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Abstract   The article presents the results of model laboratory tests, including the measurement of temperature, friction 
force, and linear wear of the surface layer of samples made of grey cast iron sliding against a steel counterpart. 
The surface layer of the cast iron specimen was modified using ablative laser micromachining in order to 
change its macro- and micro-geometry. To produce regular oil micro-reservoirs in a shape of micro-channels, 
an Nd: YAG laser (λ = 1064 nm, ƒ = 1 – 100 kHz, E = 50 J, P = 50W) with a special focusing system was used. 
Comparative studies included a grey cast iron specimen subjected to conventional mechanical machining and 
a specimen modified by ablative laser micromachining. 41Cr4 steel with a hardness of 50 HRC was used as 
a counterpart. Tribological tests were run in a pin-on-disk (T-11 tribometer) test set-up. The best results in 
the reduction of friction, temperature, and wear were obtained for samples with oil micro-reservoirs (made of 
ablative laser texturing) in a shape of micro-channels covering 5% of the entire tribological contact surface.

Słowa kluczowe:  żeliwo szare, mikrozbiorniki olejowe, warstwa wierzchnia, ablacyjne teksturowanie laserowe, odporność na 
ścieranie w warunkach tarcia.

Streszczenie   W pracy przedstawiono wyniki modelowych badań laboratoryjnych obejmujących pomiary wybranych para-
metrów w węźle tarcia, tj.: temperatury, siły tarcia i zużycia mierzonego metodą liniową dla warstwy wierzch-
niej próbek wykonanych z żeliwa szarego w skojarzeniu ze stalowymi przeciwpróbkami. Warstwę wierzchnią 
ww. żeliwa poddano modyfikacji, wykorzystując ablacyjną mikroobróbkę laserową w celu zmiany jej ma-
kro- i mikrogeometrii. Do wytworzenia regularnych mikrozasobników olejowych w kształcie mikrokanałów 
stosowano laser Nd: YAG (λ = 1064 nm, ƒ = 1 ÷ 100 kHz, E = 50 J, P = 50W) ze specjalnym systemem 
ogniskowania. Badaniom porównawczym poddana została warstwa wierzchnia żeliwa szarego ukształtowana 
na drodze tradycyjnej obróbki mechanicznej i zmodyfikowana w wyniku ablacyjnej mikroobróbki laserowej. 
Materiałem przeciwpróbki była stal 41Cr4 o twardości 50 HRC. W badaniach tribologicznych zastosowano 
metodę „pin-on-disc” w oparciu o tribometr T-11. Najlepsze efekty w zakresie zmniejszenia siły tarcia i tem-
peratury oraz zwiększenia odporności na zużycie uzyskano w przypadku skojarzeń, w których w warstwie 
wierzchniej żeliwnych próbek wykonano techniką ablacyjnego teksturowania laserowego mikrozbiorniki ole-
jowe w kształcie mikrokanałów z ich 5% udziałem powierzchniowym.

INTRODUCTION

The operating characteristics of the piston-crank system 
of an internal combustion engine depend, not only on 
the possibility of transferring mechanical loads through 
the active cross sections of these components, but they 
also depend on the microstructure and the properties of 
their surface layer, which are involved in tribological 
processes [L. 1-4].

The development of internal combustion engine 
technology causes that more and more durable 

construction materials are used. Experimental and 
simulation methods are used to find new materials 
intended for friction pairs. Simultaneously, a new 
approach of designing tribological elements of internal 
combustion engines is required. In order to reduce the 
intensity of wear of the components of piston-crank 
system, the surface layer of at least one cooperating 
element is modified.

Materials which are used for elements of machines 
as friction pairs should provide a stable and low 
coefficient of friction and high abrasion resistance under 
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various operating conditions. The most popular friction 
materials are grey cast iron, grey cast iron with content 
of titanium, aluminium alloys, titanium alloys, ceramics, 
and composites [L. 5, 6].

The development of the construction of the above-
mentioned sliding pairs and improving their quality and 
durability is possible only if proper phenomena related 
to friction (wear, lubrication) between cooperating 
elements are well known. Proper modelling and 
the prediction of wear is also necessary and equally 
important.

Modification of the topography of the surface of 
such elements, like crankshaft journals, camshaft and 
cylinder liners of combustion engines, is carried out by 
various types of mechanical machining (e.g., grinding, 
honing, superfinishing), the application of modern anti-
wear coatings (e.g., technical chromium, heat-spray 
coatings), and more often by the use of precision beam 
technology, mainly laser [L. 7–9].

