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Abstract

The demand for fuel-efficient and reliable machinery to reduce fuel consumption and costs is
increasing progressively. In recent years, friction reduction has been one of the major studies in
any mechanical moving parts to increase its mechanical efficiency and reliability of machine.
Surface texturing has proved to be a reliable method to reduce friction. Surface texturing has
proved to be a viable technique to reduce friction. However, selecting the optimized textural
parameters for better tribological performance through experiments is time consuming and very
costly. Therefore, a numerical code is developed to address the effect of texture depth, distribution
(parallel and zig-zag) and area density on single scaled textured parallel sliding contacts on the
tribological performance parameters like minimum film thickness, percentage of hydrodynamic
load and frictional coefficient under mixed lubrication regime considering mass conservative
cavitation condition. In addition, the effect of probabilistic surface roughness of contact surfaces

and couple-stress parameter of lubricant are investigated.

Moreover, in most of the practical applications, load may not be constant and more than one
lubrication regime exists. Employing single scale surface textures on the sliding surface may be
efficient only for hydrodynamic lubrication condition but may not be efficient when more than
one lubrication regime exists due to variation in the load. However, most of the mechanical
components operate under varying loading and speed conditions. Therefore, a numerical analysis
is performed to determine the optimum multi-scale textural configuration under mixed lubrication
regime considering the mass conservative cavitation condition by varying textural parameters. The
optimized multi-scale textural configuration is compared with single scale textures at varying load

and speed conditions.

Experimental work gives clear idea on the effect of multi-scale textured sliding contacts on the
tribological performance. Therefore, experimental tests were conducted for the obtained optimum
multi-scale textural configuration to determine the tribological performance. Multi-scaled textures
(Shallow and deep combination) are fabricated on low carbon steel of AISI 1020 through Nd:

YAG laser and tested using on pin-on-disc friction and wear test rig.
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The single-scaled numerical results show that texture shape has a significant effect whereas the
texture distribution has a slight effect on the tribological performance parameters. Moreover, the
couple-stress of lubricant has a prominent effect on the tribological performance. The multi-scaled
numerical results indicated that the better tribological performance is observed when the shallow
surface textures placed first towards the fluid inlet flow. It has been observed that multi-scale
textures exhibit better tribological performance in comparison with single-scale textures at all
considered loads. From the experimental results, it was found that multi-scale textural
configuration for area density and texture depth of 0.3 and 10 um exhibit better results in most
loading conditions. Moreover, the obtained experimental results are compared with the available
numerical results and observed that experimental results are in-line with numerical results with

small deviation.

Keywords Couple-stress parameter, Jakobson-Floberg-Ollson (JFO) cavitation, Laser surface
texturing, Mixed lubrication, Multi-scaled textures, Pin-on-disc test rig, Texture distribution,

Texture shape.
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Chapter 1

Introduction

1.1 Background

Because of the limitation of fossil resources, power conservation has become a serious problem
across the world (Holmberg and Erdemir (b), 2017). Moreover, there has been an increase in
energy consumption due to rapid growth of the world's population edging closer to 400
Exajoules (Holmberg and Erdemir (a), 2019). Hence, there is a demand to design mechanically
efficient, reliable machinery to minimize energy consumption (Denkena et al., 2020). In
addition, global warming because of CO> emissions, threatens coastal regions, reduces crop
production due to desertification, and impacts water supplies due to melting of glaciers (Olivier
and Janses-Maenhout, 2015). As per International Energy Agency (IEA), the global mean
temperature rise has to be restricted up to 2 °C from the current 15 °C by 2050 using some of
the identified key technologies. The means to reduce the CO; emissions is shown in Fig. 1.1. It
is clearly visible that most of the emissions can be reduced by energy efficiency. Friction
reduction can be one of the feasible processes to improve the efficiency (Kovach et al., 1982,

Kovalchenko et al., 2004) and reduce CO; emissions (Holmberg et al., 2012).

M Carbon capture
M Renewables

i Energy efficency
M Fuel switching

| M Nuclear

il Others

Fig. 1.1. Techniques to reduce the CO; emissions (Holmberg et al., 2012)
1



Moreover, it takes billion dollars to replace the worn parts of machinery or to replace entire
worn machinery around the world (Zhao, 2014). Wear generally occurs due to the ploughing
(abrasive wear) or shearing (adhesive wear). Wear leads to component degradation, eventually
resulting in material failures or becomes less reliable (Chattopadhyay, 2001). Hence there is
need to minimize the wear to enhance the service life of components and restrict machinery

breakdown.

1.1.1 Friction and wear reduction

One of the reliable methods to reduce friction and wear between the sliding contact is surface
texturing. Surface textures are the purposeful formation of cavities or protrusion on the surface.
Over the past few years, surface texturing has drawn the scholar’s attention because of their
phenomenal nature between lubricated sliding contacts. Surface texturing is very effective in
terms of improving the tribological performance of sliding surfaces. (Han et al., 2010). It is
frequently used method for reducing friction and improving the wear resistance of tribological
components (Gachot et al., 2017). The circular textures developed on a surface is shown in Fig.

1.2 (Tang et al., 2020).

L ” 2] te S 0 —

Fig. 1.2. Surface textures (Tang et al., 2020).

Surface textures behave like as a Rayleigh step bearing which creates hydrodynamic pressure
even between parallel, flat sliding contacts (Etsion, 2005, Wang and Zhu, 2005, Pascovici et
al., 2009).



Surface texturing improves anti-seizing ability (Martz, 1949 and Segu et al., 2013) and high
durability (Blatter et al., 1999) of the contacts and avoid stiction in contact (Chilamakuri and

Bhusan, 1997).

The concept of surface texturing is inspired by nature. It was also naturally found as micro- and
nano-scaled textures on butterfly wings (Kinoshita et al., 2002, Malshe et al., 2013), and lotus
leaf (Sun et al.,2005) to keep them super-hydrophobic, textures in the form of cuticles on plant
leaf surface to restrict uncontrolled water loss, and surface wettability (Koch et al., 2009), nano
structures on rose petal of flowers (Feng et al., 2010, Liu and Jiang, 2011) for brighter
appearance, and well-defined multi-scale structures of mollusk shells and sponge spicules

confer superior mechanical properties like strength and toughness (Mayer, 2005).

They are also found on ventral skin of the snakes for its locomotion (Abdel-Aal and El Mansori,
2013), special surface structures on tree frog’s toes can increase adhesion, enabling them to
safely walk on wet surfaces (Bhushan, 2009), skin of fish (Cui, 2021) and sharks (Wen et al.,
2014) for fluid-drag reduction in turbulent flow. Due to the ability of shark skin to reduce drag
force, Olympic athletes wear skin suits with riblets that mimic the texture of shark skin (Fu et

al., 2017). Naturally found textures are shown in Fig. 1.3.

Surface texturing was traditionally used as traction in vehicle tires for enhancement of grip (De
Wit and Tsiotras, 1999). A golf ball with peculiar textured surface has less drag and may fly up
to four times farther than a golf ball with a smooth surface (Leong and Lin, 2007). Surface
texturing was also found on the prosthetic hip implants (Holzwarth and Cotogno, 2012). The
smooth and textured golf ball, and femoral head of hip implant is shown in Fig. 1.4. The human
bone joint surfaces have cavities to maintain synovial fluid thereby reduce friction. Therefore,
the human bone implants have surface with cavities to store the lubricating fluid so that they
can supply lubricant and prevent joint destruction. Komvopoulos et al (1996 and 2003) found
that the problem adhesion and stiction in Micro-electromechanical system (MEMS) devices is

resolved by texturing.



(e) ®
Fig. 1.3. Naturally found textures in (a) Lotus leaf (Sun et al., 2005) (b) Butterfly wings

(Kinoshita et al., 2002) (c) Textured rose petal (Feng et al., 2010) (d) Ventral skin of Snake
(Abdel-Aal and El Mansori, 2013) (e) Fish skin (Cui, 2021) (f) Shark skin (Wen et al 2014).
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Fig. 1.4. (a) Smooth and Textured Golf ball (Leong and Lin, 2007) (b) Textured Femoral head
of hip implant, (Uwe and Giulio, 2012).

Surface texturing is also used in machining operations like facing and turning, by providing the
textures on rake face of the single point cutting tool (Nagendra Prasad and Syed, 2020). It also
has paramount impact on low-load applications like mechanical seals (Ma et al., 2021), medium

load applications like thrust bearing (Henry et al., 2021), shaft-journal bearings (Dadouche and



Conlon, 2016 and Song et al., 2022), piston rings (Ashwin and Sashidhar, 2012), cylinder liner
(Miao et al., 2019) and cam-follower pair (Chong, 2014), and high load application like gears

(Petare et al., 2020) and hydraulic pumps (Ozmen et al., 2020). The machining and tribological
applications of texturing is shown in Fig. 1.5.

(2 (h)
Fig. 1.5. (a) Single point cutting tool (Nagendra Prasad and Syed, 2020), (b) mechanical seals

(Ma et al., 2021), (c) thrust bearing, (Henry et al., 2021), (d) journal bearings (Dadouche and
Conlon, 2016), (e) piston rings, (Ashwin and Sashidhar, 2012) (f) cylinder liner (Miao et al.,

2019), (g) homothetic texture on flank surface of a helical-gear tooth (Petare et al., 2020), (h)
slipper of axial pump (Ozmen et al., 2020).



1.1.2 Textural parameters
There are different textural parameters to optimize for better tribological performance. Different
textural parameters are (a) Surface texture type, (b) area density of different texture shapes, (c)

texture orientation, (d) texture distribution, (e) texture depth/height and (f) aspect ratio.

(a) Surface texture type: Surface textures can be positive or negative. Textures protruding out
of the surface are positive and cavities inside surfaces are negative. Schematic diagrams of

positive and negative textured surfaces are shown in Fig. 1.6.

(a) (b)

Fig. 1.6. Square shaped (a) positive texture (b) negative texture.

(b) Area density: 1t is the ratio of total textural area to the total (untextured and textured) area
of the surface. It can be increased by two ways either by increasing the size of the texture
without altering the texture position or by increasing the number of textures by keeping the

texture size constant. The area density can be calculated as

Area density(Ad) = Total texture area (i
Area of the surface

The texture areas for different shapes and the range of area densities for different textual

shapes is shown in Table 1.1.



Table 1.1. Texture area calculation.

N

Texture shape Texture Surface Range of
area area area density
72 s? 0-1
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(c) Texture orientation: It is the alignment of a texture towards the fluid flow direction.

Different orientations of triangular and elliptical textures are shown in Fig. 1.7.
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Fig. 1.7. Triangular orientations Fluid flow from (a) base to apex (b) parallel to base (c) from

apex to base, elliptical orientations fluid flow (d) parallel to major axis and (e) perpendicular

(d) Texture distribution: It is the arrangement of texture on a surface. These arrangements can

be square array, zigzag array, and hexagonal array. The different texture arrangements are
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Fig. 1.8. (a) Square (b) zigzag/Staggered and (c) hexagonal texture distributions.



(e) Texture depth/height. 1t generally the depth/height of a cavity/protrusion from surface.
() Aspect ratio: 1t is the ratio of texture depth/height to the side length/diameter of the texture.
This can be altered either by changing the depth or changing size length of texture

Height (or) Depth of texture
Sidelength(or)Diameter of texture

Aspect ratio (Ar) =

Surface textures can be shallow or deep. The criteria for shallow and deep textures may be
defined by the aspect ratio. The aspect ratio is defined as ratio of texture depth to texture
diameter/side length (Kim et al., 2014).

Depending on the presence of textures on the surface, the textural surfaces are divided into (i)
Single-scale textured surface, (i) multi-shape textured surface, and (iii) multi-scale textured
surface.

(i) Single-scale textured surface: Only single texture of same shape, size, depth, and orientation
is distributed on the surface.

(ii) Multi-shape textured surface: Texture of two or more shapes are distributes on the surface
of same size, depth, and orientation.

(iii) Multi- scale textured surface: Texture of two or more shapes are distributes on the surface
of any size, depth, and orientation. An example of single-scale, multi-shape, and multi-scale

textured surface is shown in Fig. 1.9.

(2) (b)

(©)

Fig. 1.9. Examples of (a) single-scale, (b) multi-shape, and (c) multi-scale textured surfaces.
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1.1.3 Texturing Methods

As it can be observed that textures have significant applications, the textures of required shape
area density type and depth can be fabricated using the following techniques. Conventional
methods of texturing which was practiced by scholars are plunging with hard material to make
micro-indentation (Keller et al.,2009), vibro-rolling (Greco et al., 2010), abrasive jet machining
(Abhishek et al., 2018), micro-coining (Gachot et al.,2013), roller-coining (Szurdak and Hirt,
2015) micro-casting (Cannon and King, 2009), shot blasting (Nakano et al., 2007) and honing
process (Grabon et al., 2014).

The advanced methods of surface texturing are LIGA process (Marques et al., 1997), Electro-
Chemical etchings (Seidel, 1990) Electrical discharge machining (Aspinwall et al., 1992),
(Chen and Ahmed., 1993) Electroplating Process (Stephens et al., 2002) and Plasma etching
(Coburn and Winters, 1979) and laser surface texturing (Predescu et al., 2010).

1.2 Motivation and scope of the current work

In case of sliding contact conditions due to direct metal-metal contact, a higher amount of wear
at the contacting surfaces takes place which results into failure of the entire system. To mitigate
the friction and wear, currently surface topography modification in the form of surface texturing

is one of the viable techniques to improve the tribological performance.

A lot of work is done on single-scale texturing. However no/little effect of texture depth,
distribution, area density, velocity and couple-stress of fluid was studied. There is lack of
understanding of tribological behavior of multi-scale surface textures on tribological sectors
during different operating conditions of machinery. Due to these mentioned limited work on
multi-scale textures, it motivates the design and development of single and multi-scale textures.
Moreover, the fabrication of multi-scale textures and testing the multi-scale texture surfaces to

investigate its tribological performance is still in process.
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1.3 Summary

The introduction on importance of reducing friction and wear is explained. Among the methods
of friction and wear reduction surface texturing is reliable method. Surface texture application
and different textural parameters are addressed, and fabrication methods are also discussed.

Single and multi-scale textures are explained, and the scope of work is discussed.

1.4 Organization of the thesis

The thesis has been organized under seven chapters, with the contents summarized as follows:
Chapter 1 deals with the importance of surface textures and their purposes in nature, textural
parameters, and different texturing methods. This chapter also outlines the motivation behind
the present research and scope of the current work. At last, the organization of the dissertation

is discussed.

An extensive literature survey in the area of textural parameters has been outlined in Chapter
2. This chapter reviews the single-scale textures, multi-shape textures, and multi-scale textures
and the stability of tribological parameters when multi-scale textures are introduced on the
surface. Eventually, the research gaps were identified and a framework is established to fulfil

the identified gaps.

Chapter 3 presents the numerical development of single-scale textures and numerical analysis
of single-scale textures by varying textural parameters considering the effect of slider velocity
and fluid couple stresses. This chapter deals with the tribological performance of the single-
scale textures in terms of minimum film thickness, hydrodynamic load percentage, and

frictional coefficient.

The numerical development of multi-scale textures and the evaluation of optimal textural
parameter suitable for better tribological performance has explained in Chapter 4. The suitable
model of multi-scale textures considering the effect of operating parameters like load and
velocity has been explained. In addition, the comparison of multi-scale textures with single

scale textures is done.

