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ABSTRACT

The Laser Surface Texturing (LST) technique has been largely investigated to improve the tribological performance of lubricated contacts. The present contribution is
aimed at scrutinizing the influence of three texture configurations fabricated by LST on the tribological performance of elastohydrodynamic (EHD) point contacts
under different slide-to-roll ratios (SRR), entrainment velocities and inlet temperatures. Friction experiments were conducted through a series of ball-on-disk tests in
the MTM-2 (Mini-Traction Machine) tribometer. Main results showed that the texture configurations promoted significant effects under boundary and mixed
lubrication conditions, and also affected the full-film EHD regime at higher temperatures. Furthermore, the tribological performance of textured samples was strongly
related to the texture depth. Shallower texture designs (~ 0.5 um) reduced friction compared to untextured material, whereas deeper features (> 1 um) generally led
to detrimental results. In general, dimples configuration decreased the lift-off speed and promoted full-film EHD conditions for a larger range of speeds, whereas
radial curved grooves yielded to friction reduction under mixed lubrication conditions, moving the transition from boundary to mixed regimes to lower speeds,

especially for intermediate lubricant viscosity.

1. Introduction

The reduction of pollution caused by gas emissions derived from
transportation systems and industrial applications has become one of
the principal challenges faced by the scientific community in recent
years. A significant amount of energy is wasted during mechanical
processes due to friction and wear, which can be considered as im-
portant generators of power loss and source of noise, vibration and heat
transfer effects. As friction reduction leads to costs and energy savings,
several tribological studies have been conducted to improve the effi-
ciency of mechanical systems with the major aim of promoting the
decrease of the overall energy consumption and pollutant emissions
[1-4]. An appealing approach to perform friction and wear evaluations
for tribological improvements is to scrutinize the inherent relationship
between lubrication regimes and surface topography modifications,
such as micro-textures and roughness patterns.

Surface texturing for tribological applications is usually considered
with the purpose of reducing friction and/or wear in mechanical
components. Surface texturing techniques commonly introduce micro-
cavities that locally alter the topography of contact surfaces [5]. The
first large utilization of these concepts was for piston ring — cylinder
liner assemblies in the 1940s, with the objective of reducing seizure in
diesel internal combustion engines (ICEs) [6]. Afterwards, in the 1960s,
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surface texturing was used with the purpose of reducing adhesion be-
tween metal parts in manufacturing operations, such as extrusion and
rolling [7]. In the 1990s, probably the largest applications involving
surface texturing were based on Laser Surface Texturing (LST) methods,
especially for mechanical seals operating under low speed and high
load conditions [8]. LST techniques basically consist of a laser beam
that promotes the formation of micro-cavities on target surfaces
through material ablation. The combination of high laser frequency (up
to femtosecond) and large capacity of laser movement and control
parameters, permit the fabrication of precise micro-texture geometries,
which can act as potential improvers to the lubrication conditions
[9-12].

The large utilization of LST in mechanical seals [13-16] is explained
by the fact that the hydrodynamic pressure is virtually zero for the
parallel and flat surfaces configuration characteristic of such compo-
nents [17], thus surface textures are designed with the purpose of
generating effective load capacity due to the hydrodynamic micro-
bearing effect induced by the textures. These surface irregularities
generate an asymmetric hydrodynamic pressure distribution caused by
the fluid cavitation in the divergent portions of the cavities [3,18,19].
The exploration of these beneficial aspects of surface micro-cavities in
boosting the fluid pressure contributed to the disclosure of LST tech-
niques in the last two decades, especially for conformal contacts under
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full-film hydrodynamic regime.

In recent years, many results have been reported in the literature
showing that the beneficial or detrimental influence of textured sur-
faces on the tribological performance of lubricated systems strongly
depend on the combination of lubrication regime, contact type (con-
formal or non-conformal) and texture characteristics. Vlddescu et al.
[19] studied different texture geometries in reciprocating tests. The
author showed that grooves perpendicular to the counter-body move-
ment can be beneficial in boundary and mixed lubrication regimes,
although they can present drawbacks under hydrodynamic conditions.
This surface configuration can promote reductions in the friction
coefficient (COF) of up to 62% as compared to untextured surfaces.
Conversely, it was pointed out in this same work that parallel grooves
increase the COF.

