iron samples 
(specimen A0) at lower loads (1 and 2 MPa) were not in full contact with the counter-body, and basic lamellar 
structure of the material could still be clearly noticed (Fig. 5a). At higher loads (3 and 4 MPa) more intensive 
abrasive wear starts (Fig. 5b). Adhesive wear also occurs due to the presence of high pressures and contact 
temperatures (Fig. 5c). 

 

   
 
Fig. 5. SEM images of the specimen A0 (gray cast iron) pins worn surfaces, tested at different loads: 

(a) 2 MPa, (b) 3 MPa and (c) 4 MPa 
 

The transition of the wear regime was especially sudden for the composite containing 3 wt. % of Al2O3 
(specimen A1), which suggest that relatively small amount of reinforcement (3 wt. %) in this composite was 
enough just to support loads up to 1 MPa. At higher load (2 MPa) severe wear occur (Fig. 6a). At this load 
presence of the plastic flow of material on the pin surface was noticed (rounded area in Figure 6a). On the 
other hand, composites containing 10 wt. % of Al2O3 (specimens A2 and A3) at the same load did not show 
this plastic flow of material (Fig. 6b), and even the presence of transferred counter-body material could be 
noticed (rounded area in Figure 6b). Severe wear of the composite containing 3 wt. % of Al2O3 (specimen 
A1) at high load is confirmed with the SEM analysis of the wear products, i.e. in presence of the rod-like par-
ticles, longer than 50 μm were noticed (Fig. 7), which indicates existence of severe wear [19]. 
 

  
 

Fig. 6. SEM images of the composite pins worn surfaces at 2 MPa load: (a) specimen A1 (3 wt. % 
Al2O3) and (b) specimen A2 (10 wt. % Al2O3) 

 
In the second phase of the tribological test (specimens A3, A4 and A5), i.e. tests that investigated the in-

fluences of type of reinforcement and graphite, the obtained wear factor values (Fig. 8) also correspond to the 
literature data for metallic materials in sliding contact. The results show that composites reinforced with SiC 
particles (specimens A4 and A5) have higher wear resistance, i.e. that the SiC reinforcement provided better 

(a) (b) (c)

(a) (b)
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protection of the matrix than the Al2O3 reinforcement, added in the same amount. The simplest explanation is 
the highest hardness of SiC, but we also found that the SiC particles had more favourable arrangement in the 
composite matrix, i.e. clusters of type B [11]. Addition of the graphite particles in composite with SiC particles 
(specimen A5) reduced wear rate and coefficient of friction. The presence of graphite was small (only 1 wt. %) 
and usually it is not enough to form the lubricant film that could effectively decrease the coefficient of friction 
and wear [20], so the results should be considered only as a possible trend of behaviour. 
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Fig. 7. SEM image of the wear prod-
ucts generated from specimen A1 at 

2 MPa load 

  
Fig. 8. Wear factors of the tested mate-
rials in the second phase (group I) [11] 

 
SEM analysis of worn surfaces confirmed that SiC reinforcing particles were more efficient in protecting 

the matrix, i.e. while the presence of protruded Al2O3 particles on the surface was not noticed (Fig. 9a), pro-
truded SiC particles were obvious (rounded area in Fig. 9b). 
 

  
 
Fig. 9. SEM images of the composite samples worn surfaces: (a) specimen A3 (10 wt. % Al2O3) and (b) 

specimen A4 (10 wt. % SiC) 
 

3.2. Nanocomposites with ZnAl25Si matrix alloy (group II) 
 

Average steady-state values of coefficients of friction, obtained in both phases of the tribological test, are 
shown in Table 5. The obtained values of the coefficient of friction (0.05 to 0.1) suggest that the tests were 
performed in boundary lubrication regime (approximate values for the boundary lubrication are from 0.05 to 
0.15 [17, 21]). 

