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Abstract: This work describes an experimental investigation into the influence of geometric micro-groove texture
patterns on the tribological performance of stainless steel. Five geometries were studied: one with untextured and four
with micro-groove textured making parallel, triangular, square and hexagonal patterns. The micro-groove textures were
produced using an MFT-20 laser system as well as a two-step laser surface texturing (LST) process. Tribological
performance was measured using a pin-on-disk tribometer. The investigation showed that the two-step LST process
could fabricate high-precision micro-grooves. The experimental data indicated that the micro-groove textured surfaces
achieved the lower frictional coefficients than the untextured surface and the geometric patterns had significantly
affected the tribological properties of samples in both lubricated and unlubricated states. The results were analyzed from
the lubricant supplying and fluid dynamic pressure effect under lubricated conditions as well as abrasive capture and
remove under dry friction conditions.
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1 Introduction

Great efforts to reduce friction and wear are
very important for increasing -efficiency and
durability of mechanical parts. Significant
developments in advanced materials and innovative
methods to increase the tribological properties of
friction pairs are expected as a result of on-going
research in the area of engineering [1-3]. The
surface pattern technology has demonstrated its
high potential to reduce loss from friction and wear.
Surface texture technology therefore is emerging as
an effective method to enhance the tribological
performance of mechanical components [4-6]. As
early as 1966, a report by HAMILTON et al [7]

displayed a patterned surface with micro-asperities
and showed that under the lubricated state the
micro-asperities acted as micro hydrodynamic
bearings. In recent decades, surface
technology has been successfully used in various
fields to increase the tribological performance of
friction surfaces. Prominent examples are golf balls,
hard disks, mechanical seals, engine cylinders and
sliding bearings [4, 8, 9]. Improvements due to
surface texturing have been widely reported in
applications ranging from dry friction [6], boundary
lubrication [10] to hydrodynamic lubrication [11]
because artificial patterns can capture wear particles
to reduce further abrasion wear [12, 13], act as
micro-reservoirs to retain the Iubricant [14, 15] and
produce additional fluid dynamic pressure to

texture
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improve the load carrying capacity [7, 16].

Since the 1960s, a large number of processing
techniques have been employed [4, 17-20],
including electrical discharge texturing (EDT),
reactive-ion etching (RIE), ion beam texturing,
laser surface texturing (LST) and machining. For
example, ZHOU et al [17] studied the influence of
electrical discharge textures on the tribological
behaviour of aluminum sheets. WANG et al [4]
presented that the surface patterns fabricated using
RIE enhanced the lift of seals by raising the
additional hydrodynamic pressure. Their studies
indicated that the optimum dimple geometry and
distribution form at least doubled the load-carrying
capacity relative to untextured surfaces. GRABON
et al [18] studied experimentally the possibility of
enhancing the tribological properties of honed
cylinder liner surfaces by a burnishing technique.
MENEZES et al [21] prepared surface patterns on
the die surface by grinding and analyzed the
influence of the surface pattern of the harder plate
on coefficient of friction and formation of transfer
layer under unlubricated and lubricated conditions.
ZHANG et al [19] fabricated circle dimple textures
using photolithography and electrolytic etching on
the surface of 316 stainless steel and UHMWPE to
comparatively investigate texture effects and their
dependence on material, speed and load. The results
showed that the tribo-pair with patterns on the
UHMWPE side exhibited better wear resistant
property than on the steel side. At present the most
widely used technique is LST to fabricate different
surface patterns on various material surfaces.
OKSANEN et al [20] studied the influence of
indirect LST and WS, addition on the tribological

performance of Ta-C thin films at high temperatures.

They found that the LST improved the wear life of
WS,/Ta—C surfaces by over 100% relative to a
non-textured surface. CHEN et al [22] studied the
influence of LST and surface coating on the
tribological performance of stamping die steel, and
found that both the triangle texture and TiN thin
films presented good effectiveness in decreasing
loss from friction and wear.

