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Abstract: Using vehicles and other mobile systems to transport passengers and goods, approximately 25% of Europe's greenhouse gases are generated. At the same time, 
many research papers, published by researchers and students, promote the use of electric vehicles as zero-emission vehicles. Given that, more broadly, the emission of 
electric vehicles is higher, especially in countries where electricity is obtained by burning coal, the use of internal-combustion engines is still dominant. There are other 
reasons for using an internal-combustion engine, such as already developed pumping station infrastructure, which is not the case when recharging electric vehicles. 
Improvements in engine design contribute to meet the regulations relating to the fuel consumption and toxic gas emissions. This refers to the use of alternative fuels, 
improving the combustion process, and increasing efficiency (efficiency coefficient) by reducing losses. The research is focused on the problem of friction and wear in internal 
combustion engines and reciprocating air compressors, as auxiliary devices on engines. For that purpose, construction of the reciprocating air compressor in motor 
vehicles was redesigned. The paper presents the characteristic test results of material used to strengthen liner of the aluminum cylinder. Specifically, a method for testing 
the performance characteristics of a single-cylinder reciprocating compressor inside of an experimental installation for compressed air supply has also been proposed. 
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1 INTRODUCTION 
 

It is estimated that about 30% of the total American 
energy needs and 70% of the American oil consumption 
are engaged in the transport sector. In addition, the average 
American household spends more than 15% of total family 
expenses on transportation, making it the most expensive 
category of consumption after housing [1]. Similar 
scenario is also observed in the European Union [2]. 

New technologies have been developed and applied to 
vehicles and their propulsion systems for higher fuel 
economy and lower raw emissions of toxic gasses. This 
primarily refers to the electrification of vehicles and their 
propulsion systems [3, 4]. 

On the other hand, a lot of funds are invested in 
research work to encourage development in internal 
combustion (IC) engines [4, 5]. 

Generally, the use of new lightweight materials or eco-
tribology measures (surface change for example) in 
vehicles and engines is important for lowering the fuel 
consumption, while the propulsion and mobile systems for 
keeping projected safety and performance. By applying 
these technologies only inside the passenger vehicles, one 
can improve fuel economy by 6-8% for each 10% 
reduction in weight [1, 6, 7]. 

Mechanical losses (consisting of friction and parasitic 
losses in auxiliary units) in IC engines, can be reduced by 
improving tribology situation of sliding contact between 
two metal surfaces. That refers to light-weighting of sliding 
parts, reducing production tolerances to improve the fit 
between piston and cylinder liner, and improving the 
lubrication between sliding parts with proposed innovative 
contacts [8-11]. 

To improve tribology characteristics the classic 
production technologies, as honing of cylinder surface, and 
different surface textures, were used before [12, 13]. 

If aluminum is used as lightweight material for pistons 
and cylinders, the problems are lower mechanical hardness 
and intense wear during sliding contact [14, 15]. 

The above cited problems are resolved by applying 
anti-friction coatings and composite materials [16-18]. 

As contribution, we started the research in domain of 
IC engines, by optimization of combustion process with 
introduction of variable compression ratio (VCR) 
technologies, first in experimental gasoline engine and 
after that in diesel engine [19, 20]. 

After that we are continuing with researches and 
tribology characteristics optimization in domain of 
reciprocating air compressors made of aluminum alloy. In 
the manuscript we are presenting some results of 
performed experimental researches [21-23]. 
 
2 RESEARCH METRHODS 
2.1 Material and Methods for Testing the Performance of 

Reciprocating Compressor 
 

During research, we used the reciprocating compressor 
for production of compressed air for braking systems inside 
heavy truck and buses, as well as trains and construction 
machinery. Concretely, for this purpose, the cylinder was 
redesigned. Ferrous based cylinder construction was 
replaced with aluminum alloy AlSi10Mg. Because of the 
lower hardness of aluminum alloy compared to cast iron, 
the inner cylinder surface is reinforced with inserts on the 
cast iron basis. 

This problem is first resolved by applying ferrous-
based coatings, Fig. 1. In this way, the inner cylinder 
surface was treated with melted material made of steel by 
applied spraying technology in atmospheric conditions. 
Similar experiments are being done in the domain of IC 
engines, specifically with the cylinders, valve seats, 
bearings etc. According to available results in the cited 
literature, different coatings resolve the problems of 
friction as well as wear. Globally, research shows that the 
application of coatings contributes to reducing emissions 
and fuel consumption indirectly, thus contributing to the 
preservation of the human environment and energy 
reserves [23-25].  