Chapter 5 deals with the laser fabrication of multi-scale textures. Laser texturing depends on
wavelength, pulse number and frequency. Therefore, in this chapter, the effect of wavelength,

pulse number and frequency on the produced texture size and depth is studied, and multi-scale
11



textures were fabricated using appropriate laser parameters.

Chapter 6 describes the experimental testing of fabricated multi-scale textures. The obtained

experimental results are also compared with the numerical results.

Eventually, Chapter 7 presents the overall conclusions drawn from the investigations carried

out and it also suggests further recommendations for future work.

Success is like a shadow. If at all, You want it, don’t go beyond it, but go towards the light, and
it will follow You.

Dr. AP JABDUL KALAM
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Chapter 2

Literature Review

In the previous chapter, introduction about surface texturing and textural parameters involved
in surface texturing and surface texturing methods are addressed. The current chapter deals with
an extensive literature survey on importance of surface textures, textural parameters effect on
tribological performance on single-scale, multi-shape, and multi-scale textures, and texture
fabrication techniques. This chapter also provides a summary of the research gaps, research

problem statement, research hypothesis and objectives of the present work.

2.1 Importance of surface textures

Surface textures are used in many applications to improve its performance in day-to-day life.
These can be found in solar panels for better light trap (Green, 2002), micro-electro-mechanical
devices to reduce stiction (Komvopoulos, 1996, Tay et al., 2011), surgical equipment to make
them hydrophobic thereby improve the antibacterial property (Prakash et al., 2021) and etc.
Dumitru et al. (2000) investigated the lifetime of micro-dimpled steel disks under mixed
lubrication regime. Their results showed textured samples enhance the lifetime up to eight-
times than untextured samples. Volchok et al. (2002) investigated the effect of textures on
fretting fatigue life through an experimental fretting fatigue device. The two cylinders are
oscillated against DIN-1.2510 tool steel plate either side using cantilever beam thus generating
cylinder-on-flat contact type. They concluded that textures improve the average fretting fatigue

lifetime to double of the untextured case.

Surface textures are used in many tribological machinery like piston rings (Dowson, 1993,
Mishra and Ramkumar, 2018,) seals (Anno et al., 1968, Guichelaar et al., 2002), cylinder liner
(Rahnejat et al., 2006) thrust bearings (Brizmer et al., 2003, Etsion et al.,2004) and journal
bearing (Sinanoglu et al., 2005, Galda et al., 2007). Pascovici et al. (2009) numerically analysed
the textured conformal sliding surfaces with a simple one-dimensional isothermal flow model
under hydrodynamic lubrication condition. They found that surface textures behave like as a
Rayleigh step bearing which creates hydrodynamic pressure even between parallel, flat sliding
contacts. Ronen et al. (2001) performed numerical analysis of circular dimples on
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piston/cylinder system using Reynolds equation applying Swift-Steiber boundary condition.
They concluded that there is pronounced interaction of fluid between adjoining dimples and
there is considerable film pressure between the dimples. It can be observed that surface textures
improve the tribological performance of mechanical components. However, varying textural
parameters affect the tribological performance. The textual parameters effect on tribological

performance is shown in below subsection.

2.2 Textural parameters effect on tribological performance of single scale textures

Many researchers worked on different textural parameters like texture type (positive and
negative), shape, area density, depth, texture number, depth profile, orientation, aspect ratio and
distribution. Optimized textural parameters are produced for improved tribological

performance. The literature based on these parameters are described below.

2.2.1 Texture type and shape

Anno et al. (1969) experimentally analysed the effect of texture type (positive and negative) on
film thickness under lubricated conditions. They used circular positive asperities in hexagonal
array, square positive asperities in square array, and circular negative asperities in square array.
They found that negative asperities obtain almost nil leakage producing sustainable film
thickness. Moreover, Siripuram and Stephens (2004) numerically developed circular, square,
diamond, hexagonal and triangular textures of both positive and negative texture types on
parallel sliding surfaces. They studied the texture area density effect on frictional coefficient
under hydrodynamic lubrication regime adopting Reynolds cavitation conditions. They
observed that texture area density (for both positive and negative texture types) has significant
effect on frictional coefficient and found that negative textures produce better mean
hydrodynamic load and lower leakage rate than positive asperity. Moreover, they inferred that

negative textures develop less edge stresses.

Shen and Khonsari (2016) performed experiments on square, semi-elliptical and trapezoidal
textured low-carbon steel on reciprocating tribo-meter (CETR UMT-3). The counterpart used
was cast iron with lubricant (SAE 10 oil) between contacts. They studied the effect of varying
area density and depth on frictional coefficient. The experimental results show that the texture
area density and depth have larger impact on the frictional behavior while the effect of the
texture shape is very limited. In contrast, Galda et al. (2009) performed experiments on circular,

long drop, and short drops textured on hardened 42CrMo4 steel ring samples using specially
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designed tribometer. They investigated frictional coefficient by varying different textural
parameters like area density and depth. The counterpart used for ring was EN-GJS 400-15 cast
iron block with L-AN46 mineral oil as lubricant between them. They found that texture shape
has paramount impact on friction coefficient in addition to texture area density and depth. Yu
et al. (2011) experimentally worked on the effect of circular, elliptical and square textures and
their orientations on frictional coefficient. They produced textures on boron—copper alloy and
tested under reciprocating sliding tests with counter specimen as cast iron specimens and
lubricant as diesel engine oil, CD 15W-40 at different dimple depths and dimple area ratios.
They found that elliptical texture performs better tribological performance as compared to

circular and square textures.

2.2.2 Area density and texture depth/height

Rahmani et al. (2010) numerically analysed negative and positive textures types on infinitely
long parallel sliders under hydrodynamic lubrication applying Reynolds cavitation condition.
They studied the effect of area density on maximum dimensionless load capacity. They came
to conclusion that for both texture types, load capacity increases with area density. Tang et al.
(2013) studied experimentally the effect of area densities on frictional behavior of circular shape
textured sliding contact at a normal load of 150 N and an average sliding speed of 0.24 m/s.
They found that higher area density produces better tribological performance. To justify this
conclusion, they developed a numerical code to find area density effect on load carrying
capacity, frictional coefficient of circular shape textures. They found that at higher area
densities, better pressure contours are produced between adjacent textures thereby improving
tribological characteristics. Yu and Sadeghi (2001) numerically studied the effect of area
density, depth, and texture number on the hydrodynamic lubrication mechanism of thrust
washers adopting Payvar-Salant’s mass conservative cavitation conditions. The governing
equation used was isothermal, transient Reynolds equation, adopting centrifugal effects. They

concluded that thrust washers can produce higher load capacity with proper texture depth.

Sahlin et al. (2005) performed 2D CFD analysis on the effect of micro-grooves on load carrying
capacity of parallel sliding surfaces at constant film thickness, and velocity with varying area
density and depth using Navier-stokes equation. They concluded that there exists an optimum
area density and texture depth where load capacity reaches maximum. Moreover, Han et al.

(2010) analysed the effect of hemi-spherical texture depth on load carrying capacity and friction

15



coefficient based on Navier-Stokes equation through 3D CFD technique at varying area density.
The result reveal that up to a certain depth enhanced load capacity and frictional coefficient was
observed. Wang et al. (2015) performed numerical analysis to study the area density effect on
load capacity of Rayleigh step bearing through finite element method. They incorporated stress
concentration factor in the numerical analysis for different materials are Silicon carbide (SiC)
and Ultra-high molecular weight polyethylene (UHMWPE). They inferred that high stiffness
material i.e., SiC produces high stress concentration around the rim of texture as compared to

low stiffness material i.e., UHMWPE.

Szurdak et al. (2014) performed experimental analysis on elliptical and circular textured AISI
304 low carbon steel sheets, textures fabricated through micro-coining. They analyzed micro-
coined and uncoined sheets on ball-on-disk tribometer by varying the area density and texture
depth with Al,O3 ball as counter-body with lubricant as Poly-alpha-olefin (PAO) oil. They
analyzed the effect of frictional coefficient and wear rate at a constant load. They found that
micro-coined specimens of higher textural depth produce lower wear rate since higher depth
trap more wear volume. Moreover, they concluded that much higher area density textures
produce higher frictional coefficient due to increased contact pressure. Li et al (2014) performed
laser texturing through Q-switched Nd: YAG laser on copper plate. They studied the friction
and wear effect through pin-on-disk tribometer with varying dimple area densities of 0.05, 0.13,
and 0.35 at constant depth of 10 um. The pins are made of GCr15 steel and textured disk of
Oxygen-Free High Conductivity copper with lubricant between the pin and disk as Mobil
Vacuoline 1405 oil. They concluded that an increase in texture density creates more space for
lubricant to reserve which reduces frictional heat generation. This was also confirmed by Henry

et al. (2015) by producing square-shaped dimples on parallel thrust pad bearing.

Wu et al. (2018) performed experimental work to study the effect of texture area density on
frictional coefficient and wear rate. They performed frictional and wear tests on textured mirror-
finished AISI 420 stainless steel discs with AISI 316 | stainless steel ball as a counterpart using
reciprocating ball-on-disc tribometer with deionized water as lubricant between them. They
concluded that higher area density exhibited better friction reduction. Moreover, they found
that friction and wear rate increase in edge profiled textures due to stress concentration at
relatively high load-low speed conditions. They suggested that wet polishing chamfer the
textured edges thereby producing no/less stress concentration compared to normal polished
textures. Bai et al. (2021) investigated on the friction reduction and wear life of un-textured,
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groove and circular-textured SiC surface through a ball-on-plate test rig under dry, water
lubricated and oil lubricated conditions. They used different counter body surfaces such as
52100 steel, silicon nitride (Si3N4), and poly-tetra-fluoro-ethylene (PTFE). The groove and
circular textures of depths 3 pm, 5 um, and 10 um at constant texture area density are fabricated
through pulsed laser setup. They found that texture depth has significant effect on friction and
wear life. Moreover, they observed that groove and circular-textured SiC—steel and SiC— SizN4
friction pairs exhibit a significant effect on friction and wear life as compared to untextured
SiC-steel and SiC—Si3Ny friction pairs at dry and lubricated conditions. Wakuda et al. (2003)
performed surface texturing using abrasive jet machining and laser beam machining to produce
different texture depth profiles. They analyzed the effect of frictional coefficient on textural
parameters using pin-on-disc tribometer. The pin and disk used was hardened steel and hot-
pressed silicon nitride ceramic respectively. They concluded there is negligible change in

tribological performance with change in texture depth profile.

2.2.3 Texture number

Rahmani et al. (2007) investigated the optimal geometrical parameters of square-shaped
textured parallel thrust bearing on tribological performance characteristics including load
support and friction coefficient. In their analysis a one-dimensional Reynolds equation was
considered adopting sommerfeld cavitation condition under hydrodynamic lubrication regime.
They analyzed three parameters namely number of textures, length ratio (texture size to
consecutive texture distance ratio) and height ratio (texture height to minimum film thickness
ratio). The results indicated that texture number increment didn’t affect the tribological
performance in terms of load support or friction coefficient. This was also confirmed by

Pascovici et al (2009) considering flow conservation cavitation condition.

Fowell et al. (2012) numerically developed rectangular shaped textures and assessed the
influence of texture number on load capacity of parallel slider under hydrodynamic lubrication
regime at constant area density and varying film thickness. They observed that the number of
textures had little effect on load carrying capacity. In contrast, Guzek et al. (2013) numerically
developed elliptical and rectangular textures and analyzed the effect of area density and texture
number on hydrodynamic load carrying capacity and frictional coefficient at constant minimum
film thickness and sliding velocity using mass-conservative model. They observed higher

hydrodynamic load carrying capacity and lower frictional coefficient at higher area density and
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lower texture number along the lubricant flow direction. Gherca et al. (2013) analyzed the
rectangular, triangular, and parabolic textured parallel sliding contacts under hydrodynamic
lubrication regime using mass-conservative model. They investigated the effect of texture
number on load capacity and frictional coefficient at constant oil viscosity and sliding speed.
They found that lower texture number produces better tribological performance at lower texture

depth and vice versa.

2.2.4 Texture orientation

Yu et al. (2010) numerically worked on the hydrodynamic pressure between circular, elliptical
and triangular textured conformal contacting surfaces. In addition to texture shape, texture
orientation is also considered under hydrodynamic lubrication regime adopting Reynolds
cavitation condition. They found that ellipses with major axis positioned perpendicular to the
lubricant direction and triangle diverging along the lubricant direction gives higher
hydrodynamic pressures than other orientations, showing a strong orientation effect. Moreover,
they claimed that for better hydrodynamic pressures the ratio of long to short axis of elliptical
texture should be maintained in the range of 2 to 6. Moreover, Syed and Sarangi (2014)
performed numerical analysis to study the effect of tribological performance on surface textural
shape namely square, hexagonal, triangular, ellipsoidal and elliptical, and their orientation on
frictional coefficient. The governing equation used was Reynold’s equation deduced from
Navier-Stokes equation by incorporating and retaining fluid inertia effects in their numerical
solution. They adopted Reynold’s cavitation condition and found that elliptical texture oriented
with minor axis parallel to sliding direction and triangular texture aligned from base to apex

along sliding direction performs better tribological performance.

Yue et al. (2019) experimentally worked on the parallel, inclined and perpendicular groove
textures on single and both side of the surfaces. Both materials were made of AISI 1045 and
AISI 5140 and were textured with Nd: YAG laser. They were tested on a reciprocating
guideway testing machine with commercially available guideway oil (L-G 68) was used as
lubricant. They found that both side textured surfaces with groves in parallel orientation and
moving parallel to each other, perpendicular to each other and inclined to each other produce
higher friction coefficient due to stick slip condition and occlusion of contacts. Moreover, they
found that both side textured surfaces with groves in perpendicular or inclined to each other

and moving parallel or inclined to one of the surface produce lower friction coefficients.
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Experiments have been carried out by Yuan et al. (2011) to study the effect of groove orientation
and depth on friction coefficient through reciprocating test rig. Both contact specimens were
made of boron—copper alloy cast iron with the lubricant between the contacts as diesel engine
oil of CD 15W-40. The groove patterns were created on one of the surfaces with the aid of
lithography and electrolytic etching. They found that micro-groove's orientation has paramount
impact on friction coefficient. This research shows grooves perpendicular to the sliding
direction reduces friction better than parallel grooves under relatively low contact pressure due
to hydrodynamic effect. Moreover, the grooves parallel to the sliding direction are more
effective in reducing friction under relative high contact pressures than those perpendicular to
the sliding direction because parallel sliding minimizes contact stress effect. They concluded

that the best configuration for all loads is usually the angle between grooves.

Wang et al. (2013) experimentally worked on the effect of triangle texture orientation on
frictional coefficient using ball on disc tribometer. They studied with different textural
parameters like area density texture depth, and coverage ratio at varying speeds, and constant
load. The textures were made on 45# steel disk in clockwise (CW), counter-clockwise (CCW)
and radial directions to disk movement. They used untextured steel ball as counterpart with
lubricant between the contact as base oil Y6. The dimples arrays were textured by nanosecond
laser. They found that the textures in CCW orientation (fluid moving from base to apex of
triangle textures) produced lower frictional coefficient at all speeds for a texture area density
and depth. Xie et al. (2014) experimentally analyzed textural shape (circular and triangular) and
orientation (flow from base to apex and apex to base of triangle) effect on frictional coefficient
using computer controlled rotary tribometer. The textures are made on rotating sintered SiC
using Nd: YAG laser. The counterpart ring is stationary and made of carbon and the oil used
for Lubrication is deionized water. They concluded that the triangular textures with fluid
flowing from base to apex give better frictional coefficient reduction. To prove this, they
conducted numerical experiments and found that pressure contours of triangular texture with
fluid flowing from base to apex are higher. This was also confirmed numerically by Syed and

Sarangi (2013).

