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Abstract: An experimental investigation was performed for investigating the tribological performance of
micro-dimple surface texture patterns on a cylindrical surface in a realistic operating environment of starved
lubrication. Micro-dimples were generated by a dual-frequency surface texturing method, in which a high-
frequency (16.3 kHz) three-dimensional (3D) vibration and a low-frequency (230 Hz) one-dimensional (1D)
vibration were applied at the tool tip simultaneously, resulting in the generation of the hierarchical
micro-dimples in a single step. Rotating cylinder-on-pin tribological tests were conducted to compare the
tribological performance of the non-textured reference specimen and micro-dimple samples. The effect of
surface textures generated with various shape parameters (long drop and short drop), dimension parameters
(length and surface texture density), and operation parameters (load and sliding velocity) on the tribological
performance was evaluated. Stribeck curves indicate that the hierarchical micro-dimples exhibit a lower
coefficient of friction than the reference specimen in the high contact-pressure regions. It is also observed that
variation in the length of a micro-dimple, the shape effect, is the major factor affecting the friction response
of the textured surfaces. The generation of additional hydrodynamic pressure and lift effect by hierarchical
structures is the main reason for the improved performance of hierarchical micro-dimple surfaces.

Keywords: dual-frequency surface texturing; hierarchical surfaces; tribology; starved lubrication; three-
dimensional elliptical vibration transducer

1 Introduction

Nature often uses multi-scale hierarchical surfaces to
enhance the physical properties [1]. The most studied
phenomenon regarding this is the reduction in drag
effect by shark and dolphin skin due to the presence
of micro-features at two different scales [2]. Also, in
the case of lotus leaves, surface roughness at different
scales combine to achieve self-cleaning properties
and a super-hydrophobic effect [3]. Inspired by these
natural instances of animals and plants, researchers
are developing textured surfaces at multiple scales
to take advantage of their benefits for improving the
tribological performance of components by reducing
friction and wear [4].

Initially, the systematic work highlighting the effect
of surface textures on the tribological performances
of different machine components (seals and piston
rings) in different lubrication conditions are carried
out by Etsion and co-workers [5]. Subsequently, this
topic has gained tremendous interest and focus from
tribologists. In the past two decades, several articles
have been published on the state of the art regarding
the influence of surface texturing on friction and wear
in laboratory experiments and machine components [6].
However, interestingly, a majority of these studies
highlight the effect of only single-scale textures.

The idea of transferring the multi-scale hierarchical
surface texture phenomenon in nature to a real-world
engineering application has been gaining around
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since last decade. The generation of hierarchical surface
textures efficiently and accurately is important since
textures of all scales should be combined suitably
and should be left intact during a texturing process.
As for textured surfaces, in general and particularly
for hierarchical textured surfaces, the tribological
properties are significantly influenced by the surface
textures features [7].

Of the vast number of available methods, laser
surface texturing was initially used for hierarchical
surface texture generation [8]. But the requirements
of costly equipment, a controlled environment, and
collateral damage to the surrounding material were
some of the reasons that forced researchers to develop
a new method for hierarchical texture generation [9].
Elliptical vibration texturing (EVT) is a modified form
of elliptical vibration cutting (EVC), and has been used
successfully in recent times for creating a hierarchical
structure in a single step operation, which reduces the
operation cost and time and increases the texturing
efficiency by many times [10].

Zhou et al. [11] first generated hierarchical structures
using a double frequency elliptical vibration cutting
method employing a two-dimensional (2D) non-
resonant vibration transducer on a conventional fast
tool servo. However, it inherits the disadvantages
of a conventional fast tool servo method that were
experienced by a number of researchers. Yuan et al. [12]
used a double frequency vibration cutting system and
generated hierarchical structures on a flat hardened
steel workpiece by employing a 2D resonant ultrasonic
vibrator and a 1D non-resonant compliant vibrator
simultaneously. Guo et al. [13] used a 2D elliptical
vibration texturing method to generate hierarchical
structures on cylindrical surfaces. Kurniawan et al. [14]
used a two-frequency vibration device for surface
texturing and achieved improved surface roughness
compared to the conventional surface texturing
method.