A significant role in the combination of the 
cylinder liner and piston ring plays on a surface layer is 
understood as an "areological system." In this system, 
material properties, surface topography, component 
precision, and lubricant play important roles [L. 10].

One of the perspective technologies of modifying 
the surface layer of a piston-crank system of a combustion 
engine is ablative laser micromachining. Because of the 
specific physical properties of the laser beam, which has 
very periods of impact and high precision, as well as the 
reproducibility of the process and the ease of controlling 
its parameters, it is possible to produce multiple texture 
patterns on the surface. These textures can significantly 
improve lubrication conditions and reduce the intensity 
of tribological wear processes at many tribological 
nodes in piston combustion engines.

The aim of the study was to determine the influence 
of ablation laser texturing of the surface layer of grey cast 
iron (used in the manufacture of crankshafts, cylinder 
liners, and camshafts of internal combustion engines) on 
its wear resistance using a model tribological test stand.

EXPERIMENTAL  DETAILS

Tribological studies was carried out on grey cast iron, 
which was subjected to mechanical pre-treatment, 
ablation laser texturing, and mechanical finishing 
treatment, with pre-selected technological parameters 
of applied treatments. In the case of laser texturing, 
the power density q was changed in the range of 
 0.5–3.55*107 W/cm2, pulse repetition rate f was changed 
in the range 1–10 kHz, and scanning speed was changed 
in the range of 200–800 mm/s.

The measurement of linear wear, friction force, and 
temperature in the considered friction pair was carried 
out. Friction tests were carried out using a pin-on-disk 

(T-11 tribometer) test set-up. The conditions of wear 
resistance tests using the T-11 tester were as follows:
• Sample - grey cast iron,
• Counter-sample – 41Cr4 steel with hardness 

50 HRC, 
• Initial run-in time – 120 s, 
• Sliding speed – 0.21 m/s, 
• Lubricant – Mobil 1 0W/40 synthetic oil, 
• Contact pressure – 12.42 MPa, and
• Sliding distance – 750 m.

The test stand was equipped with sensors which 
allowed for continuous recording of test parameters, 
including friction force, temperature in area of contact, 
and changes in the dimensions of friction elements. It 
allowed the determination of the linear wear of elements 
of the friction pair, without taking into account the effect 
of thermal expansion caused by temperature changes. 

Unmodified grey cast iron samples (W1 variant) 
and laser textured grey cast iron samples (W2 variant) 
were used for tribological research. The laser texturing 
test stand was equipped with an Nd: YAG laser (Allprint 
DN) with a Galvo head.

The purpose of the texturing was to produce oil 
micro-reservoirs in the shape of micro-channels on 
the surface layer of cast iron samples. The shape and 
dimensions of sample and counter-sample (41Cr4 steel) 
are shown in Figure 1.

a)                                                     b)

Fig. 1. Shape and dimensions: a – the sample, b – counter-
sample

Rys. 1.  Kształt i wymiary: a – próbki, b – przeciwpróbki

The stereoscopic optical microscope (Zeiss 
Discovery V12 SteREO) and Vibration-proof High-
magnification Observation System (Keyence VH-S5) 
were used to evaluate the quality of performed laser 
surface texturing processes. Surface topographies 
were analysed using a Form Talysurf Series 2 contact 
profilometer (Taylor Hobson).

Unmodified (after grinding) grey cast iron samples 
were polished using sandpaper with a grain size of 
1000 and 2000. Laser textured samples were subjected 
to finishing grinding and polishing on 1000 and 2000 
sandpaper to remove micro melt rims formed in the zone 
contiguous to the micro-reservoirs. The surface of the 
41Cr4 steel counter-sample was subjected to finishing 
grinding to an average roughness of Ra ~ 1.25 μm. 
All tribological tests (five runs for each variant) were 
performed under the same laboratory conditions.
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RESULTS  AND  DISCUSSION

On the surface of the samples, three characteristic areas 
can be found: 
• The area of material in the initial state – A (Figs. 2a 

and 2b), 
• The area of micro-reservoirs (micro-channels) – B 

(Figs. 3a and 3b), 
• The area of friction against steel pin - C (Figs. 2a 

and 2b).
In all variants of tribological tests, the surface 

roughness parameters were reduced. This was the effect 
of running-in the surface of the rubbing elements of the 
model friction pair. For samples with micro-channels 
(W2 variant), a slight decrease of asperities’ height 
was observed (Table 1). With the drop in height of 
asperities, the actual area of contact increased, which 
had a noticeable influence on the reduction of the 
contact pressure between pin and the sample. Therefore, 
the wear of rubbing elements caused by friction also 
decreased.