Hsu et al. (2014) experimented circular, elliptical and triangular textured parallel sliding contact

through pin on disk set up for high speed/low load conditions and ball-on-three flat disks for

low speed-high load condition. They used Paraffin oil as lubricant for both testing conditions.

The pins and disc made of mild low carbon steel of ANSI 1017-1018 type for high speed/low
19



load conditions. The ball and flat are made of 52100 high carbon steel for low speed-high load
conditions. They found that the oil flow direction perpendicular to major axis of elliptical and
towards the base of the triangular textures generated better reduction in frictional coefficient.
Zhan and Yang (2012) analyzed the effect of texture distribution angle on wear characteristics
of the cylinder liner of cylinder—piston ring system. The circular shaped textures of constant
depth and area density with different distribution angles of 0° (90°), 15°, 30°, 45°, 60°, and 75°
are produced through Nd: YAG laser. They found a strong correlation between wear
characteristics of cylinder liners and piston rings and the laser-textured distribution angle and

higher reduction in wear is observed at laser-textured angle of 60-.

2.2.5 Aspect ratio

Costa and Hutchings (2007) experimentally analyzed circular depressions, grooves, and
chevrons at different aspect ratios. They textured on steel samples (AISI 01 GFS) with lubricant
as additive-free mineral oil. They found that lower and medium aspect ratios exhibit better
tribological performance. Higher aspect ratio gives negative effect on tribological performance
since stress concentration rises with increase in texture height. Thus, they inferred that aspect
ratio is a useful parameter in deciding the hydrodynamic load support and frictional coefficient.
Moreover, Ahmed et al. (2016) in his review paper found that aspect ratio is the most influential
parameter in determining frictional coefficient in case of mechanical seals and piston ring

cylinder liner assembly.

Uddin et al. (2017) examined the effects of circular, elliptical, hexagonal, triangular, and square
textural shapes considering the contact pair in hydrodynamic lubrication regime considering
Reynold’s cavitation condition. The effect aspect ratio on film thickness and friction coefficient
was studied for single-scaled textures. Their findings determined that textures with an aspect
ratio less than 0.01 were shallow since they produce higher film thickness at lower loads, and
textures with a ratio greater than 0.01 were deep. By adopting same cavitation condition, Qiu
and his co-workers (2012, 2013, and 2015) numerically investigated patterns of spherical,
ellipsoidal, elliptical, circular, triangular and chevron textured parallel slider contacts in
hydrodynamic lubrication regime adopting Reynold’s cavitation condition to find
hydrodynamic load capacity, frictional coefficient, and end flow rate. They varied aspect ratio
and area density in the range of 0.01-0.1 and 0.05-0.8 respectively. For each of the dimple

shapes considered, the optimal geometry was found with texture height to diameter/side length
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ratio in the range 0f 0.001 to 0.010 and area density in the range of 0.10 to 0.35. Moreover, they
found reduced frictional coefficient and load capacity when the minor-axes length of the
elliptical texture is half of major-axes length. In addition, Murthy et al. (2007) analyzed the
aspect ratio effect of spherical dimple texture on frictional coefficient. It was concluded same

that aspect ratio 0.001 to 0.01 shown better results.

Wang et al. (2002) studied circular, micro-textured seal sliding in water where both contact
surfaces were made of SiC. The influence of aspect ratio and area density of textures on load
carrying capacity is calculated. They found that critical load ratio which is a measure of load
carrying capacity initially increased and then gradually degraded/lowered with the aspect ratio.
They also observed that and found that both aspect ratio and area density have significant
influence on load carrying capacity. In contrast, Wang et al. (2003) in another paper studied
circular micro-textured thrust bearing sliding in water and found that aspect ratio of textures
has higher influence than area density. Rosenkranz et al. (2018) experimented on surfaces
having single scaled elliptical textures made by hot micro-coining. They analysed the effect of
pitch area density and aspect ratio on frictional coefficient with varying speed. They used a
ball-on-disc tribo-meter (CSM Instruments micro-tribometer) with a disc made of low carbon
steel (AISI-304), alumina ball as counter body and Poly-alpha-olefine oil (PAO 40) as a
lubricant between them. They found that higher area density and lower aspect ratio gives better

frictional coefficient at all speeds.

2.2.6 Texture distribution

Yin et al. (2018) calculated film pressures of different texture distributions like square array,
staggered array, stretching along liner axis array and shortening along liner axis array in piston
ring cylinder assembly with the mixed lubrication model adopting Reynolds cavitation
condition. They found that square array distribution produces higher film pressure followed by
shortening along liner axis array and stretching along liner axis array. Staggered array is the

most inefficient in producing higher film pressure.

The literature shown in the earlier section was for the case of single-scale textures. Certainly,
single scaled texture does not improve the tribological performance at all operating conditions.
Single-scale textures exhibit poor tribological performance in some operating conditions like
high-load and low-speed, and dynamic load-speed conditions. Therefore, it is recommended to
have multi-shape or multi-scale textures to improve the tribological performance at varying

21



load and speed conditions. This idea of multi-shape textures and multi-scale textures to improve
tribological performance was confirmed by Segu and Kim (2014) and Blau and Hsu (2014)
respectively. However, a little literature was found on the multi-shape and multi-scale textures

which is explained in the below sections.

2.3 Effect of textural parameters on multi-shape textures
The combination of two or more shaped textures on a surface are named as multi-shape textured
surfaces. Most of the literature found with respect to multi-shape textures are the experimental

works. Moreover, the multi-shape textures used in the experimental work are negative type.

Segu et al. (2013) performed experiments on un-textured, circular and combinations of circular
and triangular, and circular and square shape textured sliding surfaces at different area densities.
They studied the effect of area density on frictional coefficient and wear life using a pin-on-
disc tribometer under MoS; lubricated conditions. Both pin and disc are made of hardened
stainless steel (AISI 52100) and textures were made on disc using laser surface texturing. Their
study revealed that multi-shape textures improve tribological performance. They concluded that
area density was an important factor at high and low loads in reducing friction and higher wear
life. This was also confirmed by Segu and Kim (2014) under similar load, speed and textural

conditions using a ball-on-flat tribometer with poly-alpha-olefin oil as a lubricant.

Moreover, Segu and Hwang (2015, 2016) using same texturing process, experimentally
analyzed the multi-shape textures of circular-ellipse, in addition to circular-triangular, and
circular-square textures through pin-on-disc tribometer under dry and lubrication conditions
Their study revealed that multi-shape textures with higher area density gives a better reduction
in friction. In addition, they also found that frictional coefficient is stable when multi-shape
textures are introduced on the surface. Zhan et al. (2020) performed experimental work on
dimpled, grooved and sinusoidal textures in individual and mixed patterns (dimpled-grooved,
grooved-sinusoidal and sinusoidal- dimpled) at constant area density and texture depth. The
sliding tests were conducted using a pin-on-disc friction tester under dry conditions. The pin
and disk are made of GCr15 and 40Cr steel material respectively. A nano-second laser is used
to produce textures on 40Cr steel surface. The results showed that multi-shape textured surfaces

exhibit lower frictional coefficient than individual textured surfaces.
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2.4 Effect of textural parameters on multi-scale textures

Multi-scale textures are presence of textures of different shape and scale on a surface. There is
a little work on the textural parameters effect on multi-scale textures. Moreover, all of the multi-
scale texture literature is based on the experiments and analyzed only on circular texture shape
with cross like patterns. Griitzmacher et al. (2019) in his review paper found that single-scale
surface textures are better only at lower loads but unfavorable when load is increased. However,
they mentioned that multi-scale textures produce better tribological performance at both lower
and higher loads. They also inferred that fabrication of multi-scale textures of different
geometric shape, size, and depth on sliding surfaces can stabilize the frictional coefficient at all

lubrication regimes.

Therefore, a new concept called multi-scale textures is developed by Hsu et al. (2015)
conducted experiments to improve the tribological performance under varying load and speed
conditions. They designed the single-scaled textures along with mixture and overlapping
textural patterns of multi-scale textures with a combination of a parallelogram and droplet-
shaped textures and studied the effect of multi-scale textures along with single scaled
parallelogram and droplet-shaped textures on frictional coefficient through a ball-on-three-flats
tribometer. The balls and discs were made of 52 100 steel ball bearings with lubricant as paraffin
white oil. They inferred that multi-scale textures of both patterns produce comparable frictional
coefficients with a minor deviation and multi-scale textures produce superior tribological
performance as compared to single-scaled (individual) textures. . In a similar manner, Wang et
al. (2006) analyzed circular and rectangular textures using ring on disc tribometer with purified
water as lubricant. They studied individual and mixed textural patterns effect on frictional
coefficient of sliding pair. Both ring and disc were made of SiC material and textures were
produced on disc through lithography and reactive ion etching. They found that introduction of
mixed pattern (combination of circular and rectangular textures) depicts a significant reduction

in frictional coefficient.

Griitzmacher et al. (2018) developed a cross-like surface patterns and hemispherical surface
patterns using laser interference patterning and hot micro-coining respectively. Through their
experiments on ball on disc tribometer, they studied frictional coefficient of single-scale texture
(individual cross-like or hemispherical surface patterns) and multi-scale texture (combination
of cross-like and hemispherical surface patterns) They found that these multi-scaled textures
produced lower frictional coefficient than single-scale textures. The same has been observed in
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the work of Rosenkranz et al. (2021). Furthermore, Griitzmacher et al. (2018, a) studied the
influence of single-scale (laser textured or roller coined) and multi-scale (laser textured and
roller coined) textured surfaces on frictional coefficient using journal bearing test. The bearing
was made of low carbon steel (AISI-304), and the textured journal was made of a copper alloy
(CuSn12NiC-GCB). They found that significant amount of frictional coefficient is reduced

using multi-scaled textual surfaces as compared to single-scale texture models.

2.5 Surface texturing fabrication methods

There are many texturing processes from mechanical, chemical, electro-chemical to electron or
ion beam processing. There are advantages and disadvantages associated with each of these
methods. Mechanical surface texturing, for example, is a simple and low-cost process, but the
control on texture uniformity and depth is troublesome. The mechanical properties do not
change with chemical etching and there is zero machining force or surface damage. However,
it requires larger time consumption in printing masks and etching. Moreover, the masking is
done on trial-and-error basis for producing accurate texture size (Arslan et al., 2016). Electron
or ion beam processing techniques, in general are high precision texturing technique and can
generate textures even of nano-size (Kurella and Dahotre, 2005). However, it is high processing
cost, as it needs vacuum chambers as surroundings. So, this method is not suitable for large
volume production (Won and Kim, 2019). In comparison to mechanical, chemical and electrical
and electron or ion beam texturing processes, laser texturing has been found better with control

in shape and size (Brown and Arnold, 2010).

LST has several advantages like non-contact (hence no tool wear) (Volchok et al., 2002),
flexible processing (Gao et al., 2011) thus produce textures of required shape, size, and depth
accurately on any material like metals (Daniel et al, 2003, von der Linde and Sokolowski-
Tinten, 2000) semiconductors (Kelly et al., 1998, Sundaram and Mazur, 2002), ceramic (Geiger
et al., 1998, Sudrie et al., 2001, Schaffer et al., 2004), polymers like polyether ether ketone
(PEEK) and ultra-high-molecular-weight polyethylene (UHMWPE) (Riveiro et al., 2005) and
biological tissues (Konig, 2002). Moreover, laser texturing provides a unique balance of texture
precision and large-scale production, (Mucklich et al., 2006, Sun et al., 2007, Huang et al., 2010
and Kurselis et al., 2012) and has high efficiency compared to any other texturing processes
(Singh and Harimkar, 2012). Moreover, being a material ablation process, laser technology
enhances the mechanical and chemical properties of the surface (Obergfell et al., 2003,
Mahmoudi et al., 2010, Iturralde, 2013). Laser surface texturing does not affect environment
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and produces textures in less time period (Etsion et al., 1999, Etsion, 2010). The limitations of
laser texturing are that it produces only negative type textures. For high melting point materials
like platinum and tungsten, laser texturing cannot be efficient to engrave the material. Laser
beam heat can affect the textured surface and cause variations in its metallurgical properties

(Shamsul Baharin et al., 2016).

2.6 Research gap

Based on the literature review, the outlined key gaps are, a less effort has been made on texture
distribution and optimum area density and texture depth of parallel sliding contacts for
improved film thickness and frictional coefficient while considering mass conservative
cavitation condition, couple-stress, and mixed lubrication conditions. No/limited work related
to numerical analysis of multi scale textures effect on the tribological performance considering
couple-stress, mass conservative cavitation condition, and mixed lubrication conditions has
been observed in the literature survey. Moreover, no numerical analysis is carried out on the
multi-scale textured parallel slider to optimize the texture number along and across fluid flow
and sliding surfaces by varying velocity and load. The effect of multi-scale texture location,
and area density on the film thickness and friction coefficient has not yet been examined. As
far as fabrication of textures, no/little work is done on AISI 1020 steel surfaces. The effect of
laser pulse number and pulse frequency on the texture depth is not yet studied. Literature on
multi-scale textures is limited to variation in texture shape but not on multi-scale textural area
density and texture depth. A scarce amount of work was reported on the frictional coefficient

and wear rate of multi-scale textures.

2.7 Research problem

Limited work has been reported on the variation of texture area density, depth and distribution
of multi -scale textured sliding contacts. A thorough examination on the tribological behavior
of multi-scale textured sliding contacts under various textural parameters is required. The
tribological behavior of such multi-scale textured sliding contacts is still dramatic in nature, and
meticulous examination of such textured surfaces under various textural parameters is still
required. The present research work addresses the design and development multi-scale textured

sliding contacts and its tribological investigation under different operating conditions.



2.8 Research hypothesis

It is believed that single scale textures sliding contacts produce better film pressure when
textural parameters like area density, texture depth are optimized and texture distribution
chosen correctly. The multi-scale textured surface can produce stable tribological performance
as compared to single-scale textures at most of the loading conditions. It is expected that the
textural parameters like texture distribution, texture number and area density of multi-scale
textures show a prominent effect on the output parameters like frictional coefficient and wear

rate at different loads and speeds.

2.9 Research objective

In view of the afore-mentioned literature, the objectives of present research work can be
outlined as follows.

Development of numerical simulation to study the tribological performance of single-scaled
textured sliding contact under mixed lubrication regime while considering mass-conservative
cavitation condition and couple stress fluid condition.

Development of numerical simulation for determination of better size and distribution of multi-
scale textured sliding contact under mixed lubrication regime while considering mass-
conservative cavitation condition.

Fabrication of multi-scaled surface textures on AISI 1020 material under ambient conditions
by laser ablation method.

Experimentations related to the impact of multi-scale textured sliding contact on the tribological

performance under lubricated conditions.

