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ABSTRACT

Friction reduction is important for minimizing energy loss and improving the life of sliding
components. Surface texturing is considered an effective way to control the wear and friction on
these components. In this research, textured surfaces were created on aluminium workpieces using
the tilted micro end milling technique. A flat end mill was used to generate asymmetric dimples.
A different series of symmetric dimpled surfaces were also machined using a single crystal
diamond cutter. Cutting forces were modelled and compared with the experimental results. On the
symmetric dimpled surface, a multi-scale texture process was carried out on the dimples to create
a smaller scale roughness through a High-Velocity Abrasive Machining process. A reciprocating
tribometer, based on a piezoelectric table dynamometer and a hemispherical ruby counter surface,
was used to evaluate friction coefficients under both dry and lubricated sliding conditions.
Asymmetric dimples exhibited directional friction effects. For multi-scale textured surfaces, it has
been observed a greater reduction in the friction coefficient under lubricated conditions when
compared with symmetrical dimples. To gain insight into the mechanism of friction reduction for
these surfaces, a series of 2D simulations were performed. These simulations showed that the
mechanism of friction reduction is attributed to the ability of dimples to increase the pressure of
the lubricant in the contact region resulting from the fluid flow between the sliding surfaces.
Moreover, a substantial decrease in the depth of the dimples on worn surfaces was observed,
suggesting that entrapment of wear particles within the surface texture features may also influence
the measured friction coefficient. Analysis of the wear track depth showed that surface texturing

also has a beneficial influence on the calculated Archard wear coefficient.
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CHAPTER 1. INTRODUCTION

Friction is present in all sliding surfaces; in some cases, such as in brakes, tires, or shoes,
friction has a positive effect. On the other hand, friction can be an undesirable effect because it
produces wear - reducing the life of mechanical components - and consumes energy. Friction
reduction is imperative for the longevity of components. For this reason, many moving contacts
are lubricated for the sake of reducing friction and wear, resulting in energy efficiency and
component durability. According to Nakada (Nakada 1994), in an internal combustion engine,
about 40% of the total energy loss is due to friction, while Priest et al., (Priest and Taylor 2000)
mentioned that a 10% reduction in mechanical loss would lead a 1.5% reduction in fuel
consumption. Energy is a key resource for our society today and will be crucial for our
sustainability in the future. A considerable amount of energy is consumed to overcome friction,
especially in the transportation, industrial, and power generation sectors, and major economic
losses are also due to wear of products and components and their replacement. One-fifth of all
energy produced worldwide is used to overcome friction, about 100 million terajoules a year
(Holmberg and Erdemir 2015). The largest quantities of energy are used by industry (29 %) and
transportation (27 %), and according to recent studies, it is possible to save as much as 17.5% of
the energy used in road transports in the short term (5 — 9 years) by effective implementation of

new tribological solutions (Holmberg and Erdemir 2015).

For this reason, researchers and industries have been investigating different solutions to
reduce friction: development of better lubricants, improvement of low friction materials, hard

coatings, and development of optimal engineering surfaces by creating microtextures. The last
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method is also called surface patterning or surface texturing, and it has gained significance due to
modern micromachining techniques. Gropper et al., (Gropper, Wang, and Harvey 2016) defined
surface texturing as the intentional introduction of well-defined identical features on surfaces
(dimples or grooves), which act as lubricant reservoirs, providing lubricant to the contact in cases
of starved lubrication, and capture wear debris, thereby minimizing third-body abrasion. Thus,
surface engineering is considered an effective way to reduce friction and wear. In this way, Ryk et
al. (Ryk and Etsion 2006) reported that under certain conditions, micro dimples fabricated onto
the face of piston rings can result in up to a 25% friction reduction with lubricant. However, Costa
etal., (H. Costa and Hutchings 2015) mentioned that the effectivity of surface texturing can change
between different applications or conditions, such as: dry sliding, solid lubrication, and oil
lubrication. However, a negative effect of the dimples was an increase in the contact pressure
between the sliding components due to the decrease of the area ofcontact. Thus, a micro dimple

density of 15% to 30% was recommended (Uehara et al. 2004).

Lubrication is essential to reduce friction, and it consists of four different regimes
(Hydrodynamic, Elastohydrodynamic, Mixed, and Boundary). Hydrodynamic lubrication consists
of two surfaces that are fully separated by a fluid film, thus lowering the friction between
surfaces;this results in higher efficiency and improves the longevity of mechanical components.
In Elastohydrodynamic lubrication (EHL) the hydrodynamic film formation is enhanced by
surface elastic deformation and by the increase of lubricant viscosity due to high pressure. In mixed
lubrication, two surfaces are partially separated by a film, but contact between protruding asperities
can occur. The final regime is boundary lubrication, in which two surfaces are in contact with each

other. This increases the friction and reduces the life of the components. Friction in these regimes
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depends on many factors, such as : the speed that one component moves compared to the other,

the applied load, deflections on the surfaces, and surface topography.

According to Coblas et al. (Coblas et al. 2014), the lubrication regime plays an imperative
role in helping textured surfaces accomplish three fundamental roles: lubricant reservoir, micro
hydrodynamic bearing and as debris trap especially in dry conditions and in the boundary region,
helping to decrease wear, increasing components life and improving fretting fatigue resistance
(Borghi et al. 2008; Dumitru et al. 2003). The parameters that affect fretting fatigue are the contact
pressure, slip amplitude, and frictional forces at the contact interface. With a given pressure applied
to the surfaces, the real area of contact is constant (Waterhouse and Trowsdale 1992). With a
smooth surface, the real area tends to be large, whereas with a textured surface the real area is

divided up into many small areas (Nowell and Hills 1990).

In the cases of the boundary and the mixed lubrication regimes , surface textures can act
like micro-reservoirs and thus provide lubricant during the operating period (Pawlus et al. 2009;
Pettersson and Jacobson 2003; Vilhena et al. 2009). When acting as micro hydrodynamic bearings,
textured surfaces can create an extra level of hydrodynamic pressure in addition to the pressure

generated by surface roughness, waviness, eccentric rotation, or squeeze.

In this study, specific dimple size and low oil viscosity were used to generate a micro-
hydrodynamic lift, as indicated by Braun et al, (Braun et al. 2014). This hydrodynamic lubrication
consisted of the addition of fluid at the contact interface of the surfaces. The presence of this fluid
aided the relative movement of the surfaces by creating a pressure field that balanced the external

loads, thus forming a lubricating film.
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Several techniques to create micro dimples have been studied and applied by many
researchers. Among the various manufacturing techniques, the Micro-Milling Tilted Spindle
technique offered excellent characteristics for machining micro dimples (fast processing time,
clean to the environment, no need of a vacuum, good and easy control of the shape and size of the
micro-textures), and thus it was used to pattern aluminium surfaces into regular arrays of micro
dimples. In addition, an extra texturing level to reduce friction and wear could be added by a High-

Velocity Abrasive Machining Process, which results inmultitextured surfaces.

A series of experiments were performed using a reciprocating sliding tribometer to
measure the average coefficient of friction and wear on textured surfaces. The effect of directional
friction under lubricated and dry conditions on asymmetrical dimples was studied, showing that
asymmetrically shaped dimples have a sliding direction dependent response (in terms of the

measured friction forces and friction coefficient) in comparison with flat surfaces.

Regarding the multi-texture scale dimples, the combined influence of shot blasting and
dimple surface textures had a synergistic influence on the friction coefficient, suggesting that the
surface roughness of surfaces is a mechanism to further improve the friction and wear performance
of textured surfaces. However, abrasive particles can cause a negative effect on the textured
surface. Thus, the erosion effects caused by different particle sizes and exposure time on textured

surfaces must be studied.

