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Abstract

Over the past decades, surface texturing has shown to be an emerging technique to

control the friction and wear. It consists of fabricating a pattern of small dimples or

grooves on the surface of the materials in a very controllable way, which causes the

change in the surface topography. Lasers with their excellent beam quality promised

noticeable advantages and improvements in high precision and material processing

at the microscale. In order to control the friction, it is important to understand the

mechanisms which occur during the conformal or non-conformal contact in dry and

lubricated conditions.

In the present thesis, I am dealing with laser surface texturing to improve the tri-

bological properties of the technological steels. I have fabricated the pad based

on a design developed previously to my thesis, it consists of an anisotropic and

non-uniform texture to maximize the thrust load of a square pad prototype. The

experimental results, showed that the non-uniform micro-texture largely affects the

friction characteristics of the contact. In particular, in agreement with the BTH

predictions, the tribo-system shows friction properties that are strongly sensitive

to the direction of the sliding speed, as a consequence of the micro-fluid dynamics

which are designed to occur only in a specific sliding direction. Results suggest

that the joint action of virtual prototyping (BTH lubrication theory) and ultrafast

laser micro-prototyping can lead to unconventional and impressive results in terms of

enhanced or tailored contact mechanics properties of the generic lubricated tribopair.

I have also investigated the effects of the micro surface texturing in the lubricated

non-conformal point contacts. In this investigation, I have focused on a regime

poorly investigated in literature, where the contact area and the micro-holes have
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a comparable size. In particular, I found that, depending on the void ratio, a

significant friction reduction or, on the contrary, a deterioration of the frictional

performances can affect the boundary and mixed lubrication regimes. This was due

to the simultaneous occurrence of two competing effects. One was related to the

stress intensification, due to the presence of the micro-hole edges on the contact

topography, which leads to a consequent increase in wear and friction. On the other

hand, micro-texture may play a positive role in the friction optimization given the

possibility, offered by the micro-holes, to entrap wear debris and, then, to preserve

a smoother interface between the contacting pairs.

Investigation of the wettability and spreading behavior of the lubricant on laser tex-

tured surfaces helps to understand more about its tribological performance. The

tribological behavior of different textured surfaces have been studied using mineral

oil as lubricant. Results show that textured surfaces have friction reduction un-

der different lubrication regimes as compared to un-textured surfaces. Furthermore,

static contact angle and spreading were evaluated with water, mineral oil and pure

glycerol. Every considered texture showed a slight reduction of contact angle for the

three liquids, compared with the polished surface. Mineral oil exhibited a more per-

sistent spreading over the un-textured and textured surfaces, and more consistency

in friction reduction. Mineral oil shows compatibility for low and high dynamic

velocities in the case of textured and un-textured samples, whereas, glycerol is ben-

eficial at specific velocities.
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Chapter 1

Introduction

Friction has a key role in several applications in our daily lives. In some applications,

high friction is desirable, as in tires, brakes, clutches, and frictional power transmis-

sion systems. In other applications, the friction is required to be minimized, in order

to improve energy efficiency, component durability, and overall system reliability. In

all the above-mentioned cases, understanding the complex mechanisms involved in

friction, and the means to control/regulate it, is necessary. Various approaches have

been classically employed in order to control friction, some of which are the adoption

of a lubrication technique, or the surface functionalization (e.g., through coating) of

the tribo-pair.

Surface texturing has shown significant promise over the past decade as one of the

surface engineering methods to modify friction performance. There are different

techniques to texture the surface but Laser Surface texturing (LST) is probably

the most advanced so far. In particular, LST provides an excellent control of the

micro-structures by simply controlling the laser parameters, together with the short

processing times due to the availability of high speed scanning systems and high

frequency lasers. Topography of the surfaces plays important role in influencing the

tribological properties of the materials and, in particular, the friction behavior of

the two-rubbing surfaces during conformal and non-conformal contacts. It has long

been known that micrometer-scale surface irregularities affect the load capacity of

1
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parallel sliding surfaces [26], however only recently have such textures been engi-

neered to improve friction performance of mechanical parts [27, 28]. The coefficient

of friction can be controlled but it depends upon the microgeometry of the textured

surface.

In this research work, I have focused on laser micro surface texturing of techno-

logical steels, with an objective to design and fabricate the geometrical patterns

for improving the tribological properties of the mechanical components for e.g. life

time, friction reduction, etc. Uniform and Non-uniform geometrical patterns are

fabricated by using Ultra-Short Pulsed Direct Laser Writing, and later character-

ized for conformal and non-conformal contacts under dry and lubricated conditions.

In chapter I, I have presented the details about the light- matter interaction with

different laser sources, and it also explains the mechanism behind the laser abla-

tion of metals. Further, analytical and experimental studies allowed to optimize the

laser surface texturing parameters. In chapter II, I have investigated the tribological

methods to improve service life, safety and reliability of interacting machine com-

ponents. The advent of new techniques to measure topography, adhesion, friction,

wear, lubricant film thickness, and mechanical properties, all micro- to nanometer

scales, lead to the development of the respective sub-fields of the tribology, separated

by different approaches and laws that govern and explain the interfacial phenomena.

In chapter III, I have introduced the materials that were investigated, the laser

equipment and surface analysis instruments used. The femtosecond laser machining

is described in terms of its setup and operational parameters. The modes of op-

eration of the laser and of obtaining the laser pulses are described. Description of

the setups and procedures used to carry out the various fabrications and character-

ization studies is presented in this chapter. In chapter IV, the tribological results

from the textured surfaces due to different geometrical patterns were investigated.

In this context, I have investigated different geometrical patterns for conformal and

non-conformal contacts. Different experimental techniques were used to study the

tribological effects on the laser textured surfaces on technological steel. In partic-

ular, the Bruggeman Texture Hydrodynamics theory (BTH) was employed for the

design of the anisotropic and non-uniform texture maximizing the thrust load of
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the pad prototype or micro surface texturing in the lubricated non-conformal point

contacts by designing different geometrical patterns.





Chapter 2

LASER MICROMACHINING

Over the recent years, the laser technology and its potential have been exciting

laser manufacturers as well as researchers and industrial users. Lasers with their

excellent beam quality promised noticeable advantages and improvements in high

precision and material processing at the microscale. The world of laser machining

production is divided into micro- and macro- machining. This classification is not

based on the size of the work piece but rather the fineness of the impact caused by

the laser tool. The lasers system used for micromachining employ normally pulsed

beams with an average power below 1kW , while those used for macro machining use

generally continuous-wave (CW) laser beams ranging up to several kW. The field

of micro-machining includes manufacturing methods like drilling, cutting, welding

as well as ablation and material surface texturing, whereby it is possible to achieve

very fine surface structures ranging in the micrometer domain. Surface texturing

has shown significant promise over the past decades as one of the surface engineering

methods to modify tribological behavior or friction performance.

Various machining methods have been employed to create micro-texturing on the

surface of different materials. In 1966, Hamilton et al. [26] proposed the idea of hav-

ing micro asperities acting as hydrodynamic bearings in parallel sliding applications

such as rotary shaft face seals. Anno et al. [29] verified that higher load carrying ca-

pacities were achieved when only one of the parallel surfaces of the rotary shaft face

seals had micro-asperities in the form of cylinders. Willis [30] used surface texturing

5
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Figure 2.1: Piston Texture [1]

in cylinder bores of a combustion engine. Schneider [31] developed the vibro-rolling

method to create shallow channels using a hard indenter that vibrates as it translates

across the workpiece. Suh et al.[32] used chemical etching and abrasive machining

to create modulated or undulated patterns that act as traps for oxide wear debris,

and Willis [30] used honing to generate micro-grooves for the cylinder bores of in-

ternal combustion engines. The micro-grooves improve the lubrication between the

cylinder walls and the piston ring. Reactive ion etching (RIE) was used by Wang et

al.[33, 34, 35] to explore the influence of micro dimples on the silicon carbide surface

sliding in water. Large circular dimples and small square depressions were fabricated

using Reactive Ion Etching, where high energy chemical plasma was directed at the

part causing surface material removal. Peterson and Jacobson [36] used a standard

photolithographic technique, with Potassium Hydroxide as anisotropic etchant, to

create runners and square depressions of 5µm in depth on silicon wafers. Wukada et.

al. [37] employed abrasive jet machining (AJM), where the surface was bombarded

with high velocity fine abrasive particles that cause the physical removal of material.

Excimer laser beam machining (LBM) was also used by the same group. These two

fabrication methods result in different profile shapes, circular and angular from AJM

and LBM respectively, though the effect of the texture shape is found to be insignif-

icant. The vibro-mechanical texturing (VMT) technique was developed by Greco

et al. [38], and this technique is based on the conventional turning operation with

a fast tool servo that is used to oscillate the cutting tool. This oscillating motion

creates holes when the cutting tool contacts the work piece.
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Figure 2.2: Partial surface texturing of a stator (a) in contact with plain rotor
(b) [2]

Etsion et al.[2, 27, 28, 39, 40] and Yu et al. [41] used laser surface texturing on

mechanical face seal rings. The results showed significant reduction in frictional

losses. The effect of the surface texturing on the friction losses by the cylinder liner-

piston ring system, which was estimated at 30% of the total engine friction [1], was

addressed in [42, 43, 44, 45]. Baumgart et. al.[46] used a laser surface texturing

technique to create discrete round dome-like protrusions on the inner diameter of

the hard disk to reduce the stiction at the start up. Laser surface texturing (LST)

has been widely used for over 20 years in different applications [47]. Laser surface

texturing has many advantages over the previously mentioned texturing fabrication

methods since it is very fast, environmentally clean, precise, and maskless. In addi-

tion, a variety of sizes can be created, and it can be used with most material types.

Surface structural modification can be achieved through the application of different

techniques, including vibro-rolling, reactive ion etching, and laser surface texturing.

However, the laser surface texturing seems to offer most promising concepts so far.

This chapter reviews about the light-matter interaction with different laser sources,

and it also explains the mechanism behind the laser ablation of metals. Further,

analytical and experimental studies allowed to optimize the laser surface texturing

parameters.
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2.1 Laser Material Processing

2.1.1 Light Matter Interaction (fs-ps & ns pulses)

When the laser radiation is incident on a material most of the photons get absorbed

by the electrons present in the outermost shell of the atoms in the upper layers of

the material (called the skin layer). The thickness of the skin layer, also called the

optical penetration depth (δ), is 2/α, where α is the absorption coefficient of the

material for the particular wavelength. Higher absorption coefficient implies smaller

skin depth, which means that the incident radiation is absorbed in a thinner region

under the surface being irradiated, leading to higher surface temperatures [48]. The

optical penetration depth for a metal is of the order of 10nm. When photons are

incident on the surface of a material, they couple with electrons, specially in the va-

lence band of the molecule. The electrons, as a result, get excited from their ground

state to the excited state. The time it takes for the photons to get absorbed is

called the photon absorption (Ta) is of the order of 1fs. It should be noted that not

all electrons transition to the same excited state. The electron transition happens

to both the electronic and vibrational excited states, depending on the Boltzmann

distribution of the electrons in the ground state.

In general, for laser material processing, two different laser pulse duration regimes

are used: long pulse duration, such as nanosecond pulse duration, which generates

quite a significant heat-affected zone in the material because “the pulse duration is

longer than the thermalisation time of most metals” [4]. Long pulses applied with

sufficient intensities (I > 1010Wcm–2) lead to the formation of laser-induced plasma,

significantly reducing the amount of radiation that contributes to interaction with

the solid-state material. In contrast, ultrashort laser pulses are not shielded by the

plasma, and interact directly with the material surface, due to the negligible spa-

tial expansion of the plasma during the extremely short time interval. Short pulse

duration (picosecond laser) and ultra-short pulse duration (femtosecond laser) yield

better results, suited to the production of high-precision micro- and nanomachining.

The high potential for ultrashort pulse laser micromachining arises from the fact
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that heat diffusion can be minimized and the interaction process is mainly deter-

mined by the optical penetration depth. In the regime of low laser fluence, high

precision processing is thus possible with negligible heat affected zones and practi-

cally no burr formation. Moreover, the laser fluence threshold is much lower than for

longer pulses due to the reduced thermal losses. Therefore, lower pulse energies can

be used for processing, resulting in significantly reduced mechanical damage around

the processed area.

Laser micromachining using ultrashort pulses is often called “cold ablation”. It ex-

presses that the area surrounding the ablation crater largely remains cold during the

ablation process. The descriptive explanation is that the light is absorbed by the

electrons and the energy is slowly transferred to the lattice. If the pulse duration is

much shorter than the transfer process, no heat conduction in the lattice can occur

within the time scale of the laser pulse and the surrounding area remains “cold”.

It is worth mentioning that during the interaction of an ultra-short laser pulse with

materials, heat conduction is limited [49]. As a result of this, the material will be

ablated within a spatial or well-defined area with minimised mechanical and thermal

damage of the ablated area on the target. In contrast, longer (nanosecond) pulse du-

ration irradiation on the materials leads to continuously heating the target material.

The laser pulse energy will then be spread by heat conduction to an area outside

the laser spot size, causing the irradiated target to boil and evaporate. Boiling and

evaporation of the target material leads to the production of an uncontrollable melt

layer [50]. In the case of nanosecond laser pulse duration, this problem may cause

imprecise machining.

After laser-material interaction with short pulses and low intensity, due to the in-

verse Bremsstrahlung, the laser beam energy will be absorbed by free electrons from

the material followed by thermalisation within the electrons, and energy transfer to

the lattice. Finally, energy will be lost due to electron heat transfer to the target

material. The energy transfer from the laser beam to the target material can be

described using 1D and 2D diffusion models when this is considered rapid thermal-

isation in the electron subsystem and if both lattice and electron subsystems are
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characterised by their temperatures (Ti lattice temperature and Te electron tem-

perature) [50]. In nanosecond laser, it was shown that the laser pulse duration has

an effect on both the material ablation thresholds and penetration depths. Long

pulse duration or increasing laser pulse duration increases the threshold fluence and

decreases the effective energy penetration depth [51]. Low-intensity long laser pulse

interaction with a target material firstly heats the surface of the target due to the

absorbed energy, which leads to melting and vaporisation. It should be noted that

vaporisation of the target requires much more energy than melting.

2.1.2 Laser Surface Texturing

Laser Surface Texturing consists of creating an array of high-density micro-dimples

on a metal surface by laser ablation. If properly designed, the macroscopic effect of

such a micro structure is an enhancement of the load capacity, wear resistance, and

friction properties of the laser-treated surface. The study of mechanisms leading to

femtosecond laser ablation of materials has long been a subject of interest for re-

searchers. The need for such studies arises for contact-less and accurate machining

control and less undesirable effects generated from the heat based material removal

processes. Laser machining has gained popularity because of its applicability with

all kinds of materials with little constraint on material properties. Machining depth

control at the lengths scale of ten nanometers is possible with ultraviolet and ultra-

fast lasers. Many of the parameters of laser surface texturing must be optimized in

order to get high quality, precise micro-craters. The resolution, for instance, depends

on the wavelength of the laser source, whereas the ablation rate is based on energy

density, and the depth of the craters is controlled by the number and duration of

the pulses [52].

It is well known that metals are very problematic materials for micro-structuring

with lasers owing to their high thermal conductivities and low melting temperatures.

With conventional laser systems delivering pulses longer than 1 ns, the ablation of

metals is always accompanied by the formation of large heat-affected zones and a

throw out of the molten material. This limits the achievable precision and the qual-

ity of the produced structures. A significant improvement in this field has become
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possible owing to ultrashort-pulse lasers. The main features of femtosecond-pulse

laser ablation are (i) very rapid energy deposition and creation of vapor and plasma

phases, (ii) absence of the molten material, and (iii) negligible heat-affected zones.

As a result, high-aspect-ratio/high-density structures of micro-holes can be success-

fully fabricated over steel and copper, where fast energy deposition and negligible

heated zones are guaranteed at such laser material interaction timescales. Therefore,

no burrs create on the edges of the micro-dimples, which could be detrimental to

the desired tribological behavior, and no further polishing of the surfaces is required

after LST. Furthermore, femtosecond laser ablation allows finely control the depth

and the geometry of the dimples with micrometer precision. It has long been known

that micrometer-scale surface irregularities affect the load capacity of parallel sliding

surfaces [26], however only recently have such textures been engineered to improve

friction performance of mechanical parts [27, 28]. We have found that depending on

the microgeometry of the surface texture, the coefficient of friction under lubrication

regime can be accurately controlled. In particular, when the texture consists of a

square lattice of circular micro-dimples, the friction values are strongly reduced [53].

The experiments further revealed that an optimal void density and a depth value

(depending on the dimple diameter) exist which minimize friction at the interface.

Up to 85% of friction reduction has been demonstrated in a wide range from the

boundary to the hydrodynamic regime [54]. It was also found that an elliptical tex-

ture allows adjusting the friction coefficient by changing its orientation with respect

to the sliding direction [55]. Vladescu and Reddyhoff have gained an insight into the

interactions between laser-textured surface pockets and friction and wear behaviour

of an automotive piston-liner pairing. They found a significant improvement in the

relative performance of the textured specimens, showing reductions in friction of up

to 70%, compared with the non-texture case [104].

2.2 Mechanism of laser ablation of metals

Metals differ from dielectrics and semiconductors by a high density of quasi- free

electrons (“electron gas”) that causes their comparably high values of electrical and
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thermal conductivity and determines their optical properties, i.e. the interaction

with light. At the high intensity levels that can be achieved with ultrashort laser

pulses multiphoton absorption followed by impact ionization produces such an elec-

tron gas even in dielectrics and semiconductors, making them “metallic” [56, 57].

When the incident radiation is below the threshold for dielectric breakdown (and

plasma formation, 1013W/cm2 [58], the material is pushed into a metastable state

due to sudden heating. At low fluences, and for pulses with durations greater than

100 ns, vaporization has been stated to be observed [59]. The recoil pressure due to

the expanding vapor is responsible for the melt ejection (material removal) in this

case. The action of recoil pressure leaves behind a surface with poor quality. It is

important to note that melting, and redistribution of melt towards the boundaries

of the irradiated region has been observed even in femtosecond laser irradiation of

metals [60]. Ablation of metals with femtosecond lasers characterized by rapid over-

heating and thermalization of the electrons within the optical penetration depth.

Due to the low thermal capacity of electrons in comparison with the lattice, the

electrons are rapidly heated beyond the Fermi level to very high, transient temper-

atures, forcing an extreme non-equilibrium state between the electron and lattice

system.

