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PREFACE

Friction, wear, and lubrication are three different aspects of tribology. Tribology
is the study of surfaces moving relative to one another, and it influences our daily
activities in a variety of ways. It has a very long history and is still more fascinating,
making it both old and young. It has applications practically in every industry, including
machine elements, manufacturing processes, automotive, space, renewable energy, and
bio-tribology. The friction in mechanical systems wastes a significant amount of energy,
and finding solutions to reduce friction and wear through the use of novel surfaces,
materials, and lubrication technologies are critical for a greener and more sustainable
future. Surface engineering incorporates chemical, structural, and morphological changes
through material addition or modification of surface topography and can be used as an
instrument to solve tribological problems.

Surface texturing is one of the approaches that is being used in reducing
friction and wear in a wide spectrum of applications. It is the process of altering the
topography of a surface to create uniform features with regularly formed cavities or
protrusions. Laser Surface Texturing (LST) has been used to texture steel surfaces using
regular arrays of micro-dimples because it has a short processing time, is environmentally
friendly, does not require vacuum, and allows for excellent and easy control of the shape
and size of the ablated micro-textures by tuning the characteristic of the laser spot. The
textures require a precise design to provide favourable benefits, particularly in lubricated
contact. Shape, size, depth, and arrangement on the surface are all textural characteristics
that govern the tribological performance of mating bodies under different operating
conditions. The textures act as a trap for wear debris under dry sliding contact, whereas
these provide an increased load-bearing capacity to the moving surfaces under lubricated

sliding. Therefore, developing cost-effective surface texturing methods for low-cost
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component production and carefully selecting texture patterns for surface texturing to be

useful are important obstacles for successful surface texturing in tribological applications.

The tribological performance of textured surfaces has been reported to be
significantly affected by the morphology of textures like shape (circular, spherical,
elliptical, triangular etc.), size and aspect ratio. Additionally, the array of dimples on the
surface has also been reported to play a significant role in controlling friction. A spiral
array has a more and stable number of micro-dimples than a radial array under the same
contact area, so the density of dimples becomes essential. The operating parameters such
as load, speed, and environmental conditions such as dry or lubricated contact,
temperature, and humidity also play an important role in dictating friction and wear
characteristics. Under low load and high-speed conditions, large/ shallow dimples (high
aspect ratio) favour the hydrodynamic effect. Also, in full lubrication, the hydrodynamic
effect is more pronounced; however, there are many instances where starved lubrication

occurs.

In view of the above, it becomes imperative to explore the potential of surface
texturing as an effective means for reducing both friction and wear of mating bodies
having a different shape, density and array of textures at different load and speed
conditions under both dry and lubricated conditions. The present work introduces a new
bi-triangular shape of dimples arranged in a spiral array, and the study has been carried
out in parts; (i) friction and wear performance of laser textured bearing steel under dry
sliding and (ii) friction and wear performance of laser textured bearing steel under
lubricated sliding with a “single drop lubrication”. The surface texturing of bearing steel
has been performed to create bi-triangular dimples along with circular dimples with two

different densities. The untextured and textured surfaces having circular dimples have
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been used for a comparative study with the bi-triangular dimples. The friction and wear
characteristics have been examined using a pin-on-disc test rig with untextured/textured
disc as a rotating specimen against a stationary flat pin providing a conformal contact.
The single drop lubrication is employed using low load and low to high-speed conditions

under conformal contact on an open system by using fresh oil on each new sliding track.

The present thesis has been organised into six chapters, as summarised below:

Chapter 1 includes the introductory remarks emphasising the technological

importance of the problem under consideration.

Chapter 2 begins with a critical review of the existing literature on surface
interactions and their repercussions, such as friction and surface wear. It is followed by a
brief narrative on various strategies for reducing friction and wear, with a focus on surface
texture. A brief description of the many types of lubricants (liquid, semi-solid, solid, and
gaseous) has also been included, along with a detailed description of the lubrication
regimes that arise in various operating conditions. Some typical friction coefficients
corresponding to the lubrication states are also mentioned, which have been used in the
present work. Three operating regimes based on load and speed ranges have been
described, and these have been utilised to select load and speed for the current
investigation. The chapter goes on to discuss the effect of surface features such as shape,
size, aspect ratio, array and directionality on friction and wear performance. This is
followed by a detailed analysis of the literature on laser surface texturing, types, and
parameters that affect laser ablation. The chapter also includes a critical presentation of
the existing literature emphasising the role of laser surface texturing in enhancing the
tribological performance of a system. The formulation of the problem is presented at the

end of the chapter.