2.10 Summary

The exhaustive literature review on different textural parameters is presented. The review has
reported on the importance of surface textures, single-scale textures, multi shape textures and
multi scale textures, and their tribological performance at different textural and operating
parameters. This chapter also discussed on the fabrication methods of surface textures. The
detailed procedure of numerical development of single-scale textures and numerical analysis of
single-scale textures by varying textural parameters considering the effect couple stress of the

lubricant is discussed in chapter 3.
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Chapter 3

Tribological performance of single-scale textured parallel sliding
contact under mixed lubrication condition by considering mass

conservation condition and couple-stress parameter

In this chapter, numerical simulations are conducted to study the impact of various textural
parameters on tribological performance of single-scale textured parallel sliding contacts under
mixed lubrication regime considering mass conservative cavitation condition. Moreover, the
effect of surface roughness, slider velocity and fluid couple stress is studied. The tribological
performance is calculated in terms of minimum film thickness, frictional coefficient, and
hydrodynamic load percentage. In mixed lubrication regime, although the total load is
supported by the fluid film and asperity contacts, it is beneficial to obtain more hydrodynamic
load support than asperity load support in order to achieve better tribological performance. In
the present analysis, hydrodynamic load percentage is evaluated to characterize the

hydrodynamic load support of textured sliding contact.

3.1 Single-scale texture modelling and distribution

This sub-section deals with the texture placement on an imaginary unit cell and equations
involved in calculating texture area density. The textures are modelled by using the center of
the unit cell as the texture center as shown in Fig. 3.1. (c). Textures are distributed uniformly
and schematic representation of the parallel and zig-zag distributions of triangular textures is

shown in Fig. 3.1.
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Fig. 3.1. Top view and front view of triangular textures in (a) Parallel distribution (b) Zigzag

distribution (c) Unit cell.

Similarly, elliptical textures are arranged with minor axis half of major axis. The shape and size

of textures placed inside the unit cell vary with the area density according to the equation:

NEYR

——— for triangular textures

Ad =1 ™ (3.1)
rl}
2

2 for elliptical textures
s

Where Ad is area density, /; is the base length of triangular texture, /. is the major axis length of
elliptical texture, and s is unit cell length. The film thickness (#) between two interacting

surfaces is obtained by the equation,

(3.2)

b C+h, over the texture
e elsewhere

Where C is minimum film thickness and /4 is texture depth.
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3.2 Governing equations

In general, there are several different types of lubrication regimes for lubricated sliding contacts,
such as hydrodynamic, mixed, and boundary lubrication regime. A sliding contact is said to be
in hydrodynamic lubrication, if the fluid enters in between the sliding contacts through the
micro-wedge effect and supports the whole applied normal load. However, when speeds are
low or loads are high causes the fluid film to be interrupted by the asperities between the
surfaces. This asperity interaction generates certain pressure. This asperity pressure in addition
to hydrodynamic pressure supports the applied normal load and the type of lubrication regime
can be called as mixed lubrication regime. In boundary lubrication regime most of the applied
normal load is supported by asperities. A modified Reynolds equation is used to evaluate the
average hydrodynamic pressure, while the asperity contact model is used to determine the

asperity pressure. The models used in the present work are discussed in the following sections.

3.2.1 Reynolds equation

This sub-section deals with the equations involved in calculating hydrodynamic pressure
developed between parallel sliding contacts during sliding. In most tribo-component pairs, one
surface is stationary and the other moves as shown in Fig 3.2. For these applications, the iso-
viscous, incompressible, steady-state, 2D Reynolds equation is useful in predicting the pressure
distribution (Khonsari, 2013) and the equation is :

3 3
o p| o p) _Udh (3.3)
Ox\12u ox ) 0z\12u 0z 2 Ox

By including couple-stress parameter, the modified Reynolds equation according to Sharma et

al (2016) is given by:

E(MG_P}E[MQP] —eut

(3.4)
ox\ u ox) oz\ u oz ox
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Fig. 3.2. Schematic of textured parallel sliding contacts (a) top view (b) front view.

Where fﬂz,l)=h3 127 {h-Zl tanh(zﬁlj}, U is the velocity of slider, u is the viscosity of fluid, 4 is

the film thickness of fluid, / is the couple-stress parameter of fluid, and p is the hydrodynamic
pressure. The fluid flow is considered to be laminar and no slip condition prevails. The textured
surface is considered as stationary surface and smooth surface is moving with velocity of ‘U’
m/s. The frame of reference coordinate system is taken on the textured surface. Due to this
consideration, the change of film thickness with respect to time can be neglected in the

Reynolds equation. By adopting JFO cavitation condition (Vijayaraghavan and Keith, 1989)

p. +galn(p) at p=>1
- p. at $<1 (3-5)
where ¢= % , in the Eq. (3.4), the modified Reynolds equation is obtained as
0 (gaf(hi)op), o gas(hl)op)_U a(gh 56
ox\' 12u ox) oz\ 12u 0z) 2 ox '

Where a is the bulk modulus of fluid, p is the hydrodynamic pressure, p. is the cavitation

pressure, p is the density of oil at hydrodynamic pressure, p. is the density of oil at cavitation

1if g1

0 if <1

Furthermore, by considering the effect of surface irregularities according to Patir and Cheng
30

pressure, ¢ is the fractional film content, and g is the switch function of value, g = {



(1978), the Eq. (3.6) becomes

9 ( gaf(hDp, @) 0 (gaf(h,l)fpz %j _Ug,. o(¢h)  oU dp, 3.7)

+_
Ox 124 Ox ) 0Oz 124 0z 2 Ox 2 Ox

Here ¢, ¢-, and ¢y are flow factors.

3.2.2 Flow factors calculation

In the present study, the surface pattern parameter, y is considered as one i.e., circular surface
irregularity pattern and the corresponding corrective factors ¢x, ¢-, and ¢s can be computed
according to Patir and Cheng’s model (1978). The contact factor ¢. is calculated from Wu and
Zhengs model (1989) by assuming surface irregularities have Gaussian shaped heights. By

considering y =1, the equations of flow factors and contact factor can be deduced as follows:

@, =@.=1-0.9¢ " (3.8)

1.899 H0.9Se—0.92H+0.05H2 H<5
- ~025H (3:9)
1.126e™ H>5
—0.6912+0.782 H—0.304 H*+0.0401 /*
0<H<3

0, =1¢ (3.10)

1 H=>3

Where H is surface roughness factor (4/c) where o is combined root mean square (RMS) value
of surface irregularities of two surfaces. When H—oo, then ¢., ¢p. —1 and ¢; —0, then the Eq.

(3.7) can be reduced to generalized Reynolds equation for smooth surfaces as in £g.(3.6).

3.2.3 Asperity pressure calculation

The present sub-section deals with the equations involved in calculating hydrodynamic pressure
developed between parallel sliding contacts during sliding, asperity contact pressure. Whether
the regime is in mixed or hydrodynamic lubrication can be identified by the surface roughness
parameter (H). If H=4 then the regime is considered as hydrodynamic lubrication, and if
1<H<4 then the regime is considered as mixed lubrication. In mixed lubrication, the applied
pressure is supported by hydrodynamic pressure (p) and asperity contact pressure (p.). The
hydrodynamic pressure is calculated by solving the Eq. (3.5) and Egq. (3.3), whereas, the contact
pressure is found by Greenwood and Tripp equation (1970):

p,=K'E'F,;(H) (3.11)
,_16x/5 2 |0
Where K BT 7(Npo) \/; (3.12)

Here K’ is a function of RMS of surface irregularities (o), by keeping all other parameters
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constant. According to that, the equation is (Hu et al., 1994),

K'= 5319x10"xc** (3.13)
And the value of F,;(H) can be found by approximating asperity height to be in Gaussian
distribution with film thickness and the related equation can be found in Hu et al (1994):

A4-H) if H<4
0 otherwise

F

()]

(3.14)

(£ (1) £ (1))

the equivalent elastic modulus. o,,0,,v,,v,, E1, and E> are all the input parameters like RMS

1S

Where, o = /o] + o} 1s the equivalent RMS surface roughness, £'=

surface roughness, Poisson's ratio and young’s modulus of two surfaces respectively, NV is the

asperity density, £ is the radius of the asperity peaks.

3.3 Numerical simulation

Numerical code is developed in MATLAB to calculate hydrodynamic pressure, asperity
pressure by considering appropriate input parameters. The values of input parameters used in
this numerical solution are shown in Table 1.1. Eq. (3.7) is discretized using the central finite
difference method and solved by the Gauss-Seidal iterative scheme by satisfying appropriate

boundary conditions.

Due to texture interaction, periodic boundary condition i.e., p(X, Z=0)=p(X, Z=Lg) is
considered along X-axis and atmospheric pressure boundary condition is considered along Z-

axis, for both texture distributions as shown in the Fig. 3.3.

32



Table 3.1. Input Parameters used in numerical simulation of single-scaled textured sliding

contacts.
S. No. Name of the Input Parameter Value Units
1 Velocity of the slider (U) 2,4,6,8 m/s
2 Texture depth (h4) 0-24 um
3 Area density 0.1,0.2,03. -
4 Applied pressure (p;) 0.25 MPa
5 Atmospheric pressure (Pam ) 0.101325 MPa
6 Viscosity of fluid, (¢) (Gu et al., 2016) 0.01 Pas
7 Bulk modulus of fluid () (Gu et al., 2016) 1.69 GPa
8 Young’s modulus of sliding surface (£;) (Tomanik, 2013) 250 GPa
9 Young’s modulus of stationary surface (£>) (Tomanik, 2013) 120 GPa
10 Cavitation pressure (p.) (Gu et al., 2016) 0.9x10° Pa
11 Poisson’s ratio of sliding surface (vi) (Tomanik, 2013) 0.3 -
12 Poisson’s ratio of stationary surface (v2) (Tomanik, 2013) 0.3 -
13 Combined RMS surfaces roughness (o) 0-1.5 um
14 A (Huetal., 1994) 4.4068 x10°
15 Z (Huetal., 1994) 6.804 -
16 Boundary frictional coefficient (Cy) (Tomanik, 2013) 0.12 -
17 Length of the slider (Lg) 4 mm
18 Area of the slider (a) 8 mm?
X-axis X—aﬁis is X-axis

Tt D Pam P=Parm 1 P=Parm

Periodic Boundary Condition

-
-

v
A

=
Periodic Boundary Condition é
vy Periodic Boundary Condition

Periodic Boundary Condition
Periodic Boundary Condition

v Periodic Boundary Condition

v Periodic Boundary Condition

vy Periodic Boundary Condition

Z-axis Z-axis Z-axis

p:patm p:pa'fm p:pa'fm P=p, atm
(a) (b) (c) (d)

Z-axis

Fig. 3.3. Boundary conditions.
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At each node, the fractional film content of the fluid is calculated by Eq. (3.7). Then

hydrodynamic pressure, p is calculated by Eq. (3.5). Pressure convergence criteria chosen to

nx nz

: . pG,J)=pG)),
calculate the hydrodynamic pressure is given as: ZZ| (0. )) “
i=l j=1 s

ISIXIOS

p(ij), poa(i,j) are the hydrodynamic pressures at a certain node,(i,j) at current and previous

pressure convergence iterations respectively.

Y-axis

-

X-axis

Stationary surface

Fig. 3.4. Pressure balance diagram of textured parallel sliding contact.

After determining the hydrodynamic pressure p by using Eq. (3.5), the asperity pressure, p, is
calculated from Egq. (3.11). Then, the total generated pressure, p is determined, which is the
sum of hydrodynamic and asperity contact pressures. This total generated pressure in the fluid
is balanced for an error convergence of 10 with the total applied pressure, p; on the sliding
contact. The pressure balance diagram is shown in Fig.3.4. The related pressure balance
criterion is shown below

pe _pg,k
P

<1x107°

Here, pg  is the total generated pressure at & iteration. The flow chart of the developed

numerical code is shown in Figure 3.5.
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Fig. 3.5. Flow chart of numerical code.

3.4 Performance parameters

Here, the equations involved in calculating performance parameters like, minimum film
thickness, hydrodynamic load percentage, and frictional coefficient are discussed. The
performance parameters are calculated after balancing the calculated pressure with applied load

pressure.

3.4.1 Minimum film thickness

Once the load balance criterion is satisfied, the minimum film thickness is calculated by:

Ci. =C, +Rey,, (pg,k —p1) (3 15)
Re,,, = €= oo
Poi1 = Poy (3.16)

Here Crand Ci+; the minimum film thickness in old and new iterations respectively, Rex+; 18
relaxation factor for new iteration.
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3.4.2 Hydrodynamic load percentage

The following equation is used to calculate the hydrodynamic load percentage

Hydrodynamic load percentage =2 4100 (3.17)
P

Here p is hydrodynamic pressure, p;is the applied load pressure.

3.4.3 Frictional coefficient
Once the desired hydrodynamic pressure and asperity pressure is obtained based on the exerted

pressure, the frictional coefficient is calculated by the following equation

Frictional coefficient = Fu (3.18)
p,a

Where, Fio:is the total friction force, which is calculated from the equations given below;

‘F;()t :F;’l +F; (319)
U 19 h

F, :”{%((pf @)+, Ea—i(h—ﬂtanhz—J}dx.dz (3.20)

F, :Cfﬂpa.dx.dz (3.21)

Herein, a is area of the considered contact surface, F, and F, are friction forces due to fluid
and asperity contacts respectively. By assuming isotropic roughness ¢y, ¢5, and ¢4 are the
corrective factors for viscous friction and approximated as follows (Patir and Cheng, 1979)

¢, =1-1.40e" (3.22)

231 -238H+0.11H?
¢ﬁ: 11.1H"'e 05<H<7 (323)
0 H>7

z+1 +$[—55+z, (132+2,(345+ 2 (~160 + 2, (405 + z (60 + 147z )))))]} ifH <3
S

35
—z4(1-z*)1n
32 '{( 2

Z'—+i+1i5[66+z5(30z5 —80)]} ifH >3

35
—z4(1-z*)1n
32 '{( 2

1

(3.24)

Here, z1=h/3, € = /30 and e=0/100. When H—oo, then oy, and @5 —1 and @;—0, then the

Eq. (3.20) can be reduced to generalized friction forces due to fluid between smooth surfaces.
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3.5 Results and Discussions
Prior to the detailed explanation of textural effects on the tribological performance of parallel

sliding contact, mesh sensitivity analysis and validation of the numerical model are performed.

3.5.1 Mesh sensitivity analysis

Prior to the numerical analysis, the mesh sensitivity study was performed to decide the
appropriate mesh grid size to avoid numerical instability of the solution. The mean
hydrodynamic pressure is estimated for a pressure convergence criterion of 107 for different
mesh nodes as shown in Figure 3.6. It can be observed that there is not much deviation in mean
hydrodynamic pressure value after 104 and 84 nodes in z- and x-directions respectively.

Therefore, a mesh grid size (nx x nz) of 84 x 104 is chosen for further analysis.

3.5.2 Validation of the numerical model

The numerical simulations were performed to validate the present numerical model with the
previously available results. The present code is simulated with the conditions of Gu et al.
(2016) and the hydrodynamic load percentage calculated and compared with their result. The
numerical simulation results indicate that the developed numerical model agreed well with the
work of Gu et al. (2016) as shown in Fig. 3.7. Therefore, the developed model is sufficiently

accurate enough and error-free.
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Fig. 3.6. Mesh sensitivity analysis of a triangular textured cell (a) z- direction (b) x- direction.
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3.5.3 Effect of textural and couple-stress parameters on tribological performance

In this section, the effect of textural parameters on tribological performance parameters under
mixed lubrication condition is studied. The textural parameters considered in the analysis are
texture shape, size, depth, and distribution. The tribological performance parameters are
minimum film thickness, hydrodynamic load percentage, and frictional coefficient. The effect

of the couple-stress parameter on tribological performance parameters is also studied.