The discussion of laser ablation mechanisms in metals requires an understanding

of some thermodynamic concepts and processes, like the binode, thermodynamic

critical point, spallation and phase explosion. The binode (or the binodal curve) is

the region where two phases coexist in a thermodynamically stable manner. The

binode originates from the triple point (for pure materials) and ends at the critical

point (Tc). The thermodynamic critical point is the extremum of the binode. It

represents the maximum pressure and temperature at which two phases can coexist.

A slight decrease in pressure or increase in temperature causes the phases to merge

into each other and the phase boundaries to disappear. If the system is allowed to

cool (relax) from the critical point, it follows the binode. Spallation is the transition

of a material into a solid-gas phase due to strong pressure tensile waves [61]. Sudden

heating of a material, by a laser pulse of high fluence and short duration causes stress

confinement, leading to generation of compressive stresses. Also, called photome-

chanical ablation [60], spallation is caused by the release of compressive stresses.
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Spallation causes the material to fracture and break into fragments of solids or liq-

uid droplets. For spallation to occur, both the laser pulse duration and the electron

cooling time have to be shorter than the characteristic time for thermal expansion.

Under such conditions, the material gets heated by the laser pulse almost isochori-

cally, thereby causing stress confinement. Phase explosion, also known as explosive

boiling, occurs when the rate of homogeneous nucleation of bubbles is very large

due to superheating, and when the surface temperature exceeds 90% of the critical

temperature (Tc) [62]. As a consequence, the material is turned from a superheated

liquid into a mixture of liquid droplets and vapor, being explosively ejected from the

surface. The onset of phase explosion is marked by the observation of liquid droplets

in the ejected material, and a sudden increase in ablation rate. Researchers had ob-

served liquid droplets in the plasma plume of some metals [48, 63, 59]. Following

the rapid expansion, the material relaxes towards the binode. Lorazo et al. (2003)

and Miotello and Kelly (1995) performed molecular dynamics studies of systems un-

der irradiation with pulses of durations from femtoseconds to picoseconds [58, 64].

For irradiation with ultrashort pulses (pulse duration ≤ 1ps), and especially close

to the threshold energy, the heating is so rapid that the material gets superheated

near-isochorically [58]. It takes about 1 ps for the laser energy to be transferred to

the atoms/ions. Thermal expansion cannot take place at this timescale, and hence,

a highly pressurized and superheated liquid is formed. Subsequently, the pressure

is released through expansion, beginning from the surface(s). At high energies, the

release of pressure by expansion causes fragmentation of the liquid [61]. At lower en-

ergies, the expanding material reaches a metastable state (spinodal) after the onset

of adiabatic cooling and approaches the liquid-gas regime. Homogeneous nucleation

of bubbles takes place around this time, and separation of liquid and gas phases be-

gins, also called phase explosion. When phase explosion happens under conditions

when compressive stresses have been generated, the material is ejected with higher

velocities and is more fragmented [60]. The incident radiation couples with the va-

lence electrons in the metal and excites them. The excited electrons gather large

kinetic energy and leave behind the positively charged ions. The closely packed ions

repel each other and the metal explodes out, forming a plasma.

The interaction of the laser beam with a material, goes through the process of the

reflection, absorption and transmission. But, in the case of metallic materials, the
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Figure 2.3: Examples of material removing using a laser

transmission could be neglected due to the density and reflection depends on the

refractive index(n) of the material and surface condition. Considering now the ab-

sorption, it is linked to the capacity that have electrons and atoms of the crystal

lattice of interacting with the incident photons (laser beam), and get excited, start-

ing to vibrate. This vibration is transmitted into the structure (phonons) and the

macroscopic behavior of the material is perceived as heat. The electromagnetic

energy absorbed by a material is expressed by the Lambert- Beer law:

IA(z) = I0 e
−βz (2.1)

where IA and I0 are, respectively, the absorbed and the incident intensity, z is the

direction of propagation of the radiation and |β| is the attenuation factor, linked to

the material. From Lambert-Beer law is defined, as the optical penetration depth,

(δ) = 1
β
, where |β| = 2/α,i.e. the distance at which IA(z) = I0

e
. Properties such

as the Thermal Diffusivity allow the transmission inside the means of the thermal

energy absorbed at the surface. If the energy of the radiation is sufficient, it will

be possible to separate the bonds, coming to the melting of the material, or by

increasing the energies, to its evaporation. It can even switch to the plasma state,

i.e. in which some electrons have left the gaseous atoms, fig. 2.3.

One of the most common ways of electron relaxation is through vibrational relax-

ation. The energy of the excited electron is transferred to a vibrational mode of the

molecule, as its kinetic energy. This manifests itself in terms of rise in temperature
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Figure 2.4: Example process for an ultrashort laser pulse

of the material. During the relaxation between vibrational levels, the electronic en-

ergy levels do not change, unless the vibrational states overlap strongly with the

electronic energy states, in which case the process is called internal conversion. The

time it takes for the excited electrons to relax is called the electron relaxation time

(or electron cooling) and ranges from 10 fs to 10 ps. Vibrational relaxation and in-

ternal conversion are almost always present as relaxation pathways, but are mostly

not the final transitions. After about 1ps of irradiation, the electrons relax and

pass on the energy to the lattice in the form of heat. This heat diffuses into the

material at the rate determined by the thermal diffusivity (|α|) and thermal conduc-

tivity (k) of the material [65, 66, 67]. The thermal diffusivity α = k
ρ cp

, with k the

thermal conductivity, density ρ and cp the specific heat, which tells us the energy

required to melt the material, and 4ατi (τi is the pulse duration) that represent the

depth at which the temperature is 1
e

compared to that on the surface. D (Thermal

Penetration Depth) = (
√

4ατi).

The pulse duration is a property of the laser radiation. However, the pulses are

classified as short or ultrashort based on whether the optical penetration depth is

more or less than the thermal diffusion depth. Generally speaking, pulses with

duration less than 1 ps are called ultrashort pulses. For longer pulses, it is the

thermal conductivity that determines the depth of the laser-induced modification,

while for ultrashort pulses it is the optical penetration depth. Also, the order of

magnitudes of the two depths and therefore of the modifications are quite different:
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micrometers versus tens of nanometers. An often used term in laser machining is

‘fluence’. Fluence is defined as the irradiated energy per pulse per unit area of

the material, and its units are j/cm2. Ablation is noticeable only above a certain

value of fluence (depending on the material) and this value is called the threshold

fluence (Fth). It has been realized that instead of fluence (that makes no reference

to the time in which the energy is delivered), intensity better describes the effect

of radiation [68, 69]. Intensity, then, is defined as average power per pulse per

unit area. The term ablation refers to that particular process of material removal

by laser beam, in which there is the direct passage of the solid-vapor phase. The

ablation is achieved by using a pulsed laser, with ultrashort pulses, in order to

establish a condition, thermal penetration depth(D) > optical penetration depth(δ),

required for the process. For pulse widths, so short, heat is not transferred within

of the crystalline structure, retaining the solid material. However, energies are so

high that there is the breaking of the bonds of the crystal lattice, causing a direct

transition from solid to vapour state without creating heat-affected zone, fig. 2.4.

Finally, it leads to reduction in the thermal effects on the textured surface or ablated

surface and also provides improved quality on geometry and shape of the edges. An

important property of light is that it has no volume, photons have no charge, so when

concentrated into a very small space, they don’t repulse each other like negatively

charged electrons do. This is a very important property for ultrashort machining.

2.2.1 Processing technologies

The LST technique can be understood as a particular laser milling technique with

source as ultrashort pulses. In fact, every dimple can be considered as a single hole

of certain depth. There are three ways to perform superficial laser machining or

drilling tests (shown in fig. 2.5):

Single Pulse Drilling: It allows texturing dimples with an aspect ratio less than 15:1,

with a high scale production and lesser degree of precision. Percussion Drilling: In

this technique, there is a series of successive laser pulses emitted on the same spot of

the surface., which leads to reduce the processing time. But, it has some problems,
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Figure 2.5: Modalities for the LST: a) Single pulse drilling; b) Percussion
drilling; c) Trepanning

e.g. the formation of the re-solidified material layers along the walls of the hole

(recast layer), on the top of the hole(spatter) and tapering off the walls. Trepanning

Drilling: It combines the percussion to a rotation around the center of the spot, by

operating the laser as a milling tool. It can produce dimples with high precision

and minimum tapering effect, but still it has some burrs at the top. The quality of

the dimples depends upon the number of cycles and power of the lasers. Nowadays

femtosecond lasers made the dimples by using trepanning technique to be fully burr

free and highest accuracy.

2.3 Optimization: Surface texturing parameters

Most of the research done on surface texturing is experimental, except for a few

analytical studies that try to optimize the surface texture parameters. In the fol-

lowing subsections, analytical studies are reviewed and followed by experimental

investigations.

2.3.1 Analytical Studies:

Etsion and Kligerman [3] developed a theoretical model to identify the most signifi-

cant parameters under hydrodynamic sliding conditions, specifically for mechanical

seals. The seal was represented by two non-contacting concentric cylindrical surfaces

rotating relative to each other. The micro-pores of spherical segment shape were
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distributed uniformly over one of the annular surfaces as shown in fig. 2.6. Accord-

ing to the basic assumptions accepted in this work the seal faces are separated by

a uniform gas film thickness. The sealed gas is compressible and viscous (Newto-

nian) with a constant viscosity. Effects of curvature of the cylindrical surfaces are

neglected because of the small value of the seal clearance relative to the seal radius.

The hydrodynamic dimensionless pressure distribution in the uniform clearance be-

tween the annular surfaces is obtained from a solution of the Reynolds equation for

compressible viscous gas in a laminar flow. Results of a parametric study along with

a numerical example for a specific circumferential seal demonstrate a substantial hy-

drodynamic effect that can raise the opening average pressure in the seal clearance

above the ambient one by up to 50%.

Based on the findings of an earlier study that promoted evenly distributed micro-

textured patterns in order to increase the load carrying capacity, hemispherical dim-

ples arranged in a rectangular layout were modeled. This study suggested that an

optimal texture size could be found based on lubricant properties, pressure difference

across the seal, and the areal density of the texture. A more sophisticated model

[28, 44] was developed by the same group, incorporating more accurate cavitation

data and using a non-spherical pattern. It was found that the most significant pa-

rameter was the diameter to depth ratio. A diameter to depth ratio of 0.05 was

identified as the optimal value, versus a ratio of 0.5 which was obtained from the

first model of a hemispherical 10 pattern [3]. The improved model showed agreement

with the experimental results that involved a simple sliding textured rig. Etsion et

al. [27, 42] developed another analytical model to simulate the piston ring-cylinder

liner system. The ring and liner were modeled as two parallel flat surfaces where

only the ring surface was dimpled, and a reduction of 30% in friction was obtained.

The optimal diameter to depth ratio was found to be between 0.1 and 0.18, and areal

texture densities varied from 5% to 20% which contradicted with the values found by

Stephen [70]. This analytical study showed a similar trend to the experimental test,

however, the exact values differed due to the adjustment in the lubricant viscosity

assumed in the analytical study. The effects of micro-pores as lubricant reservoirs

for a highly-loaded, boundary lubrication condition was studied by Zhao et al. [71].

This research developed a finite element model of a rigid cylinder in contact with an

elastic and elastic-plastic half-space with lubricant filled micro-pockets. The results
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Figure 2.6: Circumferential gas seal Schematic [3].

showed a reduction in the volume of these micro pores with loading, therefore if

those pockets are filled with lubricant, the squeezed lubricant will partially support

the applied load. This reduces the surface-to-surface contact between the rigid cylin-

der and the textured surface. Comparing the empty micro-pore with the micro-pore

filled with lubricant, the pressure spikes and the sub-surface stresses of the filled

micro pore are lower than in the empty one. Stephens and Sirpuram [70] addressed

the effects of different texture shapes of positive and negative texturing. Square,

diamond, circular, triangular and hexagonal shapes were modeled, with different

area densities under a hydrodynamic lubrication condition. Two objectives were

sought in this study, the effects of the shape and the texture areal density on the

coefficient of friction and leakage rate. They found that the shape of the texture

has an important effect on the friction coefficient; however, it had a great impact

on the leakage rate. The square pattern provided the worst leakage rate, and the

triangular pattern gave the best leakage rate. In addition, the texture areal density

affects the minimum friction coefficients, which were obtained at 20% and 80% of

the areal texture coverage for the friction control. Tnder [72, 73] proved analytically

that a micro textured region can replace a macro feature, such as step or inclined

plane, in creating hydrodynamic pressure in sliding seals. The role of either the

macro feature or the proposed micro textured area is to decrease the friction which
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the entering flow to the seal encounters. In this analytical study, grooves oriented

perpendicularly to the flow direction were modeled, as well as square and circular

discrete dimples. All texturing designs showed improvement in the hydrodynamic

pressure and the leakage rate.

2.3.2 Experimental Studies:

In the analytical methods, the mechanisms that control friction must be accurately

defined; on the other hand, various tribometers (pin-on-disk, ball slider, or scratch

tester) can directly measure the friction coefficient. Many researchers have investi-

gated the effects of surface texturing on the friction experimentally under different

sliding conditions. However, most of these studies focus on wet conditions. Varen-

berg et al. [74] investigated the influence that groove depth had on wear and friction.

In the cases where friction was concerned, wider grooves lead to greater friction re-

duction due to the fact that more wear particles could be contained in the grooves.

Friction also decreased with the groove depth to a point, after which increasing the

depth had no effect. They deduced that wear debris fell into the surface depressions.

The particles first gathered around the edge of a dimple and then built inward and

downward, not necessarily ever reaching the bottom. Once the depth of the groove

was below the lowest particle size that the wear particles could reach, there was

no benefit to creating a deeper groove. Another study was carried out by Ryk et

al. [45] that showed the negative effect of dimples under boundary lubrication con-

ditions, if the depth of the groove is not appropriately chosen, or if the lubricant

feed rate is not sufficiently high. This study showed that the deeper the dimples

are, the higher the friction is. In addition, at a very low rate of lubricant supply,

the friction resulting from the textured surface is higher than that of the flat surface.

Kovalchenko et al. [75] looked into the effects of laser surface texture on the lubrica-

tion regime transition. Specifically, the effects of the sliding speed, normal pressure,

and the lubricant viscosity on the friction were tested. A pin-on-disk apparatus was

used in this case, and the laser surface texturing had more impact on friction in

cases of higher normal loads, higher sliding speed, and higher viscosity. Pettersson

and Jacobson [36], studied the effects of the surface texturing of coated silicon under
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Figure 2.7: Textured squares and grooves by Pettersson and Jacobson [4]

boundary and dry sliding conditions. Etched silicon samples were coated with either

TiN or DLC. This study showed the critical impact of the material interaction under

oscillating sliding by a ball slider. Two texturing designs were investigated, grooves

and square dimples as shown in fig. 2.7. The results of this study were compared

to un-textured samples. Under boundary lubrication conditions, the DLC coating

with square dimples showed stable low friction behavior, while the grooved texture

showed high friction. The textured TiN coating behaved differently and showed

unstable friction behavior on all texturing patterns. In dry sliding conditions, the

DLC coating showed high friction when compared to the untextured surface. DLC

has self-lubricating properties where a thin low friction tribofilm was formed on the

surface. When the DLC coated sample was textured, the sharp edges of the pores

scraped off the thin tribofilm causing the fluctuations in the friction behavior. On

the other hand, the TiN textured samples showed low friction with both the square

and groove patterns.

Suh and others [76, 28, 77, 32] tested the effect of the width and orientation of

undulations with respect to the sliding direction on the friction and wear, under

boundary sliding conditions. Pin-on-disk tests were done, with the disks textured

by abrasive machining. Grooves which were parallel to the sliding direction showed

no improvement in either friction or wear. Yet, grooves perpendicular to the sliding

direction decreased both the wear and friction. In addition, attention was drawn to

the effect of the lubricant properties on the results.
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2.4 Summary

Based on the literature review, micro surface texturing has proven to be an effective

means of enhancing tribological performance. Most of the studies investigated the

effects of micro surface texturing in wet conditions, with a very limited number of

studies tackling the dry sliding condition. Most of the studies showed the potential

benefits of adding micro surface texturing to one surface of the contact pair in

different conditions (sliding or rotating). Moreover, micro surface texturing effects

differently in each lubrication regime and there presence seems to be detrimental in

conformal contacts [104, 105, 106]. In full (hydrodynamic) lubrication mode, the

dimples develop pressure differences, thus they act as bearings. In the boundary

lubrication mode, the texture pores provide a continuous lubricant supply to the

contact interface, which decreases surface to surface contact. In the dry condition,

they act as traps for wear debris so that plowing decreases.



Chapter 3

TRIBOLOGY

Tribology is derived from the Greek word “Tribos”. Meaning of Tribos is Rubbing

[8]. Tribology involves the study of lubrication, friction and wear. It is thus an in-

terdisciplinary science, connecting knowledge of physics, chemistry, metallurgy and

mechanics. The subject of tribology was first defined in a British Department of

Education and Science Report in 1966 as: “The science and technology of interact-

ing surfaces in relative motion and the practices related thereto” [5]. Recently, this

discipline had had a huge development, becoming a pivotal frontier to be explored

in the context of basic and applied Physics.

However, the history of tribology is ancient, but the science did not get its name

until the 20th century. The earliest experiences encountered in this field are placed

in prehistoric ages due to the firsts tool manufacturers, sculpting bones and metals.

Remarkable pioneering traces could be retrieved even in ancient Egypt. The fa-

mous picture reported in fig. 3.1 (datable around 2400 BC) portrays slaves dragging

a monolithic statue along a wooden skid. A standing man is recognizable on the

plinth: he is pouring a liquid into the path of motion, deserved to be considered

a forerunner lubrication engineer [6]. Nevertheless, the wheel invention determined

a huge progress, reducing friction (from grazing to volving) occurring in transport

mechanisms. Aristoteles (384-322 B.C.) was the first to recognize the force of fric-

tion. Leonardo da Vinci (1452-1519) studied and documented friction experiment

and he concluded that the friction force is proportional to the normal force. In 1699

23
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Figure 3.1: The first recorded tribologist, pouring lubricant (probably water)
in front of the sledge in the transport of a statue in Egypt (2400 B.C.)

[7]

Amonton established the concept of asperity interaction [9]. Leonhard Euler (1707-

1783) was the first to introduce the parameter µ, denoting the coefficient of friction,

and he was also the first to make a clear distinction between static and dynamic

friction. However, the term “tribology” became widely used only in the last century,

in coincidence of the enormous industrial growth. Tribological knowledge helps to

improve service life, safety and reliability of interacting machine components; and

yields substantial economic benefits.