Different textures have been investigated in
recent years and more specifically dimple patterns
[4, 6, 19, 23]. WANG et al [23] investigated the
dimple size effect on the friction and the load
carrying capacity between cylindrical and plane
surfaces. BIBOULET et al [24] experimentally

studied a flat oil control ring and showed that a
cross-hatched pattern improved its load-carrying
capacity. Reports by YAN et al [25] also showed
that a micro-circulation grid texture can
dramatically decrease the coefficient of friction.
Micro-groove textures are often characterized as
lubricant pools and pipes redistributing lubricant
and in addition can adjust the load-carrying
capacity and pressure distribution. The work
conducted by YIN et al [26] on lubrication
performance of the micro-groove textured surface
for diesel engine cylinder liners showed that the
micro-groove could generate film pressure to
provide lubrication between cylinder liner and
piston ring. A report by XING et al [27] on lined
grooved and wavy grooved textures fabricated on
the surface of SizN4/TiC ceramics showed that the
wavy grooves presented the lowest frictional
coefficient in wunlubricated and MoS, solid
lubricated conditions. YUAN et al [28] indicated
that the micro-groove textures oriented slant to the
sliding direction (neither parallel nor perpendicular
to the direction of friction movement) made use of
both parallel and perpendicular orientations under
lubricated condition. In general, both parallel and
perpendicular to the direction of friction movement
are two special cases of micro-grooves direction.
The influence of micro-grooves different from
parallel and perpendicular to the direction of
movement is anticipated to exist between these
extreme cases. Moreover, the direction of micro-
groove textures maybe strongly affects the
tribological performance of friction surfaces in an
unlubricated  state.  This  paper  addresses
experimentally this problem focusing on the effect
of geometric micro-groove texture patterns, and
compares the tribological performance of micro-
grooved texture surfaces and untextured surfaces in
lubricated and unlubricated conditions, respectively.

2 Experiments

2.1 Specimens

The pins and disks for tribological tests were
both made of 1Cr18Ni9Ti stainless steel. The
hardness of the stainless steel selected is 279-
306 HV measured by the Vickers micro-hardness
tester with a load of 100 g and a dwell time of 10 s.

The pin specimens were in the form of
cylinder, a height of 13 mm and a flat contact area
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with a diameter of 8 mm. To remove the burrs that
might have been formed during machining, all pin
specimens were polished and cleaned with alcohol
in an ultrasonic bath to reach a surface roughness of
R, 0.02 pm.

The disk specimens have a diameter of 24 mm
and a thickness of 7.88 mm. To investigate the
effect of geometric micro-groove texture patterns
(Figure 1), disk specimens were fabricated with
four kinds of micro-grooves using an MFT-20 laser
processing system as well as a two-step LST
process to remove the burrs inside the texture and
make it smooth. The basic laser process parameters
are listed in Table 1 and the pattern layouts are
shown in Figure 1. Here, the area ratio of texture
was designed as 0.05. Before the LST process, the
disk specimens were polished using sandpapers to
reduce surface roughness (R, 0.1 pm). During the
LST process, molten metal accumulated and
became burrs around the edge of micro-grooves.
The burrs might result in a high surface roughness
and would influence the tribological performance of
the tribo-pairs. Hence, the disk specimens were

e S Sliding direction

placed onto a polishing machine, running at
200 r/min, for 5 min. And the same polishing
procedure was used for all disk specimens to ensure
that differences between test results were due to
geometric micro-groove texture patterns rather than
surface roughness.