As summarized above, a number of experimental
methods have been used successfully to generate
hierarchical structures on flat or cylindrical surfaces
in a single-step operation. But as observed with the
available methods, it is not possible to manufacture
the hierarchical micro-dimples with a depth of more
than 10 um, especially on cylindrical specimens.

Moreover, despite the importance of the effect of the
hierarchical structures on the hydrodynamic pressure
and friction, the tribological performance of hierarchical
texture surfaces with different geometrical features
under realistic lubrication conditions, such as starved
boundary lubrication, remains unexplored.
Therefore, the objective of the present study is to
explore the idea of using the hierarchical micro-dimples
to improve the tribological performance of cylindrical
surfaces under starved lubrication conditions. The
novelty of this research is in understanding the effect
of the hierarchical micro-dimples in dictating the
friction characteristics of the micro-dimple textured
surfaces in a starved lubrication environment to provide
effective boundary lubrication during manufacturing
or in the operation of mechanical components. Even
though the effects of various surface textures on
lubrication mechanisms have been studied in detail in
the past, the effect of hierarchical micro-structures on
the friction performance of surface texture parameters,
such as texture density and micro-dimple shape, is
still an underexplored area of research in the case
of the hierarchical micro-dimples. In this study,
a hierarchical micro-dimple textured surface was
generated using a novel dual-frequency texturing
method, employing a 3D resonant elliptical vibration
transducer, under different rotational speeds. And
then, the friction performance of the hierarchical micro-
dimples was analyzed with respect to a non-textured
reference specimen under different sliding speed,
applied load, and geometrical shape conditions. The
presence of shape effect in the form of micro-dimple
length was identified as the key parameter responsible
for the frictional performance of the hierarchical micro-
dimples under starved lubrication conditions.

2 Dual-frequency surface texturing: Prin-
ciple of operation

The idea of combining 1D conventional texturing (CT)
and elliptical vibration cutting (EVC) results in the
generation of a dual-frequency surface texturing
method. In the dual-frequency surface texturing
method, 1D CT was achieved using a low-frequency
displacement amplifier, and a 3D elliptical vibration
transducer was developed for EVC (Fig. 1) [15]. The
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frequency surface texturing operation.

3D elliptical vibration transducer is a symmetrical
sandwich type and has a resonant frequency of 16.3 kHz
for vibrations in a 3D space, as shown in Fig. 1(a).

The relative motion of the tool tip in a 3D Cartesian
coordinate system using a dual-frequency surface
texturing method can be expressed using Egs. (1), (2),
and (3):

x(t) =a-cos(2nf, + @, ) 1)
y(t) =b-cos2rtf, + ¢, )+ V, -t (2)
z(t) = c-cos(2mtf, + @, )+ C-cos(2mf, - 1) 3)

2nf, -b>V, 4)

where x(t), y(f), and z(t) are the positions of the tool
tip in a 3D Cartesian coordinate system, f, is the high
3D resonance frequency (= 16.3 kHz), f; is the one-
dimensional low-frequency of a sinusoidal wave
(=230 Hz), ¢, Py, s and ¢, are phase shifts, and V;is
the nominal relative cutting velocity. The 3D elliptical
locus of the tool tip has amplitudes of a4, b, and c in
the x-, y-, and z-directions, respectively, while C is the
amplitude of the low-frequency 1D sinusoidal wave.
Equation (4) represents the condition of intermittent
cutting during micro-dimple surface texturing. The
spindle speed is selected in such a way that this
condition always remains true.

The trajectory of the transducer tip superimposed
with low-frequency 1D vibration and high-frequency
3D resonant vibration is shown in Fig. 1(c). It was
observed that the primary profile of the micro-dimple
depends on the low-frequency vibration, while the
high-frequency 3D resonant vibration is responsible
for the nano-textures in the primary profile. The nano-
texture configuration in the primary profile depends on
the 3D elliptical locus of the tool tip at the 3D resonant
vibration frequency.