At present, the state of the art of the knowledge is far to guarantee a definitive

and exhaustive comprehension of the mechanisms of friction and wear, but lots of

progress have been made due to the several efforts recently spent in research. Thus,

nowadays tribology is meant to be crucial for the scientists, especially due to the

considerable impact on modern machinery which is based on sliding and rolling con-

tacts. Industry of today needs to be able to reduce or control friction and wear to

improve safety and to save money, energy and environment. Economic perspectives

and long-term reliabilities gave a fundamental lift towards the wide diffusion of tri-

bology, justifying the origin of several research centers for tribology, and the training
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of high-quality tribologists, whose main purpose of research is the minimization and

elimination of losses resulting from friction and wear at all levels of technology where

mating surfaces are involved. Therefore, the results in this discipline lead to optimize

the efficiency of the systems obtaining higher performances, fewer breakdowns, and

significant savings. Similar aims have historically been achieved by design changes,

selection of improved bulk materials or lubricants. Recently tribologists have become

more focused on surface engineering as a tool control friction [78]. Components can

be optimized by using a bulk material that is selected for the mechanical strength

and toughness combined with correct surface treatments or coatings for the best tri-

bological performance. The surface is the most important part of many engineering

components since it both sets the functional properties, such as friction and wear,

and determines the lifetime. In the last decades, the development of the microscopic

devices forced tribology to move towards the Micro or Nano-scale, and to assume a

new importance and interest. The extension of the range of the tribological investiga-

tions opens several classes of problems related to the scaling gap. The advent of new

techniques to measure topography, adhesion, friction, wear, lubricant film thickness,

and mechanical properties, all micro- to nanometer scales, led to the development

of the respective sub-fields of the tribology, separated by different approaches and

laws that govern and explain the interfacial phenomena. Providing a bridge among

them is a tough challenge towards a fundamental and complete understanding.

3.1 Friction

Friction is the tangential resistance to motion. The occurrence of friction is a part

of everyday life. It is needed so that we have control on our walking. On the other

hand, in most of running machines friction is undesirable (energy loss, leading to

wear of vital parts, deteriorating performance due to heat generation) and all sorts

of attempts (i.e. using low friction materials, lubricating surfaces with oil or greases,

changing design so that sliding can be reduced) have been made to reduce it. Often

coefficient of friction(µ) is considered a constant value for a pair of material. In

addition, the value of µ is accounted much lesser than 1.0. In practice µ greater

than 1.0, as shown in Table 3.1, has been observed. Generally, coefficient of friction

depend on parameters such as temperature, surface roughness and hardness. fig. 3.2
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Aluminium 1.5
Copper 1.5
Gold 2.5
Iron 1.2
Platinum 3.0
Silver 1.5

Table 3.1: Coefficient of friction for various metals sliding on themselves [6]

Figure 3.2: Coefficient of friction for various metals [5, 6]

indicates that under dry lubricant conditions, µ ranges between 0.1 to 1.0 for most

of the materials. Very thin lubrication reduces coefficient by 10 times. Generally,

adhesion (fig. 3.3) increases the friction. So, while selecting metal pairs, low adhesion

metal pairs must be selected to reduce friction force. Similar material pair must be

avoided as similar materials have higher tendency of adhesion.
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Figure 3.3: Adhesive Friction among various materials [7, 6]

3.1.1 Static & Kinetic Frictions:

Before starting friction mechanisms, it is necessary to define static and kinetic fric-

tion. Let us consider a block on the surface getting pushed by a tangential force F.

On application of 20 N load, block does not move. This second point on the graph

(fig. 3.4) shows that on application of 40 N, still block does not move. There is

static force equilibrium between application force and friction force. On application

of 50 N load, block just start sliding. At this point of load application friction force

remains equal to 50 N, but friction resistance decreases subsequently to 40 N. In

other words, static friction is higher than kinetic friction. It is difficult to obtain

same value of friction coefficient under various laboratory conditions. Further, there

is a possibility of substantial decrease in kinetic friction relative to static friction.

Stick-slip is a phenomenon where the instantaneous sliding speed of an object does

not remain close to the average sliding speed. Stick-slip is a type of friction instabil-

ity. To understand the effect of material pair, role of lubrication, and environmental

factors let us start with dry friction. The dry friction is also known as solid body

friction and it means that there is no coherent liquid or gas lubricant film between

the two solid body surfaces. Four theories given by Leonardo da Vinci, Amonton,

Coulomb and Tomlison for dry lubrication are explained in following paragraph.
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Figure 3.4: Difference between the static and kinetic friction may initiate ‘stick-
slip’[8]

Figure 3.5: Amonton‘s work[9]

• 1. Leonardo da vinci (Earliest experimenter, 1452-1519):

Leonardo studied the sliding of blocks on inclined plane, varying blocks masses

and angles of inclination. He derived the definition of static friction measur-

ing the load and the inclination necessary to start the block motion, and he

observed the independence of friction from the extension of the contact area

between the sliding blocks and the inclined surface [79]. As per Leonardo,

“Friction made by same weight will be of equal resistance at the beginning of

movement, although contact may be of different breadths or length”. “Friction

produces double the amount of effort if weight be doubled”. In other words,

Friction(F) ≈ Weight(W).
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• G. Amonton’s, 1699:

In practice, engineering surfaces are not atomically smooth but rough. This

means that the real contact area in dry and thin film, lubricated contacts is

much less than the geometrical contact area, while the local pressures at the

contact points are much higher than the average value. This, in turn, strongly

influences the tribological performance of machine components, such as fric-

tion, wear and rolling contact fatigue. At first, the well-known Amonton’s laws

of friction shall be recapitulated. Amontons studied sliding friction in dry sys-

tems in 1699 [9], and he considered three cases (fig. 3.5) and showed that

friction force will vary as per the angle of application of load and formalized

three results:

1. Friction is proportional to the applied load,

Ff = |µ|N, (3.1)

where Ff is the friction force, N is the applied load and |µ| is the friction

coefficient (Amonton’s first law).

2. The friction force is independent of the nominal area (F 6= A) of contact

between two solid surfaces. (Amonton’s second law).

3. Friction depends only very slightly on the sliding speed (Coulomb’s first

law).

• 3. C. A. Coulomb 1781 (1736-1806):

Coulomb made the first clear distinction between static and kinetic friction.

Friction due to the interlocking of rough surfaces and published some experi-

mental results about metal and wood [7]. His contribution was completed with

the formulation of the well-known Coulomb’s law:

Contact at discrete points µstatic ≥ µkinetic.

• f 6= func(A).

• f 6= func(v).

As per Coulomb friction force is independent of sliding speed. But this law

applies only approximately to dry surfaces for a reasonable low range of sliding

speeds, which depends on heat dissipation capabilities of tribo-pairs.
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Figure 3.6: Coulomb friction model [7, 6]

Figure 3.7: Adhesion [10]

3.2 TOMLINSON’s Theory of Molecular attrac-

tion, 1929:

Tomlison based on experimental study provided relation between friction coefficient

& elastic properties of material involved. As per Tomlison due to molecular at-

traction between metal, cold weld junctions are formed. Generally, load on bearing

surface is carried on just a few points. These are subjected to heavy unit pressure,

and so probably weld together. Adhesion force developed at real area of contact.

Fa = 1.73× (θI + θII)
2/3, (3.2)

and

θ =
3E + 4|τ |
τ(3E + |τ |)

, (3.3)

where E is the Young modulus and |τ | is the shear modulus.
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Figure 3.8: Abrasion(Deformation) [67]

3.2.1 Scientific Explanation of Dry Friction:

There are two main friction sources: Adhesion and Deformation (Force needed to

plough asperities of harder surface through softer). In lubricated tribo-pair case,

friction due to adhesion will be negligible, while for smoother surfaces under light

load conditions deformation component of friction will be negligible. fig. 3.7 demon-

strates the adhesion (cold weld) between two surfaces. Some force, Fa, is required

to tear the cold junction. fig. 3.8 demonstrates the deformation process. It shows a

conical asperity approaching to a softer surface. To move upper surface relative to

lower surface some force is required. The Resulting friction force (Ff ) is sum of the

two-contributing force, which is Adhesion force (Fa) and Deformation (Fd) terms.

In 1950, Bowden and Tabor theorized that the friction dissipation is a consequence

of the sum of plastic deformations of the asperities during sliding under high pres-

sure contacts. They definitely opened the debate about the not negligible adhesion

between asperities, a topic already introduced by the rough speculations due to J.T.

Desaguliers [80]. The main Bowden-Tabor work introduced the argument of the real

contact area to explain the independence of friction to the apparent contact area

[81] the projection of the surface of one mating body on the other one is several

orders of magnitude larger than the sum of the areas of the contacting asperities.

Therefore, the eq. (3.1) must be rewritten as:

Ff = |τ |AR, (3.4)

where AR is the actual contact area, and |τ | is the shear modulus (i.e. the friction

force for area unit). This approach does not explain the linear relationship between

friction force and applied load, but could be well adopted for all the macroscopic
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systems. In 1966, Greenwood and Williamson [82] reconciled eq.(3.1) and eq.(3.4).

Starting from the more simplified theory of Archard [83, 84], they developed a statis-

tic theory of multi-asperity contact regime, based on a model that described the two

contact surfaces through three parameters: the asperity density, the standard de-

viation of asperity height distribution (exponential and gaussian), and the asperity

radius (first assumed to be hemispherical, later changed in a gaussian distribution

[85]. This theory led to the conclusion that the ratio between contact area and load

(and consequently between friction force and load) is linear. Other more complex

theories with different distributions of asperity height and density, and with differ-

ent asperity apex shapes, have been recently developed. None of these denies the

linear dependence between contact area and load. The weakness of the Greenwood-

Williamson model is in neglecting the adhesion contribute at interface. Thus, several

further theories have been developed in order to take into account the roughness-

adhesion connection, from Fuller-Tabor theory [86] to Persson-Tosatti approach [87]

that works with self-affine surfaces (especially in this case roughness reveals a strong

influence on adhesive forces). In a simplified description, the adhesive term could

be introduced directly into the Amontons Law (eq. (3.1)):

Ff = |µ|(N + F0) ≈ |µ|N, (3.5)

where k is a constant friction force due to adhesion, and F0 is a constant adhe-

sion force whose nature is the sum of different components: Van der Waals forces,

electrostatic forces, capillary forces (or meniscus effects), chemical bonds, acid-base

interactions. As mentioned above, reducing the scale of contact the interface me-

chanics changes dramatically. Several single asperity theories have been developed,

based on different geometrical assumptions, including or neglecting the adhesion

contribute and other short-range interface forces. All of them implies a power law

relationship between applied loads (N) and contact areas (AR).

AR = π(
R̃

K
)2/3N2/3,

R̃ =
R1R2

R1 +R2

,

1

K
=

3

4
(
1− v21
E1

+
1− v22
E2

). (3.6)
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Figure 3.9: Zero wear of helical gear[5]

The simplest, and thus most famous and widest used one is Hertz theory (1881)

that describes the perfect elastic, non-adhering case of the contact between two

spheres of radii R1 and R2, Young moduli E1 and E2, Poisson’s ratios ν1 and ν2

[88]. Other common single asperity contact theories are extensions or improvements

of the Hertz theory such as Johnson-Kendall-Roberts (JKR) that describes sphere-

flat coupling including adhesion forces and Derjaguin-Muller-Toporov (DMT) that

includes a Lennard-Jones potential interaction at interface [77].

3.3 Wear

Undesirable removal of material from operating solid surface is known as wear. There

are two definitions: (1) Zero wear: Removal of material which causes polishing of

material surfaces may be known as ”Zero wear”. It may increase performance. It is

for betterment, so it is not undesirable. Zero wear is basically a polishing process in

which the asperities of the contacting surfaces are gradually worn off until a very fine,

smooth surface develops. Generally, “polishing-in” wear is desirable for better life

of tribo-pair. fig. 3.9 shows polished surface of helical gear which occurs due to slow

loss of metal at a rate that will have a little effect on the satisfactory performance

within the life of the gears. (2) Measurable wear: Removal of material from surface

that increases vibration; noise or surface roughness may be treated as ”Measureable

wear”. Often we measure wear in volume/mass reduction. Undesirable removal of
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Figure 3.10: Measurable wear of helical gear [5]

material occurs in measurable wear. Measurable wear refers to a loss of material

which must be counted to estimate the life of tribo-pair. The extent of measurable

wear depends on the lubrication regime, the nature of the load, the surface hardness

and roughness, and on the contaminants in the lubricating oil. A typical example

of measurable wear in helical gear is shown in fig. 3.10 which is typically known as

pitting wear. Pitting is a surface fatigue failure which occurs due to repeated loading

of tooth surface and the contact stress exceeding the surface fatigue strength of the

material. Material in the fatigue region gets removed and a pit is formed. The

pit itself will cause stress concentration and soon the pitting spreads to adjacent

region till the whole surface is covered with pits. Subsequently, higher impact load

resulting from pitting may cause fracture of already weakened tooth. Sometimes

impurities in materials provide nucleus for crack generation as shown in fig. 3.11

(c). fig. 3.11 (d) shows merger of generated cracks, which finally detaches from

the surface as shown in fig. 3.11 (e). Such formation of pits (removal of material)

comes under measurable wear. Many times, the change in surface profile alters

the optimum value of clearance and reduces load capacity of machine components.

Removal of material from operating solid surfaces by solid particles depends upon

Load, Velocity, Environment, and Materials. Removal of material from operating

solid surface by Fluid (liquid/gas) depends upon Velocity, pressure, Environment

and material. As wear increases power losses increases, oil consumption, and rate

of component replacement increase. Ultimately, it reduces efficiency of the system.

Therefore, as far as possible wear should be minimized.
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Figure 3.11: Formation of pit

Figure 3.12: Schematic representation of the major wear modes: a) adhesive;
b) abrasive; c) fatigue; d) corrosive [11].

3.3.1 Wear Mechanisms:

Wear can be classified based on the ways that the frictional junctions are broken,

that is, elastic displacement, plastic displacement, cutting, destruction of surface

films and destruction of bulk material. There are many types of wear mechanisms,

but the most common wear mechanisms are: Abrasive wear (polishing, sourcing,

scratching, grinding, gouging), Adhesive wear (galling, scuffing, scoring), Corrosive

wear (Chemical nature), Fatigue (Delamination).

• Adhesive Wear: Adhesive wear is very common in metals. It is heavily

dependent on the mutual affinity between the materials. All theories which

predict wear rates start from the concept of true area of contact. It is usu-

ally assumed that the true area of contact between two real metal surfaces

is determined by the plastic deformation of their highest asperities. Severity

of adhesive wear is based on the area of contact which is given by (AR) =
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N/H. Here, N is load applied to press one surface over other surface and H

is hardness of soft material. This expression provides appropriate results, if

whole load is supported due to plastic deformation of the surface. However,

for elasto-plastic deformation, the expression needs to be slightly modified,

(AR) = (AR

H
)n where (2/3 > n > 1). Here, assumption is that higher asperities

could be deformed plastically, while the lower contacting asperities are subject

to stay within elastic limits. In addition, the adhesive wear will depend on

the shear strength of friction junctions. This means total true area of con-

tact consists of plastic and elastic asperity contacts, where shear strength of

the contacting asperities influence the rate of adhesive wear [89]. As shown

in the fig. 3.12(a), if the interface between two surfaces is generated by a

plastic contact characterized by enough adhesive bonding strength to resist

relative sliding, large plastic deformation caused by dislocation is introduced

under compression (at entrance) and shearing (at exit). As a result of such

large deformation in the contact region, cracking phenomena are generated

by mechanically induced stresses and strains, and thus they propagate in the

combined fracture mode of tensile and shearing. When the crack reaches the

contact interface, wear particles are formed and adhesive transfer is completed.

• Abrasive Wear: Abrasive wear, sometimes called cutting wear, occurs when

hard particles slide and roll under pressure, across the tooth surface. Hard

particle sources are: dirt in the housing, sand or scale from castings, metal

wear particles, and particles introduced into housing when filling with lube

oil. Scratching is a form of abrasive wear, characterized by short scratch-like

lines in the direction of sliding. This type of damage is usually light and can

be stopped by removing the contaminants that caused it. fig. 3.13 shows abra-

sive wear of a hardened gear. Following are the well-known reasons of abrasive

wear mechanisms: Micro-cutting: Sharp particle or hard asperity cuts the

softer surface. Cut material is removed as wear debris. Micro-fracture: Gen-

erally, occurs in brittle, e.g. ceramic material. Fracture of the worn surface

occurs due to merging of a number of smaller cracks. Micro fatigue: When

a ductile material is abraded by a blunt particle/asperity, the worn surface is

repeatedly loaded and unloaded, and failure occurs due to fatigue. Removal

of material grains: Happens in materials (i.e. ceramics) having relatively week

grain boundaries. In fig. 3.12(b), if the scenario is similar than previous one
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Figure 3.13: Abrasive wear of gear [12]

(adhesive wear), but the plastic contact occurs between hard and sharp or

soft material, the harder penetrates to the softer one and an interlock takes

place generating ploughing. A cut and scared groove is usually formed. In

particular, when wearing material has ductile property, a ribbon-like long de-

bris is generated by a sort of micro-cutting; while instead in the case of brittle

material, wear particles are generated by crack propagation. Thus, in this con-

text, hardness and stiffness properties of the two mating surfaces are extremely

correlated to the wear behavior.

• Fatigue Wear: Fatigue is attributed to multiple reversals (apply and release)

of the contact stress, occurring due to cyclic loading such as in rolling bearings,

gears, friction drives, cam and follower. Abrasive and Adhesive wear involve

a large contribution from fatigue. In fig. 3.12(c), it occurs after repeated

friction cycles on both elastic and plastic contacts. Neither adhesive and abra-

sive mechanisms are involved: deformation, crack propagation, comparison of

wear particles, and, in such cases, complete surface failure are stochastic con-

sequences of prolonged running-in states of work generating a certain number

of repeated contacts.

• Corrosive wear: The fundamental cause of Corrosive wear is a chemical re-

action between the material and a corroding medium which can be either a

chemical reagent, reactive lubricant or even air. Understanding the mecha-

nisms of corrosive wear is important to reduce this kind of wear. The stages of
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the corrosive wear: Firstly, the sliding surface chemically interact with envi-

ronment (humid/industrial vapor/acid), which results in reaction product (like

oxide, chloride), and it lead to wearing away of the reaction product film. In

fig. 3.12(d), the material removal is not governed by mechanical interaction,

but rather by the growth of chemical reactions (the most representative one is

the oxidation, and in that case, it is not wrong to talk about oxidative wear).

These are highly activated and accelerated by frictional deformation, frictional

heating, micro-fracture and successive reaction products that in such cases end

up in strongly adhere to the surfaces forming a reaction layer.