The effect of texture depth on minimum film thickness, frictional coefficient, and
hydrodynamic load percentage for different texture shapes and distribution is shown in Figure
3.8. As shown in Figure 3.8(a), it can be observed that from un-textured to the texture depth of
6 um, there is shift of lubrication regime from mixed to hydrodynamic. This can also be
observed from Figure 3.8(b). Hence, there is drastic decrease in frictional coefficient due to the
absence of asperity contacts. However, with texture depth >6 um, again contact enters into
mixed lubrication regime. Hence, there is steep rise in frictional coefficient as shown in Figure
3.8(c). Here, elliptical textures produce better minimum film thickness at all texture depths as
compared to triangular textures. This can be attributed to higher pressure interaction between

adjacent elliptical textures than triangular textures as shown in Figure 3.9.

As shown in Figure 3.8(a) and (c), elliptical texture depth of 3 um gives 268% higher film

thickness and 74% lower frictional coefficient as compared to the un-textured surface. The film

thickness and frictional coefficient of deeper textures are almost equal to the un-textured. The

reason for this can be solved by considering textures similar to Rayleigh’s step bearing.

Rayleigh’s theory states that when step height to fluid film thickness ratio exceeds the value of
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4.4, the step height cannot produce the hydrodynamic effect. Hence, the textured surface acts

as un-textured surface at one point of increased texture depth. For elliptical textures, the texture

distribution has little/no prominent effect on film thickness. This is due to the generation of

equivalent pressure contour and peak pressure for both parallel and zigzag distribution which

can be seen in Figure 3.10. However, in the case of triangular textures, zigzag distribution

exhibits a slightly higher film thickness as compared to parallel distribution (see Figure 3.8(a)).

This may be due to broader pressure contour and higher contour region of maximum pressure

in zigzag distribution as compared to parallel distribution as shown in Figure 3.11.
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For elliptical textures, the texture distribution has little/no prominent effect on film thickness.
This is due to the generation of equivalent pressure contour and peak pressure for both parallel
and zigzag distribution which can be seen in Fig. 3.10. However, in the case of triangular
textures, zigzag distribution exhibits a slightly higher film thickness as compared to parallel
distribution (see Fig. 3.8(a)). This may be due to broader pressure contour and higher contour

region of maximum pressure in zigzag distribution as compared to parallel distribution as

shown in Fig. 3.11.
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Fig. 3.10. Pressure contours of elliptical textures of (a) parallel (b) zigzag distributions.
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It is inferred from the preceding study that better tribological performance is obtained for a
texture depth of around 3 pm (see Figure 3.8). Therefore, in further analysis, the texture depth
is considered as 3 pm. The area density effect on minimum film thickness as well as the
frictional coefficient for different texture shapes and distribution are shown in Figure 3.12. It
can be observed from Figure 3.12(a) that better tribological performance is obtained with
increasing area density. This can be attributed to the restriction of fluid flow by longer texture
edges at higher area densities. This generates higher hydrodynamic pressure which leads to
higher minimum film thickness. Hydrodynamic lubrication regime prevails at surface
roughness parameter, H > 4, i.e., for film thickness # > 2.52 um which is shown as dashed line
in Figure 3.12(a). It can be observed that at an area density of 0.1, lubrication regime is in mixed
lubrication. As the area density increases, the lubrication regime changes from mixed to
hydrodynamic lubrication. Therefore, it can be seen from Figure 3.12(b) that as area density

increases, there is reduction in frictional coefficient.

In the present work, better tribological performance is observed at an area density of 0.3 (refer
Figure 3.12). Moreover, the effect of distribution is negligible on the tribological performance.
Hence zigzag distribution is considered for further analysis. From the literature (Ma et al.,
1996), it has been inferred that the surface roughness effect on tribological performance depict
a comparable trend with the area density. Therefore, the present subsection deals with the effect

of surface roughness on tribological performance at an area density of 0.3 (refer Figure 3.13).
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It has been observed that for a surface roughness value ¢ < 0.9, the hydrodynamic pressure
predominates (refer Figure 3.13(b)) and higher film thickness is observed for the surface
roughness value of up to 0.3 and then decreases as surface roughness increases and vice-versa
for frictional coefficient. However, the change in film thickness and frictional coefficient is
marginal (see Figure 3.13(a) and (c)). For surface roughness values, ¢ > 0.9, asperity pressure
dominates (refer Figure 3.13(b)), because at larger surface asperities, the fluid cannot sustain
between the contact zone and a direct asperity to asperity contact takes place. This leads to

higher frictional coefficient (see Figure 3.13(c)).
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Fig. 3.12. Variation of (a) minimum film thickness and (b) frictional coefficient with area

density for velocity of 8 m/s, surface roughness of 0.63 um.

In the further analyses, the constant area density and surface roughness of 0.3 and 0.63
respectively, are considered. The effect of sliding velocity on tribological performance
parameters is shown in Fig. 3.14. At lower velocities (i.e., less than 2 m/s), the contact
undergoes mixed lubrication due to which there is reduction in minimum film thickness (refer
Fig. 3.14(a)) and steep rise in frictional coefficient (refer Fig. 3.14(c)). Fig. 3.14(a) depicts those
higher velocities (i.e., greater than 2 m/s) produces higher minimum film thickness for all
texture shapes. This is due to the generation of more hydrodynamic load percentage and it is
confirmed in Fig. 3.14(b) by hydrodynamic load percentage. However frictional coefficient

increases due to higher shearing of fluid at higher velocities.
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In the subsequent analysis, tribological performance parameters were studied by considering
the sliding velocity of 2 m/s at which minimum frictional coefficient has been observed. The
couple-stress parameter effect on tribological performance in both textures is shown in Fig.
3.15. It can be observed that elliptical textures produce higher minimum film thickness as
compared to triangular textures at all couple-stress parameter values. However, it is observed
that the rate of change of minimum film thickness and the frictional coefficient with couple-
stress parameter is high in triangular textures as compared to elliptical textures. As a whole,

couple-stress parameter exhibits significant effect on the tribological performance parameters.
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3.6 Summary

In this chapter, a numerical model has been developed for single-scale textured parallel sliding
contact under mixed lubrication regime adopting mass conserving JFO cavitation condition. To
presume rough surface, models such as Patir-Cheng model and Greenwood Tripp model are
solved for hydrodynamic pressure and asperity pressure, respectively. The model developed is
validated with simulation results of previously available literature. The effect of textual area
density, depth, distribution, velocity and couple-stress parameter on tribological parameters like

minimum film thickness, hydrodynamic load percentage and frictional coefficient is studied.

The result indicates that the elliptical texture shape exhibits higher tribological performance as
compared to triangular texture for all textural parameters. The effect of texture distribution is
not significant on the tribological performance parameters. For surface roughness ¢ < 0.9 and
U> 2 m/s, hydrodynamic pressure predominates due to which lower friction coefficient is
obtained. Whereas, for surface roughness ¢ > 0.9 and U<2 m/s, asperity pressure predominates
and higher frictional coefficient is obtained. The couple-stress parameter has a positive effect

on tribological performance for both textural shapes.

The single-scaled textured surfaces are subjected to reduced friction, at hydrodynamic
lubrication regime. The textural parameters like area density, depth and distribution affects the
tribological performance. To mitigate the frictional losses, under varying operating conditions,
single-scaled textures are considered ineffective. Therefore, the idea of multi-scale textures is
developed. But the performance of these multi-scale textures is affected by various textural
parameters like area density, multi-scale textural position, and etc. In Chapter 4 a detailed
tribological investigation is carried out by developing a numerical code on design of multi-scale

textures to reduce frictional coefficient at different load and speed conditions.
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Chapter 4

Tribological performance of multi-scale textured parallel sliding
contacts under mixed lubrication regime by considering mass

conservation cavitation condition and couple-stress parameter

In the previous chapter, the tribological performance of single-scale textured parallel sliding
contacts by considering mixed lubrication regime and mass conservation condition is studied.
The single-scaled textured surfaces produce better tribological performance only at specific
operating conditions. However, in real time applications, a tribo-pair is operated under different
load and speed conditions. Hence, there is a necessity to develop a textural surface which
produces better tribological performance at varying operating parameters. To mitigate the
frictional losses, under varying operating conditions, the idea of multi-scale textures is
developed. Therefore, in Chapter 4 a detailed tribological investigation is carried out with the
development of numerical code on multi-scale textures by varying textural parameters like area
density, multi-scale textural position, and etc. to reduce frictional coefficient at different load
and speed conditions. Moreover, the effect of fluid couple stresses on multi-scale textures is

studied.

4.1. Multi-scale textures

From the literature (Syed and Sarangi, 2014, Segu and Hwang 2015, Segu and Hwang 2016,
Uddin et al., 2017), it has been observed that elliptical and triangular texture shapes exhibit
improved tribological characteristics. Therefore, the present analysis used these two different
shapes of textures, namely, elliptical and triangular textures. In order to identify the better
combination of multi-scale texture, the analysis has been carried out on various configurations,
like elliptical shallow-elliptical deep, elliptical shallow-triangular deep, elliptical deep-

triangular shallow and triangular shallow-triangular deep textures. The respective equations to
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calculate the size of shallow and deep textures are shown in Table 4.1. The present analysis

considered the minor axis length of elliptical texture as half of its major axis length.

Table 4.1 Equations of multi-scale textural parameters.

Texture Major axis length/ | Texture depth of | Area density (44)
Configuration side length of texture | shallow and deep
textures

Elliptical L 2{ Lg.Br.Ad} ha s =(Ar)sxly i[n 2. g2 }
es — s‘e,s

shallow and s ha,a =(Ar)g xle,q 8LB ed

o B Lg.Br.4g

elliptical deep led ‘2[ g }

Elhptlcal s = 2{ Lg.Br.4y :| hd,S = (A}")S X le,s L[nn 12 + 2\/§}’ld12 }
g ste,s

shallow and s ha,d =(4Ar)gxlyq | SLB bd

L= 2Lg.Br.Aj
triangular deep L =\ 3y,

Elliptical deep L= 2Lg.Br.Ag hg s =(Ar)g <l 1 [ ) ﬁnsltzs - lzd}
K : e,

. 3
and triangular " hg g =(Ar)g xle 4
L oi=2 Lg.Br.Ag
shallow ed= g
Triangular l 2Lg.Br Ay ha s =(Ar)sxly B [n 2 +nd12 }
s =T ~. Tl st,s

shallow and Vo 3ng ha.q =(Ar)g xl g 4LB td
triangular deep g = 2Lg Br-Aq

’ 3ng

The aspect ratios (4,) less than or equal to 0.01 and greater than 0.01 are considered as shallow
and deep textures respectively (Murthy et al 2007, Qiu et al 2012, Qiu 2013, Uddin et al. 2017).
The fluid film thickness is calculated using the equation:

C+hy g over theshallow texture

h=C+hg g4 over the deep texture

4.1)
C elsewhere

Where 4 is the fluid film thickness and C is the minimum film thickness between the interacting

surfaces, hqs and hqq texture depth of shallow and deep textures respectively.
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4.2. Governing equations

The numerical simulation and equations related to hydrodynamic pressure and asperity pressure
used in single-scale textures (Chapter 3) are applicable in the present multi-scale texture
analysis. Moreover, the boundary conditions applied along and across fluid flow are same as
that of boundary conditions of single scale textured specimen. The effect of deep-shallow
texture position, number of textures along and across the fluid flow directions, multi-scale

texture configuration is studied and explained in the following section.

4.3. Results and Discussions

Developed numerical code is executed to calculate the tribological characteristics of sliding
surfaces by providing appropriate input parameters. The input parameter values considered in
this numerical analysis are shown in Table 4.2. The considered tribological characteristics
include minimum film thickness, hydrodynamic load percentage, and frictional coefficient.
Since the numerical result should not depend on the mesh size, a mesh refinement analysis is
carried out. Numerical code is validated with the previously existing result to make the code

error-free.

4.3.1. Mesh refinement and code validation

Mesh sensitivity analysis is carried out to determine the appropriate mesh grid so that numerical
error is reduced and become negligible. A shallow and deep texture is considered in a unit cell.
In the initial iteration, the mesh size of 40 x 40 and 400 x 400 mesh grid is considered for the
shallow and deep textures respectively. The mean pressure is calculated by varying the number
of nodes across and along the sliding direction of shallow texture as shown in the Fig. 4.1(a). It
can be observed that the mean pressure is not varying much after the number of nodes of 90
along the sliding direction and 110 across the sliding direction. Therefore, the mesh grid of 90
x 110 is considered for shallow textures. Once the mesh grid is obtained for shallow texture, a
similar procedure is applied to calculate the mesh grid of deep texture which is shown in the
Fig. 4.1(b). The final shallow mesh grid (nxs x nzs) of 90 x 110 and deep mesh grid (nxq % nzq)
of 500 x 600 are used for further analysis.
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Table 4.2 Input Parameters used in numerical simulation of multi-scaled textured sliding

contacts.
S.No Input Parameter Value Units
1 Velocity of the sliding surface(U) 2,8 m/s
2 Viscosity of fluid, (#) (Gu et al., 2016) 0.01 Pa.s
3 Bulk modulus of fluid (o) (Gu et al., 2016) 1.69 GPa
4 Equivalent RMS Roughness of two surfaces () (Gu 0.63 pum
et al., 2016)
5 Cavitation pressure (p.) (Gu et al., 2016) 0.9 x 10° Pa
6 Surface pattern parameter (y) 1 -
7 Equivalent young’s modulus of two surfaces (E’) 69.1 GPa
(Guetal., 2016)
8 K’(Guetal., 2016) 1.198 x 10* -
9 A(Gu et al., 2016) 4.4068 x 10 -
10 Z(Guet al., 2016) 6.804 -
11 Applied Load (Ly) 10-80 N
12 Atmospheric pressure (Pam) 1.01325x 10° Pa
13 Boundary frictional coefficient (Cy (Guetal., 2016) 0.12 -
14 Breadth of the slider (Br) 2 mm
15 Length of the slider (Lg) 4 mm
16 Area of the slider () 8 mm?
17 Area Density (4q) 0.1,0.2,0.3,0.39 -
18 Fluid couple-stress parameter (/) 0,0.5,1,2,3,4,6 pum

After mesh refinement, the developed multi-scaled numerical code is compared with the results
of Tomanik et al. (2013) by giving the same input parameters like texture depth, diameter, and
pitch. The result of minimum fluid film thickness is shown in the Fig. 4.1(c). The result shows
a good agreement with the previously available result and this indicates that the code is error-
free. The slight gap between the two results may be due to the type of cavitation condition

adopted and mesh grid size.
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Fig. 4.1. Mesh sensitivity analysis for (a) shallow and (b) deep elliptical texture, and (c)

Minimum fluid film thickness vs texture pitch with previously existing result.

The effect of multi-scale textures position, number of textures along and across fluid flow
direction, area density, velocity, and load on the tribological characteristics is studied and

explained in the below sub-sections.

4.3.2 Effect of multi-scale textures position towards fluid flow direction

In this section, shallow and deep texture location with respect to fluid flow direction is studied.
For the present analysis, area density is considered as 0.2, and aspect ratio of shallow and deep
textures are considered as 0.004 and 0.011 respectively. The deep textures can be obtained
either by changing the texture depth (refer Fig. 4.2(a) and 4.2(b)) or by changing the texture
diameter/side length which is shown in the Fig. 4.2(c) and 4.2(d). For the same texture depth,
the texture diameter/side length of the deep texture reduces largely as compared to shallow
texture diameter/side length to satisfy the condition of the same aspect ratio. However, to
maintain the same area density, the number of deep textures has been increased which can be
observed in the Fig. 4.2(c) and 4.2(d). The load is varied from 10 to 60 N which corresponds to
the applied pressure of 1.25 to 7.5 MPa respectively at a constant velocity of 8 m/s. The total

number of deep textures (for same texture depth as of shallow texture) is taken as 8, because
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this is the minimum number of textures required to get the aspect ratio of greater than 0.01.