1.1 Objectives

1.1.1 Fabrication of Multi Scaled Dimple Surfaces

The main objective was to determine the tribological benefits of both dry and lubricated

sliding textured surfaces through multi-scaled dimples, in regard to friction and wear reduction.
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To accomplish this objective, an innovative technique consisting of inclined micro-milling
combined with a high-velocity abrasive machining process was used. This technique allowed
rapid fabrication of textured surfaces by creating rows of dimples through a fast translation of the
workpiece with a high material removal rate, producing a variety of textures with only slight
changes to the cutting micro tool geometry (Fleischer and Kotschenreuther 2006; J. Yan et al.

2010).

Micro-Milling Tilted Spindle offered several advantages when compared with other
texturing techniques. For example, special facilities having complex systems were not necessary;
neither was a chemical mask. Also, different workpiece materials could be used. However, special
attention needed to be taken when machining using micro tools, because important features of
machined dimples (such as: shape, size, density, and depth) can be affected by factors like:
oscillations of cutters while rotating, cutting tool wear or breakage, tool deflections, non-
uniformity of cutting conditions, a varying rigidity of the workpiece or clamping system, side
pileups, and abrupt movements of the workpiece while texturing. To detect and reduce these

disadvantages, predictive modelling of the machining forces will be completed.

In addition, a second layer of textured roughness was added to symmetric dimpled
surfaces to mimic hydrophobic surfaces present in nature (such as a lotus leaf), in order to
increment the contact angle between the surface and the liquid. The desired result was to enhance
the lubrication and thus decrease the friction between the sliding surfaces. A series of simulations
together with experimental tests were conducted to acquire the friction coefficient values and
Stribeck curves of the multi-textured surfaces. After this, interferometry was used to characterize

the multi-textured surfaces and determine the wear through the Archard's equation.
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1.1.2 Tribological Modeling of Dimpled Surfaces and Tribological Tests

After machining multi-scaled dimpled surfaces, 2-D numerical simulations were used in
order to determine the texturing parameters that significantly contributed to the frictional forces,
and eventually, the friction coefficient. To accomplish this objective, the Virtual Tribology
Laboratory (VTL) software was used. First, analytical equations were used to show that there was
a certain real area of contact at which the friction force acts. Then, the one-dimensional transient
Reynolds equation and factors such as the hydrodynamic pressure, the lubricant dynamic viscosity,

the slide velocity, and the minimum oil film thickness were considered.

Simulations were performed, replicating the sliding experimental conditions and
considering the final textured surface of the workpiece. To summarize the results obtained for the
various applied loads and speeds on the different surfaces, several Stribeck curves were created,
showing the changes of the friction coefficient. The obtained results through simulation were
compared with the experimental results generated via tribological tests. Finally, microscopic
pictures of the tested samples were taken to measure the loss of volume and quantify the reduction
of wear suffered on the textured surfaces compared with a flat surface using the Archard’s wear

equation.

1.2 Thesis Organization

Chapter 2 presents an overview of existing knowledge regarding tribology, lubrication
regimes, contact mechanics, modelling techniques of textured surfaces, machining textured
surfaces, friction reduction on textured surfaces, machining forces modelling, and erosion. In
Chapter 3, the micro machining technique is presented. In addition, a dimple cutting force model

is developed to predict issues such as uniform cutting, oscillations in the cutter, or tool wear. Model
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and experimental results using a carbide tool having two flutes and a single diamond cutter are
also compared in this section. A dimple profile shape comparison is shown, as well. The
experimental setup to create shot blasted surfaces and the wetting implication of roughness on
surfaces are discussed in Chapter 4. Chapter 5 deals with the tribological modelling and analytical
results on different textured surfaces. Chapter 6 shows the tribological analysis of run experiments

on the textured surfaces. In Chapter 7, conclusions and recommendations are given.
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CHAPTER 2. LITERATURE SURVEY

Understanding the frictional behaviour of micro textured sliding surfaces is based on the
fundamental knowledge of previous studies on untextured sliding surfaces done by Richard
Stribeck (Stribeck 1902). In this chapter, literature forming the fundamental basis of studies

proposed in this study is introduced.

Functional micropatterned surfaces have been recognized for their vital roles in a wide
range of advanced applications. Surface textures are commonly used in micro-electrical
mechanical systems (MEMS), magnetic hard discs, machining tools and automotive components
in order to decrease friction by decreasing the contact area and storing oil (Wakuda et al. 2003).
In addition, wear debris generated during the friction in sliding components can become embedded
between two surfaces, forming a wedge to scratch the surface and increasing friction (Dubrujeaud,
Vardavoulias, and Jeandin 1994). Micro dimples can trap those debris, reducing the chance of
wedge formation and thus decreasing the wear rate between sliding surfaces (Galda, Pawlus, and

Sep 2009).

2.1 Textured Surfaces

It has been found that surface texturing has great a potential for improving the tribological
performance in terms of reducing the wear and friction on sliding surfaces (Kovalchenko et al.
2005a; Meng et al. 2010; H. L. Costa and Hutchings 2007; Tang et al. 2013). Also, the tribological
effectiveness of the textured surface can be influenced by a combination of different texture
parameters, such as: size, density, depth, micro texture shape, and orientation of the dimples. It is

important to consider that depending on the machining parameters, dimples can have positive or
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negative effects on friction (Uehara et al. 2004). Effects can include increasing wear of the texture
surfaces (Ramesh et al. 2013; Qiu and Khonsari 2011), increasing friction (Pettersson and
Jacobson 2003; Vilhena et al. 2009; Parreira, Gallo, and Costa 2012), and a leak of lubricant supply
caused by excessive depth of dimples, leading to a higher friction coefficient compared with an

untextured surface Ryk et al. (Ryk, Kligerman, and Etsion 2002).

Thus, the effectiveness of textured surfaces depends largely on the size and density of
micro dimples, but a thin film of oil is also necessary. As dimples act as oil reservoirs, the oil
inside them counteracts the effect of increasing the contact pressure. Hence, using an oil with lower

viscosity is beneficial for the system (Lu and Khonsari 2007).

2.2 Fundamentals of Tribology

In tribology, speed-dependent film formation and changes in the frictional properties are
portrayed through a Stribeck curve. The Stribeck curve is a non-linear function between the friction
coefficient of the contact load (Fn), the lubricant viscosity (1) and the lubricant entrainment speed
(V), which define the Hersey number. Depending on the type of intervening film and its thickness,
it is possible to get different regimes of lubrication. Figure 2.1 presents a schematic of such a curve
as an overall view of friction variation in the entire range of lubrication as a function of the Hersey
number. The four lubrication regimes (hydrodynamic, elastohydrodynamic, mixed, and boundary)
can be clearly presented in the Stribeck curve. The solid line shows how the friction coefficient
varies with sliding velocity, lubricant viscosity, and applied load, while the dotted line shows the
variation of the lubricant thickness with those three variables. The lubrication regimes are

indicated on the graph, with their boundaries marked by vertical lines.
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Figure 2.1. Representation of a typical Stribeck curve (Mansot et al. 2009).

The boundary lubrication regime is present at low speeds and high applied loads. In this
condition the fluid film is negligible and direct contact will occur between the surface asperities.
High friction coefficients and high wear rates will then prevail unless the surfaces are protected by
a suitable lubricant. The mixed lubrication regime deals with conditions like low speed, high load,
or temperatures sufficiently large enough to significantly reduce lubricant viscosity. When any of
these conditions occur, the tallest asperities of the bounding surfaces will protrude through the film
and occasionally come in contact. Hydrodynamic or full film lubrication is for when the load
carrying surfaces are separated by a relatively thick film of lubricant. This is a stable regime of
lubrication, and metal-to-metal contact does not occur during the steady state operation of the
bearing. The lubricant pressure is self-generated by the moving surfaces drawing the lubricant into
the wedge formed by the bonding surfaces at a high enough velocity to generate the pressure to

completely separate the surfaces and support the applied load.
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The concept of lubrication regimes shown in a Stribeck curve is often applied for the study
of frictional characteristics of materials in rubbing and the understanding of a tribological process.
Variations of the Hersey number in a wide range offers a broad view of the tribological interface
under investigation. Consequently, The Stribeck curve is an effective way to summarize the
transition from elasto-hydrodynamic to hydrodynamic to mixed and boundary lubrication regimes.
Therefore, researchers use the Stribeck curve to predict and analyze the regime transition at which
a particular contact operates (Gelinck and Schipper 2000). For example, in Galda’s work (Galda,
Pawlus, and Sep 2009), researchers studied the influence of geometrical characteristics of the
surface texture on the Stribeck curve in lubricating sliding surfaces, and concluded that with the
proper configuration of shape, dimensions, and area density of oil pockets, the friction coefficient
of the sliding pairs decreased by about 15% in comparison to non-textured surfaces; a similar result
was achieved by Lu et al. (Lu and Khonsari 2007). By means of Stribeck curves, Braun et al.
(Braun et al. 2014) found that for the 40 um diameter dimples at 500 mm/s sliding speed a friction
reduction of up to 80% was possible. To achieve this, an oil flow inside the dimples was
established, in order to generate a micro-hydrodynamic lift. If the dimples diameter increased, the

oil viscosity must increase too.