3.4 Lubrication

It is known since ages that oils and greases reduce the friction between sliding sur-

faces, by filling the surface cavities and making the surfaces smoother. Action of

liquids/greases is known as lubrication. In other words, lubrication is a process by

which the friction and wear rates in a moving contact are reduced by using suitable

lubricant. As da Vinci observed about five centuries ago, “all things and anything

whatsoever, however thin be, which is in the middle between objects that rub to-

gether lighten the difficulty of friction” [11]. Lubricant is a substance introduced

between relatively moving parts to reduce friction (µ = 0.1 to 0.0001) and wear

rate. The progress in scientific research indicated that reduction in friction occurs

due to decrease in adhesion component compared to abrasion component of fric-

tion. Almost every relatively moving component in an assembly requires lubricant

Lubricants are often classified as ”Newtonian and ”Non-Newtonian” fluids. This

classification is on basis of relation between shear stress and shear strain rate (fig.

3.14). For Newtonian fluid, shear stress is given by

τ = ηφ = η
dx

dy
= η

du

dy
, (3.7)

In this relation, η is known as dynamic viscosity, which is one of the important lu-

brication parameters. Method of replenishing lubricant decides overall performance

of the system. Lubricant thickness between two solid surfaces must be thick to avoid

wear, but thin enough to minimize lubricant shearing. In other words, lubrication
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Figure 3.14: Newtonian and non-Newtonian fluid

Figure 3.15: Fluid film lubrication

can be thick or thin based on the application. Thick & Thin Lubrications (fig. 3.15):

Thick lubrication is governed by Reynolds theory. Thick lubrication is not advanta-

geous because lesser the quantity of oil gives the lesser friction. Thin lubrication is

far more complex. Requires scientific study at nano- to micro- level. From friction

point of view, it is advantageous than thick lubrication
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3.4.1 Lubrication mechanisms:

Although fluid film lubrication relies heavily on fluid mechanics and kinematics, yet

it is still ultimately a problem of two surfaces that are either in partial-contact or

separated by a thin fluid film. Further, Reynolds equation that governs fluid film

lubrication is based on the assumption of thin film. Therefore, it is necessary to

understand the importance of these lubrication mechanisms relative to the surface

texture of tribo-pair. A dimensionless film parameter Λ (often referred as “specific

film thickness”) is used to classify four lubricant regimes.

Λ =
hmin√

R2
rms,a +R2

rms,b

, (3.8)

Rrms,a is root mean square (rms) surface roughness of surface a, and Rrms,b is rms

surface roughness of surface b. Interestingly here rms value is used, while generally

arithmetic avg. roughness is used. To clarify this, let us examine fig. 3.16 [13]. From

tribological point of view, a surface without any asperity but with a number of valleys

(that retains lubricants and provide a room for debris collection) is always preferred.

Measurement of average roughness imposes a linear penalty on all points whether a

point is too close to nominal line or too far. However, rms roughness parameter uses

square term. Imagine, if there are three points: A one unit, B two units and C three

units away from nominal line, RMS roughness parameter put penalty of one, four

and nine on points A, B, C respectively. Therefore, rms value is a better roughness

parameter compared to average roughness. Based on the value of dimensionless film

parameter(Λ), Eq. (3.6) lubrication mechanisms are classified as follows: Boundary

lubrication (Λ < 1), Hydrodynamic lubrication (Λ > 5), Mixed lubrication (1 <

Λ < 3), Elastohydrodynamic (3 < Λ < 5). Peak surface roughness is generally two

to three times of the rms surface roughness. Therefore, Λ > 1 does not indicate the

clear separation between tribo-pair. This is a main reason to keep film parameter

lesser than 3 but greater than 1 to identify mixed lubrication mechanism. To avoid

any wear and minimize friction, a complete separation, between asperities of two

relative moving surfaces is essential. This requires film parameter more than 3. Film

parameter depends on film thickness and composite surface roughness of tribo-pair.

Often foreign particles or wear debris change the hydrodynamic/elastohydrodynamic

lubrication to mixed or boundary lubrication mechanism, as shown in fig. 3.17.
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Figure 3.16: Comparison between average and root mean square roughness
[12, 13]

Figure 3.17: Foreign particles/wear debris shift hydrodynamic/elastohydrody-
namic lubrication in boundary/mixed lubrication [13]

3.4.2 Stribeck Curve:

The Stribeck curve is an overall view of friction variation in the entire range of lu-

brication, including the hydrodynamic, mixed, and boundary lubrication. By means

of the Stribeck curve the transitions from boundary lubrication to mixed lubrication

and the transitions from mixed lubrication to elasto-hydrodynamic lubrication can

be predicted. Knowledge of the lubrication regimes in which our machines run is

essential to choose the best viscosity and type of lubricant with the target to avoid

wear and improve energy saving, that is why the Stribeck curve is needed. To choose

the right viscosity for an application is of crucial importance to avoid wear in ma-

chines, for this we usually follow the manufacturer recommendations but rarely do
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Figure 3.18: Stribeck curve and lubrication regions [14, 15]

we consider parameters as the surface relative speed or the real running tempera-

ture. If we are not sure usually we increase the ISO viscosity grade but this does

not ensure the wear protection. The best way to solve this problem is to know the

lubrication regime our machines run, that is why we need to know the Stribeck curve

[13]. Described by Richard Stribeck during the first years of the 20th century, this

curve provides us an idea of the friction coefficient variation between two surfaces

in function of the lubrication regime. This regime depends on a parameter related

with the lubricant viscosity, the surfaces relative speed and the load. If we follow

the abscissa axis, first we find the boundary lubrication regime in which the friction

coefficient is too high due the film is too thin, lower than the surface roughness,

so we cannot avoid the wear. If we cannot avoid running in this regime, due the

running temperature, very low relative speed and/or very high load, we must use

solid lubricants and pastes. Other option is to increase the lubricant viscosity to

move to the next lubrication regime [14].

In the mixed lubrication regime, the film thickness is higher, around the surface
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roughness, so only there are isolated contacts. This regime provides a drastic fric-

tion coefficient decrease and we can find a curve minimum, it means is the suitable

for energy saving. To avoid wear to use anti-wear additives is needed. Both regimes

are considered unstable because the increase of temperature reduces the viscosity

and increases the friction, as a result of that the lubrication regime moves to the

left of the curve, the area that generates more wear. If we increase the viscosity or

the relative speed we move to the elastohydrodynamic and hydrodynamic regimes,

where we avoid wear because the film thickness is higher than the roughness. In

the elastohydrodynamic regime, Hertzian contacts are found due to very small con-

tact surface and very high load, up to 3.0 GPa, that increase the viscosity of the

lubricant, deform both surfaces and reduce the roughness. This lubrication regime

is near the minimum of the Stribeck curve, in fact some authors think the minimum

is in this regime, so to keep in this regime the energy saving increases and reduces

wear. Gears, bearings and cams run in this regime.

In the hydrodynamic regime, the film thickness is much higher than the roughness,

due the relative speed and the viscosity of the lubricant, this is why we avoid the

contacts between the surfaces and eliminate wear. This regime is defined by the

Reynolds equation. But the Stribeck curve indicates us that this regime friction

coefficient increase due to fluid drag with an increase in the speed, so the energy

saving gets worse, mainly if the relative speed between the surfaces is too high, in

this case we must reduce the viscosity of the lubricant to move closer to the minimum

of the Stribeck curve. Journal bearings run in this regime. We can consider these

regimes as stables because any variation of temperature produces a variation of the

viscosity and the friction coefficient in the same direction so they stabilize themselves

[5].

3.5 Fluid Film Lubrication:

Fluid is defined as a substance that easily moves and changes its relative position

without a separation from the bulk mass. Fluid includes all gases, liquids and easy

flowing solids. Film means an exceedingly thin layer or a thin covering. Lubrication
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makes relative motion between two surfaces very smooth. It reduces the friction and

minimizes the wear. In normal conditions, real area of contact between tribo-pair

is hardly ten percent of apparent area. With such low contact area, stress-state al-

ways exceeds the elastic/fracture point of all known solids. It results in high plastic

deformation in ductile materials, while it generates cracks in brittle materials. In

such a condition, relative motion between surfaces causes excessive wear. Therefore,

it is essential to reduce the severity of normal stresses imposed by applied load and

to reduce the shear stresses induced due to relative motion. fig. 3.19 highlights few

possible methods to achieve the reduction in normal and shear stresses. The first

two concepts are useful for few degree oscillations. Continuous relative motion such

as rotational motion requires solid lubricants, boundary lubricants, rolling elements

and associate lubricants, pressurized (hydrostatic, aerostatic, hydrodynamic, aero-

dynamic) lubrication or magnetic/electric field. Electric or Magnetic field is a very

good solution, but requires gigantic dimensions to compete with any mechanism of

fluid film lubrication (FFL). In fluid film lubrication regime, the sliding surfaces

are completely separated by a film of liquid or gaseous lubricant. Hydrodynamic

lubrication film was formed due to the converging wedge shaped geometry (shown in

fig. 3.20, and the squeeze film are formed with variation in load or speed variations.

In both cases the viscosity of lubricant play an important role to support the load

(shown in fig. 3.21).

Every mechanism of fluid film lubrication is suitable for a particular set of operating

and environmental condition. Further, if applied load is reduced, the film thickness

(separation between tribo-pair) will increase. Similarly, if more load is added to the

moving surface, the film thickness will decrease. If a load greater than design load

is applied the tribo-surface will not be able separated. To reduce this sensitivity

feed-back control system is used, which increases the cost of overall system. To

compensate cost, often a hybrid concept of hydrodynamic + hydrostatic or aero-

dynamic + aerostatic is used to achieve best of both the mechanisms of fluid film

lubrications. In a hydrodynamic lubrication mechanism, a fluid is drawn into the

region between the relatively-moving surface by the virtue of its viscosity and adhe-

sion to the surfaces; and due to the converging geometry of the surfaces (as shown in

fig. 3.20) a pressure is generated within the fluid that separates the tribo-surfaces.
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Figure 3.19: Various concepts to separate two solid surfaces [15]

Figure 3.20: Converging wedge shape geometry

Figure 3.21: Squeeze lubrication
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Figure 3.22: Hydrodynamic lubrication

Figure 3.23: Shearing of lubricant

The separating film is only generated when there is relative motion. Higher the rel-

ative velocity thicker is the lubricant layer. This lubrication mechanism is referred

as “the ideal form of lubrication”, since solid surfaces are prevented from coming

into contact (as shown in fig. 3.22, where two surfaces are completely separated)

that provides high resistance to wear and low friction. Another well-known mech-

anism that always occurs at the start/stop of tribo-pair is boundary lubrication.

This lubrication mechanism assumes (as shown in fig. 3.24) almost negligible sepa-

ration between tribo-surfaces that occurs at high load and very low speed. In such

cases, the working fluid between tribo-pairs adheres to or ”wets” the surfaces, and

carries a fraction of imposed load. The physical and chemical properties of thin

molecular films and the surfaces to which they are attached determine the overall

tribological behavior. The friction and wear, in the case of boundary lubrication,

are much higher compared to those in full film lubrication. That is why hybrid

concept of hydrostatic operation at start and hydrodynamic operation at running

conditions came into existence. Third important fluid film lubrication mechanism is

mixed lubrication which assumes (as shown in fig. 3.25) solid contact between some
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Figure 3.24: Boundary lubrication

Figure 3.25: Mixed lubrication

asperities of tribo-pairs, while rest of the area covered by lubricant. The lubrication

mechanism in this regime is governed by a combination of boundary and hydrody-

namic lubrication. Interaction takes place between one or more molecular layers of

boundary lubricating film.

Lowest friction producing fluid film lubrication mechanism is Elasto-Hydrodynamic

Lubrication (EHL). EHL mostly occurs in rolling element bearings, gears, cam-

follower contact. As the name suggests this lubrication mechanism utilizes: (1)

elastic deformation, and (2) hydrodynamics. Relative velocity between tribo-pair

develops hydrodynamic action. Excessive load or relatively soft surface results in

elastic deformation of surface(s). In case of excessive load, generated fluid pressure

is very high and the surfaces deform elastically. As lubricant viscosity is a strong

function of pressure, particularly at high pressure, lubricant-viscosity may rise (as

much as 10 orders of magnitude) considerably, and this further assists the formation

of an effective lubrication. EHL analysis involves an iterative procedure to estab-

lish compatibility between hydrodynamic pressure developed by relative motion and

separation between tribo-pair caused by this pressure. Simplest way to analyze EHL



Chapter 3. TRIBOLOGY 48

Figure 3.26: Fluid film lubrication between two plates [82,83,61]

Figure 3.27: Lubrication

is by making assumption of film thickness using hydrodynamic equations, evaluate

elastic deformation of surfaces, modify film thickness and iterate. The iteration

continues until the modified film thickness distribution matches with the new film

thickness distribution.

In 1886, Reynolds derived an equation for estimation of pressure distribution for

“Fluid Film Lubrication”. Quantification of fluid film lubrication can be made

by solving Reynolds’ Equation, which provides fluid film pressure as a function of

coordinates and time. Reynolds equation helps to predict hydrodynamic, squeeze,

and hydrostatic film mechanisms [15].

• For liquid lubricant under isothermal conditions:

∂

∂x

(
h3

η

∂P

∂x

)
+

∂

∂z

(
h3

η

∂P

∂z

)
= 6

[
∂

∂x
(U1 + U2)h+

∂

∂z
(U1 + U2)h+

2

((
wh − U1

∂h

∂x
− U2

∂h

∂z

)
− w0

)]
(3.9)
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Figure 3.28: Fluid element subjected to pressure & viscous forces [14]

for geometry shown in fig. 2.26, fig 2.27.

• For hydrostatic case this equation will be reduced to:

∂

∂x

(
h3

η

∂P

∂x

)
+

∂

∂z

(
h3

η

∂P

∂z

)
= 0, (3.10)

• For hydrodynamic case this equation will be reduced to:

∂

∂x

(
h3

η

∂P

∂x

)
+

∂

∂z

(
h3

η

∂P

∂z

)
= 6

[
∂

∂x
(U2 − U1)h+

∂

∂z
(W2 −W1)h

]
(3.11)

• For squeeze film case this equation will be reduced to:

∂

∂x

(
h3

η

∂P

∂x

)
+

∂

∂z

(
h3

η

∂P

∂z

)
= 12(Vh − V0). (3.12)

3.6 Derivation of Reynold’s equation

To model the pressure as a function of angle of inclination, let us consider a fluid

element subjected to pressure and viscous forces, assuming gravity and inertia forces

(as shown in fig. 3.28) acting on fluid element can be neglected. On balancing forces
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Figure 3.29: Development of fluid pressure in relatively moving inclined plates
[14]

shown in fig. 3.28,

pdydz + (τ +
∂τ

∂y
dy)dxdz = (p+

∂p

∂x
dx)dydz + τdx =

(
∂τ

∂y
− ∂p

∂x

)
dxdydz = 0,

∂τ

∂y
=

∂p

∂x
(3.13)

For laminar flow of Newtonian fluid,

τ = η
∂u

∂y
,

∂

∂y

(
η
∂u

∂y

)
=

∂p

∂x
. (3.14)

On substitution, Equation (3.14) is based on the following assumptions: Negligible

inertia terms, Negligible pressure gradient in the direction of film thickness, Newto-

nian fluid. By assuming constant value of viscosity:

∂P

∂x
= η

∂2u

∂y2
. (3.15)

Similarly, on force balance in z direction:

∂P

∂z
= η

∂2w

∂y2
. (3.16)
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Figure 3.30: Velocities of plates

To find flow velocity (u) in x- direction, integrate ∂P
∂x

= η ∂
2u
∂y2

two times. On inte-

grating first time

η
∂u

∂y
=
∂P

∂x
+ C1. (3.17)

On integrating second time

ηu =
∂P

∂x

y2

2
+ C1y + C2. (3.18)

Assuming no slip at liquid-solid boundary;

y = 0, u = U2,

y = h, u = U1. (3.19)

Utilizing these boundary conditions, values of integration constants can be evaluated.

ηU2 = C2,

η(U1 − U2

h
− ∂P

∂x

h

2
= C1. (3.20)

On substituting C1 and C2

u =

(
y2 − yh

2η

)
∂P

∂x
+ (U1 − U2)

y

h
+ U2. (3.21)

Equation (3.21) is applicable in the case of following assumptions: Negligible inertia

terms, Negligible pressure gradient in the direction of film thickness, Newtonian

fluid, Constant value of viscosity, No slip at liquid solid boundary. In Eq. (3.21)

on right hand side there are three terms, two velocity terms and one pressure term.

Velocity terms represent “shear flow” also known as “Couette flow”. Flow due to

pressure gradient is termed as “Poiseuille flow”

w =

(
y2 − yh

2η

)
∂P

∂z
+ (W1 −W2)

y

h
+W2. (3.22)
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Figure 3.31: Inclined plates with fluid element and coordinate system [15]

The Poiseuille flow term retards the fluid flow at entrance. This pressure term boosts

flow at exit as indicated in Fig. 3.29. In this figure ua = U1 - U2. To derive the

Reynolds equation, Eq. (3.21 and 3.22) must be coupled with continuity equation.

Continuity equation for incompressible fluid can be expressed as:

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0 (3.23)

Integrating above equation in y-direction from y = 0 to y = h and using Leibnitz

rule, we get

∂

∂x

(
h3

12η

∂P

∂x

)
+

∂

∂z

(
h3

12η

∂P

∂z

)
=

1

2

∂

∂x

(
U1−U2

)
h+ (Vh− V0) +

1

2

∂

∂z

(
W2−W1

)
h

(3.24)

3.6.1 Effect of Cavitation on Friction during lubricated con-

tact

Cavitation is the formation of empty cavities in a liquid, followed by their immediate

and sudden implosion. The primary causes for their formation include vaporization

at low pressure, air ingestion, flow turbulence, and internal re-circulation. The va-

porization itself does not cause the damage - the damage happens when the vapour

almost immediately after evaporation collapses when velocity decreases and pres-

sure increases. In other words, cavitation bubbles are formed in locations where the
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pressure in the liquid become lower than a critical value. If a pressure drop occurs

because of the high velocities of a liquid, then the cavitation is called hydrodynamic.

Cavitation phenomena play an important role and influence contact performance.

Particularly, an appropriate value of pcav (cavitation Pressure or pressure in the

cavity) and the ratio of cavitation pressure over supply pressure is crucial. Fur-

thermore, cavitation should be taken into account in a mass-conserving way, when

performing numerical simulations [90]. Optimal texturing parameters are generally

independent of speed and viscosity. However, changes in these values may result

in the occurrence of cavitation, which can ultimately change optimal texturing pa-

rameters. In the study of textured or rough surfaces cavitation may occur not only

globally in divergent contact areas, but also locally inside of individual dimples or

in-between asperities (micro-cavitation). As rupture and reformation of the lubri-

cant film may occur multiple times, a mass-conservative treatment of cavitation has

been shown to be crucial for accurate performance predictions [91].