As the second solution, it is proposed to strengthen the 
sliding surface of the cylinder with reinforcements made of 
tribological material. The cylinder is reinforced similar in 
texture to an iron-based material. A reinforcement option 
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in the form of a graphite or copper texture has also been 
proposed, Fig. 1 [26]. 

Figure 1 Cylinders prepared for installation. From left: with reinforcement 
(circular oval plates) and right: coated by thermal spray method 

The goal of reconstruction is to predetermine sliding 
contact of the piston rings and cylinder liner by putting 
tribology reinforcements between. In this way, contact 
with lower friction and wear is achieved. The 
reconstruction was performed partly according to the 
guidelines for the application of green tribology measures 
in engineering [27]. 

The reason for this reconstruction is the real condition 
of the cylinder liner after machining in production. The 
cylinder is of oval shape and porous with grooves, which 
is why during work it is difficult to do stable contact 
along the circumference of the piston rings [28, 29]. 

Due to the oval shape (no circularity) of the cylinder, 
there is an eccentricity between the axis of the cylinder and 
the piston in the operation of the machine. As a result, the 
intensity of the forces between the cylinder liner and the 
piston rings is variable, causing intense friction and wear 
[30, 31]. 

Tribology optimized innovative cylinder for 
reciprocating compressors, is part of the specifically 
designed test bench for performance testing of air 
compressor in real conditions. This means that 
experimental results are obtained just on tribology 
experiments with reciprocating motion between the sphere 
made of steel and a plate made of tested material. For final 
material selection for the cylinder liner, we needed 
experimental research in real conditions.  Compressor 
performance testing is performed according to 
standardized procedure. Specifically, model of compressed 
air delivery system has been proposed and accepted for this 
purpose, Fig. 2. 

Figure 2 Model of experimental installation for compressed air supply 
(Simulation of installation for delivery of compressed air to the systems on the 

vehicle or other mobile system) 

In this way, we can use the standard procedure, on 
determining the actual performance characteristics of the 
compressor, concretely power and free air delivery (FAD) 

[32]. Based on the obtained results, the optimized cylinder 
construction can be selected from the aspect of reducing 
mechanical losses (friction and wear). 

Optimization of mechanical losses of the reciprocating 
compressor is the subject of other planned research. The 
paper presents only the results of tribology research. 

2.2 Experimental Data and Conditions 

Tribology testing was performed using a tribometer 
(manufacturer CSM Instruments) under ASTM G133-05 
test method in environmental conditions. In the tribometer, 
a sphere like a counter body on cantilever is loaded onto 
the sample of material in the form of a plate, Fig. 3. The set 
conditions correspond most to the real ones inside the 
cylinder [33, 34].  

More detailed testing conditions are shown in the 
literature [35]. The examination of the material was 
conducted at three different values of force and speed of 
reciprocating motion, whose values simulate the real 
conditions in the cylinder. The results shown were obtained 
at a low load, both at lower and higher reciprocating speed 
of testing of the sample material. 

Penetration depth was also measured under a 
performed scratch test on material sample. 

Figure 3 CSM tribometer module for realization of reciprocating motion between 
the sphere made of steel and a plate made of tested material 

Testing was performed with a total of 500 contact 
cycles (lap number) on each regime. This corresponded to 
a reciprocating motion distance of 1 m, and one-half 
amplitude of 0.5 mm. The acquisition was realized at a 
frequency of 50 Hz. 

The software used for data processing has a 
commercial name TriboX 2.9.0. For scratch test, the 
scratches or wear rate as well as volume of wear traces are 
calculated through penetration depth value for each test 
regime. 

By using an optical microscope, it released the 
measurement of scratches to determine the wear rate of the 
tested material. A fully automatized microscope with 
specifically designed software (SEM-Scanning Electron 
Microscope; manufacturer Meiji Techno) was used for this 
purpose. 