In addition, oils and additives used to lubricate machinery may have many different
purposes, such as reducing friction and avoiding the excessive wear from dry surfaces rubbing
together (Lim and Ashby 1987). Reducing the friction between the moving parts directly results
in lower wear and thus, a decrease in energy and operating costs. Machine element geometry also
plays an important role in lubrication. For example, journal bearings under the same average
pressure but having different bearing structures and supports may experience different surface

deformation and wear, which in turn affects the lubricant film thickness and friction. In some cases,
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the difference can be large enough to cause a shift in their lubrication status (Y. Wang, Dhong,

and Frechette 2015).

Wear is another relevant topic in tribology. It can be defined as the progressive damage
and material loss which occurs on the surface of a component as a result of its motion relative to
the adjacent working parts. It has far-reaching economic consequences which involve not only the
costs of replacement, but also the expenses involved in machine downtime and lost production
(Williams 1999). In a similar mode for the case of reducing the friction coefficient, textured
surfaces have been shown to help suppress deterioration of the moving surfaces and involved parts.
In their research, Borghi et al. (Borghi et al. 2008) found that debris, caused by tribological tests,
filled the micro holes on textured surfaces, thus decreasing friction coefficient and wear. However,
when those micro-holes were filled with debris, a high instability of the friction coefficient curve

occured.

2.3 Contact Mechanics

Many researchers have investigated the factors that influence adhesion on friction force
(Bhushan and Nosonovsky 2003), indicating that the adhesion force is affected by the real area of
contact which is a function of the normal load, surface roughness, and mechanical properties. The
adhesion component of friction results from the junctions which are formed due to the surface

structure (Baney, Butt, and Kappl 2010).

When two nominally plane and parallel surfaces are brought gently together, contact will
initially occur at only a few points, as shown in Figure 2.3. As the normal load is increased, the
surfaces move closer together and a larger number of the higher asperities on the two surfaces will

come into contact. Since these asperities provide the only points at which the surfaces touch, they
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are responsible for supporting the normal load on the surface and for generating any frictional
forces which act between them. An understanding of the way in which the asperities of two
surfaces interact under varying loads is therefore essential to any study of friction and wear

(Hutchings 2001).

Microscale Gaps
Surface 1
Surface 2

Contact asperities

Figure 2.2. Schematic representation of contact asperities between two plane surfaces at
microscale level.

The contact between solids is limited by surface roughness. Only a small portion of the
apparent (or nominal) contact area interacts, and it must withstand the external loads acting on the
solids. The roughness in these cases corresponds to the highest asperity heights located above the
median reference plane of the topographies that make up the contact interface.

Geometrical effects on local elastic deformation properties have been considered as early
as 1880 with the Hertzian Theory of Elastic Deformation (Hertz 1882). This theory relates the
circular contact area of a sphere with a plane (or more generally, between two spheres) to the
elastic deformation properties of the materials. In the theory, any surface interactions such as near

contact Van der Waals interactions or other adhesive interactions are neglected.
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2.4 Texture Modelling Techniques

Modelling can be helpful to reflect the creation of an additional hydrodynamic lift that
can lead to a certain increase in load carrying capacity of the contact in cases of mixed and
hydrodynamic lubrication (Gropper, Wang, and Harvey 2016). In addition, lubricant properties
can be analyzed before tribological tests, saving time and helping to understand how dimple
parameters and lubricant properties affect the practical results. But, finding optimal texturing
parameters is still very challenging due to the large number of variables involved and the
complexity of governing equations based on different forms of the Reynolds equations or Navier—
Stokes equations. These equations are used in lubrication theory to analyze the pressure
distribution on a thin viscous fluid film and motion for fluid flow, respectively. However, several
studies were based on experimental approaches only, of which the most commonly used are pin-
on-disc (Kovalchenko et al. 2004; Podgornik et al. 2012; Scaraggi et al. 2013, 2014; Braun et al.
2014; H. Zhang et al. 2014) and ball-on-disc (Amanov et al. 2012) setups as well as reciprocating
sliding tests (H. L. Costa and Hutchings 2007). On the other hand, some studies were conducted
on real components, such as: journal bearings (Lu and Khonsari 2007), thrust bearings (I. Etsion
et al. 2004; Qiu and Khonsari 2011; Henry, Bouyer, and Fillon 2014) and seals (Bai and Bai 2014;
Izhak Etsion 2004; X. Q. Yu, He, and Cai 2002). Tgnder (Tender 1996, 2004) suggested that the
introduction of roughness at the inlet of a parallel sliding bearing provides a step-like configuration
similar to a Rayleigh step bearing. It was also found that more lubricant is available in the pressure

build-up zone, as the roughness at the inlet could prevent leakage.

Another set of explanations for a disturbed pressure distribution over single textures are
inertia-related effects, which were first studied by Arghir et al., (Arghir et al. 2003). As the

simplified models based on the Reynolds equation or Stokes equations do not consider inertia
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effects, they solved the full Navier—Stokes equations for different macro-roughness cells and
showed that inertia effects could provide a load carrying capacity for flows with higher Reynolds
numbers. However, the considered dimple geometries had very large aspect ratios (A) that are quite
different from the ones typically studied in lubrication theory, leading to pronounced inertia
effects. Etsion’s group (l. Etsion et al. 2014) found that partial texturing can improve the
tribological performance by a so-called collective dimple effect, similar to the concept proposed
by Tender (Tgnder 1996, 2004), showing that the textured inlet has a larger average film thickness
than the non-textured outlet, and therefore partially textured contacts behave similarly to a
Rayleigh step bearing. However, surface deformations and the effect of surface roughness were

not considered (Gropper, Wang, and Harvey 2016).

Computational Fluid Dynamics (CFD) simulations have been also presented, for example,
Sahlin (Sahlin et al. 2005) presented a CFD simulation in which by introducing a micro-groove on
one of two parallel walls, a net pressure rise in the fluid domain was reached. Thus, a maximum
load carrying capacity could be achieved with a dimple depth close to the depth at which a vortex
(a flow recirculation within the dimple) appears. This flow recirculation produces a load carrying
capacity on the walls, which is primarily a result of fluid inertia (Han et al. 2010, 2011), they also
concluded that suitable geometric parameters would benefit lubrication. However, unsuitable
geometric parameters will deteriorate lubrication properties. A completely contrary results were
presented by Dobrica and Fillonin (Dobrica and Fillon 2009). They studied the validity of the
Reynolds equation for a two-dimensional textured parallel slider configurations and concluded

that inertia in general has a negative effect on the load carrying capacity.

Meanwhile, Yong et al., (Yong and Balendra 2009) presented a CFD simulation on the

lubrication behavior of journal bearing with dimples, concluding that the introduction of dimples
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on surfaces is beneficial to lubrication performance in terms of friction force, compared to the

smooth plate sliding, and the semi-spherical dimple is more efficient in reducing the friction.