a)     b)

Fig. 2. Exemplary topography of the surface of the 
sample in the initial state (unmodified) after pin-
on-disk tribological tests with a contact pressure of 
12.42 MPa: a) area of counter-sample in the initial 
state – A, b) area of counter-sample after friction 
test (against steel pin) – C

Rys. 2.  Przykładowa topografia powierzchni próbek w stanie 
wyjściowym po próbie tribologicznej w układzie pin-
-on-disc przy nacisku 12,42 MPa: a) strefa przeciw-
próbki w stanie wyjściowym – A, b) strefa przeciw-
próbki po współpracy z trzpieniem stalowym – C

a)      b)

Fig. 3. Characteristic surface topography of the samples 
after pin-on-disk tribological tests – contact 
pressure of 12.42 MPa: a) area of produced micro-
channels – B, b) view of single micro-channel

Rys. 3. Charakterystyczna topografia powierzchni próbek po 
próbie tribologicznej w układzie pin-on-disc – nacisk 
12,42 MPa: a) strefa nikrokanałów – B, b) widok mi-
krokanału

Table 1.  Exemplary values of surface roughness 
parameters of tested cast iron samples

Tabela 1. Przykładowe wartości parametrów chropowatości 
powierzchni badanych próbek z żeliwa szarego

The state of surface layer  
of the samples

Rp 
[µm]

Rv 
[µm]

Rz 
[µm]

Ra 
[µm]

Sample in initial state (W1) 0.638 1.125 1.763 0.330

Sample in initial state after 
tribological test (W1) 0.502 1.031 1.491 0.234

Samples with micro-
channels before  tribological 
test (W2)

1.086 1.911 2.997 0.588

Samples with micro-
channels after  
tribological test (W2)

0.945 1.808 2.852 0.486

where 
Rp – maximum peak height of the roughness profile,
Rv – maximum valley depth of the roughness profile,
Rz – maximum height of roughness profile, and
Ra – arithmetic mean deviation of the roughness profile.

Characteristic surface roughness profiles of the 
samples made of grey cast iron in the initial state (W2) 
are shown in Figures 4 and 5. The roughness profiles 
confirm the results presented in Table 1 of surface 
stereometry and show a significant reduction in the 
surface roughness of samples after tribological tests. 

a)

Fig. 4.  Surface roughness profile of grey cast iron in 
the initial state (W1): a) before tribological test, 
b) after tribological tests

Rys. 4.  Profil chropowatości powierzchni próbki z żeliwa 
szarego w stanie wyjściowym (W1): a) przed próbą 
tribologiczną, b) po próbie tribologicznej

b)



62 ISSN 0208-7774 T R I B O L O G I A  6/2017 

a)

Fig. 5. Surface roughness profile of a sample made of laser-
textured grey cast iron with micro-channels (W2): 
a) before tribological test, b) after tribological test.

Rys. 5. Profil chropowatości powierzchni próbki z żeliwa 
szarego teksturowanego laserowo z mikrokanałami 
(W2): a) przed próbą tribologiczną, b) po próbie tri-
bologicznej

The results of the tribological tests carried out using 
the T-11 tester for grey cast iron samples in the initial 
state and after laser texturing are shown in Figure 6. The 
maximum temperature of samples in the initial state and 
samples with micro-channels during tribological tests 
after reaching the sliding distance of 750 m was about 
28°C. Throughout the duration of the experiment, the 
temperature of the samples with micro-channels was 
lower than the sample in the initial state. The pace of the 
growth of the temperature was also lower, which may 
indicate a lower intensity of the wear process that occurs 
in this friction pair (Fig. 6a).

The range of the changes of friction force values 
indicates that neither cast iron samples in the initial state 
nor the samples after additional laser texturing show 
a tendency to seizure in friction against the steel pins. 
Most likely, it is a result of the presence of graphite in 
the microstructure of the samples.

For samples with micro-channels sliding against 
41Cr4 steel counter-samples, some instability in the 
form of increases and decreases in friction force values 
were observed. It was probably related to the geometrical 
dimensions and the micro-channel positions on the 
surface of the cast iron sample.