The replacement of copper with silicon (specimens B1 and B4) lowers the values of the coefficient of 
friction. On the other hand, addition of strontium (specimens B2, B3, B5 and B6) has negative effect on the 
coefficient of friction, and with increase of Sr content coefficient of friction increase further. Addition of Al2O3 
nanoparticles (specimens B7 and B8) also increased the coefficient of friction, principally due to the higher 
hardness of the nanoparticles comparing to the matrix alloy. During the tests these particles were partially 
detached causing the three-body abrasion. 

(a) (b)
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The wear factors, i.e. specific wear rates of the materials tested in the first phase are presented in Fig. 
10. Wear factor values for the commercial ZA-27 alloy correspond to the literature data for the ZA-27 alloy, 
obtained via permanent mould casting and tested under similar conditions [22]. The results show that the 
size of primary silicon particles was reduced in the presence of strontium, with an improvement of their distri-
bution in the alloy base [4, 23]. 
 

 
SEM analysis of worn surfaces 

showed that the strontium modification 
caused the formation of independent 
eutectic silicon particles, which was 
more obvious in the alloys modified with 
0.05 wt. % strontium (Fig. 11a). These 
particles, under the load and sliding, 

flow across the contact surface causing their better distribution, and thus providing better protection (Fig. 11b). 
 

  
 
Fig. 11. SEM images of the samples worn surfaces: (a) specimen B6 (3 wt. % Si and 0.05 wt. % Sr) and 
(b) specimen B3 (1 wt. % Si and 0.05 wt. % Sr); counter-body sliding direction is denoted with arrows 

 
In the case of Zn25Al-3Si alloy (specimen B4), the addition of 0.03 wt. % Sr decreased wear more than 

addition of 0.05 wt. % Sr, suggesting that over modification with Sr is possible situation [23]. Something simi-
lar occurred in the second phase of the tribological test (specimens B7 and B8), i.e. tests that investigated 
the influences of strontium and/or Al2O3 nanoparticles addition (which is not presented in this paper). These 
tests showed that the wear resistance was improved more in the case when only Al2O3 nanoparticles was 
added to the Zn25Al-3Si alloy (specimen B7) than in the case when both Al2O3 nanoparticles and 0.03 wt. % 
Sr were added to the same alloy (specimen B8). 
 

3.3. Micro- and nanocomposites with Cu matrix (group III) 
 

Average steady-state values of coefficients of friction, obtained in the first phase of the tribological test, 
are shown in Table 6. The coefficients of friction of specimens C0 (reference material) and C1 (microcompo-
site) were around 0.5, which is similar with the values obtained by some other researches [24], under similar 

Table 5. The coefficient of friction 
average values of tested materi-

als (group II) [4] 

Specimen 
designation 

Phase I 
values 

Phase II 
values 

B0 0.069 – 
B1 0.047 – 
B2 0.059 – 
B3 0.065 – 
B4 0.061 – 
B5 0.073 – 
B6 0.079 – 
B7 – 0.099 
B8 – 0.102 

4.54

2.12

1.50

0.92 1.05
0.62 0.77
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Fig. 10. Wear factors of the tested materials in the first phase 

(group II) [4] 
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sliding speed and load. Coefficient of friction of specimen C2 (nanocomposite) was more than 3 times lower 
in comparison with other two materials, which is connected with the fact that in this case the adhesion be-
tween sliding surfaces was less pronounced – low stick-slip phenomenon [25]. 

The wear factors, i.e. specific wear rates of the materials tested in the first phase (tests that investigated 
the influences of size of reinforcement (Al2O3) on the macro-
scale) are presented in Fig. 12. Obtained values of the wear 
factors are in correlation with the coefficient of friction values 
and correspond to the literature data for metallic materials in 
sliding contact [18]. The wear factor for microcomposite 
(specimen C1) was more than 500 times higher than for nano-
composite (specimen C2). The wt. % of Al2O3 particles was 
similar in micro- and nanocomposite (5 and 4.7 wt. %, respec-
tively), but the size of particles was very different (≈ 750 nm 
and < 100 nm). It is well-known that the wear resistance in-
creases with the decrease of the particle size for high-load, 
low-speed conditions (which was our case), whereas for low-
load, high-speed conditions the effect is opposite [1]. Smaller 
particle size enabled better distribution of the nano-sized parti-
cles. Favourable distribution of nano-sized Al2O3 particles and 
its effect on slower grain growth (fine-grain structure, i.e. small 
grain size) reduced the deformation of matrix during sliding. 