2.2 Procedures

Friction tests were conducted reciprocating
sliding against a UMT-II pin-on-disk tribometer.
Disks were fixed to the moving ground plate of the
tribometer while upper pins were attached to the
lever arm. A constant applied load of 1 N was
carried out through a dead weight. The sliding
speed of the test was controlled by changing the
moving speed of the disk, and the sliding direction
was described with a white bidirectional arrow
shown in Figure 1. The disk was “running-in” for a
1 min period using a load of 1 N and a sliding speed
of 0.05 m/s before commencing friction
measurements. In this process, great care should be
taken to ensure true flat-on-flat contact between the
pin and the disk. The one-way sliding distance was

0.5 mm
i, e

Figure 1 Geometric patterns of micro-grooves: (a) Parallel; (b) Triangular; (c) Square; (d) Hexagonal

Table 1 Parameters of laser micromachining system

Parameter Max. output  Pulse repetition ~ Emission Carving Carving linear Min. line Repeatability
power/W rate/kHz wavelength/nm  depth/mm  speed/(mm's™)  width/mm precision/mm
Value 20 20-1000 1064 <0.4 mm <7000 0.05 +0.003
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5 mm. Ambient temperature and relative humidity
(RH) were kept constant during all experiments
(25 °C and 41% RH).

The first experiment measured the frictional
coefficients of the micro-groove textured samples
and the untextured ones (as a comparison) in a
lubricated state. The disks were lubricated with SE
15W-40 oil. The viscosity of the oil at 25 °C was
measured using a rotational rheometer and found to
be 0.23 Pa's. At the start of each test, two drops of
lubricant (less than 4x10~° mL/cm?®) were applied to
the top surface of the disk. Tests were conducted at
increasing sliding speeds ranging from 0.05 m/s to
2.5 m/s in steps of 0.05 m/s. The testing time at
each speed was maintained for 1 min, that is, the
testing time of each series was 50 min.

The second experiment used a new disk and
repeated the friction measurement in an
unlubricated state; this time the speed was a
constant with a sliding speed of 0.6 m/s and a
testing time of 3 h for each tribo-pair.

Both unlubricated and lubricated experiments
were repeated twice using the same testing
procedures. All measured data were analysed using
MATLAB and the average values as well as the
standard deviations were calculated.

For micro-grooves, the exact dimensions
(depth and width) were assessed by means of three-

dimension white light interferometry as well as by

digital optical microscopy. Scanning electron
microscopy (SEM) was also used to analyze the

samples after the friction tests.
3 Results and discussion

3.1 Characterization of surface textures

Scanning electron microscopy images of four
kinds of micro-groove textured surfaces making
parallel, triangular, square and hexagonal patterns
are presented in Figure 1. It can be seen that the
parallel pattern has a texture pitch of 1 mm
(Figure 1(a)); the isometric triangle pattern has a
micro-groove length of 1.73 mm (Figure 1(b)); the
isometric square pattern has a micro-groove length
of 0.92 mm (Figure 1(c)) and the isometric hexagon
pattern has a micro-groove length of 0.56 mm
(Figure 1(d)).

Three-dimensional and  two-dimensional
optical profilometry images of micro-grooves are
presented in Figures 2 and 3. The images show that
the two-step LST process and burr removal process
were conducted successfully. The surface roughness
(R,) of the sample is around 0.15 pm. The samples
were extremely uniform and featured micro-
grooves of precise geometrical parameters. The
average width of the micro-grooves is 52-53 um
and the average depth is around 22 pm.

Figure 2 2D optical profilometry images of micro-grooves: (a) Parallel; (b) Triangular; (c) Square; (d) Hexagonal
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Figure 3 Optical profilometry images of a micro-groove:
(a) 3D surface morphology; (b) 2D cross profile

3.2 Tribological performance
3.2.1 Lubricated test results

Under lubricated conditions, starting from the
lowest speed (0.05 m/s), the speed was increased
gradually after 1 min at each sliding speed, until the
highest speed of 2.5 m/s was reached. The whole
testing time was 3000 s. Figure 4 exhibits the
coefficient of friction curves of the relationship
between the frictional coefficient and the testing
time. It can be observed that the surface texture
influenced the fluctuation of frictional coefficient in
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Figure 4 Frictional coefficient curves under lubricated
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conditions (sliding speed range of 0.05-2.5 m/s)

the lubricated state. The frictional coefficients of
the untextured samples fluctuated wildly and
frequently whereas the micro-groove textured
samples showed much less fluctuation. Frictional
coefficients started rising after 700—800 s of testing;
for the square-patterned sample, the frictional
coefficient was notably more stable than other
results.