The tribological effect of textures is also influenced by several other
factors, such as test conditions (load, velocity, and temperature), sur-
face materials and lubricant characteristics. The improvement of tri-
bological performance through a specific texture configuration that
persists under different experimental conditions is not easily reached.
Texture parameters, test conditions and results from different studies
were compiled in the comprehensive literature reviews by Sudeep,
Tandon and Pandey [20], Gachot et al. [21] and Gropper, Wang and
Harvey [22] to support future research projects. Table 1 summarizes
the main geometrical features of textures and their beneficial effects
under different lubrication regimes adapted from Gachot et al. [21]. As
mentioned by the authors, the values presented in the table were taken
from different articles and they are no more than indications for texture
design and should not be used as rules.

LST has been the object of extensive investigations concerning its
beneficial effects in different lubrication regimes and contact condi-
tions; however, some behaviours are still not well understood, such as
those encountered in non-compliant elastohydrodynamic point contact
conditions [23-26]. Several optimal texture configurations have been
proposed to improve the tribological performance of lubricated con-
formal contacts, such as journal and thrust bearings, mechanical seals
and piston ring — liner assembly [1,2,19,22], though the effectiveness of
surface features for the reduction of friction and wear has not been
widely explored for components with concentrated contacts operating
under varying sliding-rolling conditions, such as in gears and cam-
tappet applications. In this context, the present contribution is aimed at
investigating the effect of three texture configurations fabricated by LST
on the frictional behaviour of EHD point contacts under different slide-
to-roll ratios (SRR), entrainment velocities and inlet temperatures.

2. Material and methodology
2.1. Ball on disk rig and test parameters

A Mini-Traction Machine (MTM2 — PCS Instruments) was used in
the ball-on-disk configuration, as illustrated in Fig. 1. In this experi-
mental configuration, a rotating ball is loaded against a rotating disk,

and both disk and ball are moved by different motors in order to

Table 1
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achieve a wide variation of sliding-rolling conditions. The slide-to-roll
ratio (SRR) parameter is defined as:

SRR = 100 x —2Pisk = Usat_ _ 40 o Us
(Upisk + Upan)/2 U. 1)

where U, and U; are the entrainment and sliding speeds, respectively.
SRR ranges from 0% (pure rolling) to 200% (pure sliding).

The ball and disk were placed in a temperature-controlled pot filled
with oil, see Fig. 1. The rig permitted variation of SRR and entrainment
speed during the test. In this work, the entrainment speed was varied
for a given SRR, and each test was repeated three times to ensure sta-
tistical reliability. The test parameters used are summarized in Table 2.

The ball was electrically insulated from the disk and the rig could
measure the electrical contact resistance (ECR) between the specimens
during the test. The amount of solid-to-solid contact could be qualita-
tively estimated through this technique. In this case, under full-film
EHD conditions, the surfaces are not in contact and separate by a lu-
bricant film, therefore the ECR is 100%. Under boundary lubrication
the load is totally supported by surface asperities, and hence materials
are in contact and ECR is 0%. On the other hand, in the mixed lu-
brication regime, the load is supported both by the lubricant and as-
perity contact pressures, hence ECR values range between 0% and
100%. ECR is not a direct measure of the film thickness, nevertheless it
is useful to evaluate lubrication regime transitions and lift-off speed, the
latter detected when lubricant provides a full separation between the
surfaces. This lift-off speed is generally linked to the transition from the
mixed to full-film EHD regimes [28].

2.2. Test samples material

Chromium steel (AISI 52100) disks and drilled balls were used for
the friction tests. Disks were 46 mm in diameter and 6 mm in thickness,
whereas balls were 19.05mm in diameter. Both disk and balls had
smooth surfaces corresponding to S, = 6 nm and S = 20 nm, respec-
tively. Surface textures were applied to the chromium steel disks.
Untextured disks (hereafter designated as NP - normal production)
were used as a reference to be compared with textured ones. A synthetic
base oil (PAO 6) was used in all tests. The kinematic viscosity of the oil
was measured using an Anton Paar rheometer and the obtained values
were 57 mm?/s, 31 mm?2/s and 9 mm?/s at 25°C, 40 °C and 80 °C, re-
spectively.