3 Experimental details
3.1 Workpiece material selection

Al6061 aluminum alloy is widely used in applications
that specifically demand high strength-to-weight
ratio, low density, high specific strength, and good
formability [16, 17]. Due to these properties, Al6061-T6
has applications in the manufacturing of aviation
structures, such as wings and fuselages, and in the
automobile industry for making engine parts, such as
chassis, pistons, and crankshafts [18, 19]. However, the
main drawback of Al6061-T6 is that it exhibits poor
tribological performance under adverse operating con-
ditions, such as starved or dry lubrication conditions,
which limits its further use [20, 21].

In the present study, an Al6061-T6 alloy workpiece
in the form of a cylindrical specimen was selected
as the working material. The workpiece material
composition is shown in Table 1. Initially, the workpiece
was machined to a diameter of 28 mm with an average
surface roughness of Ra = 0.5 um. Surface textures in
the form of a micro-dimple pattern were then created on

Table 1 Chemical composition of A16061-T6 alloy.

Serial No.  Component Chemical composition (wt%)

1 Chromium (Cr) 0.04-0.35
2 Copper (Cu) 0.15-0.40
3 Magnesium (Mg) 0.80-1.20
4 Silicon (Si) 0.40-0.80
5 Manganese (Mn) 0.15 max.
6 Titanium (Ti) 0.15 max.
7 Zinc (Zn) 0.25 max.
8 Iron (Fe) 0.70 max.
9 Aluminum (Al) Balance
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the surface using the dual-frequency surface texturing
method.

3.2 Machining conditions

The experimental platform was fixed on a computer
numerical control lathe machine manufactured by
Daegu Heavy Inc. Co., Ltd., Republic of Korea, which
has a resolution of 1 pm, as shown in Fig. 2. The whole
experimental setup consisted of two devices: a single-
excitation 3D elliptical vibration transducer and a
displacement amplifier. The vibration parameters of
the experimental setup are presented in Table 2.

The 3D resonant vibration frequency was found to
be 16.3 kHz with phase differences of 0°, 45°, and 90°
between the longitudinal, bending-x, and bending-y

Pov hcasta{llme
dlamond gool tip

! Low-frequency vibration
— - < generator
_=generator

|
|
|
]

" Oscilloscope Amplifier

Fig. 2 Experimental setup for dual-frequency surface texturing.

Table 2 Vibration parameters of the experimental setup.

Low vibration frequency (f)) 230 Hz
Low vibration frequency amplitude 22.5 um
3D resonant vibration frequency (f,)  16.3 kHz

Phase shift at 3D resonant vibration

0°, 45°, and 90°
(91, P82 and ) an

Longitudinal 1.5 pm
3D elliptical locus amplitude Bending-x 2.7 pm
Bending-y 5.2 ym

directions, respectively. The 1D low vibration frequency
was fixed at 230 Hz as the transducer had the highest
displacement amplitude at a frequency of 230 Hz.
The distance between the tool tip and the workpiece
before starting the surface texturing was designated as
Ad in Fig. 1(c), and was set as 5 um to obtain clear and
distinguishable micro-dimples. The tool used during
surface texturing was an inexpensive polycrystalline
diamond (PCD) insert tip with a triangular shape, as
shown in Fig. 2. The machining parameters for the
non-textured specimen and the texturing operation
are given in Table 3.

Table 3 Machining parameters.

Workpiece material Al6061-T6
Diameter 28 mm
Tool type Polycrystalline diamond (PCD)

Surface roughness of

non-textured specimen Ra<0.51+0.012 yum

0.6

Feed rate (mm/r) 0.8

1.0
Surface texturing Case 1 60
operation Spindle speed Case2 80
during surface  Case 3 100
texturing (r/min) Case4 120
Case 5 140

3.3 Surface texture density

First, the non-textured specimen was made at a
spindle speed of 450 r/min, so the average surface
roughness of the non-textured specimen should be
approximately Ra = 0.5 pm. The textured surfaces
were generated with three feed rate values of 0.6, 0.8,
and 1.0 mm/r. The feed rate values were selected in
such a way that the surface texture density remained
between the limits of 15% and 30%. The surface texture
density was calculated using Eq. (5). The variation in
the surface texture density with respect to the feed
rate value is shown in Fig. 3.

