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Al. Tysiąclecia P.P. 7, 25-314 Kielce, Poland; b.antoszewski@tu.kielce.pl
* Correspondence: pkurp@tu.kielce.pl

Abstract: The paper presents certain problems related to the lubrication of textured surfaces. It
was noted that for a specific load, the lubrication effectiveness will depend on the shape, size and
mutual distribution of the texture’s elements. Proposals for determining the lubrication irregularity
parameters were presented for textures with a rectangular mesh and round recesses. The experimental
part presents the laser texturing methodology, tribological testing methodology and preliminary test
results where the significant role of the relationship between the trajectory of motion and the texture
mesh was demonstrated.
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1. Introduction

State-of-the-art technology sets increasingly higher requirements on the durability and
reliability of machinery. Friction pairs in a machine belong to the most important structural
elements that are decisive in terms of the machine’s quality. The requirements of high
durability and reliability must be met despite the all-encompassing strive for production
of the highest quantity of goods, but at the lowest energy and material consumption, i.e.,
practical continuous reduction in the production costs. Due to the above, design engineers
are faced with the difficult challenge of developing the perfect friction pair with a low
production cost. The potential contained in the used materials is quickly exhausted, and
it is necessary to take action consisting of using state-of-the-art technologies that provide
the expected advantageous economic and utility effects. In the above terms, this paper
constitutes a part of elaborations concerning the notions of surface engineering [1–3].

On one hand, the offered action enables providing machine parts with features char-
acteristic to certain specific materials. These effects are achieved through, among others,
applying various types of coatings, thereby allowing cheap materials to have specific,
expected surface features. This is of significance when the material’s core has sufficient
durability and it is important to improve the properties on the element’s surface, e.g.,
hardness, abrasion resistance and scuffing load capacity. On the other hand, the utility of
machine parts can be improved by suitable surface processing aimed at extracting and
providing the material surface with properties important for the given application [1–4].
The ability to use this as of yet unexploited potential emerges along with the development
of state-of-the-art technologies that can affect the material with a concentrated energy
flux [5,6]. Although laser texturing is already used in the industry, the texturing idea is still
the subject of many research works. Modern research concerns:

• Application of new laser techniques [7–12];
• New materials texturing [2,13–17];
• Textured friction pairs tribological properties [6,18–24];
• Physical properties changes after surface texturing [9,24–28];
• Texturing for sliding bearings and technical seals industries [29–36].
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The issues of distribution, compaction and geometric texture parameters are discussed
in many publications, including [6,28,37]. However, this research lacks an account of the
relationship between the motion trajectory and the texture mesh. This paper attempts to
show that the analysis of the motion trajectory during friction against the texture mesh can
lead to useful effects.

An innovative approach to the lubrication of textured sliding pairs based on trajectory
analysis and calculation of “dry” and “wet” friction paths was presented in this paper.
The main aim is to show that the lubrication processes can be improved by the method of
trajectory analysis.

2. Textured Surface Lubrication—Theoretical Analysis

The lubrication of textured flat surfaces features various mechanisms of lifting force
generation. This depends on many factors, but the most important are the sliding pair
operating parameters (travel velocity and carried load) [4,20,37,38].

In the general case, we are dealing with hydrostatic, hydrodynamic and elastohy-
drodynamic lubrication—the differences concern the sources of hydrodynamic effects,
hydrostatic pressure distributions in the gap and the formation of the lubricant’s boundary
layer. In the case of boundary layer formation, the lubricant extracted from the surface
roughness recesses is distributed and lubricates the mating surface. When considering
a shoe travelling along a flat surface, it is possible to imagine in a situation of the shoe’s
one-time lubrication that there will not be enough lubricant to produce a boundary layer.
However, if we assume that the surface features regular recesses that can accumulate
the lubricant, they should be distributed at distances correlated with the capacity of the
lubricant containers.

A lubrication process that takes into account both the distribution and capacity of
lubricant micro-containers (texture elements) is referred to as lubrication with accumulation
effect. Lubricant present in a gap lubricated one time is distributed across the entire surface
and fills all irregularities. During operation, it is subject to destruction, burning or is moved
outside the friction zone and does not take part in lubrication. Such a process course makes
it necessary to supplement the lubricant. This can be performed by using the lubricant
accumulated in micro-recesses forming the surface texture.

