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Abstract: Applying new technologies to reduce friction and wear in vehicles and equipment can minimize mechanical losses. This reduces power loss in internal combustion
engines and reduces fuel consumption and emissions. Consumption of fuel energy can be reduced by the use of light metals, for example aluminum alloy, to produce
vehicles and their aggregates and parts. In this case, the problem is poor tribological properties of those light weight metals, as well as the lower strength compared to the
cast iron construction. For tribology research purposes, the contact surface of the aluminum cylinder of an experimental piston air compressor is reinforced with inserts of
cast iron. The results of tribology research of the composite material are presented in the paper, explaining how parameters such as the sliding speed, contact time and
contact area influence friction and wear of the material in relative tribological contacts, under constant normal force. The test procedures were performed on the ball-on-plate
CSMe nanotribometer, in linear reciprocating sliding conditions with no lubricant. Material composition of the samples was determined using the Energy-Dispersive

Spectroscopy. All measurements were realized at the Faculty of Engineering, University of Kragujevac.
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1 INTRODUCTION

In domain of heavy-duty vehicles, the proposed level
for reduction of carbon dioxide (CO,) emission between 25
and 30% and nitrogen oxides (NOy) of up to 90% can be
realized with serious technical innovations on vehicles and
power systems [1-3].

The set goals could be achieved by applying modern
technologies in order to optimize combustion and
tribological processes [4-10].

According to the above, main focus during
optimization of internal combustion engines (ICE) is
friction reduction, resulting in lower fuel consumption and
exhaust emission [10-12].

Within the engines and compressors, the relative
motion of piston with rings inside the cylinder liner has the
largest impact on fuel consumption because of higher
friction and wear. To avoid ruin of function during time,
these mechanical parts from metal alloys could be
manufactured of materials of high hardness for friction
reduction and wear protection [13-15].

From the other side, the fuel consumption is reduced
also if we use aluminum as a lighter material for designing
of vehicles, engines and equipment. In that case, the main
problem is lower hardness of material resulting in intense
wear during tribological contact [16-19].

By modification of surfaces which are in direct contact
with anti-friction coatings or by use of composite
materials, we can resolve the problems related to hardness
and friction and wear of aluminum parts [20-23].

Diamond-like coatings (DLC) are in use in ICE for
lowering of friction and wear. Chromium nitride is in use
as a coating for piston rings. This will reduce fuel
consumption and therefore emission [23, 24].

In that way, tribological properties are greatly
improved over classic honing of the cylinder with
various surface textures of cylinder liner [25, 26].

In ICE, about a quarter of indicated power is used to
overcome the friction and mechanical losses between
combustion chamber and freewheel. In heavy-duty
vehicles tribomechanical system of piston, rings and
cylinder liner accounts up to 2% (8% in passenger

vehicles) in fuel consumption. According to this, 10%
reduction in the friction of the piston and rings reduces fuel
consumption by 0,2% [27-30].

In line with the available research results, as well as
with our own experience, research into variable-
mechanisms of engines was first initiated. We have
investigated the application of gasoline and diesel engines
with variable compression ratio (VCR) and multi-fuel
technology [4, 9].

Then, tribology research in domain of ICE and piston
compressors designed from lightweight materials was also
performed [10].

1.1 Data, Method and Initial Researches

For research purposes, the bus compressor for
compressed air in braking system was reconstructed. The
piston compressor cylinder was designed and made of
aluminum with cast iron inserts. This was necessary, since
aluminum has lower hardness than cast iron.

One solution is to coat the contact surface of the
cylinder with a suitable coating using a thermal spray
method. This method has already been used in ICE and due
to that we were starting the research with the corresponding
and comparative available information. Coatings play an
important role in friction and wear reduction inside ICE
and valve train for example, Fig. 1 [31-33].

Regarding the first option, for the purposes of the
experiment, surface of the aluminum cylinder as base
material (alloy EN AlSi10Mg) was partially modified and
reinforced by putting tribological reinforcements of iron
arranged in the form of discrete tribological plugs or
spheres (nodule), Fig. 1.