To obtain a micrograph and chemical composition for 
detailed analysis of characteristic regions on worn material 
EDS-Energy-Dispersive Spectroscopy was used. For this 
purpose, the system was equipped with Phenom ProX 
Desktop SEM with EDS capability or SEM/EDS system.  
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The samples prepared for analysis of the 
microstructure were polished mechanically, and then 
cleaned with ethanol, Fig. 4. 

3 RESULTS OF TRIBOLOGY RESEARCH 
3.1 SEM/EDS Analysis of the Aluminum Cylinder Liner with 

Cast Iron Reinforcement 

 Fig. 4 shows photography and microstructure of a 
sample prepared for SEM/EDS analysis. In this particular 
case, the characteristic zone of the sample (transition 
between base material and reinforcement) was analyzed. 

The SEM observation of this sample indicated five 
characteristic points (zones) on micrograph. The 
microstructure and EDS analyses of cylinder surface in the 

above indicated points are shown in the diagrams below, 
Fig. 5 to Fig. 9. 

Figure 4 Photography of cylinder liner sample consisting of two materials for 
EDS analysis and SEM observation of the counterpart under constant normal 

load of FN = 0.3 N 

Figure 5 SEM/EDS analysis of the characteristic point 1 on the micrograph of tested material sample, Fig.4 Atomic percentage: C = 49.8%; Si = 49.4% and Br = 0.8% 

Figure 6 SEM/EDS analysis of the characteristic point 2 on the micrograph of tested material sample, Fig. 4 Atomic percentage: Al = 100% 

Figure 7 SEM/EDS analysis of the characteristic point 3 on the micrograph of tested material sample, Fig. 4 Atomic percentage: C = 41.6%; Fe = 38.7%; O = 14.8%;   
Si = 2.7% and Al = 2.3% 
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Figure 8 SEM/EDS analysis of the characteristic point 4 on the micrograph of tested material sample, Fig. 4 Atomic percentage: Fe = 64.5%; C = 19%; O = 10.3%;   
Si = 3.5% and Al = 2.6% 

Figure 9 SEM/EDS analysis of the characteristic point 5 on the micrograph of tested material sample, Fig. 4 Atomic percentage: O = 45.7%; C = 39.8%; Al = 8.6%;    
Na = 4.9%; Fe = 0.7% and Ca = 0.3% 

According to EDS analysis of the characteristic point 
1 on the micrograph of tested material sample, lighter grey 
zone represents eutectic silicone (consisting element in 
aluminum alloy) in lamellar form with graphite inclusions, 
Fig. 5. Dark grey zone in the point 2 represents pure 
aluminum, Fig. 6. White lamella in the point 3 represents 
cast-iron particles in aluminum alloy with graphite, 
because of performed grinding process, Fig. 7.  

White phase in the point 4 in Fig. 8 represents pure iron 
oxide inside reinforcement, although graphite is present, 
too. This phenomenon is present in all investigated 
material samples of reinforcement. Black phase represents 
graphite, Fig. 9. The higher presence of graphite at point 5 
is caused by a performed grinding and cleaning process on 
the tested material surface. 

3.2 Penetration Depth and Friction Coefficients of the 
Tested Aluminum Alloy as Base Material of the 
Compressor Cylinder 

Tests which were performed at constant normal load, 
first at lower and after that under higher sliding speed, are 
reported in Fig. 10 for aluminum alloy (Al-Si) as base 
material of the compressor cylinder and in Fig. 11 for 
reinforcement. The acquired signals of friction coefficient 
and penetration depth (PD) (on ordinates) are reported as 
the function of time and lap number (contact cycles) and 
sliding distance. 

Under material testing, a lower load was applied on the 
counterpart of tribometer (sphere), or low constant normal 
force of 0.3 N. The overall distance of reciprocating motion 

was set to 1 m, at two sliding speed values of 0.003 and 
0.015 m/s. 