Thus, tribological modelling of surfaces is of great interest in the contact mechanics area.
Several factors (such as: lubricant conditions, contact parameters, and pressure forces) must be
considered. CFD is an important tool used to solve and understand fluid flow behavior and has
been used in numerous studies (Almgvist, Almqvist, and Larsson 2004; Elements, n.d.; Almqvist
and Larsson 2002; Ohue and Tanaka 2013; Q. J. Wang et al. 2008; Zhu and Hu 2001). However,
these are only considering the Reynolds equations to modelling of contacts as an
Elastohydrodynamic lubrication region. Hu et al. (Y.-Z. Hu and Zhu 2000), proposed to divide the
contact zone in two areas: the asperity contact region, and the hydrodynamic region. The modelling

equations for both the hydrodynamic region and the contact regions are:

d( p h30_p)+6< p h30_p)_U6(ph)+6(ph)

—(—=—— —(— = 2.1
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where x must coincide with the movement direction, p is the pressure, n* is the lubricant dynamic

viscosity, h is the film thickness and U is rolling velocity.

The physical interpretation of Reynolds Eqg. (2.1) is the equilibrium of fluid flow. The left-
hand side of the equation represents the lubricant flow due to the hydrodynamic pressure, while
the two terms on the right-hand side stand for the lubricant flow caused by surface motion in both

tangential and normal directions (Zhu and Hu 2001).
The film thickness can be calculated as:
h = ho(t) + Bex? + Byy* + V(x,y,t) + 6:(x,y, ) + 6,(x,y,t) (2.2)
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where h, is the average film thickness, B, and B, are constants related to the original geometry

of contacting bodies (radii of curvature in the x and y directions), §; and &, represent the roughness

amplitude of the surfaces, V is the surface deformation represented by a Boussinesq integral:

_ 2 pe,6) + pc(e9)
Voo =5 ﬂ Ja—2+ (@ —9)? deds (23)

where p is the pressure, p, is the asperity contact pressure and E' effective Young’s modulus.

Hu et al (Y.-Z. Hu and Zhu 2000), proposed using the same equations in the contact
regions because as the film thickness becomes zero, the pressure flow vanishes, and the Reynolds

Equation is reduced to the following form:

Uu—+—=0 (2.4)

Now, it is possible to solve the equations system without any extra information about the
contact borders and boundary conditions through the same iteration loop. In order to describe the
non-Newtonian lubricant properties, a viscosity term, n*, was introduced in Eg. (2.1) and can be
calculated by Eq. (2.5), considering possible shear thinning effects describe by Yang et al (Peiran

and Shizhu 1990).

1 17y . 174
— =——sinh— (2.5)
n* nty T

where 7, = 18 MPa is the shear stress for mineral oil, T, is the shear stress present on the lower

surface and n is the limiting viscosity at low shear rate.
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On the other hand, Wang et al. (Q. J. Wang et al. 2008) notes that their model does not
take into account the effect of heat transfer, but it provides a consistent numerical platform for the
evaluation and comparison of the performance of engineered surfaces. Meanwhile, Virtual
Tribology Laboratory (VTL) is a software developed by Profito et al. (Profito, Zachariadis, and
Tomanik 2011); in this software lubrication flow depends on motion, texture geometry, applied
load and mechanical characteristics of the material. A deeper insight into tribological modelling

using VTL will be provided in Chapter 5.

2.5 Machining Textured Surfaces

Nowadays, micro dimples can be fabricated on various types of materials using different
manufacturing methods. Coblas et al. (Coblas et al. 2014), and Costa et al. (H. Costa and
Hutchings 2015), classified the fabrication techniques into 4 technologies or methods, depending

on the way that the workpiece is manipulated to create the textured surface:

a) Adding material technologies: texture is obtained using chemical or physical deposition
processes.

b) Removing material technologies: creation of micro dimples by removing substrate
material resulting in nano or microstructures with various shapes.

c) Material displacement technologies: the substrate is plastically deformed and
redistributed from a location to another, changing the surface structure.

d) Self-forming methods: texture results after a succession of specific processes, implying a
longer fabrication time. Wear-resistant regions are firstly formed on the substrate so that
during the run-in period surface wear leads to texture development. More precisely, the wear
resistant zones, which are not affected during the run-in period, rest positioned above the

surrounding material which is worn out, creating a pattern.
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Due the diversity of methods and techniques to create textured surfaces, most of them
have not been deeply studied yet; for this reason Costa et al. (H. Costa and Hutchings 2015),
recommends choosing a texturing method based on the simplicity of the texturing technique,
commercial availability, equipment cost, texturing speed, and limitations in terms of the material,
shape, and size to be textured. In the next paragraphs, surface texturing techniques are discussed,
showing their main characteristics and limitations.
a) Adding material technologies

According to Costa et al. (H. Costa and Hutchings 2015), adding material technologies
can be divided into chemical or physical deposition methods. The chemical processes are based
on chemical reactions between the substrate and the deposed particles (reactants), while physical
deposition methods are based on processes such as aggregation, solidification, evaporation, and
sputtering. Chemical conversion methods are passive methods used to produce very thin layers
composed of chromates (Chromatizing), phosphates (Phospating), or oxides (Oxidation) through
galvanic or electroless recipes, i.e., aqueous bath or acidic attacks that induce spontaneous
formation of an anti-corrosive film. Pattern formation is due to the use of a mask shield that usually
consists of growth or adhesion inhibitors deposited on the substrate by micro contact printing
technique or stamping. The main advantage of this process is its flexibility in terms of texture
geometry, as continuous and discontinuous micropillars/microholes with various shapes can be
obtained. Textures have heights ranging between tens of nm and a few mm and lateral dimensions
limited at no less than a few micrometers. Equally, the method is suitable for both planar and
cylindrical substrates, its resolution being somehow dependent on the masking process. The main
disadvantage is given by the exhaustive chemistry knowledge required for the selection of

inhibitors, deposited materials, and substrate materials. Even for compatible components, texture
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height is limited and dependent on the substrate material. Another inconvenience results from the
reaction chamber that imposes limited workpiece dimensions. Only small and medium substrates
can be textured (<500 pum), while the process can be defined as environmentally unfriendly as it

requires the use of toxic gases.

Inkjet printing is a good example of a physical deposition method; this technique implies
the deposition of solid particles (conducting polymers, structural polymers, ceramics, and metals)
to form wear-resistant reliefs. Solid particles are transported to the substrate through liquid
precursors (colloidal solutions, sol-gel) and form various microstructures after precursor
evaporation and/or solidification. The main advantage of inkjet printing is the use of point by point
deposition which offers good precision in the final structures. Micro feature dimensions range
between 5 and 900 um heights and 20 and 200 um lateral dimensions. Printing resolution depends
on the ink jet printer resolution, particle diameter, and material characteristics. Some researchers
(Bruzzone et al. 2008), have pointed out that this method is suitable only for flat substrates with
reduced dimensions. However, a system composed of multiple parallel nozzles (guiding the fluid
to the substrate) should increase method’s efficacy, decreasing texturing time, and making it

appropriate for the processing of larger substrates.

Applying the inkjet printing technique, researchers (Tay, Minn, and Sinha 2011; Beng,
Minn, and Sinha 2011) have investigated the behavior of textured substrates in ball-on-flat and
flat-on-flat sliding tests in the presence of a nano-lubricant (fluorinated lubricant) and concluded
that both friction coefficient and wear are reduced in comparison with flat untextured specimens.
According to those researchers, the improved tribological performances may be due to both

reduced contact area and the nano-lubricant presence.
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Inkjet printing can be used to create super hydrophobic surfaces by growing zinc oxide
(ZnO) microstructures on patterned glass substrates (Bewilogua et al. 2009), as shown in Figure
2.4, or very high micropillars through successive deposition of ink (deposition of piezoelectric
ceramics or titanium dioxide particles on substrates of same materials). Using this technique, a
good compatibility and stacking of the successively deposited layers, a good densification rate,
and a high mechanical strength of the ceramic microstructures (Xing et al. 2013) have been
reported. Insufficient crystallization time between successive drop depositions can sometimes lead

to the formation of texture defects (J. Park et al. 2006).
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Figure 2.3. The principle of plasma assisted electron beam evaporation (Bewilogua et al.
2009).