Cavitation may also occur at the microhole location, indeed it has been found in

particular conditions that almost half of the microholes are affected by cavitation

and half, instead, may be affected if the pressure increase is not enough to prevent

cavitation from taking place. Therefore, let us discuss what would be expected in

terms of friction if cavitation takes place as the hole’s depth is increased. Assume

that, after a decrease of friction due to a small increase of h(depth), as soon as the

microhole depth reaches the value of h 1
4

hopt (optimal depth) cavitation takes place

in the microhole [53]. When this happens, the local tangential stress will be further

reduced because the very low viscosity of vapour makes the local tangential stress

almost vanish at the microhole location. In order to explain the increase of friction

above hopt one should admit that, when hopt is exceeded micro-cavitation should

disappear leading to a new increase of the local tangential stress. The pressure

increase at the cavity trailing edge [54], observed for different lubricant viscosities,

which gives a net positive pressure, as well as the formation of the vortex inside the

cavity, are responsible for the shear force and the increase of friction. The results

of the simulation indicate that the larger vortex inside the cavity, obtained by the

deeper and square-shaped dimples, and the proper pressure distribution over the

cavity would result in larger gains in terms of shear-force reduction.
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The occurrence of cavitation inside individual dimples was also shown experimentally

by Qiu and Khonsari [92] and Zhang and Meng [93], using high speed cameras.

Pressure distributions over a single micro-dimple texture can be described in three

different cases: (i) cavitation does not occur (pcav or psup ), (ii) predicted by a

non-mass-conserving cavitation algorithm for pcav or psup and (iii) predicted by

a mass- conserving cavitation algorithm for pcav o psup(supply pressure) . Note,

however, that load is only generated in certain cases, as the positive pressures are also

influenced. In some cases, the load support may even become negative, depending

on the shape of the asymmetric pressure distribution. Additionally, lift can only

be generated when the cavitation pressure is inferior to the supply pressure, as this

will provide the necessary pressure gradient to ensure a sufficient lubricant supply

(inlet suction [94, 95]. If cavitation and supply pressure are equal this pressure

gradient does not occur, leading to starvation in the dimple, hence, no pressure

can build up. If the supply pressure is much higher than the cavitation pressure,

cavitation will not occur at all. In this case the pressure distribution over a single

texture is antisymmetric and no lift can be generated either. It was experimentally

observed that at low speeds no cavitation occurs in the dimples, but at higher speeds

the gaseous and vapor cavitation occurs. Thus, cavitation pressure and therefore

ultimately load carrying capacity is highly affected by the operational speed. Unlike

the untextured specimens, which only showed minor scratches, the textured samples

showed significant surface damage after conducting experiments [29]. However, their

coefficient of friction (COF) was considerably lower during all tests performed. It

was further found that for a given dimple diameter to depth ratio λ, a higher texture

density leads to higher friction reduction and for a given density of texture dimples

an optimal texture value for λ exists.
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MATERIALS AND EQUIPMENT

4.1 Introduction

A description of the setups and procedures used to carry out the various fabrications

and characterization studies is presented in this chapter. This chapter introduces

the materials that were investigated, the laser equipment and surface analysis in-

struments used. Two main materials were investigated, these are 100 Cr6 steel and

Stainless steel polished. The femtosecond laser machining is described in terms of

its setup and operational parameters. The modes of operation of the laser and of

obtaining the laser pulses are described. The surface morphology analysis instru-

ments used in the research included optical microscope, Scanning Electron Micro-

scope, and Confocal Microscope. The Tribological characterization was performed

by three different tribometers, pin-on-disk High temperature, Rheometer and Plint

off tribometer. There are other material surface characterization instruments used

in the research which are introduced in specific chapters when used.

4.2 Materials- Stainless steel

Stainless steel is an iron-based alloy with a significant chromium content; in many

cases, together with chromium, other special chemical elements are intentionally

added, such as nickel and molybdenum. The main characteristics of the Martenistic

55
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and Austenitic steel is resistance to wet corrosion, or electrochemical corrosion, in

aggressive environments such as fresh water, sea water, contaminated water based

solutions, acid and base environments, industrial environments, etc. Another impor-

tant characteristic of Martenistic and Austenitic steel is the resistance to oxidation

at high temperatures, or chemical corrosion, as typically occurs in hot process gases.

The typical fields of application for stainless steel are those in the chemical industry,

oil industry, foodstuffs and paper manufacturing, the pharmaceutical, biomedical

and transport sectors, in off-shore structures, household appliances, and the con-

struction and urban furnishing sectors [96].

In accordance with the European standard EN 10088, steel is classed as stainless

when its chemical composition has a minimum chromium content of 10.5%. However,

it should be noted that in virtually all types of stainless steel available on the market,

the chromium content is much greater than this value, normally ranging, in the most

common cases, from 13% to 18%: this is due to the fact that in practice, a chromium

content of at least 12% is needed to obtain satisfactory resistance to corrosion in

water based solutions [97]. The presence of chromium alloy ensures the possibility

of creating a very thin layer of oxide (also known as passive layer) on the steel

surface, mainly made up of chromium oxides and hydroxides. This film is insoluble,

compact and adheres well to the substrate thereby protecting the material on which

it is formed. The film of chromium oxide/hydroxide is extremely thin – just a few

nanometres – and transparent to luminous radiation, and therefore gives stainless

steel its typical grey-silver metal finish, as clearly seen in cooking utensils, pans,

cutlery and metal watch straps. All the above properties are the consequence of the

rapid reaction of the chromium alloy with oxygen in the atmosphere. The four steel

grades described above, belonging to various levels of the tree structure of stainless

steels illustrated in fig. 4.1, also represent the four main families of stainless steels

currently used; these families, all defined on the basis of their microstructure at

ambient temperature, are:

1. Martensitic stainless steel (such as X30Cr13)

2. Ferritic stainless steel (such as X6Cr17)

3. Austenitic stainless steel (such as X5CrNi18-10 and X5CrNiMo17-12-2),
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Figure 4.1: Schematic of the evolution of stainless steels starting from plain
carbon steels: the stainless-steel tree structure [16, 17]

4. Austen-Ferritic, two-phase or duplex stainless steel (such as X2CrNiMoN22-5-

3).

4.2.1 Used Materials

In the following sections, the main chemical and physical properties of the two ma-

terials used in this thesis are briefly presented. In both cases, the experiments were

performed in ambient air without any gas shielding and no chemical pretreatments

were carried out before the experiments. The metallic samples used in this thesis

were Chrome steel 100 Cr6 and stainless steel (1.4112) (martensitic).

1. Chrome Steel 100 Cr6

2. Stainless steel (1.4112)
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Figure 4.2: Characteristics of the 100 Cr6 steel balls used [18]
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Figure 4.3: Characteristics of the stainless steel (1.4112)[18]
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Figure 4.4: Sample Preparation

4.2.2 Sample Preparation

The micro surface texturing has been performed on polished stainless steel (1.4112)

samples sent by Robert Bosch GmBh-Germany, and 100Cr6 steel spheres from com-

mercial bearings fig. 4.4-A. The 100Cr6 spherical caps were firstly encapsulated in

a resin cylinder (fig. 4.4-b) and then truncated by lapping (fig. 4.4-C) in order

to obtain a flat circular surface with a diameter 2a of about 4 mm (fig. 4.4-D).

Such flat surfaces correspond to our laboratory prototypes of bearing pads. Before

being subjected to the laser surface texturing process, the samples were polished at

a root-mean-square surface roughness of about 20 nm, as verified by atomic force

microscopy.

Steps in the sample preparation: (A) 100Cr6 balls are extracted from commercially

available ball bearings, and subsequently, (B) encapsulated in a resin matrix holder.

(C) The resin holder is introduced in a lapping machine where the holder (and the

spheres) is abraded until a defined penetration is reached. The lapping ends with

a mirror finishing process. (D) After the subsequent laser micromachining process,

the resin matrix is gently removed and the truncated microtextured spheres are

recovered for the further tribological assessment.
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Figure 4.5: Sketch of the Active Fiber System GmbH [19]

4.3 Equipment

4.3.1 Laser Equipment

4.3.1.1 Femtosecond laser: Active Fiber System Ultrafast laser

Micro-texturing of the samples was performed by using active fiber system due to

the various advantages of ultra short femtosecond pulses in laser surface textur-

ing (e.g. clean textures, and Burr free edges of geometrical patterns). The ultra-

short laser source from this Active Fiber Systems GmbH mod.Sci-Series is based on

chirped pulse amplification technique (CPA)[19] and a two-stage amplification by

diode pumped Yb-doped photonic crystal fibers. The laser source can be sketched as

follows (see fig. 4.5 ). It consist of solid state seed oscillator, working with a passive

mode locking system based on a SESAM [88]. The time duration of outgoing pulses

is around 500fs with a wavelength 1030nm, and the repetition rate of 20MHz. Di-

electric stretcher grating used to temporally stretch the ultra-short pulses from the

oscillator up to 500ps and, it consists of a dielectric grating with 1740grooves/mm.

An acousto-optic modulator (AOM), allows the repetition rate of the laser to be

reduced in the range between 50kHz and 10MHz, by selecting a precise number of

pulses.

It has two single-pass amplification stages. Each of them consists of laser diode-

pumped Yb-doped photonic crystal fibers, spaced out by an optical isolator, provid-

ing a total gain factor of 25000. In particular, the preamplifier fiber is an air-clad
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photonic crystal of 1.2m. The core of the fiber has a 40µm diameter while the in-

ternal cladding 170µm one. This fiber is pumped by a laser diode at the wavelength

of 976nm. The maximum gain factor is up to 35dB. The main amplification fiber is

1.2m long and has a 80µm core diameter and a 200µm internal cladding diameter.

This allows a pump stage by a multimodal diode laser at 976nm, with a coupling

efficiency up to 80%. A water cooling system is used to prevent thermo-optical and

thermo-mechanical damages in the fiber, when high power are provided. A dielec-

tric compression grating operates for time compression of the previously stretched

pulses. The grating consists of 1740grooves/mm. The generated laser beam has a

Gaussian profile with a M2 factor less than 1.5 and linear polarization. The time

duration compression grating is mounted on a motorized stage which allows the

pulse duration to be varied in the range between 650fs and 20ps. The maximum

pulse energy is limited to 100µJ up to 500kHz. At higher repetition rates, the max-

imum available average power is 50W. Second and third harmonic generators are

also provided, with conversion efficiency respectively equal to 50% and 15%.

4.3.1.2 Femtosecond laser: Set-up for pulse selection

In fig. 4.6, the experimental set-up for the surface texturing through Direct Laser

Writing by laser ablation is sketched. The laser source is the fiber laser system de-

scribed in the above section. The linearly polarized beam outgoing from the acousto-

optic modulator was converted to circular polarization by means of a quarter-wave

plate, in order to prevent anisotropic absorption of light in the inner walls of the

craters [98]. To efficiently focus the laser beam on the target, it was first expanded

by means of a Galilean beam expander, built by a divergent lens of focal length

f1 = −25mm and a convergent lens with focal length f2 = 85mm , before being

guided to a computer interfaced galvoscanner, equipped with a 100mm focal length

F-Theta lens. The laser spot diameter after focusing df can be written as [20]:

df = M2λ

π

f

d
. (4.1)

In Eq. (4.1), f is the focal length, d is the spot diameter before the focusing lens, λ is

the laser wavelength, M2 is the beam quality factor. From Eq. (4.1), it is clear that
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Figure 4.6: Experimental set-up for the selection of a precise number of pulses.
Two pulse duration were used: 650fs and 10ps. The laser wavelength is 1030nm

[20]

the higher the spot before the focusing lens, the more efficient the focalization. In our

case, the beam spot size was 25µm and the galvoscanner F-Theta lens with 100mm

focal length, allow rays with different incident angles to be focused on the same focal

plane, so that uniform working conditions are assured. Moreover, the galvoscanner

allows the beam to be moved on the target surface, in order to generate a matrix

of craters at different working parameters on the target surface. The targets were

placed in the focal plane of the F-Theta lens and then irradiated. The galvoscanner

allowed moving the focused beam on the target surface in order to produce different

texture geometries by direct laser writing through laser ablation.
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4.4 Surface Characterization Equipment

4.4.1 Scanning Electron Microscope

SEM was used to study the surface topography and composition of the material used

for laser surface texturing in this research work. A scanning electron microscope

works by collecting signals produced when a high-energy beam of electrons hits the

surface of the material as shown in fig. 4.7. Typical signals such as back scattered

electrons, secondary electrons, characteristic x-rays and light are collected. The

primary mode of SEM is the secondary electron mode whereby a high-resolution

image of the surface morphology can be obtained with a large depth of focus. The

magnification of the image can go from about 40 times to a few ten thousand times

depending on the resolution required. Materials have to be electrically conductive

to be analysed with a SEM. Non-conductive materials need to be coated with a

conductive layer (typically carbon or gold) before it is placed in the sample chamber

for analysis. Coating of non-conductive materials can be avoided by using a variable

pressure SEM resulting in minimisation of the charging effect. The SEM used in

the research to analyze the morphology of the laser ablated microstructures was

a SEM of Zeiss Sigma series. It allows the magnification factor up to 500000X,

with a resolution of 1.5nm at accelerating voltage of 15kV. It is equipped with

two detectors: The InLens detector allows an efficient detection of the secondary

electrons generated by the interaction between the primary electrons beam and the

specimen surface. The SE2 detector allows detection of both the secondary and the

backscattered electrons. These come from the elastic scattering of primary electrons

in a deep range of the interaction volume and carry depth information.

4.4.2 Optical Microscope

In this research work, optical microscope was used during the fabrication process.

It helps to verify the parameters of the textured geomtries on the sample surfaces

during laser surface texturing process. Optical microscope uses a system of lenses

to magnify sample images through the aid of visible light. Optical microscopes are
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Figure 4.7: Schematic diagram of SEM setup [21]

generally connected to a computer system for visualization and the images are cap-

tured using a CCD camera and shown on a computer screen for further analysis such

as size measurement. Two optical microscope systems were used in the research and

they are Nikon Eclipse ME600 and Leica DM4000M as shown in fig. 4.8. The Nikon

Eclipse ME600 microscope was equipped with a 100 W illumination stage as well as

having the capability of producing high quality optical images. It is equipped with

five objectives for 5X, 10X, 20X, 50X and 100X magnification and a PC-interfaced

digital camera which allows the measurements of samples features such as the size

of the ablated structures composing the texture pattern. A motorized z-axis sam-

ple holder allows precise focus on the sample surface and to make valuations of the

depth of ablated structures. Two light sources are provided, allowing measurements

in both reflection and transmission configuration. The microscope can be used in

differential interference contrast (DIC) imaging, which is an imaging method based

on the contrast difference of the samples, and in dark field (DF) mode. With DIC

and DF, it is possible to see details from optically transparent samples that are

invisible in the ordinary microscope images.
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Figure 4.8: Optical Microscopes- Nikon Eclipse ME6000, Leica
DM4000M(www.bosch.com)

Working Principle

Differential Interference Contrast (DIC), an extension of polarization contrast, is

suitable for the visualization of even minute differences in height on surfaces. A

birefringent prism (4) is used which splits the polarized light beam into two partial

beams on its way to the sample. These two partial beams strike the sample (6) with

lateral displacement from each other. If the surface is completely flat, nothing will

happen. However, if there is a small step between the partial rays, one of the two

beams have to travel along a path which is 2∆h longer. Once the partial beams

have returned via DIC prism (4) and analyzer (7), they display the same direction

of vibration again and can interfere with each other in the intermediate image. The

path difference experienced on the surface then changes into grey values which can

be seen by the eye: steps become visible in the form of relief. As an auxiliary object,

the lambda-plate (7a) finally changes the grey values into colors again [99].

Dark Field (DF) is a method where the light is emanating from the illumination

lamp and collimated by the Collector. Most of the light is then blocked by the

Condenser-aperture-diaphragm, which has a central stop that blocks the central

rays of the beam. The light is then reflected by a 45deg mirror with a circular hole

in the center. In this way, the light travels towards the sample on the outside of the

actual objective lens. It is then focused on the sample by an inner mirror at the

end of the objective housing. Light is deflected by any unevenness on the sample

surface, and part of it is passed back via the objective lens to the eye of the operator
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Figure 4.9: Schematic diagram of Microscopic setup [22, 23]

[22]. In this way, no directly reflected light is seen by the operator (i.e. a perfectly

clean mirror surface appears black). Only height differences, given by the dust and

edges, on the surface are seen in the image.

4.4.3 Microscopy technique (confocal):

Two different Confocal microscope systems were used in this research work. They

are chosen according to the amount of surface area required to be scanned. Larger

surface areas were scanned by CSM confocal microscope and smaller surface areas

were scanned by Olympus LEXT OLS 4000 Confocal Laser Microscope. In addition,

confocal microscopy offers several advantages over conventional wide field optical

microscopy, including the ability to control depth of field, elimination or reduction

of background information away from the focal plane.
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Figure 4.10: CSM Platform (Open Platform) [www.csm.com]

4.4.3.1 CSM- Confocal Microscope

The ConScan Objective represents the perfect combination of fine resolution 3D

confocal microscopy and the advantages of light microscopy. It provides high reso-

lution 3D chromatic confocal technology for analyzing the 3D topography of micro-

scratches and micro-indentations. It allows the non-contact measurement and also

opens up new possibilities in quantitative surface characterization in the micron

range by using two objectives for different height ranges. By scanning the sample

surface in the x-y directions, the ConScan provides the micro-topographic structure

of any type of surface (rough, as well as polished) for any type of material. This in-

cludes glossy, transparent and opaque materials, which can prove extremely difficult

to image with other conventional imaging systems.

Measurement Principle:

White light confocal microscopy

The concept behind confocal microscopy involves the use of the chromatic length

aberration (CLA) principle. The first step in optical confocal analysis is to produce

white light and direct it through a filtering optical component towards the surface of

the sample. With use of the chromatic aberration caused by the dispersive lens, the

white light is separated into its component wavelengths, each of which corresponds
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Figure 4.11: Chromatic coding principle[www.csm.com]

Figure 4.12: Image acquisition principles of the ConScan objec-
tive[www.csm.com]

to a different z-coordinate in the optical axis. This separated light reaches the sample

surface as a continuous wavelength-coded range of foci.