It is also necessary to note that even lubrication of mating surfaces, understood as
the lubricant layer evenness, is of substantial importance. Especially, it is necessary to
distinguish the spots in the gaps between mating parts that feature the lubricant, i.e.,
lubricated areas, from the spots that do not feature the lubricant, i.e., non-lubricated areas.
In the case of uneven lubrication due to load action, it is possible for local deformations
to occur, leading to direct contact between the mating surfaces of solids in non-lubricated
areas. This may result in the occurrence of disadvantageous friction and wear processes in
these spots (Figure 1b). Unevenly lubricated surfaces also contribute to the interception
of entire loads by the lubricated area, which may lead to the interruption of the boundary
lubrication layers and result in the direct contact between the mating surfaces with all
of its negative consequences (Figure 1c). The situation also occurs in case of insufficient
lubricant quantities. Therefore, an important problem is the adequate distribution of the
lubricant’s micro-containers that takes into account the trajectory of particular mating
surface points [18].

Let us assume that we are dealing with a surface texture with a rectangular mesh of
recesses (Figure 2). The intersections between the recesses and the plain are circles with the
radius r the column distances in the mesh amount to ax and ay. In view of the above, each
recess is identified by the number pair (k, m) corresponding to the intersection between the
k-th column and the m-th row. The recess center coordinates will be as follows [39]:

xk,m = k · ax, yk,m = m · ay, (1)
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Figure 1. Lubrication unevenness and its effects: (a) ideal lubrication between mating surfaces,
(b) deformation and contact in a non-lubricated spot and (c) insufficient quantity of lubricant for the
given load. Where: Q—load, Qg—boundary load on account of the deformation, Wn—lubricating
film’s carrying capacity and u—mating surfaces’ travel velocity.
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Figure 2. Surface texture with a rectangular mesh of recesses.

If we further assume that a smooth surface is travelling along the textured surface,
then each of its points is travelling on a certain trajectory. We are only considering a case
in which the trajectories are straight lines, which occurs, e.g., in the case of a piston and
cylinder in a reciprocating engine. In terms of lubrication, we are interested in the mutual
positioning of the surface texture’s recesses and trajectories. We assume that recesses are
spots abundant in lubricant, and, therefore, if the trajectory travels through such a recess,
the situation is classified as advantageous for the lubrication. Trajectories that do not
travel through recesses do not take part in the lubricant’s distribution and such a situation
is classified as disadvantageous for the lubrication. It is therefore necessary to plan the
texture mesh positioning for the trajectories to travel through the largest number of recesses.
Notice that by changing the inclination angle θ of the velocity vector in relation to the
texture mesh’s axis y, it is possible to ensure that particular trajectories will travel more
often through recesses. By determining the texture mesh parameters and adopting a certain
trajectory length L, it is possible to calculate the number of recesses through which the
given trajectory travels for a specific angle θ and for a bundle of trajectories at the distance
∆b (Figure 3b). Let us write the trajectory equation in the following normal form:

x · cos θ+ y · sin θ− b = 0, (2)
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where: b is the straight line’s distance from point (0,0), while θ is the inclination angle in
relation to axis y (Figure 3a). The distance dk between the straight line and any point (xk,
yk) is expressed by the following equation:

dk = |xk cos θ+ yk sin θ− b |, (3)
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A single trajectory travels through a recess (k, m) if its distance from point (k · ax,
m · ay) is lower than r (r—recess radius), i.e., when:∣∣k · ax cos θ+ m · ay sin θ− b

∣∣ ≤ r, (4)

When analyzing the lubrication of a surface lying on a specific trajectory, it is necessary
to check all pairs (k, m) and count the ones for which the inequality (4) is met. The number
of intersections between trajectories and all pairs is designated as N.

Such analyses make sense for specific data concerning the area in which the lubrication
evenness is of interest. An example of a bundle of trajectories is presented in Figure 3b.
Let us consider a bundle of trajectories B = 200 positioned at a distance of ∆b = 0,2 and
a length of L = 30, which travels through a surface with a rectangular texture mesh of
ax = 1 and ay = 5 as well as recesses with a radius r = 1. It was assumed that for a the mesh
pairs’ diagonal is representative for a rectangular mesh, which is why lengths L (5) were
defined as multiplicity M of the recess mesh diagonal’s lengths (M < 10 was assumed in
the considered example).