Figure 5 presents the average frictional
coefficient of samples at each sliding speed. From
the experimental data in Figure 5, it can be found
that the average frictional coefficients of untextured
samples were larger than those of micro-groove
textured samples at different speeds except for the
sliding speed of 0.05 m/s and above the sliding
speed of 2.05 m/s. All frictional coefficient curves
show a minimum occurring in the sliding speed
ranging from 0.1 m/s to 0.7 m/s; the effect is more
pronounced for the square textured surface which is
closer to maintaining a relatively stable frictional
coefficient over the entire speed range. At the
sliding speed of 0.05 m/s, the frictional coefficient
of the untextured sample (0.141) was lower than
that of the triangular micro-groove textured sample
(0.147). As well as at the speed range of 2.05-2.5
m/s, the frictional coefficients of untextured sample
were lower than those of parallel micro-groove
textured samples. The experimental data also show
that the frictional coefficient of untextured samples
changed irregularly with increasing of speed, and
the lowest frictional coefficient (0.13) was achieved
at the speed of 0.4 m/s. However, there is a very
similar trend almost for all micro-groove textured
samples. When the speed was less than 0.4 m/s, the
frictional coefficients continuously decreased with
increasing sliding speed, and followed by a sudden
increase slightly at the sliding speed of 0.45 m/s.
When the sliding speed was 0.55 m/s, the frictional
coefficient reached the minimum value (0.12, 0.125,
0.127 and 0.129 for square, hexagonal, triangular
and parallel micro-groove textures, respectively).
Then the frictional coefficient increased linearly
with increasing of sliding speed. Compared with all
geometric micro-groove texture patterns, square
micro-grooves achieved the lowest frictional
coefficient, followed by hexagonal, triangular and
parallel micro-grooves, respectively. And with the
increase of sliding speed, the increasing rates of
frictional coefficients were different when the speed
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Figure 5 Average frictional coefficients at each speed
under lubricated conditions

was above 0.55 m/s. Square micro-grooves had the
slowest increasing rate, and parallel micro-grooves
had the fast one. As the sliding speed increased to
2.5 m/s, the frictional coefficients of square,
hexagonal, triangular and parallel micro-groove
samples are 0.136, 0.156, 0.164 and 0.178,
respectively.

There may be some reasons responsible for the
above results. The micro-groove textured surfaces
not only act as a reservoir to capture abrasive or
liquid lubricant replenishment, but also produce a
good hydrodynamic effect between the sliding
surfaces as compared with the untextured surfaces,
and the lubricant stored in the micro-grooves can
increase the film thickness and film carrying
capacity to reduce the friction [29], which is one
possible reason to explain why the frictional
coefficients of the untextured samples are higher
than those of micro-groove textured samples as
shown in Figure 5. The experimental data of micro-
groove textured samples obtained from different
sliding speeds could not present a typical Stribeck
curve during the whole test. That might be because
the oil lubricant was limited (two drops at the start
of each test) and the wear occurred when the sliding
speed increased. The results are also similar to the
well accepted conclusion reported by WANG et al
[23] that the fluid dynamic pressure effect would
become not significant at low-load and high-speed
condition. In addition, differences also exist
between the Stribeck curves due to the different
applied loads, the applied load was lower and
constant in the present test which differs significant
with that in Refs. [15, 30] where the applied loads
were heavy and varied.