As each wavelength is represented at a different distance from the lens, the re-

turning light waves will be different according to the height characteristics of that

specific area of the sample. Therefore, the resultant spectrum can be regarded as a

spectrophotometric signature of the material surface; spectral peaks represent the

“height” of the sample at that focus point. The system scans over the surface of the

sample, creating these spectral height signatures at sub-micron intervals, summating

to an overall image with axial accuracy in the nanometer range [100, 101].
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Figure 4.13: Features of the Confocal 3D Microscope [24]

4.4.3.2 Olympus LEXT OLS 4000 Confocal Laser Microscope:

The Olympus LEXT OLS4000 is a confocal microscope capable of taking high-

resolution 3D images. The magnification (Optical and Digital) of this microscope

ranges from 108x – 17,280x. It is capable of resolving features 10 nm in size in

the z direction (sample height) and 120 nm in the x-y plane. The system is capa-

ble of performing a variety of metrology measurements. Step height, surface/line

roughness, and area/volume measurements are some of the more commonly used

metrology measurements. The LEXT OLS4000 is equipped with a confocal optical

system that only captures the in-focus image while simultaneously eliminating flare.

In addition, the confocal technology can be used as a height sensor because only thin

image planes of the same height are captured. The operation of LEXT OLS4000 in

the confocal mode consisted in generating an image on the basis of light reflection

from the discrete focal plane. The light, creating an image with different focusing

depth, was eliminated using the double confocal pinhole aperture.

In this mode, the microscope used a light beam with wavelength λ = 405nm (violet),

and the light source was a LED, with 120 mW of power. Obtaining a spatial map-

ping of the examined object’s surface entailed its precise scanning, point by point

on x-y axes. This process was realized by a special scanner patented by Olympus.

The scanner used a Micro Electro-Mechanical System (MEMS). The images were

acquired using a system of two photomultipliers, with average (standard) and high
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Figure 4.14: CSM High Temperature Tribometer[csm.com]

sensitivity. Such a system enabled proper amplification of the optical signal. There-

fore, it allowed for measuring the surfaces of elements with a low reflection coefficient

and large surface slope angle, up to 85 degrees. The motorized revolving nosepiece

included a set of 5 microscopic lenses with various magnification ranges.The samples

were placed on a motorized stage that allowed for precise realization of displacement

on x-y axes (range: 100 mm) and axis z (range: 10 mm) [24].

4.5 Tribometry or Tribological Equipment

Tribological properties were evaluated by using three different tribometer and they

are CSM high temperature tribometer, MCR Rheometer 301 and Plint-off Tribome-

ter. These tribometeres are choosen according to the type of contact between two

rubbing bodies, e.g, conformal or non-conformal point contacts, reciprocating sliding

contacts etc.

4.5.1 High Temperature Tribometer - CSM Instruments

The instrument allows to measure friction forces, friction coefficients, wear rate as

a function of the sliding velocity in a pin-on-disk or ball-on-disk configuration. It

can be operated with rotational speed between 0.3-500 rpm , load ranges up to

60 N, frictional force up to 20 N, and temperature range between 420 − 1000oC.
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It can precisely calibrate friction and wear measurements at elevated temperatures

up to 1000oC. Efficient heating/cooling system to accurately maintain desired test

temperature, high thermal stability, automatic shut-off at selected track length or

friction coefficient threshold, test in liquids, within their thermal stability range.

In tribometry, a flat, a pin or a sphere is loaded onto the test sample with a pre-

cisely known force. The pin is mounted on a stiff lever, designed as a frictionless

force transducer. The friction coefficient is determined during the test by measuring

the deflection of the elastic arm. Wear coefficient for the pin and disk materials are

calculated from the volume of material lost during the test. This simple method

facilitates the study of friction and wear behavior of almost every solid-state ma-

terial combination with or without lubricant. Furthermore, the control of the test

parameters such as speed, frequency, contact pressure, time and the environmental

parameters (temperature, humidity and lubricant) allows simulation of the real-life

conditions of a practical wear situation. Experiment stops automatically when the

coefficient of friction reaches a predefined threshold value or when a specified number

of cycles is reached.

In our experiments, the core of the system is simply constituted by a rotating sample-

disk (Aluminum alloy 6061 sheet with a measured root mean square surface rough-

ness of Ra=.08 µm) in contact with laser surface textured truncated spheres. A

pin-on-disc tribometer consists of a stationary ”pin” under an applied load in con-

tact with a rotating disc (alumina sheet). A Normal load of 2 N was applied to a

textured steel ball (9 mm diameter), used as a counterpart material. The contact

pair (disk and pin end) was immersed in a lubricant bath, whose temperature was

constantly monitored during the tests. The adopted lubricant is a pure mineral

oil (Oroil Therm 7 from Orlando Lubrificanti S.r.l., Argenta, Italy), with dynamic

viscosity η = 0.0516Pas at 50oC.

4.5.2 Rheometer

An MCR 301 rotational rheometer from Anton Paar was used for tribological tests.

The instrument controls the rotational speed and measures the resulting torque very

accurately. In addition force controlled measurements are possible by applying a
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Figure 4.15: Schematic representation of the ball on three-plates-device in side
and top view. The torque and the normal force applied by the rheometer are

indicated by arrows

torque and measuring the resulting speed. The normal force can be set and recorded

during all tests. The MCR 301 rheometer used features the following measurement

ranges: rotational speed: 10−6 to 3000 rpm; Torque: 10−2 to 0.2Nm; normal force:

0.01 to 50N.

The rheometer MCR-301 was used as a tribometer to perform the friction test under

a normal force of 20N at 25oC. The setup is based on the ball-on-three-plates-

principle (or-ball-on-pyramid) consisting of a steel ball holder, an inset where three

small plates can be placed, and a bottom stage movable in all directions on which the

inset can be fixed. fig. 4.15 depicts the setup schematically. The ball fixture enables

the use of balls made of different materials, and their easy replacement. The plate

texture at the bottom part is mounted on a specially designed spring system allowing

motion in all directions of the coordinate system: x, y, z. This flexibility ensures the

concentric positioning of the fixture to achieve a uniform force distribution from the

ball onto all the three plates.

The rotational speed applied to the shaft is producing a sliding speed of the ball with

respect to the plates at the contact points. The resulting torque can be correlated

with the friction force by employing simple geometric calculations. The normal force

(FN) of the rheometer is transferred into a normal load (FL) acting perpendicular

to the bottom plates at the contact points. We have, then, the following relations:

FL =
1

3
sin(α)FN , (4.2)
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Figure 4.16: Schematic representation of the ball in contact with the textured
surface

Figure 4.17: FTE79 Tribometer

with rball being the radius of sphere and α the angle of the plates, respectively. In

the specific configuration employed in the apparatus, we employ α = π/4 , a ball

with a radius rball = 6.35mm, a force; FN = 20N thus,FL = 4.71N .
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4.5.3 TE79 Tribometer:

A Phoenix TE79 tribometer (England) was used to determine the coefficient of fric-

tion of the textures under reciprocating sliding contacts. It comprises the loading

and friction force measurement system mounted on a base plate, control hardware

with PLINT SLIM 2000 serial interface unit and control software. The machine is

bench-top mounted and includes a transparent enclosure and ambient humidity and

temperature sensor. The enclosure is also used as a safety cover for the machine and

incorporates a magnetic proximity switch. The machine will not run if the enclosure

is removed. The fixed pin or ball sample is carried on a trunnion and gimble mounted

loading beam. This is counterbalanced both to give a neutral balance and to bring

the centre of gravity onto the contact plane. Load is applied by dead weights in a

range from 0.1 N to 50 N. The loading beam is restrained by a strain gauge force

transducer in a sliding link. This link ensures that only the tangential component

of force in the contact (the friction force) is measured even with the large deflec-

tions associated with elastomeric test pieces. As the lower specimen surface moves

the friction force on the ball or pin sample is measured. The load beam lift/lower

is servo controlled so that the load can be applied at a specific point in the test.

The program can also introduce a dwell between load application and movement.

This dwell period is an important parameter in determining the start-up friction in

elastomeric contacts. [phoenix-tribology.com].

In reciprocating mode of the TE79 Tribometer, it provides X/Y axis movement with

linear positional feedback. Tangential (friction) force measurement is in the X di-

rection. The axes are formed by cross-axis linear slides with 1 mm pitch lead screws

and are driven by stepper motors. The fixture for the lower (moving) specimen

includes an electrical resistance heater and two thermocouples for temperature mea-

surement and control above ambient conditions. A programmable motion controller

is used to coordinate movement of the two axes. Numerous motions are possible

including: Simple reciprocating along one track in the X direction. Reciprocating

in the X direction with indexing in the Y direction at stroke end, so that the wear

track resembles a square wave. Reciprocating in the X direction with indexing in

opposite Y directions at stroke end, so that the wear track is rectangular.
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In this thesis, a reciprocating ball-on-disk sliding approach was used with total cycle

count of 300 and stroke distance of 5 mm, giving a total sliding distance of 1.5 m.

Samples were ultrasonically cleaned in Teepol and Acetone, each for 5 minutes. An

8 mm diameter alumina counterpart ball was used for all tests, with a new clean

spot being used for each test. A load of 200 gf (2 N) was used with an approximate

Hertzian contact pressure of 750 MPa. The conditions tested were varying sliding

speeds (5, 10, 50, 100, 500 & 1000 mm/seconds), temperatures (20 C, 40 C, 80

C) and lubricants (dry, glycerol, 15W40 mineral oil). Stribeck curves have been

produced by comparing the average coefficient of friction and calculating the Hersey

number for each sample type. Hersey numbers were calculated using the following

formula:

HerseyNumber(dimensionless) =
speed(mms−1)× viscosity(mPa · s)

Load(mN)
. (4.3)

4.6 Pressure measurement system: Pressure Dis-

tribution Mapping System FPD-8010E

FPD-8010E was used to produce multi-faceted measurement data such as pressure

distribution in our experiments. The Prescale Digital Analysis System (FPD-8010E)

works with Prescale film to quantify pressure data in numerical format. PrescaleTM

pressure indicating film measures contact pressures as low as 7.25 psi up to pressures

as high as 43,500 psi. When pressure is applied, tiny microbubbles burst within the

film to show the various degrees of pressure, through color density, that corresponds

to the pressure and pressure distribution. The Digital Analysis System quantifies

the output on your used Prescale film. User-friendly software includes on-display

pressure distribution and enlargement, cross-sectional distribution, 3D image dis-

play.

4.7 Contact Angle Measurement System

Contact angle is a quantitative measure of the wetting of a solid by a liquid. The

instrument of choice to measure contact angles and dynamic contact angles is an
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Figure 4.18: FPD-8010 E [Fujifilm.com]

optical tensiometer. Surface chemistry (wettability) of the laser textured surfaces

were analysed by using optical tensiometer in this research work.

4.7.1 Attension theta optical tensiometer

An optical tensiometer records drop images and automatically analyzes the drop

shape. The drop shape is a function of the surface tension of the liquid, gravity and

the density difference between sample liquid and surrounding medium. On a solid

the drop shape and the contact angle also depends on the proper- ties of the solid

(e.g. SFE, topography). The captured image is analyzed with a drop profile fitting

method in order to determine contact angle and surface tension. Surface free energy

can be calculated by performing contact angle measurements with several known

liquids. As an optical method, the measurement precision of optical tensiometers

depends on the quality of the pictures and the analysis Software. Attension Optical

Tensiometers utilize a high quality monochromatic cold led light source to minimize

undesirable sample evaporation. Image quality is guaranteed by a high-resolution

digital camera, quality optics and the accuracy of the drop fitting method.

A video-based optical contact angle measuring device, Attension Theta Optical Ten-

siometer, was used to assess the wettability properties of the surfaces. Using the

sessile drop technique, the static contact angle (CA) was measured by dispensing
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Figure 4.19: Theta Optical Tensiometer [google image]

droplets of 6ul under atmospheric conditions and after stabilization. In addition of

glycerol and mineral oil, Milli-Q water was used to compare the wettability values

of hydrophobicity or hydrophilicity. A hot stage was used in order to heat both

the sample and the dispensed liquid to 80degC. All measurements were repeated 3

times for statistical purposes. Spreading curves were obtained by analyzing droplet

images recorded each 10 frames per second, starting from the first contact of the

droplet onto the surface and for a duration of 25s. Spreading values were estimated

by measuring the diametric contact distance of the drop to the surface and projected

to calculate the area of a disk.



Chapter 5

Results and Discussion

This chapter reviews the tribological effects of the micro-surface texturing on the

technological steel. It also reviews the different experimental procedure to examine

the tribological effects in conformal and non-conformal contacts, which are explained

in different section in this chapter. Firstly, we have investigated the non-uniform

geometrical patterns for bearing pads, and later we have investigated the effects of

different geometrical patterns in non-conformal point contacts. Further, we have

studied the tribological and wettability behavior of different micro-textured geomet-

rical patterns in reciprocating sliding contacts.

5.1 Non-Uniform Laser Surface Texturing of an

Un-Tapered Square Pad for Tribological Ap-

plications

As a first research work, we have exploited the intrinsic flexibility and micrometric

accuracy of femtosecond laser ablation to realize complex micro-structural modi-

fications on the surface of a laboratory prototype of a steel thrust bearing (un-

tapered) pad. Such experimental work follows some theoretical predictions achieved

by employing the Bruggeman Texture Hydrodynamics theory (BTH) to design an

anisotropic and non-uniform texture maximizing the thrust load of the pad prototype[25].

79
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The resulting micro-structured surfaces have been tribologically tested in fully-

flooded lubricated conditions in order to verify the existence of a macro-hydrodynamic

friction regime induced by the collective flow actions of the micro-structural defects.

One of the proposed optimal texture geometries, calculated by adopting a multigrid

optimization procedure based on a genetic algorithm, is depicted in fig. ?? for

the square pad geometry[25]. In the figure, the red stripes show the local angular

alignment of the grooves, whereas the red circles indicate the untextured areas.

The number of the stripes, which have been drawn in the fig. 5.1, have only a

qualitative purpose, i.e., they do not represent the lattice spacing and the dimensions

of the defects, nor have they been somehow scaled. They only represent the areas

where the dimples are located over the squared pad, as well as their orientation.

We observe that the microgrooves have been aligned in such a way to hinder the

flow of the lubricant towards the lateral direction, thus preventing any immediate

leakage and, hence, friction increase. Furthermore, the stripes inclination close to

the lateral boundaries enables the redirecting of the fluid, at a scale larger than the

scale of the grooves, towards the internal portion of the domain, through a micro-

herringbone construction. This determines a large number of fluid particles sheared

at the contact interface and, consequently, an increase in the bearing pressure. In

addition, expulsion fingers have been created on the outlet corners of the pad with

the aim of lengthening the fluid path under the pad domain. Indeed, the expulsion

fingers redirect part of the flow, which normally would exit from the middle part

of the rear side, toward the rear part of the pad. In this way, each fluid particle

exerts a prolonged shearing action. Such a combination of expulsion fingers and

micro-herringbone geometry significantly increases the load support capabilities to

the extremely lengthened particle route under the contact. This finally positively

affects friction, which is consequently reduced due to an increased mean interfacial

separation.
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Figure 5.1: Schematic representation of an optimized micro-grooved partial
textured squared pad. The red circles indicate the untextured areas, while the
red strips show the local angular alignment of the grooves. The gray scale indicates
the dimple depths, where hh is the dimple depth and hf is the nominal separation
between the two sliding surfaces. Adapted from [25] with the permission of the

author

5.1.1 Fabrication of Samples

The fabrication of the surfaces on the truncated spherical caps were produced by

operating at the lowest achievable repetition rate of 50 kHz and an average power

of 50 mW. The high level of accuracy and reproducibility of the ablated micro-

features is, indeed, only achieved by working with near threshold laser fluence. The

focused spot size on the sample surface was about 15 µm. Three of the circular

truncated surfaces, obtained with the sample preparation procedure described in

Section 4.1.2.1 of chapter 4, were laser-machined as follows.

The grey area shownin the fig. 5.2 was removed by femtosecond laser milling reach-

ing the depth of more than 100 µm, which is an order of magnitude higher than the

expected average fluid thickness under the bearing. We have used one of the milled

samples as a flat control squared pad. The other two samples were laser machined
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Figure 5.2: Schematic representation of the truncated bearing. The grey area
was removed by laser milling up to 100-µm-depth

with the defined geometry. As according to the theoretical design, which is described

in fig. 5.1, a texture pattern composed of five groups of micro-grooved dimples with

different depths, ranging from 5 µm to 25 µm (fig. 5.3), was machined inside the

squared section. Each dimple is contained within the dimensions of an imaginary

square cell of length 200 µm and width 40 µm, as represented in fig. 5.3(b). The

area ratio of the texture is about 50%. The deeper dimples have been positioned in

the suction and expulsion fingers located at the corners of the textured area. The

variable inclination of the dimples with respect to the sliding direction follows the

red stripes, as shown in fig. 5.1, which aim to guide the fluid towards the internal

part of the pad.

The two laser textured samples differ in the way the dimples were realized. In one

sample, dimples of elliptical shape were fabricated by moving the laser beam along a

path of four concentric ellipses with a hatch distance of 3 µm. In the other sample,

each dimple was micro-machined by drawing an array of equidistant parallel ablation

traces with a lateral displacement of 3 µm one from each other, resulting in a micro-

groove of almost rectangular shape (see fig. 5.3(c)). Following the scheme of fig.
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Figure 5.3: (a) Schematic of the texture pattern; (b) dimple size; (c) ablation
strategy to realize each dimple

Dimple Depth
(µm)

Number of Loops
(Elliptical Shape)

Number of Loops
( Rectangular Shape)

5 5 4
10 10 9
15 15 14
20 20 19
25 25 25

Table 5.1: Number of loops for each dimple depth and shape.

5.3(a), the ablation depth of each dimple was accurately controlled by adjusting the

number of overlapped loops. In Table 5.1, the number of loops executed to target

each dimple depth is reported according to the dimple geometry. The translation

speed of the focused laser beam on the sample surface was held constant at 20 mm/s.

After the femtosecond laser surface, micro-texturing, the samples were cleaned in

an ultrasonic bath to remove the loosely attached ablation debris.
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Figure 5.4: Optical microscope images of the overall textured area, and high
magnification SEM images of some micro-grooved dimples of sample with rectan-

gular (a,b) and elliptical (c,d) shape texture pattern

5.1.2 Morphological Characterization

The morphology of the fabricated micro-features was characterized by optical and

scanning electron microscopy. fig. 5.4, shows an overall view acquired with an optical

microscope of the worked area of the two samples with rectangular and elliptical

dimples, respectively, together with high magnification SEM images of some micro-

grooved dimples. The machined part is completely free from melting and burrs,

due to the high level of accuracy provided by the ultrashort pulse duration ablation

regime, together with the near threshold laser fluence selected for the LST process.