L = M
√

ax2 + ay2, (5)

In the case of angle θ = 0◦, we will obtain a result according to which among 200 consid-
ered trajectories, only 80 travel through the recesses, 36 times each, whereas 120 trajectories
do not travel through recesses and these are “dry” (non-lubricated) trajectories. In the case
of angle θ = 10◦, we obtain a result that each trajectory is lubricated and 13 times at the
least. Some trajectories travel through recesses 15 times.

It would be perfect if all trajectories had the same number of evenly distributed
intersections with lubricating recesses. However, in the case of all angles θ there are
differences between trajectories and the numbers Ni vary. The numbers of intersections
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are distributed very irregularly. It is possible to propose the following measure of the
lubrication unevenness S2:

S2 =
B

∑
b=1

(Nb+1 −Nb)
2, (6)

Then, in the case of [N1 = 1, N2 = 1, N3 = 3] we obtain S2 = 4, while for [N1 = 1,
N2 = 2, N3 = 3] we obtain S2 = 2, which is better at reflecting the facts. The greater the
unevenness, the worse the lubrication, which is reflected in the situation presented above.
It is possible to adopt other unevenness measures, but measure (6) has many advantages
due to its simplicity.

The value S2 depends on length L which is used to test the trajectories. The length was
expressed as the multiplicity of the recess mesh diagonal’s lengths (5).

In approximation, S2 is proportional to M2. In order to standardize the unevenness
measure, we divide S2 by M2 and obtain the standardized unevenness DB(7), which is an
average number of intersections per single diagonal’s length.

DB =
1

M2

B

∑
b=1

(Nb+1 −Nb)
2, (7)

For M = 30 and the aforementioned data, we obtain the following table of values for
the standardized unevenness DB.

The lower the unevenness DB, the better the surface lubrication. For θ = 0◦ to θ = 90◦,
we are dealing with the highest DB values and this is exceptionally disadvantageous. The
highest lubrication quality is achieved for angles θ equal to 15, 30, 37, . . . degrees, in the
case of which the unevenness is lower than 0.1. In the case of these angles, the trajectories
encounter nearly the same number of recesses. For several directions, DB achieves very
high values, which means that the lubrication is not sufficient. An exceptionally advan-
tageous layout is obtained for angles θ = 36.1◦ to θ = 37◦ not presented here, for which
the unevenness DB amounts from DB = 0.04 to DB = 0.16. It is necessary to note that the
values specified in Table 1 strongly fluctuate when the measuring length L and texture
mesh parameters change.

Table 1. Unevenness DB for angles from θ = 0◦ to θ = 90◦.

θ +0◦ +1◦ +2◦ +3◦ +4◦ +5◦ +6◦ +7◦ +8◦ +9◦

0◦ 18.2 0.13 0.28 0.14 0.10 0.40 0.51 0.06 0.06 0.21
10◦ 0.11 0.47 0.14 1.10 4.55 0.09 0.15 0.61 0.40 0.27
20◦ 1.22 0.37 0.10 0.10 0.13 0.29 0.26 0.77 0.42 0.11
30◦ 0.05 2.44 1.70 0.21 0.13 2.60 0.17 0.08 0.13 0.12
40◦ 0.20 0.12 2.43 0.07 0.18 9.29 0.17 0.60 0.32 0.12
50◦ 0.04 0.21 0.23 0.11 2.59 0.13 0.36 0.28 0.78 0.80
60◦ 0.24 0.25 0.95 0.09 0.08 0.53 0.07 0.13 0.09 1.22
70◦ 1.18 0.23 0.11 0.46 1.31 0.06 4.23 0.21 0.13 0.40
80◦ 0.07 0.11 0.13 0.21 0.36 0.07 0.18 0.11 0.14 0.30
90◦ 18.75 - - - - - - - - -

The problems of uneven lubrication during lubrication with an accumulation effect
differ completely if we consider a texture with single elements in the form of grooves posi-
tioned perpendicularly and alternately to the trajectories of the mating surfaces’ travelling
points (Figure 4).
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In this case, the value of angle θ will have a decidedly lower impact on the lubrication
unevenness. This feature is decisive in terms of this type of texture’s popularity. The
shape of the texture’s single element is chosen on the basis of technological, strength and
durability aspects. The impact of the texture’s type on the sliding pair’s strength and
durability has not been extensively studied yet. Currently, the applied technical solutions
(automotive technology) features a consumption of the effect of “additional” service life
resulting from the improvement in the conditions of textured surface lubrication [25].