Due to the reciprocating motion of the cantilever of the 
tribometer, Fig. 3, the direction of friction force changed 
during testing. In this way, the conditions in the cylinder of 
the reciprocating compressor are partly simulated. A 
similar movement is performed by the piston in the 
cylinder of an internal combustion engine. During low load 
and 0.003 m/s constant minimal test sliding speed of the 
tribometer sphere (ball), friction coefficient and 
penetration depth of cylinder material have relatively 
constant and steady state values. The recorded value (mean 
value) of the friction coefficient is 0.110, Fig. 10a. At 
higher sliding speed of 0.015 m/s, the friction coefficient 
first increases intensively with sliding distance under 
running period and after about 300 mm achieves steady 
state mean value, Fig. 10b. If both cases are compared, 
more different values of the friction coefficient (0.110 and 
0.350) were reached, depending on sliding speed. The 
increase of sliding speed under low and constant load 
results in increases of maximal (0.123-0.543) and mean 
values of the friction coefficient (0.110-0.350). A similar 
friction behavior under higher load was partially reported 
inside other published researches [21, 22]. 

In case of higher sliding speed 0.015 m/s penetration 
depth value is higher and there exists no steady state value, 
due to the intensive material transfer to the harder 
tribometer ball. The main reason is that the tested material 
(aluminum alloy) is softer than the material of the 
tribometerball. 
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a)                                                                                                                           b) 
Figure 10 Dependence of friction coefficient and penetration depth changes on the sliding distance, time and cycles, for cylinder material during constant load test;   

a) 0.3 N and 0.003 m/s; and b) 0.3 N and 0.015 m/s 

3.3 Penetration Depth and Friction Coefficients of Ferrous 
Based Reinforcements which are Integrated Inside the 
Cylinder Wall 

Friction coefficient (0.285) of material for cylinder 
reinforcement, under testing with low sliding speed of 
0.003 m/s, is higher, Fig. 11a. The conclusion was based 
on the recorded value of the friction coefficient (0.110) of 
the cylinder material under the same test conditions,              
Fig. 10a.  

A similar result was achieved when testing the 
reinforcement material at the higher sliding speed of 0.015 
m/s. In this condition friction coefficient (0.232) as well as 
its maximal value (0.295), Fig. 11b for reinforcement is 
also significantly lower, compared to result with base 
material (0.350) and (0.543) respectively, Fig. 10b. 

Under higher sliding speed COF first increases with 
sliding distance rise and after about 300 mm achieves 
steady state mean value, Fig. 11b.  

In both cases in Fig. 11, test results on reinforced 
samples show that the penetration depth values are almost 
constant. However, this is not the case with the cylinder 
material, especially at higher sliding speed of 0.015 m/s, 

where larger oscillations in the value of penetration depth 
are recorded, Fig. 10.b. The fact is that no material transfer 
was observed during the testing of the reinforcement 
material made of cast-iron, Fig. 13. It can be concluded that 
due to the higher strength of the reinforcement material, it 
is not susceptible to the appearance of plastic deformations 
during testing. 

Therefore, the reinforcement material is not subject to 
adhesive wear, Fig. 13, as is the case with the cylinder 
material, according to Fig. 12. 

Fig. 13 shows the scratched surface of the 
reinforcement sample, with the obvious presence of 
parallel and equal lines, which are not observed clearly 
when testing the cylinder material, Fig. 12, due to the 
pronounced adhesion wear of the material. At the same 
load, this phenomenon is less pronounced at lower sliding 
speed. 

Generally, a very intensive penetration depth value due 
to intensive wear rate was obtained for the base aluminum 
alloy due to the intensive material transfer to the harder 
ball, Fig. 14. Similar friction behavior under different load 
conditions was presented inside other similar researches 
[21, 22, 35]. 

a)                                                                                      b) 
Figure 11 Dependence of friction coefficient and penetration depth changes on the sliding distance, time and cycles, for reinforcement material during constant load test; 

a) 0.3 N and 0.003 m/s; and b) 0.3 N and 0.015 m/s 

4 OPTICAL MICROGRAPHS ANALYSIS OF SCRATCHED 
MATERIAL SURFACES AND DISCUSSION 

4.1 Optical Microscopic Analysis of Wear Tracks for 
Cylinder Materials 

Optical micrographs for the scratched surface of tested 
samples are presented in Fig. 12 and Fig. 13 for cylinder 
and reinforcement materials, respectively. 

