H coatings MBPY
Article

Friction Reduction in Unidirectional Lubricated
Sliding Due to Disc Surface Texturing

Slawomir Wos'", Waldemar Koszela, Andrzej Dzierwa and Pawel Pawlus *

Faculty of Mechanical Engineering and Aeronautics, Rzeszow University of Technology, Powstancow Warszawy
8 Street, 35-959 Rzeszow, Poland; wosslawomir@prz.edu.pl (5.W.); wkktmiop@prz.edu.pl (W.K.);
adzierwa@prz.edu.pl (A.D.)

* Correspondence: ppawlus@prz.edu.pl; Tel.: +48-17865-1183

check for
Received: 26 January 2020; Accepted: 27 February 2020; Published: 29 February 2020 updates

Abstract: Surface texturing is an option of surface engineering resulting in reduction of friction due
to the creation of isolated dimples or grooves on sliding surfaces. The purpose of this work is to find
the effect of the groove bottom profiles on the reduction of the friction force. Investigations were
conducted using an Optimol SRV5 tribotester equipped with a pin-on-disc module. A disc made of
42CrMo4 steel, with a 100 mm diameter acted as a sample. A counter-sample was made of the same
material, however, its diameter was 20 mm. The sliding conditions were selected to be similar to
those of a sliding crankpin bearing pad operating in a high-performance internal combustion engine.
Surface texturing was found to be beneficial for a reduction in the friction coefficient up to 55% in
comparison to the untextured disc. Tribological performances of discs with spiral groove patterns
were better than those with a radial layout. In most cases the convergent profile of the groove bottom
was superior to the dam shape.
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1. Introduction

Surface texturing is one of the fundamental methods of changing sliding conditions under
lubrication. As a result of surface texturing a decrease in wear and better efficiency of mechanisms can
be achieved [1-5]. Typically, beneficial effects of surface texturing in mixed and boundary lubrications
are larger than those found under full film lubrication [4]. Many years ago a surface directionality was
found to be a way to improve tribological performances of sliding elements [6]. Therefore, structures
with parallel or cross-hatched grooves [7-10] were created. Textured surfaces with isolated dimples
are also used [11-15].

The orientation of grooves to the sliding direction is very important from the tribological point of
view. Petterson and Jacobson [16] found that in a regime of starved lubrication grooves positioned
perpendicularly to the sliding direction led to smaller frictional resistance compared to their location
parallel to the direction of motion. Perhaps when the ball slid along the grooves there was a small
probability for a very small area of contact to cross an oil reservoir. Moronuki and Furukawa [17]
obtained similar results after sliding tests between textured Si and planar Si in a low contact pressure
regime. These results were caused by minimizing the adhesion force by the grooves perpendicular
to sliding due to water capillary. The experimental research conducted by Yuan et al. [18] revealed
that under a low contact pressure the grooves orthogonal to the movement direction caused more
decrease in the coefficient of friction that those oriented along the sliding direction. Probably the
strongest hydrodynamic lift was offered when the grooves were perpendicular to the sliding direction.
Ren et al. [19] obtained the same reason of the results of tribological investigations. They achieved the
beneficial effect of perpendicular orientation of grooves to the sliding direction on the frictional resistance
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under a slide-to-roll contact [19]. According to Zum Gahr et al. [20] the grooves perpendicularly
aligned to the direction of motion led to smaller friction force; this behavior is related to higher oil
film thickness than obtained for grooves parallel to the sliding direction. According to Costa and
Hutchings [21] and Duarte et al. [22] parallel textures guide the lubricant away from the contact leading
to a smaller film thickness and, thus, higher coefficient of friction. The authors of papers [10,23,24]
found that a decrease in the honing angle led to lower coefficient of friction of cylinder liner—piston
ring pack. Probably a small honing angle enhanced hydrodynamic action.

Generally, for one-directional surfaces, the main direction should be oriented orthogonally to the
direction of motion.

The effect of oil pockets orientation to the sliding direction for the chevron-shaped pattern was
studied by the authors of papers: [25-28]. They found that chevron pattern pointing along the direction
of motion could lead to film thickness growth. Wang [29] and Galda et al. [30] observed that orientation
of triangle-shaped oil pockets and dimples of long drop shape, respectively, had a substantial effect on
tribological behaviors of sliding pairs. The lowest friction force was achieved when one side border
orthogonal to the sliding direction first entered the contact zone.