The highest friction force was recorded for the 
samples in the initial state. Friction force reached 
approx. 7.5 N and, after about 350 m of sliding distance, 
the value of the force stabilized, reaching the value of 
approximately 7.4 N. After exceeding 500 m, the friction 

force reached a constant value of 7.2 N (Fig. 6b). This 
process was similar to laser textured samples, but after 
reaching a sliding distance of 500 m, the friction force 
decreased from about 7 N to about 6.5 N after reaching 
a sliding distance of 750 m. In the case of laser-textured 
samples, it was found that the intensity of wear was 
much lower, in relation to the samples in the initial 
state that were processed using traditional methods of 
surface engineering. According to the authors, this is 
a confirmation that oil micro-reservoirs (micro-channels) 
favourably reduce the intensity of the wear of the grey 
cast iron surface layer. 

b)

a)

Fig. 6. The results of the tribological tests of grey cast iron 
(variants W1 and W2): a) temperature changes, 
b) changes in coefficient of friction, linear wear as 
a function of the sliding distance

Rys. 6.  Wyniki testów tribologicznych próbek z żeliwa sza-
rego (wariant W1 i W2): a) zmiany temperatury, 
b) zmiany współczynnika tarcia, c) przebieg zużycia 
mierzonego metodą liniową w funkcji drogi tarcia

b)

c)

b)
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During the tribological tests, the processes of 
wear of samples and counter-samples (pins and disks) 
were also analysed. The effects of wear processes 
were measured using the linear method. In the initial 
phase of the friction process, the processes of wear of 
rubbing elements in all analysed variants ran rapidly. 
For samples in the initial state, there was a significant 
intensification of the wear process during the whole 
sliding distance, without any significant stabilization. 
The process of friction for samples with micro-channels 
also progressed dynamically in the first phase of rubbing, 
resulting in accelerated wear up to about 50 m of sliding 
distance. In the later phase of the tribological test, 
noticeable stabilization of the wear process occurred. 
The stabilization was caused by mutual run-in of the 
surfaces of rubbing samples (Fig. 6c). 

After the tribological tests, it was found that 
the linear wear of samples of the variant with micro-
channels was about 12 μm. This is a very promising 
result in comparison to the initial variant, where the total 
maximum wear of tribological pair (sample-counter 
sample) reached a value of approx. 20 µm.

On the basis of conducted tribological tests carried 
out under boundary lubrication, it was found that the 
process of laser ablative micro-machining of cast iron 
surface samples increases their wear resistance by about 
40%. The reason for this phenomenon is the presence 
of the micro-channels created on the surface of the 
samples and their positive influence on the properties 
of the surface. The micro-zones (with a width of few to 
a dozen microns) created around micro-reservoirs were 
characterized by high hardness (about 580-630 HV0.05) 
and consequently by high wear resistance by friction. 
Additionally, the micro-channels act as micro-reservoirs 
of engine oil. The presence of these two phenomena 

resulted in an assumed increase in the wear resistance of 
grey cast iron samples, confirmed in pin-on-disk friction 
tests with a contact pressure of 12.42 MPa.

CONCLUSIONS

1. Beneficial effects in terms of reducing the friction 
force and temperature and increasing wear resistance 
of elements of friction pairs was obtained. It was 
a result of the processes of ablative laser texturing 
of cast iron samples, in which oil micro-reservoirs 
were produced. Micro-reservoirs in the shape of 
micro-channels covered about 5% of the entire 
contact area.

2. The presence of oil micro-reservoirs in the shape 
of micro-channels on the surface of grey cast iron 
decreases the wear of the model friction pair (sample 
and counter-sample) by about 40% in relation to 
the reference friction pair (unmodified samples in 
initial state, without micro-channels).

3. Analysis of the samples and the counter-samples 
surface topography before and after tribological 
tests showed that the average roughness of the cast 
iron in the initial state decreased by about 30% and 
for textured samples – by about 20%.

4. The process of ablative laser texturing should 
provide micro-channels with repetitive geometric 
dimensions (length about 1 mm, width 40-50 μm, 
depth about 6-8 μm), evenly distributed on the 
modified surface with 5% surface covering.

5. The tribological tests of laser textured surface layer 
of grey cast iron indicate the possibility of using 
this technology to improve the wear resistance 
of machine elements operating under boundary 
friction conditions lubricated by oil engine.
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