Disadvantages of the Inkjet printing method include the lack of details about the method
applicability on metallic surfaces and their behavior in mechanical components. High temperatures
that are sometimes required for sintering (thermal curing) can represent a problem depending on
the substrate material (plastic materials). The method’s precision is not very good and seems

dependent on contact time between the stamp and the substrate: a short contact period can lead to
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poorly condensed patterns while a long contact period may result in blurred patterns. (Coblas et
al. 2014).
b) Moving material technologies

In this case, the change in the surface structure is attributable to plastic deformation and
redistribution of material from some parts of the surface to others (H. Costa and Hutchings 2015).
This method can use a single-shaped indenter, a patterned tool, or a patterned roller (in which case
it is called vibro-rolling), the patterning mechanism is based on the transfer of the tool shape onto
the workpiece surface by plastic deformation. Indentation tools are generally covered by a thin
layer of hard and very abrasive material (like diamond powder) and by being pressed into the
substrate (Coblas et al. 2014). The vibro-rolling technique is used to create regular texture patterns
on a surface through the plastic deformation of the substrate, rather than cutting as in the case of
polishing, grinding, and honing. Plastic deformation occurs when the yield strength of the material
is smaller than the contact stress imprinted by the tool surface. It can be used to create various
patterns on cylindrical surfaces, plane surfaces, and other complex geometries, as shown by
Schneider (Schneider 1984), and it is preferred to turning, grinding, and polishing methods,

improving fretting resistance and wear of metal surfaces (Bulatov, Krasny, and Schneider 1997).

Another surface technique included within the present category is burnishing. This
method can be used to reduce roughness (similar to polishing or lapping), but it can also be used
to create specific patterns on slide bearing sleeves (eccentric burnishing) in which case an
improved lubrication and frictional behavior. The method is appropriate for the texturing of a plane
and cylindrical surfaces as shown by some researchers (Koszela et al. 2012; Galda, Koszela, and
Pawlus 2007). Similar to honing and grinding, burnishing is a low-priced manufacturing method

(Coblas et al. 2014).
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Another technique that is part of this texturing method is called chemical-induced material
displacement. In this case, the molecular migration mechanism can be used to create nano textures
on substrates coated with azobenezne-based polymeric films. The method is based on the polymer
chain migration from laser beam photoirradiation induced movements (Coblas et al. 2014).
Textures with depths and widths from tens of nanometers to almost 500 nm have been already
produced (Fiorini et al. 2000; Leblond et al. 2009). Surface wrinkles, i.e., nano and micro
undulations, can be obtained by different multi-step processes, such as oxidation of PDMS
substrates by plasma oxidation or using UV-Ozone to create a stiff silica layer on substrate’s
surface, step succeeded by thermally or mechanically induced substrate stretching or compression.
These methods allow the formation of disordered wavy structures and unidirectional undulations
(due to uniaxial starching or compression) with dimensions between tens of nanometers to a few
micrometers (Coblas et al. 2014). Equally, the use of pre-patterned substrates allows the formation
of complex patterns with controlled shape and orientation (Schweikart et al. 2010). The main
limitations of both texturing technologies are the substrate materials which are not commonly used
within tribological systems (i.e., azobenezne-based polymers, PDMS, and silica) as well as texture
fragility, and surface cracks (Coblas et al. 2014).

c) Self forming technologies

For this case, wear-resistant regions are formed on a surface so that a texture develops
through wear of the surface, with the wear-resistant regions being left standing above the
surrounding material (H. Costa and Hutchings 2015). An example of this technique is thermal
implantation; this method is based on the implantation of hard, wear-resistant regions into a
substrate so that during use, the substrate (less resistant) wears out and a pattern is formed from

the hard implanted phases (which can support higher contact pressures) (Coblas et al. 2014). A
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thermal implant of TiC into a steel substrate showed a 100% increase in hardness (Fletcher et al.
2000), which could be beneficial for some applications. However, this technique needs special
facilities and texture fabrication time is high.
d) Removing material technologies

With this technique, textures are created by removal of material from the surface, creating
small depressions (H. Costa and Hutchings 2015). In their research, Coblas et al. (Coblas et al.
2014),, divided removing material technologies into processes which imply high temperatures
during texturing process (laser technologies, electrical discharge methods, electron beam or ion
beam methods); chemical reactions (etching), and mechanical process (grinding, honing,
ultrasonic machining and blasting). Another moving material method that is commonly used was
presented by Wakuda et al. (Wakuda et al. 2003). In this case, two different texturing techniques
were used to create micro dimples on a ceramic surface; abrasive jet machining and laser beam
machining. Abrasive technique is a cheap method to create textured surfaces, but laser beams
usually have high energy consumption.

(1) Laser Surface Texturing (LST)

Laser surface texturing (LST) is the most common method used today to texture surfaces

in engineering applications (Izhak Etsion 2005). This technique has been used to texture a wide
range of materials, from polymers to metals and ceramics (H. Costa and Hutchings 2015). Also,
this technique allows for the production of patterns with small features. For example, feature
depths of 200 nm and diameters of 20 mm could be obtained in steel samples by using a
femtosecond pulse laser. Another approach, based on laser-induced periodic surface structuring,
used a femtosecond laser to produce an array of dimples with diameters of 1 mm. However, the

use of LT presents limitations. First, the ablation mechanism often leads to the formation of raised
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features around the pockets, which originate from the ejected molten material. These lateral rims
are normally hard due to the microstructural changes caused by the process and can cause severe
abrasive wear of the countersurface and therefore need to be removed, either by mechanical
polishing or by laser polishing. The second issue for LST is the texturing speed. The process
involves ablation, which changes the material state directly from solid to vapor in a very short
period, with little metallurgical surface damage. The ablation fluence threshold for materials varies
from soft metals to glasses and hard composites. If the laser system has a sufficiently high
maximum pulse energy, a micro dimple can be produced through laser ablation using a stationary
laser spot with a size comparable to the dimple. Furthermore, as long as the laser fluence (pulse
energy/laser spot area) can at least exceed the ablation threshold fluence for the target material,
this can be done without the need for laser spot scanning; the depth of the dimple will depend on
the number of pulses. The use of high pulse energies, small spot diameters, and (ultra)short pulse
durations has allowed material removal by ablation to be achieved for a wide range of materials at
increasing texturing speeds.

However, since the features are normally produced in a serial sequence, the texturing time
for larger components can still be long, in particular for cheaper LST facilities that use long pulse
durations and large spot sizes. Many components that could have their performance increased by
surface texturing are cheap, so they might require cheaper texturing methods in order for the
increase in tribological performance achieved through texturing to be cost-effective. An alternative
LST technique that is substantially faster is laser interference texturing. In this technique,
interference fields produced by several coherent high-power laser beams can produce periodic
patterns composed of line-nets or dot-like features. The interference pattern covers a size

corresponding to the beam diameter, which increases texturing speed substantially, but the

36



maximum sizes of the individual features can be too small for some lubricated tribological
applications (up to around 3 mm in width and 1 mm in depth). Therefore, such features might be
desirable for applications involving EHL, but too small for hydrodynamic lubrication or starved
lubrication. Another possible problem is that the process changes the topography of the whole

surface, instead of only creating localized ablated features.

Another group (Prina Mello, Bari, and Prendergast 2002) has worked using excimer or
exciplex lasers. In this method, the laser beam is guided, focused, and concentrated through a
system of lens. The mask allows the creation of various shaped microfeatures (circles, squares,
triangles, etc.). The technique is flexible and fast, with very good accuracy and resolution. Process
resolution depends on laser wavelength, texture dimensions depend on the spot size (given by the
optics of the system), and texture depth is given by the number of pulses and their duration.
However, the production cost of the mask is a big disadvantage of this method. Figure 2.5 shows

the schematic for this technique.
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Figure 2.4. Arrangement used in the excimer laser ablation study (Prina Mello, Bari, and
Prendergast 2002).