The research was initiated by the idea that the
tribological contact between the piston rings and the
cylinder could be pre-determined and accomplished
through tribological inserts.

This is because of the realistic machining and working
conditions, why it is very difficult to simulate contact
between piston rings and the cylinder liner, due to the oval
shape and designed grooves within the cylinders inner
wall. Cylinder ovality is usually caused by wear
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phenomena and different intensity of normal forces, due to
tribology contact between piston, rings and cylinder liner.
As a result, the piston axis is eccentric to the cylinder axis
[34, 35].

Figure 1 Photography of experimental cylinder samplés. Left is cylinder coated
with thermal spray method and right with reinforcements (nodules)

The above problem could be solved by applying the
cylinder with inserts, Fig. 1. Proposed technology with
inserts has no limitations in terms of compressor cylinder
production and machining capabilities.

On the other hand, the goal is to extend the service life
of the reciprocating machines as well as the reliability in
exploitation.

During researches was performed tribological research
of the cylinder material and reinforcements. Inside the
paper one part of the results will be discussed.

After the tribological optimization of the parts of the
piston group, an experimental test of the compressor on the
test rig will be carried out.

2 EXPERIMENTAL CONDITIONS AND EQUIPMENT

Modern, computer-aided CSM® nanotribometer was
used to test the aluminum, cylinder material and cast iron,
material that cylinder inserts were made of (Fig. 2).

Tribological investigations were performed on the
CSM®  nanotribometer, with ball-on-plate  contact
geometry with linear reciprocating movement, in dry
sliding conditions. Linear reciprocating movement was
chosen in order to simulate real contact between piston
rings and the cylinder. Nanotribometer normal force range
is 50 uN to 1 N, with 1 pN resolution, while friction force
range is 10 puN to 1 N, with the same resolution. During the
contact normal force remains constant. In order to simulate
different sliding conditions, three different values of
normal force were chosen, 0,3; 0,6 and 0,9 N. Related to
that three different values for sliding speed were 3,9 and 15
mms . Penetration depth measurement is very precise,
with accuracy of 20 nm.

Along with the normal and friction forces values
nanotribometer obtains penetration depth value, which is
related to the counter body (ball) movement along the z
axis. Measurement range is from 20 nm to 100 pm, with 20
nm resolution. Fig. 3 presents a scheme of nanotribometer
cantilever, in linear reciprocating movement configuration.

Tribological tests were performed in dry sliding
conditions. Normal load and sliding speed remain constant
during the test.

Fiberoptic
sensor heads

—,
Counter

4« Dbody

Sample

X

Figure 3 Module of tribometer for realization of relative sliding motion between
the ball and sample of tested material

Linear reciprocating movement was chosen due to
linear reciprocating movement of engine piston within the
cylinder. During the tribological test normal load and
sliding speed remain constant. Duration time of each test is
500 cycles at each test mode (corresponding to a sliding
distance of 1m), with half the amplitude (0,5 mm) and
acquisition frequency of (50 Hz). During testing, ambient
temperature was maintained in the range (21 + 2 °C), with
recorded air humidity of 45%. Each test was repeated at
least 3 times. Counter body was 1,5 mm steel (100Cr6)
ball.

Commercial software (TriboX 2.9.0) was used to
record and process the data. Under each mode, after
finishing, the material samples were removed from the
tribometer and were photographed with an optical
microscope. The wear of the sliding surface of the test
material (surface layer) was estimated according to
measured values of the penetration depth. Worn layers
(photographed wear traces) were analyzed by using
dedicated software for image processing (Infinity
Analysis). Wear trace volume and wear rate were
calculated for each test mode according to ASTM G133-05
method, after a sliding distance of (1 m) [20].

Using optical microscopes were analyzed the surfaces
of the prepared specimens as well as the resulting wear
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traces. The scanning electron (SEM) microscope
manufacturer is Meiji Techno, they are computer-aided
and each of the microscopes is with its own illuminators
and high-resolution camera.