3. Laser Production of Textured Surface

Laser texturing belongs to a group of technologies referred to as laser micropro-
cessing [10,40]. It includes cavity processing, in which the removed material areas have
dimensions of micrometers or millimeters and which utilizes laser beam energy to remove
the material. Laser microprocessing is a method used with success when high dimensional
accuracy is required and in the case of materials troublesome for mechanical technologies.
Laser texturing is based on giving the processed material surface the desired geometrical
structure and/or distribution of properties [8,41].

A laser beam, as an electromagnetic wave demonstrating coherence, i.e., consistency
over time and in space, is a carrier that allows for obtaining high energy concentration in
terms of the area and time of impact on the processed material. In laser microprocessing,
the area of current impact on material is determined by the size of the laser spot or mask
that permeates only the desired part of the beam. If the processing requires high energy
surface density, beam focusing is applied by using optical elements. A laser beam with
diameter D and wave length λ can theoretically be focused in a region, the minimum
diameter d of which depends on the occurrence of diffraction and is expressed with the
following formula:

d = 2.44
f
D

λ, (8)

where: f—focal length of the applied focusing element (lens or speculum).
The length λ of the radiation wave is important not only due to the ability of achieving

high focus of the beam, but also due to the ability of absorbing radiation energy by the
material. In laser microprocessing, the beam’s impulse duration is especially important,
because various mechanisms of affecting material can be used depending on the radiation
intensity and time of exposure. This results from the finite reaction times of the material’s
electrons and atomic lattice on photons. Impulses with lengths greater than 1 ns are referred
to long impulses. In the case of durations from 1 ps to 1 ns, impulses are referred to as short,
while for durations lower than 1 ps, impulses are referred to as ultra-short. In the case of
high radiation intensity, short duration and high energy impulses, there is a phenomenon
referred to as the multi-photon absorption, i.e., simultaneous transmission of energy from
multiple photons to a single electron. The removal of material from the area of the beam’s
impact takes place prior to its thermal melting and vaporization. The process is referred to
as non-thermal melting or ablation. In order to achieve it, it is required to ensure sufficient
surface density of the laser beam’s energy, referred to in literature as the ablation threshold
energy density. In the case of insufficient energy surface density, there is a relatively lower
increase in the material’s temperature and weakening of bonds due to thermal vibrations,
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which may lead to the material’s thermal melting and vaporization. The size of the thermal
impact zones depends on the duration of laser impulses [10].

Processing with the use of long impulses leaves clear signs of melting and changes
due to the impact of heat. On the other hand, ablation invoked by picoseconds and
femtoseconds impulses is referred to as cold ablation, because no heat affected zone is
observed in the material in its traditional sense. In terms of the use of surface texturing, it
is important to clearly identify the generated textures and their basic physical properties.
The subject of the testing was surface textures made using laser technology on surfaces
of samples in the form of SiC rings. The rings’ surface texturing was executed by using
the ESI Model 5200 µVIA DRILL laser. It is a Nd:YAG laser with diode pumping and
maximum beam power of 2 W, emitting ultraviolet radiation with a wavelength of 355
nm. Other important laser operating parameters include the impulse duration of 30 ns
for 3 kHz and frequency 100 Hz ÷ 20 kHz. The laser is equipped with scanning optics
with a working field of 533 mm × 635 mm. The recesses were made by using the scanner’s
standard software. The texturing procedure included two stages, spot erosion on a spiral
trajectory and cavity profiling using a beam with a diameter corresponding to the set recess
diameter. Micro-recesses with the depth of 13 µm and various diameters were obtained as
result of these operations.

Table 2 presents the parameters of the obtained textures, while Figure 5 presents an
example of their view obtained via a scanning microscope. In addition, Table 2 presents the
values of surface free energy that were calculated based on the Owens–Wendt method [42].

Table 2. Ring surface texture parameters.