S54(%) =
Total No. of dimples in one revolution x Area of one dimple

Total area covered in one revolution
x100%

®)
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Fig. 3 Effects of feed rate and spindle speed during surface
texturing on surface texture density.

The surface texture density at a given feed rate
value does not change with the change in spindle
speed during surface texturing and remains constant
(Fig. 3). The reason for this is that although the number
of micro-dimples in one revolution changes with
spindle speed, the corresponding change in the single
micro-dimple area overcomes this change in the number
of micro-dimples. Therefore, overall, the surface texture
density is mainly affected by the feed rate value, while
the spindle speed does not affect the texture density
for the cylindrical workpiece surface texturing.

3.4 Micro-dimple geometric parameters

Surface texture patterns in the form of five different
micro-dimples were made successfully on a cylindrical
surface by varying the spindle speed during surface
texturing from 60 to 140 r/min in steps of 20 r/min. The
spindle speed during surface texturing was chosen in
such a way that the condition of intermittent cutting,
given in Eq. (4) would always be met during micro-
dimple generation using the dual-frequency method.
At a given feed rate value, the axial distance between
the two successive rows of micro-dimples remained
constant, irrespective of the spindle speed, and it was
equal to the feed rate value.

The diameter of the micro-dimples depends on the
geometric properties of the cutting tool, and there is
not much effect on the micro-dimple diameter with a
change in spindle speed. However, the variation in
spindle speed changes the micro-dimple shape from
a short drop to a long drop due to a substantial
increase in the micro-dimple length. In addition,
the circumferential distance increases between two
successive micro-dimples, which is named as the

micro-dimple pattern’s cross pitch. A 3D surface
profilometer (Nano-map E-series) was used to capture
images of all the micro-dimple patterns. The texture
patterns generated at different feed rate values are
shown in Fig. 4.

A micro-dimple profile along the feed and cutting
direction is shown in Fig. 5 for all the cases. The
diameter of the micro-dimple is represented by the
profile along the feed direction, while the micro-
dimple profile along the cutting direction shows the
length of the micro-dimple. Geometric parameters
of the micro-dimple patterns at different feed rate
values are shown in Fig. 6. A scanning electron
microscopy (SEM) analysis was performed to capture
the hierarchical vibration patterns inside a micro-
dimple, as shown in Fig. 7.

Hierarchical micro-dimples contain secondary micro-
nano structures inside the primary profile generated
by 3D resonant high frequency vibration. Low frequency
only micro-dimples do not have any micro-nano
structures inside their primary profile.

The micro-morphologies of the different surfaces
(non-textured surface, hierarchical micro-dimple
textured surface, and low-frequency only micro-dimple
textured surface) were analyzed using SEM, as
illustrated in Fig. 8. The chemical composition of the
different surfaces was also analyzed using energy
dispersive X-ray spectroscopy (EDS). The elemental
distribution was effectively represented by the EDS
results, as shown in Figs. 8(a)-8(c). It was observed
that the micro-dimple surface texturing using the
dual-frequency method did not affect the surface
characteristics, which was a common outcome in the

Micro-dimple pattern
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Fig. 4 Surface texture patterns at different feed rate values.
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Fig. 5 Effect of spindle speed on micro-dimple shape and micro-
dimple profiles along the feed and cutting directions: (a) Case 1,
(b) Case 2, (c) Case 3, (d) Case 4, and (¢) Case 5.
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Fig. 7 Difference between the dual-frequency surface textured
micro-dimple and the low-frequency only micro-dimple.

case of coating and laser surface-texturing methods
[22, 23]. The major element of the Al6061-T6 alloy
was observed in the EDS analysis, and no foreign
inclusion of any other element was observed [24].
Therefore, the use of machining-based methods, such
as the dual-frequency method for surface texturing did
not need further chemical examination of the surface
as there were no changes in the surface chemical
properties. The only changes that were observed
were physical parameters of the textured surfaces
resulting from variation in texturing speed and feed
rate values.