As explained in the previous text, due to the 
occurrence of material transfer and its adhesion, after 
tribological tests, traces of adhesive wear were recorded, 
Fig. 12a and 12b. This phenomenon was confirmed by a 
more detailed analysis of the surface of the tribometer ball 
after tribological tests using an optical microscope, Fig. 14. 
Material transfer was recorded, and this is especially 
noticeable at higher sliding speed, for cylinder material. 
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However, for reinforcement, at lower sliding speed of 
0.003 m/s, the phenomenon of abrasive wear is more 
pronounced. In this case, the dominant phenomenon is 
abrasive wear, which is confirmed by parallel scratches in 
the form of parallel lines on the surface of the tested 
material, Fig. 13, as well as parallel but much lighter lines 
on the tribometer ball, Fig. 15. This proves that the critical 
temperature in the contact zone of the tested materials, 
which is necessary for the occurrence of adhesion, has not 
been reached. 

In this case, it is a tribological contact of two surfaces 
made of hard materials (tribometer ball and cast-iron 
reinforcement). According to the composition of the tested 
materials and their higher strength, smaller cracks in the 
form of lines of equal length can be seen on the scratching 
surface of reinforcement, Fig. 13. Similar traces of wear 
were recorded on the surface of the tribometer ball, but 
lighter due to minor scratches on the harder surface,               
Fig. 15. 

In general, based on the tribological tests, less wear on 
the reinforcement material was confirmed, which is why it 
can be used for the proposed optimization of the cylinder 
liner construction.  

The hardness of the material was determined before 
the start of the test using the standard procedure according 
to the Vickers hardness test. The average values of 
hardness (HV or Vickers Pyramid Number) for cylinder 
material and reinforcement are 90 and 318 respectively. 
The average values of the modulus of elasticity (Young 
modulus) of the tested materials are 100 GPa and 155 GPa 
for base cylinder material of aluminum-alloy and cast-iron 
inserts, respectively.  

Mechanical characterization of materials and 
determination of mechanical characteristics of scratched 
surfaces were performed using the device (CSM Nano 
Hardness Tester or NHT), with Berkovich diamond 
indenter. 

a)                                                                                                          b) 
Figure 12 Optical micrograph of cylinder material surface after sliding test in constant load conditions without the presence of lubricants; 

a) 0.3 N and 0.003 m/s; and b) 0.3 N and 0.015 m/s

a)                                                                                                              b) 
Figure 13 Optical micrograph of reinforcement material surface after sliding test in constant load conditions without the presence of lubricants; 

a) 0.3 N and 0.003 m/s; and b) 0.3 N and 0.015 m/s

4.2 Optical Microscopic Analysis of Wear Tracks for 
Tribometer Sphere (Ball) Surface in Sliding Contact 

In accordance with the previously mentioned 
conclusions, the traces of wear on the steel ball of the 
tribometer were additionally analyzed. The recorded traces 
of wear in Fig. 14 indicate a pronounced presence of 
material transfer on the surface of the steel ball. 
Accordingly, if we analyze the recorded penetration depth 
diagrams in Fig. 10, it can be concluded that in the case of 
cylinder material, the mechanism of adhesive wear is 
dominant. 

At higher sliding speed of 0.015 m/s, an increased 
transfer of material to the tribometer ball was observed, 

Fig. 14b. This represents clear traces of adhesive wear on 
the cylinder material. 

During the sliding test, the transfer of material is also 
registered by changing the friction coefficient and 
penetration depth. At a certain point of time, due to the 
transfer of material to the tribometer ball, the sliding 
process occurs between the same materials. In this case, 
there exists sliding between Al-Si alloy as the base cylinder 
material and the transferred layer of the same material on 
the tribometer ball. 

The accumulation of material on the contact surface of 
the tribometer ball can also be monitored by changing the 
penetration depth value.  

If we analyze the recorded curves of changes in the 
penetration depth during sliding, it can be seen that the 
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sensor registers a sudden change in the position of the ball 
along the z axis of the tribometer, Fig. 3, although there is 
no penetration of the ball into the test material. 