2.3. Laser surface texturing (LST)

A Titanium-sapphire laser system (PRO 400 seeder amplified by
Femtopower Double 10 kHz both from Femtolasers) was used to man-
ufacture the textured disks. The laser had emission centred at 800 nm,
pulse length of 30 fs, 10 kHz maximum repetition rate, 200 uJ max-
imum energy per pulse and linearly polarized emission. The laser beam
was focused by a 10X doublet lens producing a focal point of 3.6 pm or
2.4 um depending on the expansion of the beam before the focusing
lens. The sample is moved by a three-axis translator stage (Aerotech

Summary of texture geometrical characteristics and effects in different lubrication regimes. Adapted from Gachot et al. [21].

Lubrication Regime

Boundary Mixed EHD
Effect Debris trapping Increase film thickness Friction reduction
Lubricant reservoir
Features depth (um) 2-15 1-10 < 0.5
Features width (um) < contact width 5-100 < contact width
f - Occupied area (%) - 7-12% 10-20%
Shapes Pockets/Grooves Pocket/Grooves/Chevrons Pocket/Grooves
Directionality - Perpendicular Perpendicular
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(b)

Fig. 1. (a) Schematic representation of MTM rig set-up and (b) real rig, [27].

Table 2 Table 3

Test parameters used in the MTM rig. —Geometrical characteristic of disk textures and laser parameters used.
MTM - Ball on disk configuration Radial Curved Grooves  Dimples
Range of entrainment speed, U, (mm/s) 2000-10 Texture profile )
Slide-to-roll ratio, SRR (%) 5-20 - 50-80 - 100-120 - 150-180 Ue
Bath temperature (°C) 25-40 - 80 L N J <
Maximum Hertzian pressure (GPa) 0.6 ® O

= s

ANT130) with G-codes programming.

Micro-dimples (D) and radial curved grooves (RCG) were manu-
factured on the MTM steel disks, as shown in Fig. 2. For each type of
texture, different dimensional features were obtained by changing laser
control parameters, resulting in two texture configurations for grooves
and one for dimples. The dimensional and geometrical characteristics of
the textures, along with the parameters used in the laser texturing
process, are summarized in Table 3. The wear track is constant in the
MTM rig; therefore, the uniformity of the test is maintained, even
considering the fact that the dimples are further apart as they are fur-
ther away from the disk centre.

The design selection of the textures was based on the indications
reported in the review paper by Gachot [21], whose successful tex-
turing cases for EHD contacts are summarized in Table 1. In this case,
the depth was maintained around 0.5 um for RCG and Dimples con-
figurations. Furthermore, the texture depth was increased (> 1 pm) for
the RGC 2 configuration for evaluating the performance of deeper
features. The tangential spacing between the textures (~300 pm) was
also maintained higher than the contact width (~170um) in order to
assess the influence of one texture line within the contact and minimize

Radial curved Grooves — RCG

Tangential direction Tangential direction

Texture name RCG RCG 2 D

Features width (um) 25 20 15

Features depth (um) 0.35 1.35 0.5

Features tangential” spacing 300 300 300
(um)

Features transversal spacing ~ / / 10
(um)

Features area” (%) 12.5 10 1

Features aspect ratio 0.01 0.06 0.03
(R = depth/width)

Laser pulse energy (uJ/ 2.8 3.5 1.4
pulse)

Laser number of overlapped 4 5 30
shots

Laser processing speed (mm/ 9 7 /
s)

Laser spot size (im) 3.6 3.6 2.4

# Tangential direction is the same direction of entrainment speed.
b Features area is the texture area over the total coverage area, as adopted in
Refs. [21,29,30].

Dimples—D

Fig. 2. Schematic representation of texturing configurations manufactured on the MTM disks.
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Fig. 3. D surface images (800 um x 800 um) and representative 2D profiles of the RCG, RGC2 and Dimples texture configurations.
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Fig. 4. COF response surface for NP and textured material tested at 25 °C.
potential turbulent effects of the lubricant flow associated with the sliding speed (Stribeck curves) or SRR (traction curves). By combining
presence of multiple textures. Finally, the textures width was also de- the Stribeck and traction curves made it possible to obtain a response
signed lower than the contact width to verify the potential application surface, or traction map, in the form of COF x U, x SRR. In the fol-
of low-density texturing in real applications. lowing, the obtained friction results for the different testing tempera-
tures (25 °C, 40 °C, 80°C) and maximum Hertzian pressure (0.6 GPa)
considered in this contribution are discussed in details through the
3. Results mentioned traction maps.