3.5 Tribological experiment

The tribological properties of the cylindrical specimens
were measured using a commercial tribometer (Hanmi
Industries Corp., Republic of Korea) in a block-on-ring
configuration. A schematic diagram of the block-on-ring
tribometer is shown in Fig. 9(a). During testing, the
stationary block was pressed with a constant load
against a rotating cylindrical specimen and had its axis
perpendicular to the axis of rotation of the specimen.
The stationery block is made of AISI 52100 steel,
which has an average surface roughness of Ra = 0.2 pm.
The geometric configuration of the stationary block
is shown in Fig. 9(b). The Rockwell hardness of
the stationary block and the rotating specimen are
HRC =60 and HRB = 50, respectively, so a Hertzian
contact pressure in the range of 30 MPa-1.0 GPa can
be achieved between the contacting surfaces.

The direction of the sliding motion relative to
the textured pattern is shown in Fig. 10. During the
tribological test, the normal load and friction force
between the sliding surfaces of the block and the
cylindrical specimen were monitored, and the friction
coefficient was computed in real time. The friction test
was of a constant sliding distance type with varied
sliding times according to the sliding speed. The
influences of the variation in the sliding speed and
normal load on the friction behavior of the cylindrical
specimen were analyzed.

The tribology tests were conducted on all the
specimens at 10 levels of sliding speed and three levels
of applied load: L; = 10 N, L, = 30 N, and L; = 50 N.
The tribological tests were performed in a starved
lubrication environment. Starved lubrication was
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simulated by applying a minuscule amount of lubricant
directly to the contact region. The amount of lubricant
was quantified in terms of the volume of the lubricant
at the contact region, which was only 20 uL for the
lubricant used in the present experiment. With such a

it % £ 4wt
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minuscule amount of lubricant at the contact region,
the operating regime was closer to boundary
lubrication instead of mixed lubrication, so it was
termed as starved lubrication. A commercially
available liquid lubricant that has an ISO viscosity
grade of VG638, a density of 0.878 g/cm’, and a dynamic
viscosity of 0.15804 Pa‘s at room temperature (25 °C)
was used as a lubricant during the experiment.

4 Results and discussion

In this section, the behaviors of micro-dimple textured
surfaces with different shapes, different texture den-
sities, and different contact pressures under starved
lubrication conditions are presented. The Hertzian
contact pressures created between the interacting
surfaces during the tribology tests were 36 MPa at
10 N, 62 MPa at 30 N, and 81 MPa at 50 N of applied
loads. The tribology tests were repeated three times
for each condition; consequently, the average friction
coefficient was calculated. Stribeck curves comparing
the friction coefficients of the non-textured reference
specimen and the textured specimens are presented.

4.1 Influence of micro-dimple shape

Micro-dimples with five different shapes that have
different micro-dimple lengths were generated by

@ Springer | https://mc03.manuscriptcentral.com/friction
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controlling the spindle speed during the surface
texturing, as shown in Fig. 6. The micro-dimple shape
changes from a short-drop type to a long spherical
drop type as the spindle speed increases. The effect
of the micro-dimple shape on the friction coefficient
at a constant contact pressure condition with respect
to the non-textured reference specimen is shown in
Fig. 11.

Figure 11(a) shows the friction coefficient variation
at a contact pressure of 36 MPa. It is observed that in
the low contact-pressure region, the friction coefficient
variation moves from mixed to hydrodynamic
lubrication state as the sliding speed increases.
The non-textured reference surface shows the lowest
friction coefficient in the low contact-pressure region
because the lubricant retained in the micro-dimples
does not come out in the contact region. This is due
to the lack of hydrodynamic lift effect as the depth of
micro-dimples is greater than 10 pum.

As the contact pressure increases above 50 MPa, as
shown in Figs. 11(b) and 11(c), the textured surfaces
show a low friction coefficient as compared to the
non-textured reference specimen. With the increase
in contact pressure, the friction coefficient for the
non-textured specimen remains stable and does not
change with the increase in sliding speed in starved
lubrication conditions. However, the friction coefficient
of the textured surfaces decreases with the increase
in sliding speed, attains a minimum value, and
maintains this condition until the end of the test, as
shown in Figs. 11(b) and 11(c). This is due to the release
of lubricant by the micro-dimples in the contact region
with the increase in hydrodynamic lift effect by the
increase in contact pressure value.