Fluid flow Fluid flow Fluid flow Fluid flow
direction direction direction direction
Z-axis __’O O _AO O _QO O O O _1 O O O O O
0000 0000
U Top view ]

u
X-axis — 5

u, —
Y-axis T
Front view
X-axis  (a) (b)

(©) (d)

Fig. 4.2. Schematic diagram of different patterns of elliptical textures (a) deep-shallow (ED-
ES)q4 (b) shallow-deep (ES-ED)q of same diameter (c¢) deep-shallow (ED-ES); and (d)
shallow-deep (ES-ED); of same texture depth.

The effect of these patterns on the tribological characteristics such as minimum film thickness,
hydrodynamic load percentage and frictional coefficient with respect to load is shown in the
Fig. 4.3. It can be observed that the multi-scale texture position of same depth (ES-ED); exhibit
a improved tribological characteristics as compared to other configurations. The location of
shallow textures placed first as compared to deep textures to the fluid flow direction depicts an
improved tribological characteristics because fluid will not entrap more in shallow textures and
enough fluid will flow over the deep textures to produce sustainable pressure development due

to which high hydrodynamic load percentage is observed (see Fig. 4.3(b)).
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Fig. 4.3. Effect of load on (a) minimum film thickness, (b) hydrodynamic load percentage and

(c) frictional coefficient on different deep-shallow textural positions at a velocity of 8 m/s and

area density of 0.2.

It can also be inferred from the Fig. 4.3 that textures of same diameter does not produce better
hydrodynamic pressures to support the load. This may be due to the fact that deep textures of
same diameter produce higher cavitation thereby lowering hydrodynamic pressures as shown in
Fig. 4.4(a) and Fig. 4.4(b), which was also confirmed by Dobrica et al. (2010), Rosenkranz et
al. (2016) and Griitzmacher et al. (2018). Textures of same depth does not act as reservoirs
thereby producing better hydrodynamic pressures as shown in Fig. 4.4(c) and Fig. 4.4(d). In the

further analysis of work, multi-scale textures with same texture depth has been considered.
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respectively.
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4.3.3. Effect of number of textures along and across the fluid flow direction

The effect of number of textures on the tribological characteristics is studied in the present
analysis. The schematic diagram of number of deep and shallow textures along the fluid flow
direction is shown in the Fig. 4.5. The effect of number of textures along the fluid flow direction
is studied by considering a number of deep textures across the fluid flow direction as 2, at an
area density of 0.2, velocity of 8 m/s and load of 50 N which corresponds to 6.25 MPa. The
aspect ratio of shallow texture is 0.004 and deep textures are in between 0.011 to 0.014 for deep
texture number of 8 to 14. The effect of number of textures across the fluid flow direction on
the tribological characteristics is shown in the Fig. 4.6. It can be inferred from Fig. 4.6(a) that
there is a decrease in minimum film thickness and an increase in frictional coefficient as the

texture number increases from ng=4 to nqg=7.
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Fig. 4.5. Schematic diagram of (a) number of deep elliptical texture along fluid flow direction
(1) nax=4, (1) nax=5, (iil) nq,=6, and (iv) na,=7, (b) number of shallow elliptical texture along

sliding direction (1) ns,=1, (i1) nsx=2, (iil) ns»=3,and (iv) nsx =4.
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Fig. 4.6. Effect of deep texture number along fluid flow (in x-direction) on tribological

characteristics at Ly=50 N, U=8 m/s and n;,=1, ns~1 & ns-=2.

The fluid flows towards the initial textures higher hydrodynamic pressures are generated. When
fluid further flows towards the successive textures, fluid loses potency to generate higher
hydrodynamic pressures thereby getting exhausted. This leads to reduction in hydrodynamic
load percentage (see Fig. 4.6(b)). The reduction of hydrodynamic pressures may be due to fluid
entrapment where hydrodynamic pressure contours decreases as fluid flows through successive
deep textures (refer Fig. 4.7). Therefore, for further analysis, the number of deep textures along

the fluid flow direction is considered as 4.
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Fig. 4.7. Hydrodynamic pressure profiles (in Pa) of deep texture number (a) n4,=4 and (b) nqs=5

at a constant velocity and load of 8 m/s and 50 N respectively and n =1, n,.=1 & nq-=2.

Similarly, an analysis is carried out by increasing the number of shallow textures. With the
increase in shallow texture number (n5x), minimum film thickness decreases and frictional
coefficient increases as shown in Fig. 4.8 (a). This is because the fluid film does not able to
generate a sustainable fluid film pressure and reduction in hydrodynamic load percentage which

is shown in Fig .4.8(b). This can be also be confirmed by observing the hydrodynamic pressure
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profiles which is shown in Fig .4.9. It can be seen that n,,=1 (refer Fig .4.9(a)) produces higher

and broader hydrodynamic pressures contour as compared to n,,=2 (refer Fig .4.9(b)).
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Fig. 4.8. Effect of shallow texture number along fluid flow (in x-direction) on tribological

characteristics at Ln=50 N, U=8 m/s and n,.~=1, ns,=4 & ng4.=2.
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Fig. 4.9. Hydrodynamic pressure profiles (in Pa) of shallow texture number (a) n,,=1 and (b)

nsx=2 at a constant velocity and load of 8 m/s and 50 N respectively at ns.=1, ng=4 & nq-=2.

From the previous analysis, shallow and deep texture numbers along fluid flow direction of 1
and 4 respectively shown improved tribological characteristics. Hence, the analysis is
performed by varying the number of textures across the fluid flow direction considering number
of textures along the fluid flow direction as ns,=1and ns,=4 at an area density, velocity, and
load 0f 0.2, 8 m/s, and 50 N respectively. Figure 4.10 indicates the schematic diagram of number
of textures across the fluid flow direction. The aspect ratio of single shallow texture is 0.004
and deep textures are in between 0.011 to 0.02 for a number of deep textures 8 to 28

respectively.
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Fig. 4.10. (a) Schematic diagram of elliptical deep texture number (a) nq4-=2, (b) ns-=3, (¢)

na~4, (d) na-=5 (e) na:=6 and (f) na-=7 across fluid flow direction.

The effect of number of textures across the fluid flow direction on the tribological
characteristics is shown in the Fig. 4.11. It can be observed that there is an increase in film
thickness (refer Fig. 4.11(a)), hydrodynamic load percentage (refer Fig. 4.11(b)) and decrease
in frictional coefficient (refer Fig. 4.11(a)) with the number of textures of up to ns.=5. Because
as the number of textures increases across the fluid flow direction, fluid counteracts the multiple
textures produces better pressure contours between adjacent textures thereby improving
tribological characteristics which can be seen in Fig. 4.12(a). Further increase in texture
number, decreases the minimum film thickness, hydrodynamic load percentage and increases
the frictional coefficient. As the number of textures increases, the size of texture reduces due to
which fluid flow may not experience any textural effect. This causes a reduction in the
hydrodynamic pressure as shown in Fig. 4.12(b). For further analysis of the present work, the
shallow texture is considered as one and deep textures along and across the fluid flow direction
are considered as 4 x 5. The effect of fluid flow in reverse direction is also shown in Fig. 4.6
and Fig 4.8. During bi-directional condition, there is interchange of shallow and deep textures
to the fluid flow. It is already shown in Fig. 4.3 that there is slight increment in frictional
coefficient when fluid flows from deep to shallow textures as compared to fluid flow from
shallow to deep textures. The same effect of increased frictional coefficient for bi-directional

sliding is seen in this section (refer Fig. 4.6 and Fig. 4.8.) irrespective of varying texture number.
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Fig. 4.11. Effect of deep texture number across fluid flow (in z-direction) on tribological

characteristics at a constant velocity and load of 8 m/s and 50 N respectively.
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4.12. Hydrodynamic pressure profiles (in Pa) of deep texture number (a) n4.=5 and (b) ns-=7

at a constant velocity and load of 8 m/s and 50 N respectively.

4.3.4 Effect of texture shape and area density

The present analysis is performed with the texture number (75 X n52) of 1 X 1 and (nax X na4z)
of 4 x 5 which produces improved tribological characteristics by considering two textural
shapes, namely, elliptical and triangular. The different multi-scale textural configurations of
elliptical shallow—elliptical deep (ES-ED) elliptical shallow—triangular deep (ES-TD),
triangular shallow—elliptical deep (TS-ED), and triangular shallow—triangular deep (TS-TD) are
shown in the Fig. 4.13, and their effect on the tribological characteristics with varying area
density is shown in the Fig. 4.14. The velocity and load are considered as 8 m/s and 50 N by
varying area density from 0.1 to maximum possible area density of 0.39. The aspect ratio of
single shallow texture is in between 0.0057 to 0.0032 and deep textures are in between 0.026
to 0.014 for area densities of 0.1 to 0.39 respectively.
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Fig. 4.13. Schematic diagram of (a) elliptical shallow and elliptical deep (ES-ED), (b) elliptical
shallow and triangular deep (ES-TD), (c) triangular shallow and triangular deep (TS-TD), and

(d) triangular deep and elliptical shallow (TS-ED) textural configurations.

The effect of area density on the tribological characteristic is shown in Fig. 4.14. From Fig.
4.14 it can be observed that minimum film thickness, hydrodynamic load percentage increases
and frictional coefficient decreases with the area density of up to 0.3. Further increase in area
density exhibit a negative effect on the tribological characteristic parameters. This may be due

to the collapse of film thickness because of lessened gap between texture-to-texture boundaries

at the maximum possible area density.
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Fig. 4.14. Effect of area density on (a) minimum film thickness (b) hydrodynamic load

percentage and (c) frictional coefficient.

ES-TD configuration generates improved tribological characteristics as compared to other
configurations which can be observed in Fig. 4.14. This can be attributed to the better generation
of hydrodynamic pressure contours by triangular deep textures as compared to elliptical deep
textures (refer Fig. 4.15). Triangular deep textures develop a sustainable hydrodynamic
lubrication regime and restrict the surfaces entering into mixed lubrication as shown in Fig.
4.15(b) (1) and 15(d) (i). This may be due to the fluid convergence towards the apex, the pressure
contour inside the deep textures develops higher peak pressures. In contrast, an elliptical
shallow texture produces better hydrodynamic pressures as compared to triangular shallow
textures as shown in Fig. 4.15(a)(i) and 15(b)(i). This can be attributed to fluid encountering
the higher wedge for elliptical shallow texture, thereby producing better hydrodynamic pressure
contours. Therefore, the combination of ES-TD configuration exhibits improved tribological
characteristics as compared to other configuration. The area density of zero implies the flat
texture at which lower minimum film thickness and higher frictional coefficient of 0.801 um
and 0.115 respectively are observed. During reverse flow due to bi-directional sliding, both
elliptical and triangular textures interchange each other. In addition to the interchange of
textures, triangular texture orientation also changes. This leads to the drastic reduction in

tribological performance. Therefore, the effect of reverse flow is not shown in this section.

59



N

o
~
a

o

N
a

readth of Slider (mm)

o
]
0w o

0 0.5 1 1.5 2 25 3 3.5 o] 0.5 1 1.5 2 2.5 3 3.5 4

Length of Slider (mm) Length of Slider (mm)
(a) ES-ED @

-
=)
il

-
- -

o

4
O N NN
cGqLa =G oaN

Breadth of Slider (mm)
Breadth of Slider (mm)

o

© = N W & o o =%

0 0.5 1 1.5 2 25 3 35 4 0 0.5 1 1.5 2 25 3 3.5 4
Length of Slider (mm)

(ii)

(b) ES-TD

a
o
]

2 7

’g £1.75 . . . . 6

£ E 15 5

5 5 120 o 000 °

Z o000 !
= £~ .

€O NN P

@ @ 0.25 . . . . 1

1.5 2 25 0 0.5 1 1.5 2 25 3 3.5 4 ©

Length of Slider (mm) (c) TS-ED Length of Slider (mm)

) i) o

2 2 7

E‘L?S 1.75 » ’ ’ > &
g 15 E 1.5

E12s . s > > > b

5 g . > > > > |
%0;75 §075

g °° & os , > > > > -

= ] = » > > > |

1.5 2 25 DD 0.5 1 1.5 2 2.5 3 3.5 4 °

Length of Slider (mm) Length of Slider (mm)

0 (d)Ts-TD i

Fig. 4.15. Hydrodynamic and asperity pressure profiles (in Pa) of multi-scaled textures of
(a) ES-ED, (b) ES-TD, (c) TS-ED and (d) TS-TD different configurations at a constant
velocity and load of 8 m/s and 50 N respectively.

In the previous analysis, single scale textural surfaces are studied and their tribological
performance is investigated. In the present analysis, the impact of multi-scale textures on
tribological performance is examined. Therefore, under similar operating conditions the

performance of multi-scale and single textures are compared in the following section.

4.3.5 Comparison of multi-scaled with single-scaled textures
As observed from the previous study, ES-TD configuration exhibits improved tribological
characteristics. Hence, in the present analysis, ES-TD configuration of area density (44) of 0.3

is considered. The two velocities, i.e., 2 m/s and 8 m/s, and load of 10-80 N which corresponds
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to 1.25-10 MPa respectively have been considered for the analysis. The effect of multi-scaled
and single-scaled textures on the tribological characteristics with varying load is shown in the
Fig. 4.16. The aspect ratios of multi-scaled textures used are 0.0033 and 0.014 respectively at
an area density of 0.3. Also, the aspect ratio of single-scaled textures used is 0.01 at same area

density of 0.3.