The influence of laser surface texturing (LST) on mechanical systems performance is
given by various parameters, such as operating conditions (load, pressure, sliding speed,
temperature), lubricant properties, and texture geometric parameters such as; shape, depth,
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diameter, lateral dimensions, area ratio, (total dimple area over total surface area), distance
between dimples and aspect ratio (dimple depth over dimple diameter). (Izhak Etsion 2005a).
Another important aspect in LST is the thermal effect of the laser beam on the substrate. The
substrate can be affected by the laser beam heat and thus changes of its metallurgical property can
occur. Laser texturing process requires expensive equipment, a laborious and very costly post-
processing step (CNC programming is expensive, especially for cylindrical workpieces), and high
operating energy during the texturing process. However, the manufacturing costs strictly depend
on several parameters: (i) the texturing system (laser source, displacement control, focusing lens);
(ii) the substrate material; (iii) texture dimensions; and (iv) the number of workpieces which are
to be machined—prototyping or series production (for high volumes of treated pieces the cost can

be substantially reduced).

(2) Chemical based Manufacturing.

In this method chemical reagents are selectively applied to a surface to remove material
in specific regions, in order to produce a textured surface (Bruzzone et al. 2008). The material is
removed from selected areas by immersing it in a chemical etchant. Etching only in selected areas
can be achieved either by masking or by self-assembling of solid particles and/or liquids to form
a mask. Material removal results from a microscopic electrochemical cell action exposed to
ultraviolet light (UV), equivalent to that responsible for corrosion or chemical dissolution of a
metal. The resolution of the features that compose the texture depends strongly on the method used
to mask the surface. Depending on the printing method, texturing can also be applied to surfaces
with irregular shapes. Also, there are few restrictions related to the shape and distribution of the
features that compose the surface texture. The overall speed of these methods is restricted by the

speed of both the printing method and etching process. Normally, these methods change the
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surface topography, but they do not change the mechanical properties of the textured region. This
process can be divided into 4 steps; (i) resist deposition on substratum, (ii) resist exposure to ultra
violet light (UV), (iii) resist development, and (iv) baking of the resist onto the substratum, and

resist removing or striping . A schematic of this procces is shown in Figure 2.5.
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Figure 2.5. Lithography process: six-phase scheme (Prina Mello, Bari, and Prendergast
2002).

Wet etching can be isotropic (material etched at the same rate in all directions) or
anisotropic (etching rate dependents on the crystal planes); therefore, various shapes of 3D textures
can be obtained. Another key advantage is that the treatment can be applied also to irregular shape
substrates and complex geometries. Texturing process speeds depend on both printing method
(mask creation) and etching speed, while its accuracy depends directly on the method used to
create the masking shield. For this technique, the main equipment costs are related to the printing
method. On the other hand, etching provides an efficient control of material removal. Wet etching

is a low-cost method as it requires only chemical solution baths to etch the unprotected substrate
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regions. On the contrary, dry etching methods require the use of expensive equipment (vacuum
chambers) and is more difficult to implement. This technique has been used to analyze the

influence of micro dimples on the silicon carbide surface in water (X. Wang et al. 2003).

In dry etching, a normal laboratory bench can be used, in order to greatly reduce the
complexity and costs of the process in comparison to using a clean room. However, to extend this
technique to an industrial environment, a clean workspace environment with controlled yellow
illumination would be needed, since the photoresist resin is not sensitive to light of this
wavelength. This technique was used to study the effects of the surface texturing of coated silicon

under boundary and dry sliding conditions (Pettersson and Jacobson 2003).

(3) Inclined Micro-milling

Dimpled surfaces have been realized through ball end milling (Eldon Graham, Park, and
Park 2013; Pratap and Patra 2018). Advantages of micro-milling producing micro textured
surfaces include: high material removal rates, accurate surface finishes, and few restrictions on
workpiece materials (Fleischer and Kotschenreuther 2006). Micro-milling has been used to
produce a variety of different surface structures by altering the cutting technique (J. Yan et al.

2010), or changing the micro tool geometry (Matsumura and Takahashi 2011).

Compared to the previous surface texturing methods, inclined micro-milling is an efficient
method to fabricate micro-dimples because of the ability to machining several features in a single
setup. Thus, the micro-milling technique significantly reduces the time needed to fabricate dimpled
surfaces by creating a row of dimples in a single pass of the cutter (Pratap and Patra 2016; Resendiz
et al. 2015). Also, the inclined micro-milling is a cost-effective technique becasue complex

systems are not necessary, nor a different etchant for different materials and a mask is not required.
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In addition, inclined micro-milling is very precise due to computer control of the cutting tool

(Pratap and Patra 2018; Eldon Graham, Park, and Park 2013).

Micro-milling thus represents a very flexible method, and with the right combination of
cutting technique and tool geometry, a wide variety of surface structures can be developed.
However, care must be taken when using micro milling to pattern surfaces, since in machining
patterns, various things can detrimentally influence the resulting surface structure, such as
oscillations of cutters while rotating, cutting tool wear or breakage, tool deflections, non-
uniformity of cutting conditions, varying rigidity of the workpiece or clamping system, and abrupt

movements of the workpiece (Dimov et al. 2004).

In conclusion, this review suggests that the choice of a texturing method is mainly based
on the following criteria: simplicity of the texturing technique, commercial availability, equipment
cost, texturing cost, texturing speed, minimum size of the individual features that compose the
texture pattern, minimum and maximum depth of the features, and limitations in terms of the
substrates to be textured(material, shape, and size) (H. Costa and Hutchings 2015). Compared to
other surface texturing methods (such as wet or dry etchings, abrasive jet machining, and laser

processes) inclined micro-milling is a fast and effective method to fabricate micro-dimples.

2.6 Micro Machining Force Modeling

Force modelling of machining operations is central to understanding how to improve both
longevity and efficiency in micro tools (E Graham, Park, and Park 2013). Similarly, tool geometry
and cutting technique have significant effects on cutting forces and surface finishes (Fontaine et
al. 2007). Conventional cutting force models for flat end mills can be modified to predict forces

for inclined flat end milling. The force components on the milling cutter must be considered to
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account for the effects of spindle inclination. Inclined cutting of dimples with a flat end mill is
periodic and not continuous as in upright milling, and each flute enters the work piece surface with
a certain frequency. Since the tool geometry of a flat end mill allows for uniquely shaped dimple
geometries, an investigation into how cutting forces are affected is warranted (E Graham, Park,
and Park 2013). As mentioned before, the inclined ball end milling technique significantly reduces
the time needed to fabricate dimpled surfaces by creating a row of dimples in a single pass of the
cutter. Many other machining methods are not efficient by comparison as individual dimples are
made through repeating horizontal and vertical movements of the cutting tool. While a tilted ball
end mill can reduce machining time, there are limitations to the maximum depth of cut that can be
specified. Excessive cutting forces in micro end milling can cause severe deflection, which can
lead to tool breakage and excessive tool wear (Chae, Park, and Freiheit 2006). Many of these
problems can be monitored and avoided through measuring cutting forces and comparing to

analytical models.

2.7 Friction Reduction Due to Textured Surfaces

Most of the researchers who work on issues related to textured surfaces have done so in
the experimental area using laser systems. In their research (Kovalchenko et al. 2005), dimpled
surfaces were created with different densities using a laser surface technique, tribological
experiments were conducted with a pin-on-disk apparatus at sliding speeds in the range of 0.015-
0.75 m/s, and nominal contact pressures that ranged from 0.16 to 1.6 MPa. Two oils with different
viscosities (54.8 and 124.7 cSt at 40° C) were used as lubricants. The test results showed that laser
texturing expanded the contact parameters in terms of load and speed for hydrodynamic
lubrication, as indicated by friction transitions on the Stribeck curve. The beneficial effects of laser

surface texturing are more pronounced at higher speeds and loads and with higher viscosity oil. A
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lower area dimple density is more beneficial for lubrication regime transitions. Also, dimples serve
as pockets for wear particles embedment, preventing debris from further damaging the substrate

surface via ploughing (Meng et al. 2010).