The experimental data from Figures 4 and 5
also manifested that the micro-groove textures
perpendicular or parallel to the direction of
movement had a obvious influence on the
tribological properties of tribo-pairs. For the
purpose of easy understanding, the analysis results
are illustrated by Figure 6. To analyze the
occurrence of the lowest frictional coefficient
phenomenon for the square micro-groove samples,
the pattern of a square micro-groove can be
decomposed into two directions according to the
sliding direction (Figure 6(c)): L orientation groove
textures (oriented perpendicular to the direction of
movement) and //orientation groove textures
(oriented along the direction of movement).
Compared with the hexagonal micro-groove
textured samples, the frictional coefficient of the
square micro-groove textured samples fluctuated
obviously when the pin sample was sliding from
one _| orientation groove to another within the
testing time of 30 s (Figure 4). The reason
suggested here probably was that the lack of
lubricant increased the solid contact area and
resulted in the slight deformation in the initial of the
experiment. With increasing of testing time, the
// orientation grooves provide oil supply to restrict
solid contact area growth, and the _ orientation
grooves may interrupt the slight deformation to
reduce the fluctuation and achieve a lower frictional
coefficient [10]. Moreover, the _ orientation
grooves can be helpful for the formation of
hydrodynamic pressure lubrication, and the liquid
lubricant in the //orientation grooves will flow
readily under the shear stress imposed by the above
sample, to supply the liquid Iubricant into the
L orientation grooves, and the result was to further
enhance the effect of hydrodynamic pressure
lubrication as well as improve the lubrication
regime and reduce the frictional coefficient. The
square micro-groove texture takes the merits of
| orientation grooves and // orientation grooves to
generate the best influence on friction at most cases
[28]. The result is consistent with the conclusion
reported by YU et al [31] that the strongest
hydrodynamic effect was obtained when the long
axis of the texture was perpendicular to the
direction of movement. For the pattern of a
triangular micro-groove (Figure 6(b)), there are two
Zorientation grooves (oriented slant to the sliding
direction), which may result in the tribological
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performance of triangular micro-groove texture
being worse than that of the square micro-groove
texture. For the pattern of a hexagonal
micro-groove (Figure 6(d)), the friction coefficient
of hexagonal textures is lower than that of the
parallel and triangular textures, and higher than that
of the square textures. For the former, it results in
the synergistic effect of parallel and triangular
textures. Compared with the triangular textures, the
// orientation grooves of the hexagonal textures can
supply oil and restrict solid contact area growth.
And compared with the parallel textures, the
lubricant oil from the //orientation grooves flows
to the Zorientation grooves, not directly flow out.
For the later, compared with the square textures,
there is no _ orientation grooves of the hexagonal
textures, which can produce the higher
hydrodynamic pressure than that of the
Zorientation grooves. Based on the above
orientation grooves analysis, it can be understood
that the tribological performance of hexagonal
texture is between the square
micro-groove  texture and the triangular
micro-groove texture. For the parallel micro-groove
texture (Figure 6(a)), the grooves oriented along the
sliding direction made the liquid lubricant flow out
more likely, especially at higher sliding speed.
3.2.2 Unlubricated test results

Figure 7 shows the relationship between the
frictional coefficient of samples and testing time at
the speed of 0.6 m/s under unlubricated conditions.
The frictional coefficients of all samples showed a
higher fluctuation level in an unlubricated state
(Figure 7) than that in a lubricated state (Figure 4).

micro-groove

/
Sliding
direction
//
(a)
V4
Sliding
direction
ectio 1L 1
//

(c)

The experimental data in Figure 7 indicate that the
frictional coefficients of micro-groove samples are
lower than that of the untextured sample at the
beginning of the experiment, and then the frictional
coefficient increases by more than a factor of 1.6
(from 0.13 to 0.25) for the micro-groove textured
samples, and the same for the untextured sample
from 0.23 to 0.37. Figure 7 also indicates that the
frictional coefficients of the untextured sample
fluctuated significantly at the beginning of the test.
This phenomenon may be resulted from the very
top of the highest asperities of untextured surface
contacted in the contact surface. And the micro-
groove textured surface can not only trap wear
debris but also reduce the contact area, thus reduce
the friction of the two contact surfaces, which is
more obvious in the low applied load [20]. It has
also been reported that the roughness in the range
0.1 and 0.6 pm may not significantly change the
frictional coefficient [11]. At the end of experiment
process, the untextured samples made a larger noise
than the micro-groove textured samples, especially
than the parallel and hexagonal textures. This is
probably due to the abrasives and particles
originating from the contact surface under the dry
friction conditions becoming squeezed between the
surfaces.