Chapter 3 outlines the details of materials and experimental procedures used in

the present study to explore the tribological performance of textured specimens. In the
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current investigation, circular disc-shaped (¢ 50 mm x 5 mm ) specimens and pin as a
counter specimen of bearing steel (AISI52100), have been used. The disc has been laser
textured with bi-triangular and circular dimples having 7 % and 20 % density at Laser
Job Works, Noida, India. The non-contact optical profilometry and SEM have been used
for the characterization of textured specimens. The friction and wear characteristics have
been examined under unidirectional sliding using a pin-on-disc set up under dry contact
condition at sliding speeds of 0.2 m/s, 0.6 m/s and 1 m/s under the applied normal loads
of 15 N and 30 N. However, under single drop lubrication, the sliding speeds of 0.2 m/s,
0.8 m/s, 1.4 m/s and 2 m/s have been used under normal loads of 10 N, 30 N and 50 N.
In both conditions, tribological performance of bearing steel has been investigated for
shorter (8000 cycles) and as well as tested for durability check for a longer duration
(20000). The details of techniques such as optical microscopy, scanning electron
microscopy (SEM) equipped with energy dispersive spectroscopy (EDS), and non-
contact optical profilometry used to characterise the worn surfaces have also been

included in this chapter.

Chapter 4 is devoted to the friction and wear behaviour of textured steels under
dry sliding contact and begins with the results on the characterization of bearing steel and
surface texturing. The size of each dimple is ~ 500 pm with an average depth of 8 um, as
revealed by non-contact optical profilometry. The distance between consecutive dimples
in an array is measured as 1599.67 um for 7% density of circular dimples, and for 20%
density of dimples, the distance decreases to ~ 700 pm. Untextured samples are
designated as UT, while textured samples with bi-triangular dimples and circular dimples
are designated as BT7, BT20, and CT7, CT20, respectively, with 7 and 20 indicating
dimple density. The SEM micrograph revealed the presence of typical bulges at the brim

of the dimple due to the deposition of metal during ablation.
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The chapter also contains the results and discussion pertaining to the friction and
wear behaviour of the specimens at the loads of 15 and 30 N and speeds of 0.2, 0.6 and
1.0 m/s under unidirectional sliding in dry conditions. The friction coefficient shown by
UT at 0.6 m/s under 15 N load is the highest (~ 0.68), whereas that shown by BT20 at 0.6

m/s under 30 N load is the lowest (~ 0.51).

The average coefficient of friction for UT, CT7, CT20, BT7, BT20 at different
sliding speeds and a constant load of 15 N has been found to be the highest at 0.6 m/s and
the lowest at 0.2 m/s, with the exception of untextured (UT) and BT20. At 1.0 m/s, the
coefficient of friction has been observed to fall in between. At the lowest speed of 0.2 m/s
used in the present investigation, the coefficient of friction is found to decrease after
texturing with 7% density circular dimples and remained in the same band for CT20 and
BT?7 before increasing finally for BT20. A similar trend of variation has been observed for
a speed of 0.6 m/s, except that a decrease in coefficient of friction is observed from BT7 to
BT20. However, at the highest speed of 1.0 m/s, the coefficient of friction is found to
increase as one moves from untextured to CT7 before decreasing continuously as one
moves from CT7 to CT20 to BT7 to BT20, indicating thus, the effect of density as well as
the shape on friction reduction. At a load of 30 N, the average coefficient of friction is the
highest at 0.2 m/s and the lowest at 1.0 m/s for all the specimens with the exception of
BT20. At the lowest speed of 0.2 m/s, the coefficient of friction is observed to decrease
after texturing with 20% density circular and bi-triangular dimples and remained in the
same band for BT7 and CT7. A similar trend of variation has been observed for a speed of
0.6 m/s and at the highest speed of 1.0 m/s.