More detailed analysis of the tested material samples
was performed by using a Phenom ProX Energy-
Dispersive Spectroscopy (EDS).

3 RESULTS REGARDING TRIBOLOGY RESEARCHES
3.1 Optical Microscopic Analysis of the Aluminum with
Cast Iron Inserts Material before Testing

Testing was performed with samples made of the
piston compressor cylinder base material, (Al-Si) alloy,
and on iron-based material of inserts.

Fig. 4 provides an optical representation of the
microstructure of the standard material for cylinders,
which could be reinforced with previously mentioned cast
iron inserts. On the material surface we can see the gray
phases that represent eutectic silicon [36, 37].

Figure 4 Optical microscopy of aluminum-silicon allby as base cylinder material

In Fig. 5 an optical representation of the material of
cast iron or iron-carbon alloy inserts as reinforcements is
given. Inserts are arranged discreetly by casting within the
cylinder matrix in the form of tribological plugs of
spherical shape (nodules), or particles of spherical shape.
By a more detailed analysis of the microstructure of the
surface, it is concluded that the black lines do not represent
micro cracks in the material but traces of graphite in the
cast iron [38].

=
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Figure 5 Optical microscopy of cast-iron alloy as rﬁaterial of inserts or
reinforcements cylinder material.

3.2 Determination of Coefficient of Friction and Penetration
Depth of Base Material (Al-Si) Alloy

The changes of coefficient of friction (COF) and
penetration depth (PD) (on ordinates), depending on the
sliding time of ball, distance and lap number (contact
cycles) are presented in Fig. 6, Fig. 7 and Fig. 8. The results
are for the base material in metal (Al-Si) alloy.

The results shown were obtained by examining the
material on the tribometer, at normal force that fits medium
load (Fx = 0,6 N), under different values of sliding speed
(v=3;9and 15 mms ™).

The results obtained at lower and higher loads were
presented within the previous research [20] and can
therefore be compared.

Due to the alternating motion of the cantilever of
CSM® tribometer between two end positions, the friction
force was changing direction during the test.
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Figure 6 Changes of COF and PD under (Fn = 0,6 N, v= 3 mms™1) for base
cylinder material (Al-Si) alloy; filtered signal

At lower sliding speed of ball (v = 3 mms™), under
medium load, COF and PD of base material have relatively
approximate values. The values of the COF slightly
increase with each cycle. The obtained mean value of the
COF is (0,148), Fig. 6.

| Start:0.007 min:0.081 max:0420 mean:0.284 std.dev.:0.070

100 12000
|
1
064 49E03)
N e e oY
028 -9.93E03 |- W/ AR AP
008 -15£04
i A
1 \ ST I
044 2604 \ g - o T
1 v s N N\i o~
M| nme
080 -25E04;
0.02s] 3490 6980 105.00 140.00 175.00
010 [mnm] _ 200.00 400.00 600.00 800.00 1E03
005[lap]  100.00 200.00 300.00 400.00 500.00

| . Friction coef. . Penetr. Depth ‘

Figure 7 Changes of COF and PD under (Fnv = 0,6 N, v =9 mms-") for base
cylinder material (Al-Si) alloy; filtered signal

At higher sliding speeds (9 and 15 mms '), the COF
first increases intensively after the very short running in
period and then decreases with low intensity. In both cases,
approximate mean values of the COF (0,284 and 0,226)
were reached, Fig. 7 and Fig. 8.