The optimization of the dimple bottom profiles was done experimentally. Lu et al. tested
triangular [31] and squared [32] sloped dimples in lubricated line contact. The bottoms with the
converging shapes helped to minimize friction by generating hydrodynamic lift. Galda et al. [30]
obtained the same finding after testing dimples of the long drop shape with the sloped bottoms.

Various fabrication techniques were used for surface texturing [33]. Laser texturing is the most
widely used, because this method seems to be the most flexible and efficient [1,11,13-15,34-36].
Abrasive jet machining can be an alternative to laser texturing [28,37-39]. The other methods include
electrochemical etching, lithography [12], photochemical texturing, burnishing (embossing) [30,40]
and some kinds of machining (honing [8-10] or grinding). A sharp tip can be also used for creating
grooves [41]. This process can be facilitated using machines equipped with CNC.

The main aim of this work is to find the effect of the groove bottom profiles on the friction
reduction, based on the diverging and converging characteristics of the textures. Similar experimental
investigations were done rarely.

Surface texturing highly depends on the application; it should be dedicated to a special tribological
system. The sliding conditions used in this work correspond to those of sliding crankpin bearing pad
operating in a high-performance internal combustion engine. Such pads are typically threatened by
severe wear, due to starved lubrication and high temperature in a race motorcycle engine. The attempt
was done to achieve low friction, wear and heat generation due to surface texturing.

2. Materials and Methods

A disc made of 42CrMo4 steel with a 100 mm diameter acted as a sample. A counter-sample
was made of the same material, however, its diameter was 20 mm. Samples and counter-samples
were heat treated to receive hardness of 40 HRC for the sample and 35 HRC for the counter-sample.
Textured discs had higher hardness than the counter-samples to increase their wear resistances. Due to
it wear of the textured sample was lower than that of the counter-sample leading to smaller friction and
prolonged life of the tribological system. The experiments were carried out using an Optimol SRV5
tribotester (produced by: Optimol Instruments Priiftechnik GmbH, Flofergasse 3, D-81369 Miinchen,
Germany) equipped with a rotary module. The method of fixing the counter specimen was modified
to ensure better aligning of the cooperating surfaces and eliminate fixing errors (Figure 1). The normal
load was 50 N, the rotational speed was 500 rpm and the friction radius was 20 mm. The attempt was
done to ensure the closest sliding parameters to those existed inside the motorcycle engine during
start phase. Tests were carried out in temperature of 30 °C. Before each test the sample and the holder
were heated up and hold in 30 °C for 5 min to stabilize the temperature. Temperature sensor was
located under the rotating disc inside the holder. Therefore, the heat generated by friction force was
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impossible to monitor precisely due to the heat dissipation. Surface textures of contacting elements
were measured by a white light interferometer Talysurf CCI Lite.
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Figure 1. Scheme of counter-sample mounting; 1—sample (rotating disc), 2—self-aligning
counter-sample, 3—ball bearing, 4—ball bearing holder, 5—load transmitting rod, FR—friction radius
(a); view of test chamber (b).

In the beginning of each test a volume of 5 mL of semisynthetic motorcycle oil 10W40 T4 was
supplied to the test zone. There are the following parameters of a lubricant: kinematic viscosity
66 mm?2/s (66 cSt) at 40 °C, and 13.5 mm?/s (13.5 cSt) at 100 °C, ignition temperature 180 °C, and a
freezing point of —18 °C. This specific oil was selected due to its designation to high-performance
motorcycle engines. Base surfaces of samples were ground and some of them were tested without
texturing as reference samples, their roughness parameter Ra was 0.25 + 0.01 um. Surface texturing
was made by precise milling. The milling process was chosen due to the great accessibility of CNC
mills. We tried to present the possibilities of using standard CNC machines in surface texturing instead
of using other techniques, like laser surface texturing, electrical discharge machining or etching, in
which additional devices are required. Moreover, thanks to careful production process planning it is
possible to create grooves by adding only one additional operation to CNC machine. That approach
does not lead to a high increase in the production cost. Three types of the milling process was used.
The first one required 5 axis CNC milling machine, where mounted disc was tilted by 0.5° from the
horizontal direction. This approach helped to form a groove of with a sharp edge on one side and a
convergent bottom on the other side (Figure 2).