In a similar way, M. Wakuda et al, (Wakuda et al. 2003) conducted a study to clarify the
potential of textured micro-dimples on a silicon nitride ceramic plate mated with cylindrical-
shaped steel elements. The effect of surface texturing with a variety of dimensions and density of
micro-dimples was evaluated to optimize the dimple pattern. Two dimples geometries were
produced for this research, one by Abrasive Jet Machining (AJM) and another one by Laser Beam
Machining (LBM). Figure 2.7 shows a topographic picture of both dimple geometries, indicating
a spherical morphology, while the LBM process led to a rather angular dimple. The dimple size

was set at 40, 80, or 120 um in diameter and area densities of 7.5, 15, and 30 percent.

Figure 2.6. Appearance of micro-dimples produced by AJM and LBM, both of which
exhibited characteristic profiles(Wakuda et al. 2003).
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The friction coefficient was studied using a pin-on-disk machine and compared to a
smooth surface without texturing. Some samples successfully realized reductions in friction
coefficient from 0.12 to 0.10. It was found that the tribological characteristics depended greatly on
the size and density of the micro-dimples, while the dimple shape did not significantly affect the
friction coefficient, regardless of rounded or angular profiles. A dimple size of approximately 100
pum at a density of 5-20 percent was recommended. Also, Li et al., (Li et al. 2010) studied the
relevance of the surface texturing as an effective tool in improving the tribological performance of
contacting surfaces and the significance of the development of self-lubricating composites which
can resist wear at high temperatures. LST was performed on the nickel-based composites by a
Nd:YAG pulse laser to form the regularly-arranged dimples with diameters of 150 um. The
tribological properties of the textured and nickel-based composites were investigated by carrying
out sliding wear tests against an alumina ball as a counter face using a high-temperature ball-on-
disk tribometer. Powder of MoS2 (20um) was smeared on the textured sample. Tests were
conducted at a sliding speed of 0.4 m/s and at normal loads ranging from 20 to 100 N and
temperatures ranging from room temperature to 600 °C. The friction coefficient of the nickel-
based composite textured and smeared with molybdenum disulfide was found to decrease from
0.18 to 0.1 at the temperature range from 200 to 400 °C. To gain a deeper insight into the
lubrication mechanisms of textured surfaces, some researchers have used both experimental and
numerical models. For example, Tang et al., (Tang et al. 2013) investigated the effect of surface
texture to reduce the friction and wear of a steel surface. A numerical model of the load carrying
capacity of multi-dimples was developed to analyze the mechanism responsible for reducing
friction and wear by surface texturing, and the effect of surface texturing with several dimple area

fractions was evaluated to determine the optimal dimple pattern. Three dimple area fractions (2, 5
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and 10 percent) were varied by changing the diameter of each dimple. The results indicated that 5
percent optimal dimple area fractions had generated the greatest hydrodynamic pressure compared

to other fractions, and reduced friction and wear up to 38 and 72 percent, respectively.

2.8 Summary

According to previous literature, micro dimples are an effective way to improve
tribological performance in mechanical components. Most of the studies analyzed in this review
used a laser beam machining technique (Wakuda et al. 2003) or a Reactive lon Etching method to
create dimples (X. Wang et al. 2003). However, in those techniques a complex system or special
facility were necessary. Compared with those surface texturing methods, inclined micro-milling
offers some advantages, such as: a reduction in time to create micro dimples, high material removal
rates, controlling the depth density and dimpled area, accurate surface finishes, and few restrictions

on workpiece materials (Fleischer and Kotschenreuther 2006).

In addition, micro dimples play an important role in the lubrication regime. In the elasto/
hydrodynamic lubrication regime dimples create a lift-up pressure effect (Samuel Cupillard,
Michael J. Cervantes 2008). In the boundary lubrication mode, dimples can act as an oil reservoir,
thus providing a continuous lubricant supply to the contact interface, helping to decrease surface
to surface contact (I Etsion 2004). Also, dimples act as traps for wear debris, which decreases

ploughing effect (Kovalchenko et al. 2005).

Fluctuations in film thickness and pressure are important factors to consider because they
govern most surface failures, such as: excessive wear, pitting, and scuffing (L. Chang 1995).
Boundary films increase the overall lubrication film thickness and move the transition between

EHD or mixed lubrication and boundary lubrication towards more severe operating conditions.
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One of the parameters that greatly influences the friction under certain conditions is
surface roughness (Galda, Pawlus, and Sep 2009), and film thickness is affected by surface
roughness. Surfaces of metals are actually rough, and asperities representing the roughness of the
surface exist in the surfaces of metals (Sahin, Cetinarslan, and Akata 2007). Thin viscous boundary
films formed on rubbing surfaces can reduce asperities’ interactions of rubbing surfaces under very
thin film conditions. In addition, surface texturing could help to increase the separation of rubbing
surfaces under mixed lubrication conditions if the depth of micro-features is properly designed

(Ktupka and Hartl 2007; Kiupka, Vrbka, and Hartl 2008; Kiupka and Hartl 2007).

In this research, the friction of asymmetrical and symmetrical dimples on sliding surfaces
is analyzed and the effect of multi-textured dimples is proposed. In this way, it is planned to

generate a double texturing on the dimpled workpiece to further reduce friction coefficient.
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CHAPTER 3. FABRICATION AND MODELLING OF DIMPLES

USING END MILLING TECHNIQUE

There are many methods to generate micro dimples, but they are limited by factors such
as the material to be used and the micro-dimple geometry required to create the dimples. Some
others such as wet or dry etchings, and laser processes are expensive or need special facilities. The
inclined end milling technique (Kogusu and Ishimatsu 2008; J. Yan et al. 2010; Eldon Graham,
Park, and Park 2013; Resendiz et al. 2015; Pratap and Patra 2018) is an efficient and cost-effective
method to fabricate micro dimples, because complex systems are not necessary. Inclined micro-
milling significantly reduces the time needed to fabricate dimpled surfaces by creating a row of
dimples in a single pass of the cutter, does not have a high energy consumption, and a mask is not
required. However, due to its small size, special attention must be given to using micro tools.
Parameters such as cutting depth, workpiece material, feed rate, RPM and number of flutes can
affect its efficiency and lifetime. Thus, a cutting force modelling technique to detect oscillations
of cutters while rotating, cutting tool wear or breakage, tool deflections, and non-uniformity of

cutting conditions is presented in this chapter.

3.1 Fabrication of Textured Surfaces

Micro milling has become available for fabricating micro textured surfaces. With the right
adjustments, the spindle speed and feed rate can be set so that the flutes of the cutter create periodic
dimpled patterns onto a workpiece surface. Tool breakage or deflections are common while
machining dimples, affecting the final texture. An effective method to avoid this is to model the

cutting forces. Comparison of measured machining forces with those predicted by the model can
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be used to identify issues with patterning the surface, such as; uniform cutting, oscillations in the
cutter, or tool wear (Chae, Park, and Freiheit 2006). The performance of textured surfaces depends
upon the geometry of the surface patterns. It is, therefore, essential to understanding how different
machining parameters affect the resulting topographic structure. Thus, the components of cutting
forces in each axis (Fx, Fy, and F;) as shown in Figure 3.5 can be predicted and the cutting

parameters can be corrected.

3.1.1 Dimple Geometry

The shape of each dimple is a function of the tool geometry, depth of cut, feed rate, and
spindle speed. The spacing between adjacent dimples, s; (as shown in Figure 3.1), is also a

function of these process parameters which can be obtained as:

Sq = ?10—1\{ (3.1)

where f is the feed rate in mm/s, n is the spindle speed in RPM, and N is the number of

flutes.