Recess
Diameter

d [µm]

Distance between the
Recess Symmetry

Axles’ Centers
Ca [µm]

Degree of
Blackening Sp

[%]

Mutual
Distance

between the
Recess’ Edges

Ca—d [µm]

Total
Surface Energy

Ep [mJ/m2]

78 162 18.2 84 60.6
134 279 17.9 145 63.4
78 106 42.5 28 56.2
134 183 41.8 49 55.9
150 256 27.4 106 56.7
70 119 27.1 49 55.9
102 128 49.9 26 58.8
102 233 15.1 131 60.9
102 174 26.9 72 56.5
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The surface roughness at the bottom of texture pit as well as the ring surface roughness
were measured. Measurements were take with Hirox KH-8700 confocal microscope. The
surface roughness values at the bottom of texture pit are in the range of Ra = 0.7 ÷ 1.4 µm
(avg. Ra = 0.99 µm). Whereas the untreated ring surface roughness values are in the range
of Ra = 0.086 ÷ 0.098 (avg. Ra = 0.092 µm). The view of the measurement paths and texture
isometry is shown in Figure 6.
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For this kind of surface texture preparation, the tribological tests were carried out
onto two tester types. The research methodology and test results are presented in the
chapter below.

4. Tribological Testing

The lubrication unevenness indices calculated earlier can also be determined for other
trajectories, including for circular trajectories. The details of the lubrication unevenness
index calculations for such trajectories exceed the framework of this elaboration. The
experimental testing was conducted on a longitudinal bearing’s model, in the case of which
we are dealing with a circular trajectory.

Nevertheless, the most convincing are the results of the research on rectilinear trajecto-
ries, therefore the experimental tests were carried out on two tribological testers:

• Anton Paar TRB3 Tribometer with reciprocating motion;
• Modified T-01M Ball-on-Ring Tester.

The main aim of TRB3 Tribometer research was to determine the influence of the
inclination (orientation) of the friction path trajectory according to the texture mesh on
the value of the friction coefficient and sample wear. Whereas, the aim of the T-01M
tests was to determine the influence of texture parameters on changes in the value of the
friction coefficient at different sliding speeds and friction junction loads.Authors made
every effort to ensure that the tests were performed in identical conditions. The cavitation
phenomenon was not taken into account by the authors during the data analysis. The
cavitation phenomenon was neglected due to the inability to investigate it during the tests.
All tests parameters were selected due to the actual, real operating conditions of this rings
type and according to similar tests described in literature [27,38,41].

4.1. Anton Paar TRB3 Tribometer Tests

In this part of the experimental research, the reciprocating motion TRB3 Tribometer
was used (Figure 7). The tester made it possible to assess both the degree of wear and
frictional resistance according to load changes of the friction junction, the friction path as
well as the number of cycles during the test run.
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A truncated ball slider was used for the tests. The sample was a SiC textured ring
with parameters (acc. to Table 2) d = 102 µm, Ca = 128 µm andSp = 49.9%, made according
to the previously described laser textured technology. The study also used a reference
specimen without texture—flat polished surface. Specimen preparation consisted of single
lubrication of the friction surface with paraffin oil. The cavities in the specimen after 24-h
stabilization were filled with oil and then oil remnant was mechanically removed from
the flat surfaces. Thus, during the test, only oil stored in the texture cavities was used
for lubrication.

Test runs were conducted with two texture orientations. In the first test (Test 0◦), the
reciprocating trajectories were parallel to the texture mesh and in the second (Test 37◦) they
were inclined by an angle of 37◦ (angles selected acc. to Table 1 data). In such a planned
experiment, in the first case, about 50% of the trajectories were “dry” along the entire
friction path. In the second case, however, all trajectories were lubricated. For comparison,
a test run was carried out under identical conditions for the reference specimen (Test-ref).

Test parameters were as follows:

• Load—30 N;
• Sliding distance—40 m;
• Number of cycles—4000;
• Sliding frequency—1 Hz.

According to Figure 8a, the lowest values of the friction coefficient were observed for
the reference specimen without texture (Test-ref). This can be explained by the fact that,
for the applied load and the sliding speed on the flat surface specimen, it is not possible
to produce a hydrodynamic oil film which provides additional resistance. This result is
consistent with the observations of other authors in their publications [11,37,38].
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Whereas for specimens with laser texture, lower values of friction coefficient occurred
as expected when all trajectories were lubricated (Test 37◦). The friction coefficient reduction
values in relation to the tests with trajectories parallel to the texture mesh (Test 0◦) was ~7%.