Figure 2. Isometric view of the bottom of the groove of a sharp edge on one side and a convergent
bottom (left) and sample view with straight radial grooves of type 1 (right).

Other two types of created grooves were made with the use of sharp milling tool of 3 mm diameter
and ball milling tool of 6 mm diameter. With application of sharp milling tool positioned vertically to a
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sample the both sides sharp edge groove was obtained. This type acted in lubricated sliding conditions
as the both side dam (divergent) (Figure 3a).

Figure 3. Isometric view of a surface created: (a) using a sharp mill cutter with sharp edges from both
sides and (b) made with the use of a ball mill cutter.

Other type of a groove was made using a ball mill cutter; due to spherical shape of the tool light
slopes at the edges of the groove were obtained, its depth slowly increased from the sides to achieve
maximum value at the groove center. This geometry was called both side convergent (Figure 3b).

Figure 4 shows schemes of bottom profiles of grooves with sliding direction of the counter-sample.

Figure 4. Schemes of bottom profiles of grooves with marked sliding direction of the counter-sample.
(a) Convergent; (b) Dam; (c) Both side convergent; (d) Both side dam.

Discs with radial pattern of the grooves were called discs of type 1 (Figure 2). The spiral layout
was created to gather the lubricant to the contact zone and then to minimize oil loss. Discs of types 2
and 3 originated from different parts of Archimedes curve; the starting point of the curve was located
at a center of the disc. Discs of type 4 and 5 were made from the same parts of the curve, however,
starting points of the grooves were spaced from the centers of discs by 10 mm.

Due to milling tool positioning during five-axis machining a problem with precision occurred.
Shaping a spiral groove with an asymmetric profile was possible, however, in this case the groove
had different depths at its whole length. This problem was caused by adding positioning accuracies
of all five axes during simultaneous movement. This was the reason why spiral grooves had only
two bottom shapes: both side convergent and both side dam. These shapes required simultaneous
movement in only two axes, in the third axis the depth of material cut was set before spiral shape
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milling. The bottom profiles of the textures were defined by the shape of used mills. The convergent
bottom shapes were created to form lubrication wedges. The dam shapes are typically formed by laser
surface texturing or etching, therefore they were also taken into consideration.

Figure 5 shows photos of discs with spiral patterns of grooves and dimensions of guiding lines of
these grooves from the discs of types 2—4. There were 20 grooves on each disc. The number of test
repetitions was at least 3.

(c) (d)

Figure 5. Views of discs of types 2 (a), 3 (b), 4 (c), and 5 (d) with dimensions of guiding lines.

Figure 6 shows isometric views of selected grooves from spiral discs. Table 1 presents dimensions
of grooves from various textured discs.
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Figure 6. Isometric views of grooves from discs of type 2: both side dam (left) and both side

convergent (right).

Table 1. Sizes of grooves from various textured discs.

Kind of the Groove Width of the Groove Depth of the Groove Average Area of. the Holg in the
[mm] [um] Cross Section [mm?]

Type 1

Convergent 31+0.1 247 +1.2 0.040900

Dam 3.15+0.05 254 +14 0.041600

Both side convergent 1.6+0.1 45+04 0.001012

Both side dam 1.95 + 0.05 288+ 1.8 0.042000
Type 2

Both side convergent 0.61+£0.1 175+3 0.003747

Both side dam 1.9 +0.05 23+3 0.039697
Type 3

Both side convergent 0.6+£0.1 253 +1.8 0.003677

Both side dam 2.1+£0.05 304 +24 0.044300
Type 4

Both side convergent 0.6+0.1 257 +1 0.003201

Both side dam 1.9 +0.05 30+1 0.037354
Type 5

Both side convergent 0.56 £0.1 263 +22 0.002331

Both side dam 1.95 + 0.05 169 £ 1.6 0.031540

One can see from the analysis of Table 1 that depths of the grooves were typically between 17
and 34 um; both side convergent grooves from disc of type 1 of the lowest depth (4.5 um) were the
exceptions. For discs with spiral patterns of grooves the main difference between grooves called both
side convergent and both side dam was width which was much larger in the latter case. The changes
of width affected also the area of the hole in the cross-section. Due to a difference in depths this area of
both side dam groove of disc 1 was also larger than that of both side convergent groove.