1270

Technical Gazette 28, 4(2021), 1268-1276



Saga MILOJEVIC et al.: Tribological Assessment of Aluminum Cylinder Material for Piston Compressors in Trucks and Buses Brake Systems

Start:0.009 min:0.093 max:0.370 mean:0.226 std.dev.:0.077 |
1.00| 200.00

0.60 -4.84E03)|
i

020/ -9.88

020 149804 |- L L
oA A
¥ A/
i N T et

-0.60) -2E04 e

i nm

100 -25E04
0.02 [s] 21.00 41.90 62.80 83.80 105.00
0.16 [mm] 200.00 400.00 600.00 800.00 1E03
008 ap] 10000 200.00 300.00 200,00 500.00

[ [l Friction coef. [l Penetr. Depth |

Figure 8 Changes of COF and PD under (Fn = 0,6 N, v =15 mms™1) for base
cylinder material (Al-Si) alloy; filtered signal

In case of higher sliding speeds (9 and 15 mms™!) PD
values are more intense and variable, as a result of the
intensive material transfer process (from sample material
to tribometer ball). The transfer of material is due to the
fact that the base material (Al-Si) alloy is softer than the
material of inserted reinforcements (cast iron) alloy in
analyzed cases.

3.3 Determination of Coefficient of Friction and Penetration
Depth of Reinforcements (Cast Iron) Alloy

When testing material of reinforcements, similar
results for mean COF (0,238 and 0,237) were obtained
under higher sliding speeds, for same load (Fn = 0,6 N) as
it was in case of base cylinder material, Fig. 10 and Fig. 11.
In this case, the mean value of the COF (0,238) of the
reinforcements at the sliding speed (v = 9 mms ") is lower
than the comparative value obtained by testing the base
material (0,284). The recorded maximum values of the
COF (0,334 and 0,328) of the reinforcements are lower
than the comparative values obtained by testing the base
material (0,420 and 0,370), Fig. 7 and Fig. 8.

During material testing under lower sliding speed (v =
3 mms™), it was unexpectedly recorded a higher mean
value of the COF (0,355), Fig. 9, compared to values
obtained by testing the base material (0,148).
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Figure 9 Changes of COF and PD under (Fnv = 0,6 N, v = 3 mms-") for cast iron
inserts; filtered signal

In all three presented plots, Fig. 9, Fig. 10 and Fig. 11,
PD value is almost constant, which is not the case with the
base cylinder material, specifically under two higher
sliding speeds (Fig. 7 and Fig. 8).
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Figure 10 Changes of COF and PD under (Fv = 0,6 N, v.=9 mms™") for cast iron
inserts; filtered signal
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Figure 11 Changes of COF and PD under (Fn = 0,6 N, v =15 mms-") for cast
iron inserts; filtered signal

The main reason is the fact that in the case of cast-iron
inserts no material transfer is recorded (Fig. 15, Fig. 16 and
Fig. 17). The inserts material is harder than Al alloy, so that
no plastic deformations were occurring on the surfaces in
tribology contact. Therefore, the adhesive wear of the
material is not present in the case of cast-iron inserts, as is
the case with the base cylinder material (Fig. 12, Fig. 13
and Fig. 14). The observed phenomena were explained by
a detailed wear track analysis of both contact elements,
prepared samples and counter body, 1,5 mm steel ball.

4 OPTICAL MICROSCOPIC ANALYSIS OF MATERIAL
WEAR PHENOMENA AND DISCUSSION OF RESULTS

Optical microscopy of obtained wear tracks were
presented in Fig. 12, Fig. 13 and Fig. 14 for the base
cylinder material (Al-Si) alloy, and Fig. 15, Fig. 16 and
Fig. 17 for cast iron inserts.

Based on Fig. 13 and Fig. 14, adhesive wear was
recorded mainly due to the presence of material transfer.
To confirm mentioned material transfer counter body steel
ball surface was analyzed using optical microscope (Fig.
19 and Fig. 20).