The confocal microscope analysis confirmed that the depth of the dimples met the

required specifics with micrometer precision, as, for example, reported in fig. 5.5

incase of rectangular dimple with three different depths of 10µm, 15 µm, and 20

µm, corresponding to 9, 14, and 19 laser scanning loops, respectively. However, as

it can be already noticed in fig. 5.5 (c), with the increase of the number of loops

and the dimple depth, some morphological defects start to appear. In particular,

the bottom of the dimples is more irregular and the vertical walls are more tapered.
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Figure 5.5: Confocal profiles along the major axis of an ablated rectangular
dimple after (a) 9 loops; (b) 14 loops; and (c) 19 loops

This effect can be ascribed to the attenuation of the laser fluence hitting the bottom

of the dimples as far as the depth increases. It is not the beam that attenuates but

the laser fluence, and this is due to the fact that the beam focus is on the surface,

therefore below the surface the beam is diverging. As far as the depth increases

the beam spot increases and the fluence drops. Since we are already working at

a near threshold fluence (because we want to avoid completely melting and burrs

at the edges), even a small drop of the fluence due to the beam divergence results

in a decrease of the ablation rate, causing metal particles re-deposition inside the

dimples. The possible way to solve this issue is to increase the focal length but by

increasing the focal length also the spot size increases. Therefore, a trade-off has to

be found. This problem is more pronounced in elliptical dimples because at the two

edges of the ellipse, the ablated metal particles has more difficulty to escape out of

the dimples (also due to the low fluence) and redeposit into the dimple. In case of

rectangular dimples the particles have more space to escape.

5.1.3 Tribological Characterization

The tribological characterization of the LST samples was carried out on pin-on-disk

Tribometer. Lubricant temperature was constantly monitored during the tests. A
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normal load was applied to the sphere holder by means of a calibrated weight. The

following tribology experiments were conducted on the samples. Firstly, the Stribeck

curves of the two (elliptical and rectangular dimple patterns) laser textured pads,

applying a load of 1 N, were measured and compared, aiming to find out which of the

two dimple geometries yielded the best tribological performance. Each measurement

consisted of several steps. During each step, the disc was rotated at a constant speed

while the tangential displacement value of the elastic supporting arm of the ball

holder was detected by a Linear Variable Displacement Transducer (LVDT). The

displacement sensor signal was converted via software into a tangential force value

T through a suitable calibration curve. Being known the normal load N, the total

friction coefficient was calculated by (the ratio of the tangential force T with the

normal force):

ft =
T

N
, (5.1)

The friction coefficient µ between the two surfaces was obtained from:

µ = ft − fd, (5.2)

where fd is the friction coefficient between the ball holder and the lubricant oil,

which was experimentally estimated by raising the arm and separating the two sur-

faces. Following this procedure, the friction coefficients of the two laser-textured

pads at different sliding velocity U of the disk ranging from 324 mm/s to 15.0 mm/s

were determined and plotted. We started with the fastest speed, where the lubri-

cation regime was always of the hydrodynamic type, and changed it towards slower

values in each step. This practice was adopted to strongly minimize any possible

undetectable surface wear. Each measurement was repeated 5 times in order to have

a mean value of µ with its related error, along with constant monitoring of the oil

temperature. Before testing on another sample or at another condition, all compo-

nents of the tribometer that came into contact with the lubricating oil were carefully

cleaned and the aluminum base was polished. The laser textured pad exhibiting the

best tribological performance was further investigated by measuring the Stribeck

curves in case of three different loads of 0.25 N, 1.0 N, and 1.5 N, respectively.
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Finally, in order to evaluate the hydrodynamic contribution of the anisotropic tex-

ture pattern, the tribological behaviors of the texturized sample and the control

untextured one were compared by operating the tribometer in reciprocating mode.

In this mode, the rotation speed is periodically inverted with a frequency that can

be set by software. The LVDT sensor still estimates the tangential force value (T)

which is, in this case, alternatively positive and negative. Alternately reversing the

sliding contact direction with respect to the texture distribution allows for better

highlighting of the anisotropic behavior of the texture pattern. These last measure-

ments were conducted at a constant temperature of 24 ± 2 degC, a rotating speed

of 0.136 m/s, a normal load of 0.25 N, and a reversing frequency of 1 Hz.

5.1.4 Results and Discussion

The comparison of the tribological behavior of the textured pads with elliptical and

rectangular dimples at different sliding speeds is represented in fig. 5.6. From the

Stribeck curves, both obtained by maintaining a constant temperature of 20degC

and applying a load of 1 N, the three lubrication regimes can be easily recognized.

At sliding speeds, slower than 0.03 m/s, the measured friction coefficient is relatively

high, typical of the boundary lubrication.

For speeds in the range between 0.04 and 0.1 m/s, a mixed lubrication regime is es-

tablished and the friction coefficient decreases until, by further increasing the speed

above 0.2 m/s, it starts growing again because of the fluid hydrodynamic resistance.

Although the trend of the two Stribeck curves is similar, it can be noticed that the

friction coefficient measured for the pad with elliptical dimple texturing (sample E)

is always approximately 20% higher compared to the rectangular geometry (sample

L). This is explained by the greater number of morphological defects noticed at the

bottom of the deepest elliptical dimples due to re-deposition of particles. The defects

at the bottom can be seen from the profile of figure 5.5 (c), where we can see that in

the case of the deepest dimples (the one with 19 loops) some protusions are present

at the bottom of the dimples. The more the texture geometry differs from the the-

oretical design, the less effective is the collective contribution of the dimple pattern

to reduce friction. This consideration also applies to the smaller area coverage of the

elliptical texture with respect to the rectangular texture. Indeed, in this study the
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Figure 5.6: Comparison between the Stribeck curves measured for the two tex-
tured pads with rectangular (sample L) and elliptical (sample E) micro-grooved
dimples, respectively. The temperature was set at 20 ± 2 degC and a normal

load of 1 N was applied during the measurements

obtained different texture area density is the consequence of keeping an equal lattice

spacing between the two textures (in order to reduce the experimental parameters).

Unfortunately, this leads to a larger boundary contact area in the boundary regime

and to a lower average interfacial separation (in the inlet zone) in the hydrodynamic

regime for the elliptical texture, with a consequent friction increase. Since it showed

better tribological performances, the pad with the rectangular dimple pattern was

further investigated by measuring the Stribeck curves at three different loads, i.e.,

0.25 N, 1 N, and 1.5 N, with linear sliding speeds ranging from 324mm/s to 15.0

mm/s. The results are illustrated in fig. 5.7, where it is clearly noticeable that,

especially for the load below 1 N, the designed anisotropic texture pattern generates

a hydrodynamic lubrication regime in a wide range of sliding speeds. It is worth

noticing that such hydrodynamic regime is the fingerprint of the anisotropic texture,

given that it would not be produced through the wet sliding contact of the untex-

tured surface. In addition, it is worth noticing that for the highest load of 1.5 N, the

friction coefficient significantly reduces at values below 0.13 for sliding speed faster

than 0.1 m/s, as related to the occurrence of the friction minimum in the mixed

lubrication regime.

Finally, the textured and the untextured flat control samples have been tested un-

der reciprocating sliding contact, in order to highlight the effect of sliding speed
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Figure 5.7: The mean coefficient of friction as a function of for the textured
sample at three different normal load values as a function of the sliding speed.

The temperature was set at 20± 2 degC

direction and texture anisotropy on the friction. In particular, the friction force

has been measured on the flat control surface and on the textured sample “L” as a

function of the reciprocating motion time in fig. 5.8 and fig. 5.9, respectively. The

measurements have been performed keeping the oil bath temperature at a constant

value of 24±2 degC, the average sliding speed at 136 mm/s, and applying a normal

load of 0.25 N. The sliding speed was periodically reversed with a frequency of 1 Hz.

In both graphs, the ratio between the measured (apparent) tangential force and the

normal load is reported as a function of contact time. In the first approximately

30 s of the measurements, the arm of the tribometer was raised and the tangential

force is relatively low oscillating with positive/negative small values around the zero,

according to the rotation direction of the disc. When the arm was lowered, the tan-

gential force absolute value is much higher exhibiting the same oscillation behavior.

However, in the case of the untextured control sample (fig. 5.8), the oscillations

are symmetric with respect to the zero, as must be expected. The textured sample

results shown in fig. 5.9 reveal, instead, a substantial asymmetry of the oscillation

amplitudes. Here, the tangential force is twice as intense when the direction of ro-

tation is opposite to that for which the texture pattern has been designed. The

same measurement was repeated for four different time intervals, obtaining similar

behaviors and thus proving confidence in the results and supporting the existence of
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Figure 5.8: Friction coefficient behavior calculated as the tangential force T to
the normal force N ratio, measured in the case of the untextured sample. The
tribometer operates in the reciprocating mode with isothermal conditions of the
oil bath (24 ± 2 degC), linear translation speed of 136 mm/s reversed with a

frequency of 1 Hz, and a normal load of 0.25 N

the micro-hydrodynamic collective contribution originated by the anisotropic surface

microstructures.

5.1.5 Conclusions

Exploiting the high level of precision and flexibility achievable through femtosec-

ond laser ablation, square un-tapered bearing pads with non-uniform surface micro-

texturing have been fabricated starting from flattened steel spheres. Specifically, an

innovative texture pattern design was implemented consisting of a non-homogeneous

array of surface micro-grooved dimples of different depths, inclinations and distri-

bution. Such a geometry was inspired by previous studies that, based on the BTH

theory, aimed to develop and optimize a surface micro-pattern enabling a macro-

hydrodynamic friction regime during lubricated sliding contact. According to the

theoretical predictions, this regime is entirely due to the collective flow action of

the micro-structural defects, and it could not be established in the case of a flat

untextured surface. The specific micro-grooved dimples depth, orientation and spa-

tial distribution enable, indeed, better retaining the lubricant under the pad and/or

redirecting part of it towards the internal pad portion through oppositely developed
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Figure 5.9: Friction coefficient behavior calculated as the tangential force T
to the normal force N ratio, measured in the case of the textured sample. The
tribometer operates in the reciprocating mode with isothermal conditions of the
oil bath (24 ± 2 degC), linear translation speed of 136 mm/s reversed with a

frequency of 1 Hz, and a normal load of 0.25 N

suction fingers. This collective micro-fluid-dynamic action of the dimples was ex-

pected to increase significantly the pad load support capabilities.

Following the theoretical non-uniform surface texture design, two different pads

were fabricated which differed in the shape of the micro-dimples and the ablation

strategy implemented to produce each dimple. In one sample, dimples of elliptical

shape were fabricated with concentric laser beam elliptical paths, while in the second

sample rectangular dimples were produced with a hatch of parallel ablation lines.

The ablation depth of each dimple was finely controlled by adjusting the number

of loops. However, the confocal microscope morphological characterization revealed

an increase of the walls taper with the depth, as well as the appearance of some

asperities at the bottom, especially in case of elliptical dimples.

The tribological behavior of each textured pad was investigated using a pin-on-disk

tribometer. The rectangular dimple textured pad exhibited an overall lubricated

friction coefficient which was approximately 20% lower than the elliptical dimple
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counterpart. The improved tribological performance was ascribed to the better mor-

phology of the rectangular dimples. A further tribological investigation of this last

sample at varying loads revealed that, especially for loads below 1 N, the designed

anisotropic texture pattern generates a hydrodynamic lubrication regime that is not

expected for the conformal contact of two flat surfaces in the investigated range of

sliding speeds. This is also confirmed by the absence of any wear sign on the pad

surface after the tribological characterization. Finally, it was found that the friction

coefficient of the textured pad was almost doubled when reversing the rotating di-

rection of the tribometer disk in reciprocating mode. This results strengthens the

hypothesis that the hydrodynamic regime is established only when the sliding direc-

tion the one for which the non-uniform texture pattern has been designed in order

to produce a collective micro-fluid-dynamic action. On the contrary, the untextured

control pad showed equivalent friction coefficient values irrespective of the sliding

direction in reciprocating mode. The experimental results presented in this work

are very promising and demonstrates that non-uniform surface texturing allows de-

veloping a new generation of so-called “super-bearings”, with unique and enhanced

tribological performances that, in addition, can be tailored according to the sliding

direction.

5.2 Effects of the micro surface texturing in lu-

bricated non-conformal point contacts

Topography of the surfaces plays important role in influencing the tribological prop-

erties of the materials and, in particular, the friction behavior of the two-rubbing

surfaces during conformal and non-conformal contacts. The topic of the tribological

performances of the micro-textured surfaces during non-conformal point contacts

under lubricated conditions is only partially enlightened in literature. The largest

part of theoretical and experimental analyses has been investigated on conformal

contact conditions, where the contact area is much larger than the pocket size. In

this study, what happens, in terms of friction, when the contact region has a width

comparable with the hole diameter has been investigated. . Indeed, such conditions

are significant in a variety of applications, involving conformal point contacts, such
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Figure 5.10: LST samples with different texture geometries (Triangular geom-
etry: dimples with diameters d=183 µm, depth h6.7 µm, areal density A [%]
=0.29; Hexagonal geometry: dimples d=183 µm, h6.6m, A [%] =0.27; Rectangu-
lar geometry: dimples: major axis L=200 µm, minor axis W=100 µm depth h7.3
µm, areal density A [%] =0.53, compared to the stainless steel polished surface.

as in ball bearings. Here, different tests are performed to study the tribological

effects, which arise due to the contact length or contact pressure (stress) and the

void coverage factor. These tests are performed by using a lubricant of two different

viscosities from PAO (Poly-Alpha-Olefin).

5.2.0.1 Surface texture manufacturing by Femtosecond laser ablation

process (fsLA)

The surface of the samples has been micro-textured with three different geometrical

patterns as shown in fig. 5.10, where we report all quotes characterizing the three

textures. Specifically, we have fabricated a Hexagonal and triangular pattern, both

with circular dimples, and a rectangular one with rectangular dimples. The micro

surface texturing has been performed upon stainless steel (1.4112) samples, having

a surface roughness of 0.2 µm. Fabrication has been done by using a scanner inter-

faced ultrafast fiber CPA laser system (mod. Sci-series from Active Fiber Systems

GmbH),and the resulting laser beam spot size on the sample surface 2wo was about

25 µm. The laser has been operated at a repetition rate f of 50kHz, with an av-
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Types of
texture
geometry

Void Ratio
(%)

Speed
(mm/s)

Hatch Track depth
(µm)

Hexagonal 27 22 Concentric 6.6
Triangular 29 34 Concentric 6.7
Rectangular 53 50 Crossed

horizontal and
vertical

7.3

Table 5.2: Process parameters defined for each texture geometry[circular dim-
ples textured in hexagonal and triangular lattice, quasi rectangles textured in

rectangular lattice]

erage power P between 60 and 70 mW. Therefore, the laser fluence, determined as

F = 2E
πw2

o
, where E is the pulse energy, was between 0.49 and 0.57 J/cm2. For the

three different textured geometries, different milling strategies have been used. For

both the hexagonal and triangular texturing, the dimples have been generated by

moving the laser beam along concentric circles, with a hatch distance of a few mi-

crometers and a speed of 22 mm/s and 34 mm/s, respectively. For the rectangular

geometry, crossed horizontal and vertical milling hatches have been performed at

50 mm/s. In these irradiation conditions, the number of pulses overlapping on the

same focal area was determined as N = 2wof
v

and resulted between 25 and 57. The

threshold fluence ranged from 0.16 J/cm2 to 0.15 J/cm2. It was calculated starting

with the single pulse threshold fluence (Fth(1) = 0.21 J/cm2) and the incubation

coefficient factor (S = 0.91) values found in the literature [102, 75] and using the Jee

incubation model [103], in order to take into account the reduction of the ablation

threshold due to the irradiation with multiple pulses. Therefore, laser ablation was

performed nearly above the threshold fluence, in order to achieve a high level of

accuracy and reproducibility of the machined microstructures. The desired dimple

depth was achieved by finely adjusting the number of overlapped loops. The main

process parameters are summarized in Table 5.2.

5.2.0.2 Characterization

The tribological properties of the micro-textured samples were evaluated by using

different instruments. The rheometer MCR-301 was used as a tribometer to perform
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the friction test under a normal force of 20N at 25degC. Given the rheometer con-

figuration, by means of the classic Hertzian relations, we can estimate the contact

diameter as D = 115.8µm has been estimated. We observe that; indeed, such a

value is comparable with the characteristic dimensions of the dimples. With regards

to the experiments, before carrying out the friction tests, the tribopairs have been

ultrasonically cleaned using isopropanol, followed by rinsing with Petrolether and

air dried. Experiments have been performed under pure sliding conditions by using

a steel ball (100 Cr6, G-28) within the sliding range, which varies from 0.0001m/s to

1.4m/s. The samples with different geometrical patterns have been aligned parallel

to the ball sliding direction. In detail, in the case of the rectangular dimples, we have

aligned the longer axis with the sliding velocity of the ball. Whereas, in the case of

the hexagonal and triangular geometrical patterns, given the circular dimples, the

textures are perfectly isotropic and, thus, there is no preferential direction for the

alignment.

A fixed quantity of lubricant, i.e. 1µl poly-alpha-olefin without additives (base oil:

IsoflexTopas L32), whose properties are included in Table 5.3, was distributed on

each plate at the point of the tribo-contact with µ-Pipette during each test and a new

ball was used for each test. In each measurement cycle, three identically textured

samples were placed in the sample holder and were tested. The measurement cycle

can be divided into two different regimes. The first regime is the endurance part in

which the rotational speed was kept constant at 20 rpm and the load was equal to

20 N. The second regime was the so-called Stribeck part in which the load FN is

kept constant at 20 N but the rotational speed is ramped up from 0 to 3000 rpm

in a logarithmic way. This ramp-up was repeated three times within one Stribeck

part. Both regimes occured twice. The first endurance part took 45 minutes and

was carried out in order to avoid any transient effect, due to a running-in behav-

ior, when recording the first set of Stribeck curves. Indeed, after this first Stribeck

package, including three curve measurements, a second endurance part was run for

another 60 minutes. In the end, the Stribeck part with three curve measurements

was repeated. Therefore, for each measurement cycle we obtained six Stribeck curves

which we averaged in the result plots.
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Low Viscosity Lubricant
(Type 1-Poly-alpha-olefin)

39.5 mm2/s at 20oC

High Viscosity Lubricant
(Type 3-Poly-alpha-olefin)

1300 mm2/s at 40oC

Table 5.3: Viscometric Characteristics

Finally, the morphologies of the surfaces have been characterized. Contact pressure

measurements have been performed with Fujifilm pressure measurement foils. The

foils have been positioned in the contact area and glued to the tested samples.

Pressure measurement tests have been carried out under a load equal to FN = 20N ,

applied on the steel ball, without lubricant in a static condition for 10 minutes. After

each test, the area of the contact pressure has been examined by using Leica DM4000

Microscope and Fujifilm Pressure Distribution Mapping system (FPD-8010E).