This phenomenon of the release of lubricant is
known as the “secondary lubrication effect” due to
the presence of micro-dimples. However, different
micro-dimple shapes have different variation in their
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2 015 £,=30N [3=50N
2
2 012
k7l
S 0.09
1
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Fig. 11 Effect of micro-dimple shape on friction coefficient at
constant applied load: (a) 10 N, (b) 30 N, and (c) 50 N.

friction coefficient values with respect to the increase
in sliding speed. The micro-dimple represented by
case 4 shows a stable friction coefficient variation
under all contact pressure conditions and does not
show any abrupt variation with the increase in sliding
speed.

4.2 Influence of surface texture density

The effects of the surface texture density on the
tribological performance with different micro-dimple
shapes and in different contact pressure conditions
are shown in Figs. 12, 13, and 14. Stribeck curves at a
contact pressure of 36 MPa are shown in Fig. 12 for
all five micro-dimple geometries. It is observed that
in the low contact pressure region below 50 MPa,
irrespective of the surface texture density, the non-
textured reference specimen shows lower friction
coefficient than textured surfaces for all the micro-
dimple geometries.
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Fig. 14 Effect of surface texture density on friction coefficient
at applied load of 50 N: (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4,
and (e) Case 5.

With an increase in contact pressure, the textured
surfaces with high texture density (SD1) show a low
friction coefficient as compared to non-textured and
low texture-density surface, as presented in Figs. 13
and 14. This is due to the release of retained lubricant
by the micro-dimples in the contact region as the
increase in contact pressure generates additional
hydrodynamic lift force. In addition, the friction
performance of the micro-dimple textured surfaces is
improved with the increase in micro-dimple length,
with optimum results being achieved for micro-dimples
with the manufacturing conditions in Case 4, as shown
in Fig. 13.

With a further increase in the contact pressure
to 82 MPa, as shown in Fig. 14, the behavior of the
textured surfaces becomes unstable. Textured surfaces
at low texture density show a low friction coefficient

with smaller micro-dimples, while the higher texture-
density surfaces show improved friction performance
with larger micro-dimple shapes. Also, a sharp increase
in the friction coefficient is observed for the textured
surfaces in the high sliding-speed regions. This indicates
the beginning of the boundary contact region for the
experimental surfaces.

4.3 Influence of dual-frequency vibration hierarchical
micro-dimple

Stribeck curves obtained when using dual-frequency
vibration and low-frequency vibration only to make
a micro-dimple textured surface over the tested range
of contact pressure are shown in Fig. 15. It is observed
that with the increase in micro-dimple size, the friction
performance of the hierarchical micro-dimples become
better than that of low-frequency vibration only micro-
dimples for low contact-pressure region. A similar
trend is observed with the increase in contact pressure.
In Cases 4 and 5, the hierarchical micro-dimples have
a lower friction coefficient for all the contact pressure
conditions than those of low-frequency-only micro-
dimples.

As there are no foreign materials or bulges observed
around the micro-dimple surface, this reduction in
friction coefficient is attributed to the presence of
hierarchical structures inside the primary surface.
Due to these hierarchical structures, the cavitation
pressure inside the micro-dimple is reduced, and the
net hydrodynamic lift effect is increased as compared
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Fig. 15 Stribeck curves for dual-frequency vibration and low-frequency vibration only micro-dimples: (a) Case 1, (b) Case 2, (c) Case 3,
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to low-frequency-only micro-dimples. This increase in
hydrodynamic lift improves the secondary lubrication
effect by the hierarchical micro-dimples as compared
to the low-frequency vibration-only micro-dimples.

4.4 Discussion

An experimental analysis was performed to examine
the feasibility of hierarchical micro-dimple textured
surfaces in starved lubrication conditions. Because
of the complexity associated with the hierarchical
micro-scale structures, the results are expected to
show only the trends of the micro-dimple geometric
parameters, surface texture density, and contact pressure
(applied load) conditions on the friction characteristics.
A dual-frequency vibration surface texturing method
was used to generate micro-dimples on a cylindrical
specimen with a uniform distribution. As all the
micro-dimples processed at a selected manufacturing
condition have uniform geometric parameters, the
present manufacturing process is stable and efficient.