When analyzing specimens wear, the role of lubrication is evidently revealed—Figure 8a,b.
The global consumption values recorded during the trial were the highest for (Test-ref) specimen
and the lowest for the (Test 37◦) specimen. This result can be commented on as follows.
The reference specimen (Test-ref) had only a supply of lubricant accumulated in the surface
roughness micro-irregularities at its disposal, which was quickly exhausted. More oil was
available in the specimen (Test 0◦), and the most in specimen (Test 37◦).

After the end of the tests, wear traces microgeometry measurements were carried out
to confirm the obtained result of specimen wear. On this basis, the specimens wear in terms
of the material’s volume removed can be determined. The results presented in Figure 8
show that the obtained relation of the wear values from individual test runs remained
the same as with the continuous monitoring of global wear. The volumetric wear during
Test 37◦ was ~44% less than reference specimen Test-ref wear and ~36% less than Test 0◦

specimen wear (Figure 9).

4.2. T-01M Ball-on-Ring (Modified) Tests

The testing was conducted with the use of a modified T-01M tribological test machine
fitted with a suitably prepared ring, constituting the test specimen, instead of a typical
mandrel—Figure 10. The ring is pressed by a ball (thrust bearing) against a second identical
ring constituting the counter sample and fitted into a rotating casing. The variation in
friction forces was registered using a force sensor fitted onto the jaw clutch’s arm. The
applied solution broadens the test machine’s testing capabilities by providing the ability to
test the friction at the rings’ contact occurring in many real layouts (longitudinal bearing,
head seal). It is also important that this layout enables continuous wetting of the ring
contact’s internal edge with a lubricating agent.
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Figure 10. (a)Scheme of a modified T-01M tribological test machine’s friction pair. Q—load, 1—pivot
base of the lower head yoke, 2—pivot base, 3—specimen (without texture), 4—counterspecimen,
5—counterspecimen fastening, 6—ball and 7—friction force sensor bumper. (b) T-01M ball-on-ring
(modified) view.

The tester operating parameters scope was customized according to face seal work-
ing conditions:

• Rotation speed changed gradually from 100 to 500 rpm;
• Friction pair load with normal force from 4.9 to 39.2 N.
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The test samples (samples with textured surfaces, counter samples) were rings with
the dimensions of ø37 × ø26.5 × 8 mm made from sintered SiC—these were original,
commercial, certified rings used for head sealing.

Firstly, the testing featured an experiment consisting of the identification of the dif-
ferences in the friction force for the textured and non-textured samples. The lubrication
included paraffin oil used to fill the space created by the rings’ inner walls. Further testing
of rings with the geometrical parameters presented in Table 1 featured an experiment
planned based on a static, determined, multi-factor, rotatable program with PS/DS-λ repe-
titions, which enabled the determination of the relations between the texture’s parameters,
load and the friction force (type of friction). The test according to the above program was
conducted for a constant load and two rotation speeds of 200 and 600 rpm.

The waveforms presented in Figure 11 point to the fact that for textured samples,
the increasing sliding rate initially causes (for the speed of 200 rpm) a slight increase in
friction force and then for higher rates, the friction force declines systematically. Similar
relations were observed for higher loads, however the tendency to reduce the friction force
was observed at higher rotation speeds. Regardless of the load, the non-textured samples’
waveforms are the same, i.e., the friction force increases along with the increasing rotation
speed. The above observations prove that the presence of texture improves the lubrication
effectiveness, and the sliding pair is able to carry larger loads at lower friction forces. This
effect becomes clearer at increased sliding rates. This dependency indicates that we are
dealing with hydrodynamic phenomena that become more apparent at higher sliding rates.

Table 3. Summary of results of the multiple regression analysis for rings with the geometrical
parameters specified in Table 1.

Load [N]
Sliding
Velocity

[rpm]

Friction
Type

AverageFriction
Coefficient

f
c0

c1
(d)

c2
(γ)

c3
(Ca-d)

c4
(Sp)

Correlation
Coefficient

Cc

24.5 (200) fluid 0.12 0.4439 −0.0017 −0.0072 +0.0013 +0.0039 0.5795
29.4 (200) fluid 0.10 0.8588 −0.0031 −0.0171 +0.034 +0.0093 0.8544
24.5 (600) mixed 0.14 −0.543 +0.0001 +0.0157 −0.0018 −0.0053 0.8572
29.4 (600) mixed 0.12 −0.448 −0.0010 +0.0118 −0.0003 −0.0002 0.9062
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Figure 11. Variation of the friction force in the test duration function at variable rotation speeds, load
of 19.6N for a textured and non-textured SiC sample 3 (Table 3).