5.2.0.3 Results and Discussion

Preliminary pressure measurement tests have been conducted to visualize the dif-

ferences, in terms of stress distribution, between the textured and the un-textured

samples. Indeed, the contact pressure plays a crucial role in determining the wear

ratio and, consequently, the friction [104, 105, 106].

In detail, foils have been tested with both textured and un-textured samples under

the same conditions and, later, analyzed by using Leica DM4000 microscope. De-

pending on the level of the red colour (see insets of fig. 5.11), and by employing

the Fujifilm Pressure Distribution Mapping system (FPD-8010E), it is possible to

obtain in each point an estimation of the pressure value. Being the technique based

on the qualitative evaluation of the images of the measurement foil, the pressure

results plotted in fig. 5.11 have to be considered indicative, but, at the same time,

they provide significant information on how the surface topography influences the

pressure distribution. The dark red spots noticed in the insets of fig. 5.11 indicate

the area effected by a high applied pressure (stress), whereas the light red spots

represent the contact zone under an area of low pressure or stress. Incidentally, we

notice that these values are consistent with the dimensions previously calculated
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from the Hertzian theory.

More in detail, in fig. 5.11, the contact pressure distributions in two cases is shown:

the first one refers to the un-textured samples, whereas the second one is obtained

testing the rectangular textured pattern. In spite of the rough estimations offered by

the pressure sensitive foils,it can be observed quite clearly that the micro-texture pro-

duces a significant increase of the pressure distribution. This is due to the presence

of the micro-holes edges which, ultimately, act as stress intensity factors [103, 107].

Such an effect seems crucial in non-conformal contacts where the contact area is

comparable with the pocket size. Indeed, in fig. 5.12, confocal images for the rect-

angular geometry (on the top) and for the hexagonal pattern (on the bottom) show

that the worn zone has the same size of the rectangular micro-hole or pocket.

The higher pressure due to the presence of the micro-texture is a potential evidence

of larger wear. This is particularly critical in all the regimes where we do not have

a fully developed lubrication film and where, as a consequence, the wear ratio tends

to be higher. Larger wear indicates larger friction, and, therefore, the presence of

a micro-pattern seems to be detrimental in conformal contacts [106]. However, the

presence of micro-holes may play also a positive role. Indeed, in the mixed and

boundary regimes, where the wear is larger, the holes constitute an opportunity to

entrap the debris and, therefore, contribute to a smoother interface between the

contacting bodies [105]. This may entail the reduction of the interfacial friction.

Ultimately, in the presence of micro-textured surfaces in point non-conformal con-

tacts, two competitive mechanisms can be expected: on one side, the presence of

the holes edges produce an intensification of the stress distribution and, therefore,

an increase of the wear ratio; on the other hand, the holes can capture the debris

related to the wear process and, therefore, can help in obtaining a smoother interface

and, ultimately, a smaller friction force.

All this is confirmed in fig. 5.13, where we plot the friction coefficient, µ, as a function

of the sliding velocity, u. Each micro-texture geometry has been tested under the

same conditions by using two different lubricants (shown in Table. 5.3). In both

cases, we focus on the mixed and boundary regimes, where it is well known that the

wear plays a fundamental role and, consequently, it is more interesting to investigate
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Figure 5.11: Contact pressure distribution maps (FPD-8010E) based on the
analysis of the acquired microscope images of the Fujifilm measurement foils shown

in the insets

the effects of a textured pattern. In fig. 5.13(a) and fig. 5.13(b), we observe that,

in comparison with the results of the untextured samples, the hexagonal and the

triangular patterns produce a deterioration of the frictional performances, whereas

the rectangular pattern shows an improvement in the order of 20%. Interestingly,

these two opposite trends look stronger at low speed, where the wear is expected

to be larger. The different behavior can be explained by assuming that the two

aforementioned mechanisms, both related to the wear, intervene differently in the

two cases. Indeed, for the triangular and the hexagonal lattices, the wear increase,

related to the change in the topography, prevails and determines an increase of
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Figure 5.12: Industrial Laser Confocal Microscope 3D Images (50X) for the
rectangular geometry texture (on the top) and CSM Confocal Microscope Images
for the hexagonal texturing (on the bottom). In both cases, the worn zone is clear

the friction force. Conversely, in the case of the rectangular micro-holes, the debris

entrapment effect seems to dominate and determines, in the mixed and the boundary

lubrication regimes, a reduction of the frictional losses. As the first process, i.e. the

stress intensification and, consequently, the larger wear, cannot depend significantly

on the dimple geometry since it is mainly related to the presence of sharp edges in

the contact region, the very different experimental outcomes have to be related to

the second mechanism, i.e. the debris entrapment, which is strictly dependent on

its turn on the void ratio. Indeed, a larger fraction of dimples on the total sample
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surface can guarantee more space, for the wear particles, to be captured in the

micro-holes. This is what occurs in our case where the rectangular pattern, with a

void ratio of 53%, performs much better than the other two cases.

5.2.0.4 Conclusions

The non-conformal point contacts of laser textured and untextured surfaces have

been experimentally investigated. It has been shown that introducing a surface tex-

ture may have opposed outcomes. Indeed, in comparison with un-textured samples,

it can bring to a deterioration of the frictional performances, but, on the other hand,

can also determine a significant reduction of the frictional losses. This has been re-

lated to the occurrence of two different competing mechanisms: one deals with the

stress intensification provoked by the holes edges, which contribute to intensify the

stress, thus increasing the wear ratio and, therefore, the friction losses. The other

element is related to the debris particles entrapment, to the creation of a smoother

interface and, consequently, to a reduced friction. Depending on the mechanism

which prevails, the texture introduction can worsen or improve the tribological per-

formances. The experimental tests show that a high void ratio can be useful to

enhance the entrapping effect and decrease the friction. Ultimately, these results in-

dicate the necessity to pay more attention to the micro-texture in conformal contacts

as a tool to optimize friction.

5.3 Experimental investigation of the tribological

and wettability properties of laser-textured

martensitic steel surfaces

The objective of the following experimental investigation was to define a novel ap-

proach to find the most appropriate lubricant for a mechanical equipment by study-

ing the friction behavior during the reciprocating sliding contact under dry and

lubricated conditions. Micro-texturing was performed on martensitic steel surfaces

by using a 1030-nm-wavelength femtosecond laser system. Surfaces were micro-

textured with three different geometrical patterns with same parameters as shown
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5.13 (a)

5.13 (b)

Figure 5.13: Friction coefficient, µ, vs. sliding velocity, u. Figure 5.13(a) and
5.13(b) refer respectively to the low viscosity (Type 1) and the high viscosity

lubricant (Type 3). For each measure, we report the scatter as an errorbar.
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in fig. 5.10. The fabrication was also performed in the similar procedure as ex-

plained in section 5.2.2, and the same texture geometry(rectangular, hexagonal and

triangular) used of the previous section.

5.3.1 Characterization

The tribological properties of the micro-textured samples were evaluated by using

different apparatus. A Phoenix TE79 tribometer (fig. 5.14) was used to determine

the coefficient of friction of the textures under various conditions. A reciprocating

ball-on-disk sliding approach was used with total cycle count of 300 and stroke

distance of 5 mm, giving a total sliding distance of 1.5 m. Samples were ultrasonically

cleaned in Teepol and acetone, each for 5 minutes. An 8mm diameter alumina

counterpart ball was used for all tests, with a new clean spot being used for each

test. A load of 200 gf (2 N) was used with an approximate Hertzian contact pressure

of 750 MPa. The conditions tested were varying sliding speeds (5, 10, 50, 100, 500 &

1000 mm/s), temperatures (20degC) and lubricants (dry, glycerol, 15W40 mineral

oil). Stribeck curves have been produced by comparing the average coefficient of

friction and calculating the Hersey number for each sample type. Hersey numbers

H were calculated following the formula H = uη
F

, where u is the speed in mm/s, η

the viscosity in mPa.s and F the load in mN.

5.3.1.1 Contact Angle Measurement

An Alicona G5 focus variation microscope (FVM) was used to evaluate the tex-

tured surfaces, in term of ablated pocket dimensions and surface roughness. A

video-based optical contact angle measuring device, Attension Theta Optical Ten-

siometer, was used to assess the wettability properties of the surfaces. Using the

sessile drop technique, the static contact angle (CA) was measured by dispensing

droplets of 6 µl under atmospheric conditions and after stabilization. In addition dif-

ferent lubricants-glycerol, mineral oil, Milli-Q water with different visocisites (shown

in Table 5.4), was used to compare the wettability values to hydrophobicity or hy-

drophilicity. A hot stage was used in order to heat both the sample and the dispensed

liquid to 80 degC. All measurements were repeated 3 times for statistical purposes.
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Figure 5.14: Image of Phoenix TE79 tribometer

Dynamic viscosity
(mPa·s)

Dry/ Air Glycol Mineral Oil
0.01983 1413.8 287.23

Table 5.4: Viscometric characteristics for the considered fluids.

Spreading curves were obtained by analyzing droplet images recorded each 10 frames

per second, starting from the first contact of the droplet onto the surface and for a

duration of 70 seconds. Spreading values were estimated by measuring the diametral

contact distance of the drop to the surface and projected to calculate the area of a

disk.

5.3.2 Results and discussion

Friction measurement tests have been conducted to visualize the differences, in terms

of the Stribeck curve for un-textured stainless steel surfaces, under dry and lubri-

cated conditions. Indeed, the trend of the Stribeck curve plays a crucial role in

choosing a lubricant and sliding velocity for having a highest friction reduction on

textured surfaces. In fig. 5.15, lubricated un-textured polished surfaces give lesser

friction, as compared to the dry. During dry condition, the coefficient of friction

decreases with an increase of the sliding velocity or Hersey number, but, still, it
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Figure 5.15: Friction coefficient vs Hersey number under dry and lubricated
conditions on lubricated un-textured polished steel

has much higher friction coefficient in comparison with the lubricated conditions.

During dry conditions, it shows a really high momentum with an increase of sliding

velocity, which causes more initial wear as compared to lubricated condition. Among

glycerol and mineral oil, mineral oil is low viscosity lubricant (shown in Table 5.4),

and gives a consistent friction reduction throughout, with an increase of the sliding

speed, which leads to increase of the Hersey number. Whereas, having the glycerol

a very high viscosity, it shows a friction reduction as compared to mineral oil with

an increase of the Hersey number.

In the nutshell, we can say that the lubricated un-textured surfaces give better results

as compared to dry un-textured surfaces. Mineral oil doesn’t have a huge variation

in the coefficient of friciton with an increase of the sliding velocity, and glycerol

has more right shift (due to viscous effects) and less friction of the Stribeck curve.

Based on these results it has been possible to choose the sliding velocity where the

5mm long wear track can be easily re-lubricated. This helps to initiate the process

of defining a best suitable parameter (e.g. sliding velocity & type of lubricant)

for achieving the higher friction reduction on the textured surfaces. Finally, the

friction measurement tests have been conducted in terms of the Stribeck curve for

different textured and un-textured surfaces with chosen mineral oil as a lubricant

under reciprocating sliding contact. In fig. 5.16 textured surfaces have lower COF as
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Figure 5.16: Friction coefficient vs Hersey number for un-textured and different
textured surfaces, using mineral oil as a lubricant

compared to the un-textured from boundary to mixed regime. Triangular textured

surfaces show the highest friction reduction as compared to other textured surfaces

from boundary to mixed regime with an increase of Hersey number, but they also

have a highest friction coefficient at low sliding velocity of 5mm/s or boundary

conditions.

Rectangular texture shows a lowest COF at a low sliding velocity of 5mm/s, but

with an increase of the sliding velocity or Hersey number, it shows consistent results

from boundary to mixed regime. It also stays with a lower COF as compared to the

un-textured surface from boundary to mixed regime. The friction coefficient almost

remains consistent with an increase of sliding velocity. Hexagonal textured surfaces

show the increase of friction in the beginning. This could be due to distortion form

edges or debris, which lead to increase of friction while sliding. But later, this texture

geometry shows a friction reduction from boundary to mixed regime with increase

of the Hersey number towards the elasto hydrodynamic regime.

Also, the contact angle measurement tests have been conducted to understand the

wettability properties of the textured and un-textured surfaces (fig. 5.17). It has

been conducted with three different lubricants, which include water, Glycerol, Min-

eral oil. In case of using water as a lubricant, polished un-textured samples show
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Figure 5.17: Image and measurement of static contact angles of the polished
(P), triangular (T), hexagonal (H), and rectangular (R) textured surfaces, using

comparatively water, glycerol and mineral oil as probe liquid

the contact angle (CA=84o), whereas textured samples with different geometrical

patterns show the contact angle at the hydrophilic-hydrophobic barrier (CA=90o).

In case of Glycerol as a lubricant, polished un-textured sample is more ”glycerol”-

philic with a contact angle (CA(PG)) =72o, and the textured samples reach the

glycerol-phobicity with a contact angle lies between 92o and 105o, CA(TG)=99o,

CA(HG)=93o and CA(RG)=101o. Mineral oil exhibits a philic behavior with CA

around 25o for the textured and un-textured surfaces. This result also supports the

tribology, which shows the less friction coefficient in case of mineral oil with textured

and un-textured surfaces.

The three considered textures show a slight improvement of Contact Angle for three

liquids, however difference between textures is not really relevant regarding the con-

tact angles. This is probably due to the size of the textures, that are too big to

trap air inside. There is a small difference between the textured surfaces and the

polished one, which is only produced by a combined effect of change in surface
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Figure 5.18: Oxygen content measured by EDS (wt%) on untextured surfaces
and inside/outside the different laser-textured dimples

chemistry and increase in surface roughness. In fig. 5.18, EDS analysis provides

elemental composition. We can see that, among the textured surfaces, the surfaces

with a higher void ratio has a least oxygen content inside the dimples as compared

to the textured surfaces with a lesser void ratio. So, that could be the reason why

the rectangular textured surfaces (VR=52%) show lesser amount of oxygen content

inside the dimples as compared to triangular (VR=29%) and hexagonal textured

surfaces (VR=27%). We can clearly see the trend of increasing oxygen content with

decreasing void ratio. Also, the “Void ratio” plays a vital role in effecting the slight

change of CA.

The behavior of the lubricant while spreading on the textured surfaces was shown

in fig. 5.19. The spreading is better with mineral oil as compared with the glycerol.

However, the wettability of mineral oil is decreasing with the increase of the time.

Spreading curves are measured until reaching a plateau, meaning stabilization. For

mineral oil, the first contact angle measured is around 60 deg decreasing progres-

sively to the 25o, almost wetting. For glycerol, the first contact angle is measured

around 120o, decreasing progressively to 85o. Observed spreading of the lubricant

reflects the influence of both, the viscosity of the lubricant and wetting properties
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Figure 5.19: Spreading of lubricants on rectangular textured surface (6µl,
20degC) with respect to the contact angle and area

of the surface. Mineral oil exhibited a more constant philic behavior and an al-

most complete spreading over the polished and textured surfaces. It explains why

the mineral oil gives the consistency in the friction reduction. It also explains, why

choosing mineral oil is good for the mechanical equipment’s because mineral oil wets

the surface, regardless the working conditions and surface finishing, and its philic

behavior will help to maintain the lowest coefficient of friction.

At high temperature, the spreading is even better for oil. At 80degC, the oil spreads

better and faster through the surface, and thus the results for friction are better (fig.

5.19).

5.4 Conclusions

The study of the micro-textured effects on the tribological and wettability properties

of laser-textured martensitic steel surfaces found that introducing surface texturing

in different geometrical patterns leads to friction reduction under different lubrica-

tion regimes of the Stribeck curve. Indeed, in comparison with un-textured samples,

the textured samples show lesser friction and a slight reduction of the contact angle

with different lubricants. Mineral oil shows more consistency in the friction reduc-

tion due to the philic behavior of the mineral oil or the complete spreading of the
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Figure 5.20: Evolution of spreading of lubricants (glycerol and mineral oil) on
rectangular textured surface with the increase of temperature

lubricant on textured and un-textured samples. The experimental tests show that

a mineral oil can be useful to decrease the friction for low and high dynamic veloci-

ties. Ultimately, these results present a novel and practical approach for the design

of the tribological systems geometry of the surface texturing, lubricant, working

temperature and sliding velocity.





Chapter 6

Conclusion

In the present work, I have investigated the influence of the micro-textured geomet-

rical patterns on tribological properties during conformal and non-conformal contact

in dry as well as lubricated conditions. In brief, the purpose of present thesis is to

reveal the laser textured geometrical patterns, which help to enhance the tribological

properties, for e.g. friction reduction.

Different experimental techniques and micro-textured geometrical patterns were

used to reveal it. Results suggest that the joint action of virtual prototyping (BTH

lubrication theory) and ultrafast laser micro-prototyping can lead to unconventional

and impressive results in terms of enhanced or tailored contact mechanical proper-

ties of the generic lubricated tribopair. It demonstrates that non-uniform surface

texturing allows developing a new generation of so-called “super-bearings”, with

unique and enhanced tribological performances that, in addition, can be tailored

according to the sliding direction.

Results from the study of non-conformal point contacts provides simultaneous oc-

currence of two competing effects, when the contact area has size similar to the

width of textured surfaces. One was related to the stress intensification, due to the

presence of the micro-hole edges on the contact topography, which leads to a conse-

quent increase in wear and friction. On the other hand, micro-texture may play a

111
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positive role in the friction optimization given the possibility, offered by the micro-

holes, to entrap wear debris and, then, to preserve a smoother interface between the

contacting pairs. These results point out the necessity to pay more attention to the

micro-texture in conformal contacts as a tool to optimize friction. These results also

work as benchmark for further investigation in this regime, which has been poorly

investigated in the literature.

Studying the tribological and wettability properties of laser-textured martensitic

steel surfaces during reciprocating sliding contact provides the result, which suggest

that laser textured surfaces have friction reduction in different lubrication regime as

compared to un-textured surfaces and also slight reduction of the contact angle with

different lubricants. It allows to define a novel approach for the design of tribological

systems depending on surface texturing, lubricant, working temperature and sliding

velocity.

In conclusion, this work shows that depending on the microgeometry of the sur-

face texture, the coefficient of friction under lubrication regime can be accurately

controlled. However, there are several mechanisms behind these results, like e.g.

wettability, chemistry of surfaces and lubricants, fluid dynamics and cavitation at

the micro-scale, that deserve further investigation to be fully controlled. This would

lead to fabricate tribological surfaces with optimized geometrical patterns, enhanc-

ing the lifetime and reducing friction in different mechanical equipment’s. It will

help the scientific community to develop the mechanical system that are beneficial

for the establishment of the green environment.
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