The 3D surface topographies and representative 2D profiles of the

three texture configurations investigated in the present work are shown 3.1. Tribological test at 25°C
in Fig. 3.
The coefficient of friction (COF) can be traced as a function of the As can be seen in Fig. 4, COF response surfaces are displayed with
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Fig. 5. COF x Us (left vertical axis) and ECR x Us (right vertical axis) for SRR
120%, NP and textured materials tested at 25 °C.

the same scale and colour map to permit better comparisons. Significant
differences can be noticed at low entrainment speed (U,), especially
between NP and RCG cases (see Fig. 4a and c).

For SRRs over 100% (50% of sliding) the results for the four con-
figurations presented similar trends, as can be seen in Fig. 5. COF re-
sults were plotted jointly with ECR values to better understand the
influence of textures on the transition between lubrication regimes.
Boundary and full-film EHD regimes were discriminated by ECR of 0%
and 100%, respectively, as explained in Section 2.1. Line ‘b’ in Fig. 5
shows that the dimples (D) configuration promoted a decrease in the
lift-off speed compared to the untextured surface (NP). This behaviour
benefited full-film EHD condition and, consequently, dimple textured
surface presented lower COF.

Furthermore, RCG configuration also seemed to decrease lift-off
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Fig. 7. COF x Us (left vertical axis) and ECR x Us (right vertical axis) (SRR
120%) of NP and textured materials tested at 40 °C.

speed compared to NP, leading to an intermediate condition between
NP and Dimples. NP and RCG 2 configuration presented higher lift-off
speed and generally operated under mixed and boundary lubrication
conditions. The transition between mixed and boundary regimes took
place approximately at the same speed for all configurations, as can be
visualized through the vertical line ‘a’ in Fig. 5.

3.2. Tribological test at 40 °C

Similarly, for the testing temperature of 40 °C, significant differ-
ences can be noticed at low entrainment speed (U,), especially between
NP and Dimples configurations, as shown in Fig. 6a and b.

COF results for SRR 120% were also plotted jointly with ECR values
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Fig. 6. COF response surface for NP and textured material tested at 40 °C.
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Fig. 8. COF response surface for NP and textured material tested at 80 °C.
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Fig. 9. COF x Us (left vertical axis) and ECR x Us (right vertical axis) (SRR
120%) of NP and textured materials tested at 80 °C.

in Fig. 7. The increase of temperature (40 °C) led to viscosity decrease
and, consequently, only Dimples and RCG configurations operated
under full-film EHD conditions for a reduced range of sliding velocities.
Therefore, in these cases, tests were carried out mainly in mixed and
boundary lubrication regimes.

RCG promoted friction reduction, especially over SRR 100% and
low speeds. The transition between mixed and boundary regimes for
RCG occurred at lower speeds compared to the other configurations
(see vertical line ‘a’ and ‘b’, respectively, in Fig. 7). On the contrary,
Dimples configuration operated only in boundary lubrication at low
speeds, showing higher COF than RCG under similar conditions.

3.3. Tribological test at 80 °C

COF response surfaces for the testing temperature of 80 °C are dis-
played in Fig. 8, showing again significant differences at low entrain-
ment speeds.

Dimples configuration was the only one that still favoured full-film
EHD regime for low viscosity tests (80 °C), presenting elevated ECR
values around 80%-100% only at high speeds (see Fig. 9). Conversely,
RCG, NP and RCG 2 practically did not reach lift-off speed, thus con-
cluding that the experiments for these configurations were conducted
mostly under mixed and boundary lubrication conditions.

The transition from boundary to mixed lubrication regimes occurred
for similar sliding speeds for all texture configurations (see vertical line
‘a’ in Fig. 9). Dimples, besides providing a complete separation between
the contacting surfaces during the initial stages of the test (high speeds),
also promoted a slight friction reduction under boundary and mixed
lubrication conditions.

3.4. Wear results

In order to evaluate the possible occurrence of texture geometry
modifications due to wear, surface topography measurements were
carried out over a wear track region of the dimple textured sample. As
can be observed in Fig. 10b, the surface ridges within the wear track did
not significantly affect the dimples geometry. Furthermore, the rough-
ness parameters remained unchanged and a significant wear mark
could not be measured on the ball surface after the test. Similar results
were verified for the other texture configurations.
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Fig. 10. (a) 3D surface image (800 um X 800 pm) showing the wear track on dimple textured disk. (b) Detailed view of the wear track and representative 2D profile

along a row of dimples.