The micro-sized Al2O3 particles did not have the reinforcing 
role. On contrary, some of these particles were detached from 
the matrix and acts as a third body, increasing the specimen 
and counter-body wear. The others were protruded to the sur-
face causing increase of the counter-body wear. For these rea-
sons the wear of the counter-body in contact with microcompo-
site (specimen C1) was the highest. Detached micro-sized 
Al2O3 particles were mainly located in the worn material accu-
mulated over the wear track (Fig. 13a). This accumulation of the 
worn material was not noticed at nanocomposite (specimen 
C2), Fig. 13b. In addition, wear of the counter-body in contact 
with nanocomposite was the lowest. 
 

  
 
Fig. 13. SEM images of the samples worn surfaces at 8 mm/s: (a) specimen C1 (microcomposite) and 

(b) specimen C2 (nanocomposite); only part of the wear track is presented in both images 
 

The tribological tests performed in the second phase (tests that investigated the influences of size of re-
inforcement (Al2O3) on the nanoscale) were just an initial one, and some more experiments is planned to 
completely understand composites tribological behaviour on nanoscale. In this tests only the Cu matrix is 
tested, since the area without Al2O3 particles was chose to test. The values of the coefficient of friction were 
similar in magnitude for the two composites (specimens C2 and C3) and showed high standard deviation. 
Nevertheless, the coefficient of friction for the microcomposite (specimen C2) is approximately 15 % higher. 
The wear rate, as measured by volume of the wear tracks, was found to be typically one order of magnitude 
higher for the microcomposite. This can be noticed on AFM images (Fig. 14), in which the wear tracks are 
clearly visible on the microcomposite sample and slightly visible on the nanocomposite sample. 

 
Table 6. The coefficient of friction av-
erage values of tested materials in the 

first phase (group III) [14] 

Specimen 
designation 

v = 6 
mm/s 

v = 8 
mm/s 

v = 10 
mm/s 

C0 0.43 0.48 0.46 
C1 0.47 0.57 0.32 
C2 0.13 0.14 0.13 
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Fig. 12. Wear factors of the tested mate-

rials in the first phase (group III) [14]
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Fig. 14. AFM images (2 x 2 µm) of the samples worn surfaces: (a) specimen C1 (microcomposite) and 

(b) specimen C2 (nanocomposite); some shifted circular wear tracks are clearly visible on micro-
composite and hardly on nanocomposite [7] 

 
4. CONCLUSIONS 
 

The constant development and growing application of various metal matrix composites (MMCs) is based 
on the fact that relatively small amount of the secondary phase (usually the reinforcing phase) can signifi-
cantly improve material characteristics. The tribological properties are the most important properties that de-
fine possible application of some material in machines where parts are in contact and relative motions. 
Summarising the results presented in this paper it can be concluded that: 

• wear of Al-Si based MMCs decreases with the increase of Al2O3 reinforcement amount and size; 
• addition of SiC reinforcement reduces wear of Al-Si based composites more than Al2O3 reinforcement; 
• presence of graphite in Al-Si based composites reduces the wear rate and coefficient of friction; 
• replacement of copper with silicon in ZA-27 alloy, as well as, the increase of the silicon content have 

beneficial influence on the wear resistance; 
• addition of optimal amount of strontium and/or Al2O3 nanoparticles to the ZnAl25Si alloy increase 

wear resistance; 
• copper-based composites containing Al2O3 particles show high dependence on particle size, i.e. the 

nano-sized particles provide much better wear resistance than the micro-sized particles; 
• modified AFM can be used for the tribological tests of small, localized areas; 
• addition of the Al2O3 nanoparticles improves wear resistance of the Cu matrix itself. 
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