3. Results and Discussion

Figure 7 shows curves presenting friction forces versus time for the sliding pair containing the
untextured disc. Due to instability of the friction force, the number of test repetitions was 4. One can
see that the friction force after initial fluctuations increased as test progressed and obtained a stable
value after about 170 seconds. The final value of the friction force was between 3 and 6 N. In the middle
and final parts of tests large variations of the friction forces also occurred in most cases.
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Figure 7. Friction force versus time for assembly with an untextured disc.

Figure 8 presents friction force runs for assemblies with textured disc of type 1.
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Figure 8. Friction force versus time for assemblies with a textured disc of type 1.

The course of the friction force curve for assembly with textured disc of type 1 with convergent
bottom profile was different from that of sliding pair with untextured disc. The friction force initially
sharply increased, obtained 1-1.5 N and then increased slowly. The final value of the friction force was
2.5-4 N. The scatters of the friction force between test runs and within the same test run were smaller
than those obtained for untextured assembly. The fluctuations of the friction force versus time (of the
shape similar to sinusoid) were probably caused by a rotation of the counter-sample (small disc).

The change of the bottom profile from convergent to dam caused higher scatter of the friction
force. In one test run the friction force increased abruptly, obtained the value about 2 N and then
increased very slowly —its final value was between 2.5 and 3 N. In two other runs, the friction forces
after obtaining value of about 3 N increased, but more quickly than in the mentioned latter test run
and finally obtained values between 4 and 6 N. In both cases scatters of the friction forces within test
run were comparatively large.

When both sides of the groove bottom profile were convergent, the final values of the friction
forces were comparatively small: 2-3 N. However the shape of the friction force curves varied. In one
test run the friction force was stable after about 300 seconds. In other cases the friction forces after
initial sharp growths slowly increased. The fluctuations of the friction forces within one test run were
lower than in the analysed previously cases.

A low variation of the friction force within the same test run was also observed for sliding pairs
containing both sides dam of the profile bottom in the middle and final parts of tests. The friction
forces after initial changes slowly increased and obtained the final values between 3.2 and 4 N; they
were higher compared to those obtained for the disc with convergent bottom shape from the both sides.

Figure 9 shows average friction coefficients with scatters for sliding pairs with untextured disc
and discs with straight radial groves (of type 1) during the whole tests as well as at the beginning
and at the end of tests. Values described as “the beginning of the test” were calculated as average
values between 60 and 360 seconds of the test. Average values calculated between 1500 and 1800 s
were described as “end of the test”. Average values at “whole test” were calculated between 60 and
1800 seconds. The first 60 seconds of each test were discarded due to instabilities of the friction forces.
One can see that the worst tribological performance was obtained for the assembly with untextured
disc. In this case both the mean value and the scatter of the coefficient of friction were the largest.
Textured discs led to lower frictional resistance particularly in the initial test parts. The convergent
profile bottoms from one and both sides seem to be better solution than the profile bottom of dam
shape. However, taking the scatter into consideration, there is difficult to find any difference between
the behaviors of textured samples of type 1.

Figure 10 presents curves characterizing the friction force versus time for assemblies with spiral
discs of types 2 and 3.
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Figure 9. Average friction coefficients with scatters for assemblies with an untextured disc and discs

with straight radial grooves (of type 1).
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Figure 10. Friction force versus time for assemblies with a textured discs of type 2 and type 3.

A convergent disc of type 2 after initial sharp increase in a few seconds obtained stable value a
little smaller than 2 N. The fluctuation of the friction force was low.

Changing the bottom profile from convergent to dam for the disc of type 2 caused an increase in
the friction force, its variation also increased between and within test runs. After a few seconds the
friction force obtained values of 34 N and then in two runs the friction force marginally increased,
while in the third case — decreased. The final value of the friction force was between 3 and 5 N.

Beneficial results were achieved for both side convergent disc of type 3. In two cases the fiction force
after obtaining a constant value was stable. Its final value was between 1.3 and 1.6 N. The fluctuations
of the friction forces were small.

Changes of the shape of the groove bottom from convergent to dam led to increases in both the
friction force values and scatters. The final value of the friction force was between 2 and 4 N.