Plateau

Mixed

hermoviscous

Friction coefficient

Non-Linear

4 Linear
\2\\\
4 <~ 04
6 < 03
\8\/; 0.2
0

Entrainment speed [m/s] SRR

Fig. 11. COF response surface showing the EHD friction regimes [32]. Marcus
Bjorling from Lule&d University of technology and Elsevier kindly gave the
permission to use this figure (License Number 4514230079050), which was
previously published by Marcus Bjorling in Tribology International Journal
[32].

4. Discussion
4.1. Texture effect in different lubrication regimes

Different friction regimes can be encountered in elastohy-
drodynamic point contacts, as highlighted in Ref. [31]. Four different
regions could be discriminated based on thermal effects, limiting shear
stress and shear thinning behaviour, as illustrated in Fig. 11.

In linear regime, the friction increases linearly with SRR, thus
shear stress is proportional to share rate, according to Newtonian vis-
cous behaviour. The increase of SRR leads to a non-linear region, in
which shear thinning and limiting shear stress affect the friction be-
haviour. The increase of sliding can also promote friction decrease due
to thermal and shear thinning effects in thermoviscous regime, as
proved by Habchi [31]. Finally, in plateau regime, friction remains
almost constant and limiting shear stress in lubricant is the leading
mechanism. However, as pointed out by Habchi [31] not all regimes are
always encountered in conventional traction curves. For instance, in the

present work, the non-linear and the plateau regimes could be identi-
fied (Figs. 4, 6 and 8), whereas the linear and thermoviscous regimes
did not appear clearly. The last two regimes are more likely to occur at
high entrainment speeds, which are not easily reached during traction
experiments.

It is difficult to determine in which friction regime the texture
configurations considered in the present work promoted COF reduction
by simple inspection of Figs. 4, 6 and 8. Thus, the COF response surfaces
of the textured samples shown in Section 3 were subtracted from the NP
ones to better evaluate the beneficial or detrimental effects promoted
by the textures. The difference COF response surfaces (Delta) were
defined as:

Delta = COF,pyure — COFyp )

where negative values of Delta represent COF reduction. In Fig. 12, the
entrainment speed U, was plotted in reverse direction compared to
Figs. 4, 6 and 8, being that significant difference in COF were en-
countered at low entrainment speeds (mixed and boundary lubrication
regimes).

According to Fig. 12, at 25 °C similar friction results were observed
in the plateau and non-linear regions for all texture configurations. As
viscosity decreased (40 °C), some difference could be encountered in
plateau regime, whereas at lower viscosity conditions (80 °C) the dif-
ference between NP and textured samples became more relevant (see
Fig. 12c). This trend can be explained by the fact that the plateau and
non-linear friction regions are governed by the limiting shear stress
behaviour of the lubricant, and that the increment of test temperature
led to a combined drop in viscosity, limiting shear strength and pressure
viscosity coefficient, as reported by Larsson [33]. For this reason, some
texture configurations investigated in this work, especially Dimples and
RCG, seem to act positively on reducing friction in the plateau regime
region under harsher lubrication conditions characterized by low lu-
bricant viscosity and shear stress limit.

Summarizing, Fig. 12 shows that the textured surfaces significantly
affected the frictional behaviour in the boundary and mixed lubrication
regimes, especially at low entrainment speeds and high SRR values.
Similar results were also highlighted by Mourier [10]. Furthermore, the
decrease of viscosity and shear stress limit at higher temperatures also
influenced the texture tribological performance in full-film EHD re-
gime, especially in the plateau friction region. This latter result for the
full-film EHD regime is in agreement with the results reported by Wang
et al. [34] and Braun et al. [35], which stated that texture tribological
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Fig. 12. Delta COF response surface between NP and Dimples, RCG, RCG 2 textured material tested at (a) 25 °C, (b) 40 °C and (c) 80 °C.

efficiency is straight related to viscosity and feature geometry. A texture
configuration could promote friction reductions at a certain viscosity
value, however it could bring detrimental effect in other viscosity
conditions.