As far as the wear rate is concerned, textured specimens have shown a lower

wear rate than the untextured sample at all the speeds used in the present study. The wear

rate has been observed to either decrease or remains constant as one moves from CT7 to
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BT7 at speeds of 0.2 and 1.0 m/s, whereas it is found to increase from CT20 to BT7 ata
speed of 0.6 m/s. The wear rate is found to decrease from BT7 to BT20 as the speed
changes from 0.6 and 1.0 m/s, whereas an increase has been observed for a speed of 0.2
m/s. A relatively more wear in the 7% circle density disc (CT7) has been attributed to the
hard deposition on the surface surrounding the cavities. A higher wear of textured disc
with 20% bi-triangular dimples density (BT20) at 0.2 m/s has been ascribed to initial
presence of deposited material and its subsequent wear. At a constant load of 30 N and a
speed of 0.2 m/s, the wear rate is found to decrease from UT to CT20 and remained almost
constant till BT7 before increasing for BT20. However, the wear rate is observed to
decrease as one moves from UT to BT7, followed by a slight increase thereafter for BT20
at sliding speeds of 0.6 and 1.0 m/s.

The observed friction and wear behaviour for the untextured steel has been
explained on the basis of the adhesion between disk and counterface pin followed by the
generation of wear debris due to relative motion. The debris either gets trapped between
the sliding surfaces or may get ejected from the interface due to centrifugal forces. The
debris trapped between the surface may form a compacted transfer layer on the sliding
surface and result in a reduction in both friction and wear, if that gets oxidized during
continued rubbing, by providing low-shear strength junctions at the interface and
protecting the underlying surface from direct metal to metal contact. As far as textured
steels are concerned, the behaviour has been explained on the basis presence and removal
of bulges at the brim dimples, the capability of the dimples to trap the wear debris
particles, the extent of filling of dimples, the presence of loose debris particles, and the
formation of the transfer layer and its extent of compaction depending upon the conditions

load and speed.
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In the end, the results have been discussed to have a coherent understanding of

the role of textures in affecting the friction and wear between the tribo-pair.

Chapter 5 includes the results of the unidirectional sliding test in single drop
lubrication. The results on tribological behaviour under sliding are presented for

untextured, textured specimens at all loads and speeds.

At a load of 10N, the coefficient of friction for UT is observed to increase with
increasing speed from 0.2 to 1.4 m/s, followed by a decrease thereafter and the value
varies from 0.22 to 0.28. However, bi-triangular dimples, i.e., BT7 and BT20 have shown
an increase in the average coefficient of friction with increasing speed from 0.2 m/s to
2.0 m/s. In contrast, the average coefficient of friction is found to decrease sharply for
specimens having circular dimples i.e., CT7 & CT20, as the speed is raised from 0.2 m/s
to 1.4 m/s followed by an increase for the speed of 2.0 m/s. The average coefficient of
friction at any speed is also found to be relatively lower for a lesser fraction of area
coverage by the dimples, i.e., for BT7 and CT7, and higher for an increased fraction of
area coverage (BT20 and CT20) which highlights the effect of dimple density on the
frictional performance. At a particular speed (say 0.2 m/s), the average coefficient of
friction observed for the sample having 7% density with bi-triangular shape (BT7) is the
lowest and that for the sample having 20% density with circular dimples (CT20) is the
highest. The value of the coefficient of friction for CT7 and BT20 falls in-between, with
CT7 having a lower coefficient of friction than BT20, reflecting, thus, the combined effect
of density and shape of the dimples on friction reduction. A similar pattern of variation is
also observed at the other speeds.

The coefficient of friction for UT is observed to decrease with increasing speed

from 0.2 to 1.4 m/s, followed by an increase thereafter and the value varies from 0.21 to
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0.22 for a load of 30 N. BT20 has shown an increase in the average coefficient of friction
with increasing speed from 0.2 m/s to 0.8 m/s followed by a decrease at 1.4 m/s before
increasing at 2 m/s for BT20. The coefficient of friction CT7 has been observed to
increase from 0.2 m/s to 0.8 m/s; however, a decrease in the value for CT20 is observed
for this speed range. The average coefficient of friction for CT7 falls as speed increases
from 0.8 to 2 m/s, whereas it is found to remain almost constant for CT20 in this speed
range. An increase in the average coefficient of friction for both BT20 and CT20 has been
observed with increasing speed from 0.8 m/s to 2 m/s. Both BT7 and BT20 show a similar
trend for all the speeds with almost the same values of the average coefficient of friction.
At a load of SON, the average coefficient of friction for the untextured sample as well as
CT7 has been found to decrease with an increase in speed from 0.2 to 2 m/s, whereas the
same for BT20 is observed to increase with increasing speed from 0.2 to 1.4 m/s followed
by a marginal decrease till 2.0 m/s. The average coefficient of friction for CT20 and BT7
has been found to decrease continuously with increasing speed. The average coefficient
of friction by BT7 is consistently lower than other specimens at all speeds except at 0.2

m/s, where BT20 has a slightly lower coefficient of friction.