Contrary, at lower sliding speed (v = 3 mms™)
abrasion wear is the most dominant wear mechanism,
which results in parallel grooves along with the steel ball
sliding direction (Fig. 12) and clean scratches on the steel
ball (Fig. 18). It could be assumed that at lower sliding
speed critical temperature for adhesion bonding was not
achieved.
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Figure 12 Surface mlcrograph of base material after dry sI|d|ng test under
(Fv=0,6 N, v=3mms™)

Figure 13 Surface m|crograph of base material after dry sliding test under
(Fv=0,6 N, v=9mms™)
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Figure 15 Surface mlcrograph of r'elnfo’rcement after dry slldlng test under
(Fv=0,6 N, v=3mms™)
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Figure 16 Surface m|crograph of relnforcement after dry sliding test under
(Fv=0,6 N, v=9mms™)

Flgure 14 Surfacé m|crograph of base material after dry slldlng test under
(Fn=0,6 N, v=15mms™)

Analyzing the wear traces of the tested materials, it
was concluded that the wear of the base cylinder material
is significantly higher compared to the wear of the
reinforcements.

The abrasive wear is the most dominant wear
mechanism for cast iron inserts (Fig. 15, Fig. 16 and Fig.
17) due to contact of two hard surfaces (ball and cast-iron
inserts). As a result of that kind of contact small wear
debris were generated, that could act as abrasive material
if trapped in contact zone. Similar wear tracks, with clean
parallel grooves were obtained on the steel ball, (Fig. 21 to
Fig. 23).

Flgure 17 Surface m|crograph of relnforcement after dry slldlng test under
(Fn=06N, v=15mms™)

The hardness of both tested materials was determined
by standard testing. The average hardness values are (HV
= 90) for the base cylinder material and (HV = 318) for the
cast-iron inserts. The average values of the Young modulus
were (£ = 100 GPa) and (E = 155 GPa) for base cylinder
material and cast-iron inserts, respectively.

The mechanical characterization of the material and
the determination of the mechanical properties of the
surface layer were performed using CSM Nano Hardness
Tester (NHT?), with Berkowich diamond indenter [10, 20].
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4.1 Wear of Tribometer Ball Surface

In addition to the above results and explanations, wear
tracks of the steel ball will be analyzed.

Analyzing wear track on the steel ball presented in Fig.
18 it could be concluded that there was no visible or intense
material transfer on the steel ball surface. Based on that and
on obtained PD plot (Fig. 6) and on wear track on tested
material it could be concluded that abrasive wear of the
material is more dominant.

Figure 18 Optical microscopy of the counter body steel ball profile after sliding
test of base material (Al-Si) alloy under (Fn = 0,6 N, v =3 mms™1)

At higher sliding speeds (v =9 and 15 mms™), intense
material transfer on the ball was recorded, Fig. 19 and Fig.
20. These are clear traces of adhesive wear of the material.

The fact is that after a certain sliding time, material
transfer occurs, which is registered in real time by
tangential force sensor and sensor for ball movements
along the z axis. As a result of material transfer abrupt
change in COF and PD value is registered. From that point
sliding contact between tested sample and steel ball
becomes the contact of two similar materials (Al-Si alloy
as the base cylinder material and the transferred layer on
the ball that is by its structure similar to the tested material).

Piling up of transferred material on the steel ball
contact surface is registered by penetration depth sensor
and presented with adequate PD curves.

Analyzing mentioned PD curves it is obvious that
position along the Z axis of steel ball abruptly changes
during the sliding process, but not due to its penetration in
the tested material. Main reason for this kind of movement
is the creation of transferred layer on the ball surface and
its degradation when it reaches the critical point in which
it is not capable to bear tangential forces.

Along with the material transfer progress, real contact
area increases which results in increased wear track width
(Fig. 12, Fig. 13 and Fig. 14).

Material transfer was not noticed in case of cast-iron
inserts tribological tests. Therefore, there is no trace of
adhesive material on the surface of the ball, (Fig. 21, Fig.
22 and Fig. 23). Similar conclusion can be reached
according to the photographs of the surfaces of the test
material, (Fig. 15, Fig. 16 and Fig. 17).Therefore, the PD
curve is almost linear (Fig. 9, Fig. 10 and Fig. 11).