In general the convergent bottom profile of the groove led to better results for discs of types 2 and
3 compared to dam bottom shape. The courses of the friction force curves in all analyzed cases were
superior to those found for sliding pairs with untextured samples and with the disc of type 1.

Figure 11 shows graphs presenting the friction force versus time for assemblies with textured
discs of types 4 and 5.
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Figure 11. Friction force versus time for assemblies with textured discs of type 4 and type 5.

The disc of type 4 gave not good tribological results. For both profiles of the bottom of the groove
scatters of the friction force were comparatively high. When this profile was convergent, the friction
force increased with time. The final value of the friction force was between 2.8 and 5.5 N. When
this bottom has dame shape after 800 seconds the friction force was constant, especially in two cases.
The final friction force was between 2.7 and 4.8 N. Generally, both profiles of the bottom of grooves
gave similar results.

The friction force corresponding to the disc with convergent groove bottom profile of type 5
after initial sharp increase in a few seconds obtained stable value near 1 N. In two cases the friction
force increased to 1.3 N and was stable during the test; the fluctuation of the friction force was low.
In the third run the friction force after about 300 seconds abruptly increased to 3.5 N and then slowly
decreased. The final value of the friction force was between 1.3 and 3 N.

Changing the groove bottom profile from convergent to dam for the disc of type 5 caused an
increase in the friction force values and scatters. After a few seconds the friction force obtained
the value about 2 N and then it slowly increased and obtained the final value between 3.5 and 5 N.
The convergent bottom profile of the groove was better for the disc of type 5.

Figure 12 shows average friction coefficients with scatters for textured discs with spiral grooves of
types 2, 3, 4, and 5 during the whole test as well as at the beginning and at the end of tests. Since, in
most cases, the friction force was nearly constant during the test, three graphs were similar. The smaller
scatter of the friction force was obtained in the final parts of tests. The best results (the smallest
friction forces values and scatters) were achieved for the discs of type 2 and 3 with convergent groove
profile bottoms. For the disc of type 5 the convergent profile bottom of the groove led to better results,
however, the scatter of the friction force was comparatively high. The worst results (high friction forces
values and scatters) were obtained for the disc of type 4 independently of its groove bottom profile.

During tests the truncation of the highest asperities occurred. However, wear was smaller than
the height of the original surface roughness - Figure 13. The wWear level was comparatively high for
untextured samples and textured samples with dam groove bottom shapes, particularly for the radial
pattern of grooves.
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Figure 12. Average friction coefficients with scatters for assemblies with textured discs with spiral
grooves (of types 2, 3, 4, and 5).

The untextured disc led to high values of the coefficient of friction values and, perhaps more
importantly, the highest scatters both within the test run and between test runs. This performance was
caused by disc surface topography after grinding. Because of the lack of oil pockets, the assembly with
untextured disc operated in boundary lubrication conditions or in mixed lubrication conditions with
dominance of boundary lubrication regions over full lubrication areas, in this case the formation of
the hydrodynamic lift was not possible. An increase in the average temperature of tested assembly,
due to friction force, was also the greatest for untextured discs (8 °C). For comparison, the average
temperature increases of the assemblies with textured discs leading to the greatest and the lowest
friction coefficients were 3.2 and 2.4 °C, respectively. However, due to the high distance between the
friction region and the temperature sensor most of heat generated was dispersed. To gain more precise
data a thermal imaging camera should be used.

Situation was improved after introducing radial grooves (disc of type 1). A reduction in the
frictional resistance due to surface texturing was the largest in the initial part of the test. An increase in
the friction force as test progressed obtained for sliding pairs with textured samples was a problem.
This behavior was probably caused by the oil loss. During tests straight radial grooves presumably
gathered the lubricant, which leaked out from the contact zone due to a centrifugal force presence.
However, in this case a reduction of the resistance to motion and the smaller friction force variation
occurred, compared to the assembly with untextured disc sample. The grooves with convergent bottom
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profiles (one side and both sides) were slightly superior to those with the dam shape. The obtained
values of the friction coefficient confirmed the known ability to decrease friction with the use of the
convergent shape of the friction surfaces due to the formation of the lubrication wedge. During tests
the amount of oil was sufficient to fill all the grooves; moreover, there was no visible wear debris
entrapped inside the grooves after the test. Significantly longer tests could probably show a positive
effect of the grooves as traps for wear debris.