The effect of load on the tribological characteristics is shown in Fig. 4.16. The reduced frictional
coefficient is observed with the use of multi-scale textures as compared to single-scale textures
which implies that the multi-scaled texturing is effective. With the increase in load and/or
decrease in sliding speed, frictional coefficient increases as shown in Fig. 4.16(c). From the
results of Hsu et al., (2015), it has been observed that the effect of load and velocity on

tribological performance of single and multi-scaled textures exhibit a similar trend.
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Fig. 4.16. Effect of load on (a) minimum film thickness (b) hydrodynamic load percentage

and (c) frictional coefficient for single-scale and multi-scale textures.
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At lower load of 10 N, no/negligible change in tribological performance is observed (refer Fig
4.16) for single and multi-scaled textures. This can be due to the hydrodynamic regime prevails
in both single and multi-scale textures which can be inferred from Fig 4.16 (b). However, at
higher load of 80 N, enhanced minimum film thickness and reduced frictional coefficient have
been observed for multi-scaled textures as compared to single-scaled textures as shown in Fig.
4.16(a) and 16(c) respectively. This can be attributed to the better hydrodynamic load
percentage developed by multi-scaled textures as compared to the single-scaled textures which
is shown in Fig. 4.16(b). This can also be confirmed by pressure contours (refer Fig 4.17(a))
i.e. higher hydrodynamic pressure generated by multi-scaled textures as compared to single-
scaled textures. Hence, lower asperity pressures are produced by multi-scale textures as
compared to single-scale textures (refer Fig. 4.17(b)) to support the total applied load. The lower
hydrodynamic pressure contours generated by single-scaled texture urges the more asperity
contacts to balance the applied load thereby producing higher asperity pressures (single-scale

peak pressure is 3.5 MPa whereas for multi-scale, it is of 1.5 MPa) as shown in Fig. 4.17(b).

x 107
2 1 4.5 2
175 4 E 1.75
E 15 ‘ 35 = 15
8125 ‘ 3 B 12s
] 1 25 2 1
ks { 2 S
= 0.75 = 0.75
= 1.5 =
® 05 ®8 05
o S
@ 0.25 0s o 0-25
|
4

0 05 1 1_5 2 25 3 35 0O 05 1 16 2 25 3 35 4
Length of Slider (mm) Length of Slider (mm)

(a)

2@ 35 2 35
175 3 —~ 175 3
£
E 1.5 25 £ 1.5 25

1.25 $ 1.25
= 2 ﬁ 2
[ » 1
o 1. u—
2075 ® So7s e
8 05 ! g 05 1
@ 0.25 05 dgzs 05
0 H 0 0
0 1 2 2.5 3 35 4 0 0.5 1 1.5 2 25 3 3.5 4
Length of Slider (mm) Length of Slider (mm)
(b)

Fig. 4.17 (a) Hydrodynamic and (b) asperity pressure profiles (in Pa) for multi-scaled and
single-scaled textures at Load of 80 N and velocity of 8 m/s.
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4.3.6 Effect of couple-stress fluid parameter on minimum film thickness and coefficient of
friction

In this section, the effect of couple-stress fluid parameter on variation of minimum film
thickness, frictional coefficient for the above mentioned single-scaled and multi-scaled textural
configuration is studied. It can be observed from Fig. 4.18 that minimum film thickness between
the interacting surface increases and frictional coefficient decreases with couple-stress fluid
parameter for both single-scaled and multi-scaled textural configurations. Moreover, better
tribological performance is observed for multi-scale textures as compared to single scale
textures. This may be due to better hydrodynamic pressure obtained for multi-scale texture as

shown in Fig. 4.19.
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Fig. 4.18. Comparison of (a) minimum film thickness and (b) frictional coefficient with

couple-stress parameter ,/ for single-scale and multi-scale textures at velocity of 2 m/s, and
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4.4 Summary

This paper has discussed the multi-scale textural position, multi-scale texture shape, multi-scale
texture area density along with couple-stress parameter influence on the tribological
characteristics of multi-scale textured parallel sliding surfaces under JFO cavitation and mixed
lubrication condition. The effect of load and velocity on multi-scale textures is also studied. By
the use of multi-scale textures better minimum film thickness, reduced frictional coefficient and
higher hydrodynamic load percentage was observed. By observing the above section, it is
concluded that multi-scaled textures of shallow-deep pattern with constant texture depth
produce improved tribological characteristics. A single shallow texture and number of deep
textures of 4 x 5 along and across the fluid flow direction exhibit improved tribological
characteristics. Multi-scaled textures of ES-TD configuration contribute improved tribological
characteristics than other configurations like ES-ED, TS-ED, and TS-TD. Couple-stress fluid
parameter shows positive effect on both minimum film thickness and coefficient of friction of
multi-scale textures. On a whole, multi-scaled textures can be used in the applications where
both fluid film and asperity contact co-exists. For the applications where both asperity as well
as fluid film pressure exists, the single-scale textures produce higher friction. In this
circumstance, the concept of multi-scale textures exhibits a higher tribological performance in

comparison with single scale textures.

Experimental work gives clear idea on the effect of multi-scale textured sliding contacts on the
tribological performance. Therefore, experimental tests were conducted on multi-scale textures
to determine the tribological performance. Multi-scaled textures are fabricated on low carbon
steel of AISI 1020 through Nd: YAG laser and tested using on pin-on-disc friction and wear

test rig. Chapter 5 describes the detailed explanation on the fabrication of multi-scale textures.
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Chapter 5

Fabrication of multi-scaled surface textures

using a nano-second Nd: YAG laser

Experimental work gives clear idea on the effect of multi-scale textured sliding contacts on the
tribological performance. Therefore, experiments were performed on the development of multi-
scale textures through laser surface texturing. A laser texturing method has been chosen to
fabricate textures due to its effectiveness and accuracy in producing textures of required size
and depth. Laser fabrication of textures depends on wavelength, pulse number and frequency.
Therefore, in this chapter, experimental tests were conducted on a surface to analyze the effect
of wavelength, pulse number and frequency on the produced texture size and depth. Moreover,

multi-scale textures were fabricated using appropriate laser parameters.

5.1 Materials
Based on the literature survey, low carbon steel of AISI 1020 type is selected as specimen
material. Specimen properties are shown in Table 5.1.

Table 5.1 Specimen material properties.

Material AIST 1020
Modulus of Elasticity 200 GPa
Yield strength 295 MPa
Poisson’s ratio 0.29
Hardness 126 VC

Average surface Roughness (R;) 0.21+0.09 um
Density (d) 7.87 glce
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The specimen surface is fine polished using 1000 and 2000 grit emery papers to minimize
roughness. They are further wet polished with alumina-water solution to make specimen free
from scratches, and then with 1 um diamond particle paste to obtain a mirror-like appearance.
After polishing, the average surface roughness, R, of untextured specimens is 0.21+£0.09 pm.
The surface roughness of pin specimens is measured using a surface roughness tester (Taylor
Hobson, Surtronic S-128) as depicted in Fig. 5.1. The measurements are done with a measuring

tip having a rounding radius of 2 pm.

Fig. 5.1 Surface Roughness Tester Surtronic S-100 (Taylor Hobson).

5.2 Method of texture fabrication

The laser texturing is done on AISI 1020 steel using Nd-YAG laser of Beam-tech, Nimma-400
series model. The laser equipment and its working can be seen in Fig. 5.2. The laser emitting
from the shutter of laser head is passed through right-angled triangular prism to propagate the
laser beam in perpendicular direction due to internal reflection. The optical mechanism of

internal reflection is shown in Fig 5.3.

Fig. 5.2. Laser equipment and working of laser.
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Fig. 5.3. Laser beam propagation due to internal reflection in prism.
The beam is then passed through convex lens and its specifications are shown in Table 5.2. By
the use of convex lens, the parallel laser beam is converted to converging beam as shown in
Fig. 5.4. The required texture size/beam size (R) can be obtained by adjusting the distance
between convex lens and specimen. The movement of specimen is controlled by using
motorized XYZ stage. The formula to find the specimen-lens distance (D) to get the required

laser beam size can be given in below equation (refer Appendix-A for the derivation):

R
D—F{I-E:| 6.1)

Here, F=Focal length of the lens and B=Actual laser beam size.

Table 5.2. Lens specifications.

Material BK7 or equivalent (Borosilicate Crown glass)
Lens shape Spherical
Diameter 25 mm

Clear Aperture > 90% of Diameter

Coating Coated (Single layer MgF2)
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Fig. 5.4. Schematic representation of beam convergence through convex lens.

The fabricated textures are wet polished with alumina-water solution to remove the deposited
material along the edge of the textures and then polished with 1 um diamond particle paste to
obtain a mirror-like appearance. The specimen is then cleaned using the ultra-sonic cleaner at
60 Hz frequency for 15 min in room temperature to remove the loose particles present within
the texture cavity. The ultra-sonic cleaner used for specimen cleaning is shown in Fig 5.5. After

polishing and cleaning, the average roughness (R,) of the specimen ranges between 0.3+0.07

pm.
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Fig. 5.5 Ultra-sonic cleaner (Aczet, CUB 2.5 model).
The size of the texture is visualized using a high-resolution scanning electron microscopy
(SEM) of Hitachi-4800 model (Tokyo, Japan) (refer Fig. 5.6) and the obtained SEM image of
1000 pm diameter dimpled surface along with smooth surface is shown in Fig. 5.7(a) and 5.7(b)

respectively.

Fig. 5.6. Scanning electron microscope.
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(a) (b)

Fig. 5.7. A SEM image of (a) smooth surface and (b) 1000 um dimple diameter with dimple
cross sectional area.
5.3 Results and discussion
In the previous sub-section, an approach to fabrication of textures through a pulsed Nd: YAG
laser is discussed. In this sub-section the effect of laser parameters like pulse number and

frequency on texture depth is studied at different wavelengths.

5.3.1 Effect of pulse number on texture depth

In the present analysis, the effect of texture depth vs pulse number for a dimple diameter of
1000 um at a constant laser fluence of 2.18 J/cm? and frequency of 5 Hz is shown in Fig. 5.8.
It can be seen in Fig. 5.8 that to produce texture depths till 50 um, relatively a lower pulse
number is required. This may be due to better splattering of the molten pool present inside
texture depth around the texture edges due to lower texture depths. To produce texture depths
of above 50 um, relatively higher pulse number is required. This can be due to the molten pool
present in larger texture depth does not carry easily above the texture edge. It can also be seen
from the Fig. 5.8 that higher texture depths are produced at lower wavelength of 532 nm. This
can be attributed to the better absorption of laser energy at 532 nm wavelength by the target

material as compared to 1064 nm wavelength.
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Fig. 5.8. The texture depth vs pulse number for the size of 1000 pm at constant laser fluence

of 2.18 J/cm? and frequency of 5 Hz.

5.3.2 Effect of frequency on texture depth

The effect of frequency on dimple depth for a dimple diameter of 1000 um size at constant laser
fluence of 2.18 J/cm? and pulse number of 50 is shown in Fig. 5.9. It can be seen in Fig. 5.9 that
for a wavelength of 532 nm, laser frequency of 1 Hz and 4 Hz produces texture depth of ~16
um and ~46 um respectively. It can be observed here that material ablation increased to ~3
times from frequency of 1 Hz to 4 Hz. This can be attributed to the fact that lower laser
frequency gives the target material enough time to transmit heat from the molten pool to
specimen base. This leads to decrease in temperature within the laser-texture interaction area

and making the melt to solidify and remain in the texture area.

However, for a same wavelength of 532 nm, laser frequency of 4 Hz and 10 Hz produces texture
depth of ~46 um and ~60 pm respectively. It can be observed here that material ablation
increased to ~1.3 times from frequency of 4 Hz to 10 Hz. This may be due to preservation of

melt temperature at higher frequencies due to lower pulse-pulse time period.
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Fig. 5.9. The dimple depth vs frequency for the dimple size of 1000 pm at constant laser

fluence of 2.18 J/cm? and pulse number of 50.
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5.4 Fabrication of Multi-scale textures
In the above subsection the effect of laser parameters on texture size and depth is
studied. In this sub-section multi-scale textures are the fabricated with the use of appropriate

laser parameters like laser fluence, pulse number, frequency and wavelength.

The rectangular pins of 10x4 mm surface is fine polished with the same process mentioned in
section 5.1. After polishing, the average surface roughness, R, of the untextured pin specimens
is 0.21£0.09 um. From the previous chapter, it is observed that multi-scale textural
configuration of elliptical shallow-triangular deep (ES-TD) exhibit better tribological
performance. Therefore, in the present analysis, the same configuration (ES-TD) and multi-
scale textural model proposed in the previous chapter is used. The multi-scale textural

configuration in the present work is shown in Fig 5.10.
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Fig. 5.10 Schematic diagram of multi-scale textural configuration used in the present analysis.

A similar procedure is followed for multi-scale textural fabrication as depicted in sub-section
5.2. However, to produce multi-scale textures of elliptical and triangular shapes, geometric
beam shapers are used and these are placed along the laser beam propagation to alter the laser
beam geometry from circular to the required shape. The geometric beam shapers used in the
present analysis for elliptical and triangular texture fabrication are shown in Fig 5.11. The
process of polishing and ultrasonic cleaning of textured pin specimen is similar to that of
mentioned in section 5.2. The roughness of the textured surface after polishing and cleaning are
0.3+0.07 pm.
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Fig. 5.11 Geometric beam shapers.

By using this method, multi-scale textures of different area densities and texture depths are
fabricated. Multi-scale textural pin specimens of different area densities of 0.0 (Untextured),

0.1, 0.2, and 0.3 are showanlg 5.12.
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(d)
Fig. 5.12 Area densities of multi-scale textural configuration (a) Ad=0.0 (Untextured pin
specimen) (b) Ad=0.1 (c) Ad=0.2 and (d) Ad=0.3.

The area density of 0.3 is chosen as maximum because area density of above 0.3 leads to
overlapping of textures. The required texture sizes for elliptical and triangular textures are

1009.3 um and 215.1 pum respectively for an area density of 0.1, 1427.1 um and 303.9 um
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respectively for area density of 0.2, and 1747.7 um and 372.2 um respectively for area density
of 0.3. Textures of each pin specimen are produced with constant frequency, wavelength, laser
fluence and pulse number. Moreover, the horizontal movement of pin specimen is produced
through motorized XYZ stage. Hence the sizes of each texture, and texture distribution are
consistent throughout the experiment. The size and depth of textures is visualized through

optical microscope of Huvitz make, HRM-300 model which is shown in Fig 5.13.

Fig 5.13 Optical microscope (Huvitz make, HRM-300 model, HR3-RF-P type).

The elliptical and triangular texture images of an area density 0.2 is shown in Fig. 5.14. The
average sizes of elliptical and triangular texture shapes for different area densities obtained

through laser texturing is depicted in Table. 5.3.
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Fig 5.14 (a) triangular and (b) elliptical textures of area density 0.2 and texture depth 5 pm

visualized through optical microscope.
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Table 5.3 Laser fabricated texture sizes.

Area density | Elliptical texture size (wm) | Triangular texture size (um)

0.1 1009+4 213+5
0.2 1429+5 304+4
0.3 1747+5 37243

5.5 Summary

In this chapter, circular shaped surface textures have been developed on the specimen surface
through an Nd: YAG laser. The effect of pulse number on dimple depth of 1000 um diameter
at different wavelengths of 532 nm and 1064 nm, and constant laser fluence and frequency of
2.18 J/em? and 5 Hz respectively is studied. Moreover, the effect of frequency on dimple depth
is studied at a constant laser fluence and pulse number of 2.18 J/cm? and 50 respectively at
different wavelengths of 532 nm and 1064 nm. The multi-scale textures (elliptical and triangular
shapes of different sizes) are also fabricated. Multi-scale textural configuration ES (1x1)-TD
(4x5), of different textural area density and depth are developed on pin specimens by laser
ablation method. Laser surface texturing does not affect environment, produced textures in less
time period and has high efficiency compared to any other texturing processes. It is found that,
texture depths increase with increase in frequency. However, significant change in texture
depths can be observed at smaller frequencies. Target material has better laser energy
absorption at wavelength of 532 nm. Moreover, multi-scale textures are successfully fabricated
on pin specimens. In the chapter 6, the experimental analysis of textured surfaces on tribological

performance parameters such as friction and wear are discussed.
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Chapter 6

Impact of multi-scaled surface textures on tribological performance

of parallel sliding contact under lubricated conditions

The previous chapter discussed about the Nd: YAG laser fabrication of dimples at constant laser
fluence and varying pulse number, frequency and wavelengths. The fabrication of multi-scale
textures using appropriate laser parameters are also discussed. Therefore, the present chapter
reports the effect of multi-scale textural area density and depth on tribological parameters like

frictional coefficient and wear rate through a Pin-on-disc test rig.

6.1 Experimental conditions

Uni-directional sliding tests were executed on the pin-on-disc test rig (Magnum make) under
fully flooded lubricated environment. The pin-on-disc test rig used in the present analysis is
shown in Fig 6.1. The counter-part material to the pin specimen was high carbon steel (AISI
52100) disc. The method of polishing of the disc is similar to that of a pin specimen which has
been explained in the Section 5.1. After polishing, the average surface roughness, R, of the disc
15 0.28+0.08 um. The disc material properties are shown in Table 6.1.

Table 6.1 Disc material properties.