Figure 19 Optical microscopy of the counter body steel ball profile after sliding
test of base material (Al-Si) alloy under (Fn = 0,6 N, v=9 mms-")

Figure 20 Optical microscopy of the counter body steel ball profile after sliding
test of base material (Al-Si) alloy under (Fn = 0,6 N, v =15 mms~1)

At the beginning of tribological dry sliding test of cast
iron inserts COF increases as a result until the real contact
area on both elements is achieved, since at the early
beginning contact was made in a few points, due to
tribometer contact geometry, (Fig. 9, Fig. 10 and Fig. 11).
Similar results can be found in the literature [39, 40].

This is consistent with the fact that in the case of
reinforcement materials, during sliding friction, the
abrasive wear mechanism dominates.

At the beginning of sliding, under lower speed (v = 3
mms '), the surface parts roughness of both materials is cut
off, after that a wear debris was generated in tribological
contact. As a result, friction increased and bigger peaks of
COF were recorded as well as a meaner value (0,355) than
expected, Fig. 9.

For comparison, the mean value of the COF of the base
(softer) material is much lower (0,148) what also was not
expected, as explained before, Fig. 6.

Figure 21 Optical microscopy of the counter body steel ball profile after sliding
test of reinforcement (cast iron) alloy under(Fn = 0,6 N, v =3 mms-')
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Figure 22 Optical microscopy of the counter body steel ball profile after sliding
test of reinforcement (cast iron) alloy under (Fn = 0,6 N, v=9 mms-1)

Figure 23 Optical microscopy of the counter body steel ball profile after sliding
test of reinforcement (cast iron) alloy under (Fx = 0,6 N, v= 15 mms-")

After the first period, the third body is removed from
the tribological contact, so that COF at higher sliding
speeds is lower than referent value of the base material
under same conditions. This is especially related to
recorded maximum values, (Fig. 10 and Fig. 11), and
comparative (Fig. 7 and Fig. 8), respectively.

In addition to the previous analyses, the (Fig. 24 and
Fig. 25) show a tribometer ball side profile, before and after
the testing that confirms previously mentioned statement
related to the material transfer on the steel ball surface.

Figure 24 Optical microscopy of the counter body steel ball profile before sliding
test (side view)

The test results of researches, under other, higher and
lower loads, are similar and could be found in the literature
for comparison [20].

Figure 25 Optical microscopy of the counter body steel ball profile after sliding
test against base cylinder material (Al alloy) (side view)

5 CONCLUSION

Within the engines and compressors, the relative
motion of piston with rings inside the cylinder liner has the
largest impact on fuel consumption because of higher
friction and wear.

By modification of surfaces which are in the relative
or sliding contact, with anti-friction coatings and use of
composite materials, we can resolve the problems related
to hardness, friction and wear of aluminum parts.

For the purposes of the experiment, partially the
surface of the aluminum cylinder as base material (alloy
EN AlSi10Mg) was modified and reinforced by inserting
tribological reinforcements of cast iron arranged in the
form of discrete tribological plugs or spheres (nodule).

When testing the material of cast iron inserts, similar
results for mean COF (0,238 and 0,237) were obtained
under higher sliding speeds, for the same load (Fx= 0,6 N).
In this case, the mean value of the COF (0,238) of the
reinforcements at sliding speed (v = 9 mms ') was lower
than the comparative value obtained by testing the base
material (0,284). The recorded maximum values of the
COF (0,334 and 0,328) of the reinforcements were lower
than the comparative values obtained by testing the base
material (0,420 and 0,370).

During material testing under lower sliding speed (v =
3 mms!), it was unexpectedly recorded a higher mean
value of the COF (0,355), compared to the values obtained
by testing the base material (0,148).

The reinforcement material (cast iron) alloy is harder,
so that no plastic deformations were occurring on the
surfaces in tribology contact. Therefore, the adhesive wear
of the material is not present in the case of reinforcements,
as is the case with the base material (Al-Si) alloy.

During the test of base material, after a certain sliding
time, because of material transfer to the ball surface, at one
point started the sliding between two same metals (Al-Si
alloy as the base material and the transferred, volume of
Al-Si alloy on the ball).

In the case of reinforcement materials, during sliding
friction, the abrasive wear mechanism dominates.
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