The average frictional coefficients of all
samples during the whole testing process are
figured out as displayed in Figure 8. It can be
observed that the average frictional coefficient of
the untextured sample is 0.382, while the parallel
texture sample and the hexagonal texture sample
are 0.327 and 0.353, respectively, nearly 8 % lower
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irection _L
Z
(b)
//
Sliding yd £
direction
Z Z
(d)

Figure 6 Groove orientation to sliding direction: (a) Parallel; (b) Triangular; (c) Square; (d) Hexagonal
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than that of the untextured sample due to the
existence of micro-groove texture.

SEM images of worn surfaces for the textured
and untextured samples are shown in Figure 1 and
Figure 9. Some abrasives generated during the dry
friction process can be seen both on the surface and
in the grooves. Generally, under dry friction
conditions, the abrasives on the surface form the
“three-body friction” easily which will increase the
frictional coefficient and induce the wear tracks,
and the micro-grooves on the textured surface can
not only capture abrasive but also reduce the
effective contact area. Hence, it is obvious that
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there are much more abrasives on the untextured
surfaces (Figure 9(a)) than on the textured surfaces
(Figure 1), which resulted in the high frictional
coefficients and serious wear tracks for untextured
samples (Figure 9(b)). In comparison with all
micro-groove textured samples, the hexagonal
textured sample has the lowest average frictional
coefficients, followed by the parallel and square
textured samples, while the triangular micro-groove
textured sample has the highest frictional
coefficient (0.39), slightly higher than that of
untextured samples (0.38). These phenomena were
probably illustrated by Figure 6. For the hexagonal
micro-grooves, it has  Zorientation and
// orientation grooves (Figure 6(d)). Hence, the
Zorientation grooves can capture abrasive, and
// orientation grooves and the obtuse angle of the
two adjacent grooves probably resulted in abrasive
remove easily and timely. For the parallel grooves,
there are only //orientation grooves along to the
sliding direction (Figure 6(a)), no other orientation
grooves to capture much more abrasives. For the
triangular micro-grooves however, there is no
// orientation grooves and the angle of the two
adjacent grooves is acute (Figure 6(d)), which may
be helpful to the higher frictional
coefficients.

explain

friction conditions

4 Conclusions

A two-step laser surface texturing process was
used to fabricate micro-groove textures. And a
pin-on-disk tribometer was conducted to measure
the tribological performance of the textured and
untextured samples in lubricated and unlubricated
state, respectively. The following summarizes the
conclusions.

1) The high-precision micro-groove texture
can be fabricated using the two-step LST process.
The micro-groove texture friction pairs have lower
coefficient of friction than the ones without textures
and the geometric patterns have a significant
influence on the tribological properties under both
lubricated and unlubricated conditions.

2) Under lubricated conditions, the square
micro-groove textured samples achieved the lowest
frictional coefficients, followed by the hexagonal
and triangular ones, which can be explained from
the aspects of lubricant supply and hydrodynamic
pressure. The direction of movement should
therefore be taken into account when designing
textured surfaces.

3) Under dry friction conditions, of the
textured samples, the parallel and hexangular
textured samples were the best at friction reduction,
which can be explained from the aspects of abrasive
trap and remove. As for the frictional coefficient of
the triangular pattern higher than that of untextured
sample, experiments and mechanism should be
further studied.
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