This is the consequence of a transferred layer of 
material on the ball's surface and its degradation at the 

critical point. After that, it cannot transmit or overcome 
tangential forces. With the material transfer progress, 
contact area increases resulting in increased wear track 
width (Figs. 10, 12 and 14).

a)                                                                                                              b) 
Figure 14 Optical micrographs of tribometer ball profile after sliding tests versus cylinder material (Al-Si alloy) in constant load conditions; 

a) 0.3 N and 0.003 m/s; and b) 0.3 N and 0.015 m/s 

Material transfer was not observed in the case of 
cylinder reinforcement material testing. Therefore, no 
traces of adhesive wear can be seen on the surface of the 
ball, Fig. 15. A similar conclusion can be drawn from the 
photographs of the tested material, in Fig. 13. Therefore, 
the penetration depth curve is almost linear, as shown in 
Fig. 11. At the beginning of the testing of the cylinder 
reinforcement material, the friction coefficient increases 
until real contact is made. According to the geometry of the 
tribometer, at the beginning of the test, contact was made 

at five points, Fig. 11. Similar results can be observed in 
the literature [35, 36]. 

This is in line with the fact that abrasive wear is 
dominant in the case of cylinder reinforcement materials. 

After the initial time, the third layer of material is 
removed from the contact surface, so that the friction 
coefficient at a higher sliding speed is lower compared to 
the reference value for the cylinder material. This is 
especially true of maximum values Fig. 11, and 10. 

a)                                                                                                              b) 
Figure 15 Optical micrographs of tribometer ball profile after sliding tests versus reinforcement material (cast-iron) in constant load conditions; 

a) 0.3 N and 0.003 m/s; and b) 0.3 N and 0.015 m/s 

a)                                                                                                             b) 
Figure 16 Optical micrographs of the tribometer ball profile; a) before sliding test (front view); and b) after sliding test (side view) 

Continuing the previous analysis, Fig. 16.а and 16.b 
show the side profile of the tribometer ball before and after 
tribological tests in sliding conditions. Transfer of material 
to the tribometer ball can be observed [36]. Similar results 

and dependencies performed by researchers under similar 
and different loading conditions of the tested materials can 
be found in the literature [22, 23]. 
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5 CONCLUSIONS 

Generally, on vehicles and engines, the use of new 
lightweight materials or eco-tribology measures (surface 
change for example) is important for lowering the fuel 
consumption, while the propulsion and mobile systems for 
keeping projected safety and performance.  

Mechanical losses (consisting of friction and parasitic 
losses in auxiliary units) in internal combustion engines, 
can be reduced by improving tribology situation of sliding 
contact between two metal surfaces. On the other hand, 
losses can be reduced as well as lightweight of sliding 
parts, reducing production tolerances to improve the fit 
between piston-piston rings and cylinder liner, and by 
improving the lubrication between sliding parts. 

The manuscript presents only the results of tribology 
research which are useful for material comparison 
regarding tribology characteristics (specifically friction 
coefficient and wear). This means that experimental results 
are obtained just in tribology experiments with 
reciprocating motion between the sphere made of steel and 
a plate made of tested material. For final material selection 
for the cylinder liner before production, we needed 
experimental research in real conditions. 

For the purposes of the experiment, the inner or sliding 
surface of the Al-Si alloy compressor cylinder, (made of 
alloy AlSi10Mg), was modified and reinforced, by putting 
tribological reinforcement of cast-iron or second material 
(graphite or brass) as option. 

The increase of sliding speed under low and constant 
load resulted in increases of maximal (0.123-0.543) and 
mean values of the friction coefficient (0.110-0.350) 
regarding the cylinder material Al-Si alloy. The friction 
coefficient mean value (0.232) for reinforcement of cast-
iron material at the higher sliding speed of 0.015 m/s, is 
lower than the comparative value obtained by testing the 
cylinder material of Al-Si alloy (0.350). The maximum 
value of the friction coefficient (0.295) of the 
reinforcement is significantly lower compared to results 
with base material tribology tests (0.543), too.  

In case of higher sliding speed of 0.015 m/s, 
penetration depth value for cylinder material is higher and 
there exists no steady state value. The main reason for this 
phenomenon is the intensive cylinder material transfer to 
the harder tribometer ball. This is due to the fact that the 
basic material of the cylinder is made of aluminum-silicon 
alloy and is softer than the material of the cylinder 
reinforcement on the basis of cast-iron. 

Penetration depth value is almost constant during 
sliding test with reinforcement material. This fact does not 
apply to testing of cylinder material, especially in 
conditions of higher sliding speed during testing. The fact 
is that in the case of testing materials for cylinder 
reinforcements, no material transfer was recorded. 

In the case of reinforcement material, during sliding 
friction, the abrasive wear mechanism dominates and no 
plastic deformations occur. 
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