The friction behavior of the textured surfaces was
superior to that of the non-textured reference surface
when the contact pressure was above 50 MPa. As in
the low contact-pressure conditions, the lubricant did
not come out of the micro-dimples due to insufficient
hydrodynamic lift. Since there were no bulges present
around the micro-dimples, as observed from the
micro-dimple profiles along the feed and cutting
direction, the entrapment of the bulge particles inside
the micro-dimples during the initial running-in phase
of the tribology test was ruled out [25]. This also
strengthened the reason for insufficient hydrodynamic
lift for the lower friction coefficient of textured surfaces
in a low contact-pressure region [26]. Textured surfaces
with a higher surface texture density show improved
friction performance as compared to low texture-density
surfaces. This is due to the quantity of lubricant
supplied (i.e., the secondary lubrication effect) in
the contact region being greater as the actual number
of micro-dimples in the contact region is higher with
high texture density surfaces [27].

A comparison of the friction characteristics of
hierarchical and low-frequency vibration-only micro-
dimple textured surfaces was performed. It was
observed that the hierarchical micro-dimples had
a lower friction coefficient than the low-frequency

vibration-only micro-dimples. The reason for this is
the presence of hierarchical micro-nano structures in
the primary surface profile of the micro-dimple. These
hierarchical structures reduce the possibility of cavitation
by dividing the primary surface into numerous small
surfaces. These small surfaces act independently and
maintain a small constant pressure well above the
cavitation pressure of the liquid lubricant [28]. Thus,
a net positive pressure effect is generated, which
increases the net hydrodynamic lift effect. Due to the
increase in hydrodynamic lift, more lubricant comes
out of the micro-dimples into the contact region, and
the friction coefficient is reduced.

There is a predominant presence of shape effect
in the micro-dimple textured surfaces. The friction
performance of the textured surfaces improves with
the increase in the micro-dimple length. This trend is in
line with the postulations of previous researchers [29],
which states that in a case of hierarchical multi-scale
texture, the bigger the size of the texture, the lower
the friction coefficient is as the secondary lubrication
effect is greater with bigger micro-dimples.

In summary, the present study demonstrates that the
introduction of hierarchical micro-nano structures in
the primary micro-dimple surface on the circumference
of a cylindrical specimen is an efficient method
of improving the friction performance in starved
lubrication conditions. Despite the better friction
characteristics of the non-textured specimen in the
low contact-pressure region, the hierarchical micro-
dimple textured surfaces have enhanced friction
performance in the high contact-pressure regions. This
is due to the increased supply of lubricant in the
contact region and the lower contact ratio between
the mating surfaces. This results in a lower friction
coefficient for the cylinder liner material and can have
benefits in applications where Al6061-T6 alloys are
used as a cylinder surface.

5 Conclusions

A dual-frequency surface texturing method was used
for the generation of the hierarchical micro-dimples
on a cylindrical surface to examine the tribological
performance. The research was mainly focused on
the effects of the hierarchical micro-dimples on the
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friction performance of Al6061-T6 alloy under starved
lubrication conditions. Loads, sliding speeds, micro-
dimple shapes, and surface-texture densities were
varied to examine their influences on the tribological
performance by observing the variation of Stribeck
curves.

1) The friction characteristics of the hierarchical
micro-dimple surface are similar to the non-textured
surface when the contact pressure has low value in
starved lubrication.

2) In the region of high contact-pressure (i.e., when
the applied load increases during the tribological test),
the hierarchical micro-dimples have lower friction
coefficient than the non-textured reference specimen
with the increase in the sliding speed.

3) Generation of additional hydrodynamic lift and
the secondary lubrication effect due to the presence of
secondary nano-structures in the hierarchical micro-
dimples help in improving the tribological performance,
as compared to the micro-dimples generated by
low-frequency vibration only.

4) Textured surfaces with a higher surface texture
density show improved tribological performance as
the number of micro-dimples in the contact area is
higher, due to which the secondary lubrication effect
is higher.

5) A predominant presence of shape effect has been
observed in the tribological performance of micro-
dimple textured surfaces as the bigger micro-dimples
show a lower friction coefficient as compared to the
small micro-dimples.
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