4.2. Texture geometry effect

Dimples configuration improved the tribological results in full-film
EHD regime. As shown in Fig. 5, dimple textured surface decreased lift-
off speed at high viscosity conditions (25 °C), promoting a wider range
of speeds operating under full-film EHD and lower COF. This behaviour
could also be encountered in low viscosity tests (80 °C), being that
dimples is the unique configuration that still promoted full-film EHD
conditions at high temperature (see Fig. 9). The beneficial effect of
dimples could be associated with their shallow depth configuration
(~0.5um), as reported in Table 1. Mourier et al. [10] explained that
shallow features could induce a film thickness increase in EHD lu-
brication due to local pressure and viscosity increment. Besides that,
Krupka [26] measured local film thickness increment close to surface
dimples, caused by viscosity increase within the micro-cavities.

Comparing the dimensions of the texture configurations that re-
sulted in COF reduction, RCG was shallower and covered much more
area than Dimples (see Table 3). Despite this, Dimples configuration
produced better results probably because of the presence of several
micro-cavities, which are more efficient at entrapping lubricant than a
single feature (RCG).

Dimples also promoted friction reduction in boundary and mixed
lubrication regimes, as shown in Fig. 9. The tribological performance of
dimple textured surfaces in these regimes is straight related to viscosity
and geometrical aspects, as reported by Wang et al. [34]. The authors
showed that under boundary lubrication conditions, shallow dimples
reduced friction probably due to squeeze effect [34], otherwise other

configuration increased friction compared to an untextured material.

On the other hand, dimples configuration resulted in detrimental
effect compared to NP material at 40 °C (see Fig. 7), where the mixed
lubrication was predominant. This configuration presented lower depth
and area coverage than values presented in Table 1 for mixed regime.

RCG configuration had the best performance in reducing friction at
intermediate viscosity condition (40 °C), where mixed lubrication re-
gime was predominant (Fig. 7). For instance, RCG texture parameters
were designed to improve efficiency under mixed lubrication conditions
and they were similar to those reported in Table 1 for the same lu-
brication regime, except for the feature depth, which was lower than
1 um. RCG favoured the mixed lubrication for a wider range of speeds at
40 °C, moving the transition from boundary to mixed regimes to lower
speed values (see vertical line ‘@’ in Fig. 7). Furthermore, RCG config-
uration also promoted friction reduction at 25 °C and 80 °C, probably
due to its shallow depth.

RCG 2 performed worse than NP and RCG in all conditions, showing
that texture depth is a critical geometrical parameter that should be
considered for the texture design of non-conformal contacts. As re-
ported by Mourier [10], deep features as RCG 2 could lead to a local
pressure reduction and, consequently, a viscosity drop. In this case, the
lubricant could not provide a sufficient film thickness to completely
separate the contacting surface (see Fig. 5).

To conclude, this work aimed at evaluating the tribological perfor-
mance of textured surfaces fabricated by LST in EHD point contacts under
different sliding-rolling conditions and inlet temperatures, as well as to
understand the underlying mechanisms governing the influence of tex-
tures on the lubrication behaviour of concentrated contacts. This work,
besides providing a methodology to evaluate the friction response of EHD
point contacts with textured surfaces in different lubrication regimes,
could also help to support the design of surface textures for friction re-
duction with focus on practical engineering applications.
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5. Conclusion

The influence of three texture configurations (2 radial curved
grooves and 1 micro-dimple textured surfaces) fabricated by LST
technique on the tribological performance of EHD point contacts under
different sliding-rolling conditions, entrainment velocities and inlet
temperatures was experimentally investigated through a series of ball-
on-disk tests conducted in the MTM-2 tribometer. The following con-
clusions could be drawn from this study:

o The texture configurations investigated promoted significant effects
in boundary and mixed lubrication regimes (low entrainment
speeds), and also affected the full-film EHD regime at higher tem-
peratures due to the decrease in lubricant viscosity;

e For non-conformal contacts, the tribological performance of tex-
tured samples are strongly related to the texture depth. Shallow
textures (RCG and Dimples) promoted friction reduction, whereas
deeper cavities (RCG 2) yielded to detrimental results;

e Dimples promoted best results in boundary and full-film EHD lu-

brication regimes. At 25°C, this configuration induced full-film

conditions for a larger range of speeds, whereas at 80 °C it favoured
friction reduction in mixed/boundary regimes, beside boosting an
initial full-film condition;

RCG yielded to friction reduction under mixed lubrication condi-

tions, moving the transition from boundary to mixed regimes to

lower speeds, especially for intermediate lubricant viscosity (40 °C).
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