The wear rate for UT, CT7, CT20, BT7, and BT20 under different loads of 10,
30 and 50 N and at a constant speed of 0.2 m/s is found to decrease from 10 to 30 N
followed by an increase thereafter for 50 N for all the specimens. However, the rate of
decrease from 10 to 30 N is relatively sharp for CT20 and BT20 in comparison to UT and
CT7. As far as an increase in wear rate from 30 to 50 N is concerned, the increase is
relatively sharp for CT7 and CT20, whereas it is almost the same for UT and BT20. For
all the loads, the UT specimen has shown the highest wear rate and BT7 the lowest. At

loads of 10 and 30 N, CT20 and BT20 have a higher wear rate than CT7 and BT7. The
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specimen with 7 % circular dimples, i.e., CT7 has the highest wear rate among all the

textured samples at the highest load of 50 N used in the present study.

The wear rate for untextured specimens, i.e., UT is observed to decrease from
10 to 30 N, followed by an increase for 50 N, and it has shown the highest wear rate at
all the loads at a constant speed of 0.8 m/s. The wear rate for CT7 is found to increase as
the load is increased from 10 to 50 N with a sharp rise from 30 to 50 N, whereas CT20
has shown a continuously decreasing trend with an increasing load from 10 to 50 N. The
wear rate for BT7 is almost found to be the same at 10 and 30 N, whereas it is observed
to decrease beyond 30 N. The wear rate for BT20 is observed to increase as the load is
raised from 10 to 30 N which is followed by a decrease for 50 N. However, BT7 has
shown the lowest wear at all the loads at a speed of 0.8 m/s. At a constant speed of 1.4
m/s, the wear rate for UT, CT7, CT20, and BT7 has been observed to increase with
increasing load from 10 to 50 N, whereas for BT20, it is found to decrease as the load is
raised from 10 to 30 N followed by an increase to 50 N. UT has the highest wear rate at
all the loads, whereas BT7 has the lowest except at 10 N load, for which CT7 has shown
the lowest wear rate. The wear rate for UT, CT7, and BT7 has been observed to increase
with increasing load from 10 to 50 N at a constant speed of 2.0 m/s, whereas for CT20
and BT20, it decreases from 10 to 30 N, followed by an increase thereafter for 50 N.
CT20 and BT20 have shown relatively higher wear rate at the lowest load of 10 N,
whereas at loads of 30 and 50 N, UT has the highest wear rate. The observed friction and
wear behaviour has been explained on the basis of the presence of micro-bearings during
the test and gradual filling of dimples by worn particles with increasing speed depending
on load and speed and density of dimples, complete filling of dimples by wear debris,
depletion of lubricant due to its limited supply disappearance of dimples and the micro-

bearing effect.
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Both lower density as well as bi-triangular shape, showed a better performance
in comparison to a circular one. Different lubrication regimes, namely, boundary, mixed,
and EHL depending on the shape, the density of dimples, and speed, were observed with
CT7 and CT20 showing the boundary and mixed lubrication regime under all the speeds
used in the study. However, BT7 showed a regime of mixed lubrication at lower speed
which changed to EHL at higher speeds, whereas BT20 remained under boundary
lubrication regime for the speeds. The coefficient of friction and wear rate did not vary
monotonically with the density of dimples. Due to surface texturing, the friction force
was reduced for a textured surface by around 69% for BT7 compared to the untextured
sample. The friction coefficient has been found to reduce by about 35% by surface
texturing with a density of 7% as compared with 20% density of the dimples for BT7.
The bi-triangular texture with a density of 7% showed the optimum performance in terms

of reduced friction and wear rate under the conditions of sliding used in the present study.

Chapter 6 presents the major conclusions of the present study pertaining to (i)
friction and wear performance of laser textured bearing steel under dry sliding, (ii)
friction and wear performance of laser textured bearing steel under lubricated sliding,

along with the future scope of the work.
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