Material Disc

Type AISI 52100
Modulus of Elasticity 215 GPa
Yield strength 450 MPa
Poisson’s ratio 0.28
Hardness 848 VC
Average surface Roughness (R;) 0.284+0.08 um
Density (d) 7.81 glce
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Fig. 6.1(a) Pin-on-disc test rig (Magnum make, TE-165-LE model) and (b) Schematic of Pin-

on-disc test rig.

Commercially available SAE 15W-40 oil is supplied as a lubricant between the specimen-disc
contact zone since this produces less sludge (Babu et al., 2020). The required viscosity of
lubricant to supply between the contact pair is 0.01 Pa.s. However, the lubricant viscosity at
ambient temperature is 0.15 Pa.s. Hence, the viscosity is measured at different temperatures
using a redwood viscometer, and the viscosity variation with temperature are shown in Table.

6.2. The specimen-disc contact environment was heated using an induction heater to maintain
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the contact temperature around 95°C during the test to obtain viscosity of 0.01 Pa.s. A

thermocouple was attached 4 mm above the contact pair to measure the temperature.

Table 6.2 Viscosity of SAE15W-40 lubricant at different temperatures.
Temperature (°C) 30 95
Absolute viscosity (Pa. s) 0.15 0.01

The apparent contact pressure within the specimen-disc contact zone is changed from 1.25 MPa
to 10 MPa, by altering the applied normal load from 50N to 400 N. Each specimen is tested for
a sliding distance of 1000 m at 2 m/s speed. The experimental conditions are shown in Table
6.3. The lubricant is flowed at 12 drops/min to maintain fully flooded conditions (Venkateswara
etal., 2019).

Table 6.3 Experimental conditions.

Test parameter Value Unit
Normal load (L~) 50-400 N
Speed 2 m/s
Track radius 63 mm
Lubricant SAEISW-40 -
Sliding distance (Ss) 1000 m

6.2 Friction and wear calculations

The test rig gives the data of instantaneous friction force values at a discrete-time gap of 0.1s
for the whole test duration. The instantaneous friction force data considered for the calculation
of average friction force is after 60 seconds because the period of 0 — 60 seconds are considered
as running-in time period. The average friction force (Faug) is calculated by dividing the
summation of instantaneous friction force data with sliding distance (Sq¢). This calculated
average friction force is used to determine the frictional coefficient using the Eq. (6.1). The
wear rate is calculated from the Eq. (6.2) in which weight loss of the specimen (AW) is obtained
as the difference between initial weight (W}) before conducting the test to final weight (W,)
after the test. . The specimens were cleaned with acetone in ultrasonic cleaner to remove all the
wear debris present within the textures of specimen surface and the final weight (W,) is
calculated. The W) and W, were obtained through weighing machine which has an accuracy of

+0.0001 g. Each sliding test is conducted three times.
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F
Frictional coefficient =% (6.1)
N

The average wear rate was calculated as follows

Wear rate = (6.2)

dXSd

AW =W, W, (6.3)
Here, Fag 1s the average frictional force, Ly is the applied normal load, W} is the initial weight
of the specimen, W, is the final weight of the specimen, AW is the weight loss of the specimen

due to wear, d is density of the specimen and Sy is the sliding distance.

6.3 Results and discussion

The rectangular AISI 1020 low carbon steel specimens of 10x4 mm? surface area is textured
through Nd: YAG laser. Then, the specimens are polished to remove edge deposits. The
tribological tests are conducted through pin-on-disc test rig under lubricated conditions at a
constant speed of 2 m/s and at different loads. The area density and texture depth effect on

frictional coefficient and wear rate are described in the below sub-sections.

6.3.1 Effect of area density on frictional coefficient and wear rate

In this sub-section, the effect of area density on frictional coefficient and wear rate of multi-
scale textural specimens are studied at a texture depth of 5 pm, and a sliding speed of 2 m/s at
different loads in between 50 N and 400 N. The effect of load on frictional coefficient and wear

rate at different area densities is shown in Fig 6.2.

It can be observed from Fig. 6.2 that frictional coefficient and wear rate of untextured specimen
increases with load. This is due to increased resistance of the specimen movement against the
disc with load increment. By introducing textures on the specimen, a large reduction in
frictional coefficient is observed (refer Fig.6.2 (a)). This is because, textures act as Rayleigh
step bearing thereby producing film pressure and lubricant viscosity contributes the most to the
frictional coefficient. At higher loads of 200 and 400 N, more asperity interlocking takes place

and increases the frictional coefficient.

Among the textured specimens, higher texture area density produces a reduced frictional
coefficient under considered loads. This can be due to the fact that higher area density textural
specimens contain larger wedges, and generates higher film pressure. Moreover, at higher

loading conditions, the larger area density textures can act as better lubricant reservoir and
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transfers the lubricant into contact zone thereby reduces the frictional coefficient. The frictional
coefficient decreased from 0.108 to 0.041 with the increase in area density from 0 (untextured)
to 0.3 at a contact load of 50 N. Moreover, at higher load of 400 N, a reduced frictional
coefficient is observed from 0.115 to 0.094 with the increase in area density from 0 (untextured)

to 0.3.

The area density effect with load on wear rate is depicted in Fig. 6.2(b). It can be observed that
lower wear rate is produced at lower load of 50 N. This is because of lower and narrower wear
scars (refer Fig. 6.3(a)) as compared to higher load (refer Fig. 6.3(b)). Moreover, at lower load
of 50 N, no/insignificant wear debris is observed inside the textures as compared to higher
loads. This is due to lower asperity-asperity interlocking thereby producing lower wear scars
and debris. A higher portion of asperity- asperity interlocks within the contact zone may wear
off at higher load 0f 400 N (refer Fig 6.3(b)) due to which higher wear rate is observed as shown
in Fig 6.2(b).

At lower loads, higher area density specimens exhibit a lower wear rate. This phenomenon is
because of lower ploughing action between contact pair thereby producing lower scars (refer to
Fig. 6.3(a)) and the similar kind of result is observed at higher load. This may be because of
better accumulation of wear debris in higher area density textures, thereby minimizing third
body abrasion. The accumulation of wear debris in textured specimens at higher loads of 400
N is shown in Fig 6.3(b). The wear rate decreased from 1.05 x10* mm?/m to 0.0635x10*
mm?>/m with the change in area density from 0 (untextured) to 0.3 at a contact load of 50 N.
Furthermore, at the higher load of 400 N, the wear rate decreased from 8.51x10™* mm*/m to

3.05x10* mm?3/m with the area density from 0 (untextured) to 0.3.
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Fig. 6.2 Effect of area density on tribological properties (a) Frictional coefficient and (b) wear
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Fig. 6.3. Worn images of specimens at low and high loads of (a) 50 N and (b) 400 N of area

density of (i) A4d= 0.0 (un-textured), (ii) 4d=0.1, (i) 4d=0.2, and (iii) 4d=0.3.
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6.3.2 Effect of texture depth on frictional coefficient and wear rate

The previous analysis depicts that an area density of 0.3 produced better tribological properties.
Therefore, the frictional coefficient and wear rate are analyzed in this sub-section at an area
density of 0.3 with different texture depths of 5, 10, and 15 pm. The texture depth is increased
with a step of 5 um. The consistency of texture depths are checked using optical microscope
and has been observed in the range of 5£0.6 um, 10+£0.7 pm and of 15+0.9 um respectively.
The individual 3D images of different depths of multi-scaled textures and corresponding depth

profiles scanned through optical microscope are shown in Fig 6.4.

The texture depth effect on frictional coefficient and wear rate of multi-scaled textures at a
constant speed of 2 m/s are shown in Fig 6.5. It can be observed from Fig. 6.5 that frictional
coefficient and wear rate increase with load at any considered texture depth. At the lower load
of 50 N, the texture depth of 5 um produced a lower frictional coefficient and wear rate (refer
Fig. 6.5). This may be because of higher hydrodynamic effect at 5 um texture depth in
comparison with other texture depths. However, at higher loads of 200 N and 400 N, the texture
depth of 10 um produced reduced frictional coefficient and wear rate. This can be due to the
synergic effect of texture depth of 10 um producing adequate hydrodynamic pressures, contains

enough lubricant to supply within the contact zone and effectively store large volume of wear

debris.

Further increase in texture depth to 15 pm leads to increased frictional coefficient and wear rate
at all considered loads, as shown in Fig 6.5. This can be attributed to the fluid cavitation, and
recirculation effect leading to fluid backflow in multi-scaled textures thereby lubricant not
producing enough film pressures to support the applied normal load. The frictional coefficient
and wear rate decreased from 0.075 to 0.061 and 0.51x10* mm®*/m to 0.38x10* mm?®/m
respectively with the increase in texture depth from 5 um to 10 um at a contact load of 200 N.
Moreover, there is decrease in frictional coefficient and wear rate from 0.094 to 0.075 and
3.02x10™* mm>*/m to 1.53x10* mm?>/m respectively with the increase in texture depth from 5

um to 10 um at a contact load of 400 N.
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6.3.3 Comparison of experimental results with numerical results

Experiment frictional coefficient results at an area density of 0.3 and texture depth of 5 um are
compared with previously obtained numerical results in Chapter 4. The frictional coefficient
and wear rate are analyzed at a sliding speed of 2 m/s at different loads. The comparison of the
experimental frictional coefficient with the numerical frictional coefficient is shown in Fig 6.6.
Appropriate load is applied on a 10 mm*4 mm specimen such that the apparent pressure in both
numerical and experimental cases remain the same. It can be observed from Fig. 6.6 that
experimental results follow same trend with numerical results. However numerical results over
predict the experimental results. This is because numerical analysis include assumptions like
the fluid is Newtonian, iso-viscous (i.e., viscosity does not vary with pressure), negligible fluid
inertia and slip effects. Moreover, the numerical analysis is performed at steady-state
conditions, which is unreal and can’t be adopted in the case of test conditions. The experimental
results may include ambient errors like sudden change in humidity and slight differences in the
required texture size and depth. These may be the reasons for the deviation of results between
experimental and numerical. There is decrement of 2.75 % (minimum) and 5.1% (maximum)
in experimental frictional coefficient as compared to numerical results for loads of 50 and 400

N respectively.
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6.3.4 Summary

In this chapter, an experimental study was carried out in order to understand the effect of multi-
scale textures surfaces on the tribological performance of parallel sliding contact. After the
fabrication of surface textures, the experimental analysis of textured surfaces on tribological
performance parameters are discussed. The effect of area density on the frictional coefficient
and wear rate is analyzed through a pin-on-disc test rig under fully lubricated conditions.
Moreover, Multi-scale textures (elliptical shallow-triangular deep (ES-TD)) of different texture
depths (5 wm, 10 um, and 15 pm) are produced. The effect of texture depth on the frictional
coefficient and wear rate is also studied. The experiments were performed at a constant sliding
speed of 2 m/s and loads in the range of 50-400 N. The results depict that in most loading
conditions, the area density of 0.3 and the texture depth of 10 pm exhibit better tribological
properties. Moreover, the obtained experimental results are in-line with numerical results. The

overall conclusion of the study and scope for the future work is reported in Chapter 7.

85



Chapter 7

Conclusions and future scope

The present dissertation focused on the tribological performance of single-scale and multi-scale
textured parallel sliding contacts under mixed lubrication regime using mass conservative
cavitation condition. In this context, a numerical model was developed to investigate the effects
of textural parameters like area density, texture depth, surface roughness, texture number, area
density, applied load and sliding velocity on tribological performance of sliding contact. In
modelling, hydrodynamic pressures were calculated using the modified Reynolds equation
(Patir and Cheng flow model) as well as asperity contact pressures using the Greenwood and
Tripp model. The tribological parameters like minimum film thickness, hydrodynamic load
percentage, and frictional coefficient was investigated. Different multi-scale textural
configurations like Elliptical shallow- Elliptical deep (ES-ED), Elliptical shallow- Triangular
deep (ES-TD) Triangular shallow- Triangular deep (TS-TD) and Triangular shallow- Elliptical
deep (TS-ED) are optimised for better tribological performance. The optimised multiscale
configuration was fabricated at different area densities and texture depths through an Nd: YAG
laser. The effect of area density and texture depth on the frictional coefficient and wear rate was
analysed under fully lubricated conditions. The experimental tests were also compared with

previously obtained numerical results.

7.1 Conclusions
From the numerical and experimental studies performed, the conclusions of the present work

can be summarized as follows:

* For single-scaled textures, area density of 0.2 to 0.3, texture depth of 2-6 um and,
combined average surface roughness of ¢<0.9 um produced better tribological
performance.

* A single-scaled elliptical texture of an area density of 0.2, texture depth of 3 um, surface
roughness of 0.63 um at a velocity of 8 m/s exhibit 268% higher film thickness and 74%

lower frictional coefficient as compared to the un-textured surface.
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*  Multi-scaled textures of same height with different diameter produced better tribological
performance as compared to multi-scaled textures of same diameter with different heights

*  Multi-scaled elliptical shallow-triangular deep (ES-TD) configuration (shallow textures
aspect ratio 0.0033 and deep textures aspect ratio 0.014) produce better tribological
performance as compared to single scale elliptical textured surfaces (aspect ratio of 0.001)
at all considered loads.

* For an area density of 0.3, considered lower load of 10 N (apparent contact pressure of
1.78 MPa) and velocity of 8 m/s, multi-scaled elliptical shallow-triangular deep
configuration depicts 4.9 % lower frictional coefficient as compared to single-scaled
elliptical texture. Moreover, for same area density and velocity, as load changed from 10
N to 80 N (apparent contact pressure of 14.28 MPa), 17.8 % reduction in frictional
coefficient was observed as compared to single-scaled textures.

* Fluid couple stress parameter has positive effect on both single and multi-scaled textured
parallel sliding contact.

* The multi-scale textural configuration is fabricated through an Nd: YAG laser. Laser
frequency was found to be most influential parameter for texture depth than pulse number
and wavelength.

» It has been observed from the experimental results that texture depth of 5 um and 10 um
exhibit better tribological performance under lower load and higher load conditions
respectively.

* A frictional coefficient reduction of 89.3% and wear rate reduction of 93.8% were
obtained for multi-scaled textured surface of area density 0.3 and texture depth of 5 um in
comparison with un-textured surface at a lower load of 50 N (apparent contact pressure of
1.78 MPa).

* At a higher load 400 N (apparent contact pressure of 14.28 MPa), frictional coefficient
and wear rate reduced to 37.2% and 80.8% respectively for multi-scaled textured surface
of area density of 0.3, texture depth of 10 pm as compared to untextured surface.

» The experimental results are in line with the numerical results of multi-scale textures. The
minimum and maximum deviation between the experimental and numerical results are 3.2

% and 5.5 % respectively.
7.2 Future scope

Based on the conclusion drawn in this chapter, following recommendations have been
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made for future work

* The lubricant viscosity variation with pressure and temperature and its effect on
hydrodynamic pressure and viscous friction can be studied.

* The tribological performance of parallel sliding contacts considering transient film
thickness condition can be investigated.

» Tribological performance of geometrical patterns of mixing the two textures and variations
of the land areas of multi-scale textures should be analysed.

* Analysis should be done on the residual stress developed due to laser strike and its effect

on the tribological performance.
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Appendix A
The parallel rays emitting from a source is converged at focal point through as shown in

Fig.5.15.
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Fig. 5.15. Schematic representation of parallel rays’ beam convergence through convex lens

By considering ~ cod is similar to ~ aob

co/cd = ao/ ab
(ao-ac)/cd = ao/ ab

FD _ F
(R12)  (B/2)
Fp=2RE
B
D= F{I-E}
B
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