0 2.5mm Km

) N T T O e
T A E A

o

I
e

N

|

w

LA UL (L L L L LR L L |
0 1 2 3 4 mm

(a) (b)

=
3
=
3

N
N L\ o —_
llllllll‘lllllll
mrrrrrrrrrnrrra

N
1

0 0.5 1 1.5 2mm

(o) (d)

Figure 13. Contour plots (a,c) and extracted profiles (b,d) of worn untextured disc surface (a,b) and
surface of type 1 with both side dam bottom shape of the groove (c,d).

Spiral discs of types 2, 3, 4, and 5 were created to gather the oil to the contact area and to reduce
oil loss. Better tribological behaviors of spiral pattern of dimples than those of radial rows layout of oil
pockets were also achieved in work [39]. In most cases the friction force did not increase during tests,
especially for the convergent groove bottom profile. For discs of types 2, 3, and 5 the convergent profile
bottom of the groove was superior to that of the dam bottom shape. The tribological performance of
the disc of type 4 was independent of the shape of the disc texture bottom. The smallest frictional force
and the best stability of results were achieved for the disc of type 2. The disc of type 3 of both side
convergent groove bottom profile assured also stable and small resistance to motion. The disc of type 5
of both side convergent groove bottom shape also led to comparatively small friction force, but the
scatter of the coefficient of friction was high. The worst results were obtained when the disc of type 4
was used: high resistance to motion and high fluctuations of the friction force occurred.

To explain the results of experimental investigations during the contact of discs with spiral grooves
with the counter-samples, the additional analysis was conducted (Figure 14).

The spiral fragment located in the contact zone depends on the curvature of the spiral used.
The texture of type 5 generated the equal flows of the lubricant inside the groove to the inner and outer
sides of the disc (Figure 14a). When discs 2 and 3 were used, the flow inside the groove generated by
rotational movement would be directed into the center of the disc (Figure 14b), this solution helps
to decrease oil loss from the contact zone due to flow generated by the centrifugal force. The texture
of type 4 generated the flow outside the disc (Figure 14c). One can see from this analysis that the
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performance of discs of type 4 should be the worst, due to the largest oil loss. These assumptions
were confirmed for assemblies containing textures with both side convergent bottoms of grooves.
For grooves with both side dam bottoms the hydrodynamic force was not generated so easily and
therefore the effect of spiral pattern vanished. Therefore, in most cases the convergent profile of groove
bottom gave better results than dame bottom shape. These results are in accordance with other works;
Galda et al. [30] and Lu et al. [31,32] achieved beneficial tribological effects of converging profiles of
isolated dimples bottoms.

1, E

Center of | I \ > |

the disc Center of the disc

Center of the disc

(c)

Figure 14. Scheme of oil flow inside the groove depending on the contact between the spiral fragment
and the counter-sample; V- linear speed, 1-the contact area with the counter-sample, 2-the position of
the spiral groove; (a) equal flows of the lubricant, (b) the flow directed to the center of the disc, and (c)
flow outside the disc.

Although the shapes of spirals were created to gather oil in one direction of rotation, only the spiral
fragments located in the friction zones affected oil gathering. Therefore, the triblogical performances
of discs of types 4 and 5 were not so beneficial as presumed.

The effect of oil loss due to the presence of the centrifugal force on the coefficient of friction was
found to be substantial in other research concerning surface texturing [28]. Griitzmacher et al. [42] also
noticed the increase in friction in lubricated sliding as a result of centrifugal force presence.

4. Conclusions

Surface texturing was found to be beneficial for the reduction of the friction coefficient up to 55%
in comparison to untextured surface.

Convergent profile of the groove bottom was beneficial in most cases especially when is connected
with the spiral pattern of the grooves. The best results were achieved for samples with both side
convergent groove bottom and the disc patterns of types 2 and 3.
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Simple shape of the groove (type 1) in most cases led to high scatter of the friction coefficient. This
phenomenon was probably caused by constant losses of lubricant due to the presence of the centrifugal
force. Spiral grooves helped to gather oil into the contact area, which led to decreases in the friction
coefficient value and scatter at the end of test.
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