Table 3 presents the results of the multiple regression analysis conducted using the
Statistica program. The regression equation determining the friction coefficient µ has the
following form:

µ = c0 + c1 · d + c2 · γ + c3 · (Ca − d) + c4 · Sp, (9)
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As can be seen, the friction coefficient is mostly affected by the following factors:
mutual distance between micro-recess edges, surface free energy, recess diameter and
rate of blackening. The correlation coefficient has a higher value for tests conducted at
the speed of 600 rpm, thereby pointing to a stabilizing effect of the dynamic phenomena
developing at higher speeds. It is necessary to note that at low rotation speeds, the rate of
blackening and the distance between micro-recess edges contribute to the increase in the
friction coefficient. On the other hand, at higher speeds, the friction coefficient is increasing
along with the increase in surface energy. Therefore, for high-rate friction pairs, it is possible
to recommend textured surfaces with low rates of blackening and, thus, greater distances
between micro-recess edges.

5. Conclusions

The presented analyses and tests demonstrated that surface texture improves the
lubrication effectiveness, especially at greater loads and higher sliding rates. The end result
depends on the types, shape and mutual positioning of particular texture elements as
well as on the sliding pair’s load parameters. The observed nature of the friction force’s
variation along with the increasing sliding rate points to the development of hydrodynamic
phenomena resulting in improved lubrication conditions and reduced friction forces. The
relations between the texture’s parameters and the trajectory of particular mating surface
spots can be characterized by the proposed lubrication unevenness indices. An analysis of
the indices indicates that for the considered texture example, the highest lubrication quality
is achieved for angles θ equal to 15, 30 and 37 degrees, in the case of which the unevenness
is lower than 0,1. The conducted tribological testing demonstrates that for the tested texture
(texture no. 3 acc. to Table 2) a reduced friction force was observed at loads from 4.9 to
19.6 N and after exceeding the speed of 200 rpm when compared to the non-textured ring.
At higher loads, this was occurring after exceeding the speed of 300 rpm. The reduction in
friction force in relation to the non-textured ring amounts from 12 to 40% and reached its
maximum value for the speed of 500 rpm. The experimental confirmation of the relations
between the friction resistances and the proposed lubrication unevenness indices will be
possible after further testing. In terms of the texture’s geometrical parameters.

The experimental results about influence of the relationship between the motion
trajectory and the texture mesh confirmed theoretical analyzes and showed that there is a
clear relationship between examined parameters. If “dry” trajectories occur during friction,
the value of the friction coefficient and the wear intensity increase. In the tested case where
trajectory inclined towards the texture mesh by an angle of 37◦, a reduction in wear (volume
loss) by ~44% in relation to the specimen without texture and by ~36% in relation to the
test with a trajectory parallel to the texture mesh was achieved. It was also shown that in
the case of the trajectory parallel to the texture mesh, the value of the friction coefficient is
higher by 7% than in the case of the trajectory inclined in relation to the mesh by 37◦.

The presented research, both theoretical and experimental, has shown that the analysis
of the movement trajectory during friction in terms of depending on the distribution of
texture elements has a significant impact on operating parameters such as the friction
coefficient and wear, therefore it should be taken into account in practical solutions.

The major conclusions are as follows:

1. The presented findings, both theoretical and experimental, proved that the motion
trajectory analysis during friction depending on texture distribution of elements has a
significant impact on exploitation parameters, such as the friction coefficient and wear;

2. The experimental results concerning relationship influence between the motion trajec-
tory and texture mesh confirmed theoretical analyzes and proved that there is a clear
dependence between studied parameters. If “dry” trajectories occur during friction,
the value of the friction coefficient and the intensity of wear increase;

3. Presented analyzes and tests herein have proved that the surface texture improves
lubrication efficiency, especially at higher loads and higher sliding speeds. The final
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effect depends on the type, size and mutual arrangement of the individual texture
elements and the sliding pair load parameters.
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