The linear pitch (dimples/mm) in the feed direction for each row is inversely related to the

spacing:

Xpitch = S_ (32)

By increasing the feed rate or decreasing the spindle speed, the tooth passing rate becomes
smaller and the spacing between dimples becomes larger, resulting in fewer dimples per row. In
contrast, decreasing the feed and increasing the spindle speed will result in more closely packed

dimples.
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The spacing between rows of dimples, d,, is a process parameter directly controlled by
the operator during machining. The in-row offset between dimples in adjacent rows, d,, is also
controlled during the machining process. Figure 3.1 represents a dimpled surface schematic
showing the aforementioned variables. Dimples can have different sizes and shapes, such as;
square, triangular, semi-circular, chevron and drop shape which depends on the texturing technique

and tool used.

Figure 3.1. Dimpled surface schematic drawing.

If the spacing between each row of dimples, d,, and the total flat surface area of the
workpiece to be machined, Aw, are known, the total number of dimples, N, can be estimated by

Equation 3.3. Thus, the density of dimples, D, (dimples/mm?) can then be found by Equation 3.4:

Ng = Sq * Lrow * #rows

(3.3)
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where lrow is the length of a row in mm and #wws are the total number of rows machined.

D=2 (3.4)

Higher spindle speeds and lower feed rates will result in a higher density of dimples,
while lower spindle speeds and higher feeds will have the opposite effect. Equation 3.4 assumes
that density is related only to the feed rate and spindle speed, when in reality, density is also
indirectly related to dimple size. With a larger depth, more of the cutting tool will be immersed

into the material surface and result in larger sized dimples.

3.1.2 Machining of Patterned Surfaces

Flat and dimpled surfaces were machined using a computer numerical control (CNC)
micro-milling system. Using the inclined micro-milling process, dimples with different

characteristics (such as density, patterns, shape, and depth of cuts) can be machined.

This system is graphically depicted in Figure 3.2(a) and photographed in Figure 3.2(b).
The CNC was mounted and secured on a vibration isolation table to insulate the machining system
from the ground. An electric spindle (NSK Astro-E 800Z) was mounted onto a bracket that allowed
the spindle to rotate at an inclination angle relative to the sample surface and to be secured during
machining. Translation of the workpiece below the spindle during machining and friction testing
was achieved by mounting the workpiece on linear precision stages (Parker Daedal 10600). These
linear precision stages were actuated with stepper motors that were computer controlled (National

Instruments PXI1-1042Q). Calibration of the stepper motors was made by measuring the real
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displacement of the stage using a Keyence Laser Displacement Sensor (LK-G3001) in relation to

the number of steps counted during the translation of the stage.

() Normal '~ 8
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Figure 3.2. (a) Schematic of the machining system used. The flat end mill is tilted with
respect to the surface normal of the workpiece to produce the dimpled surface. (b) Photograph of
the end mill setup used to produce the dimpled surfaces. The spindle in this case is at an
inclination angle (y) of 60° with a flat end mill attached.

Specimens were produced by fixing an aluminium 6061-T6 workpiece to a piezoelectric
table dynamometer (Kistler 9256C), allowing for future measurements of cutting and friction
forces. The 6061-T6 alloy is widely used in the aircraft, aerospace, and automotive industries.
Before producing dimples, the surface of the aluminium workpiece was flattened by flat milling
the top layer of the surface with the spindle positioned so that its long axis was perpendicular to
the workpiece surface normal. To avoid chatter effects, feed rate and depth of cut were properly
selected. In addition, the entire milling system was secured to a vibration isolation air table to

eliminate the possibility of capturing unwanted ground vibration signals.

To ensure a sufficient supply of oil for lubricated surfaces during friction testing, a small
depression of about 2 mm was machined onto the surface of the workpiece. This depression

51



ensured that the lubricated and unlubricated surfaces had the exact same surface normal in
subsequent friction testing. Following the surface planning and milling of the oil reservoir, the
surfaces were polished using a P800 grit sandpaper to remove machining marks and reduce surface
roughness. The surface roughness was measured over a 1x1 mm? area to be less than 0.11+0.02
um (Mitutoyo SJ-201P). To measure cutting during dimple fabrication and friction forces, analog
signals from the table dynamometer were amplified by a factor of 10 using a Kistler Charge
Amplifier 5010, and the signals were digitally recorded using a National Instruments BNC-2110
at a sampling rate of 1 kHz. Dimpled surfaces were machined for an area of 40 mm x 4 mm by
fast translation of the sample workpiece while the end mill, inclined at angle of 60° to the surface

normal, was lowered until the rotating cutting tool just reached the workpiece surface.

3.1.3 Flat End Mills

Milling is a process of generating machined surfaces by progressively removing a
predetermined amount of material from the workpiece, which is advanced at a relatively slow feed
rate to a milling cutter rotating at a comparatively high speed. The characteristic feature of the
milling process is that each milling cutter tooth removes its share of the stock in the form of small
individual chips. In addition, the micro tools can be made of different materials such as tungsten

carbide or even diamond.

Tungsten is a common material used in machining operations because it is economic,
shows a high resistance to wear and provides good fracture toughness when machining ferrous
materials. In this work, a Tungsten micro Flat End Mill with only two flutes and having a diameter
of 730 pm was used. Figure 3.3 shows a picture of a Flat End Mill taken with the optical

profilometer (Zeta-20).
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207 pm

Figure 3.3. Picture of Flat End Mill made of Tungsten carbide having two cutting flutes,
with a diameter of 730 pm.

Micro tools having only two flutes a have the greatest amount of flute space, allowing for
more chip-carrying capacity in softer materials (such as aluminium). However, some
disadvantages are oscillations of cutters while rotating, cutting tool wear and breakage, tool
deflections, and a non-uniformity of cutting conditions (Resendiz et al. 2015). For these reasons,
asymmetrical depth dimples as shown in Figure 3.8 were created on an aluminium workpiece when

using a Flat End Mill.

3.1.4 Single Crystal Diamond Cutter

Diamond cutters are extensively used in ultra-precision machining operations of non-
ferrous materials such as aluminium or copper because of their good wear resistance, low friction
coefficient, and low chemical affinity between diamond and those materials. In addition, single

crystal diamond tools have a sharper edge and a higher thermal conductivity than conventional
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Tungsten end mills, diamond tools also present a high hardness, and low adhesion which prevents

built-up-edge (Jeong-Du Kim and Youn-Hee Kang 1997; Heaney et al. 2008).

Resulting from these properties, diamond cutters produce surface textures with lower
variation and more exact tolerances than cutters produced from other materials (J. Yan et al. 2010).
Moreover, having only one cutter helps to prevent non-uniformity of cutting depth caused by
oscillations while the micro tool is rotating, as can be observed in Figure 3.9 where successive
dimples have the same depth. Figure 3.4 shows a picture of the single crystal diamond cutter used

in this research taken with the optical profilometer (Zeta-20).

Figure 3.4. Picture of Single Crystal Diamond cutter having a cutting-edge radius of 500
pm.

The diamond has a cutting-edge radius of 0.05 um. Hence, its attainable minimum cutting
thickness is 0.05 — 0.2 um (Yuan, Zhou, and Dong 1996), preventing bumps or burr formation

around dimples, which is beneficial for the final roughness and surface finish of the workpiece.
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3.2 Dimple Cutting Force Model

Predictive modelling of the machining forces is one mechanism by which the challenges
presented in chapter 3.1.3 can be mitigated. Furthermore, comparison of measured machining
forces with those predicted by the model can be used to identify issues with patterning the surface,
such as issues with uniform cutting, oscillations in the cutter, or tool wear. The performance of

textured surfaces depends upon the geometry of the surface patterns.

3.2.1 Modeling of Cutting Dimple Forces

Conventional cutting force models for end mills can be modified to predict forces for the
inclined end milling technique. Three force components on the milling cutter must be considered
to account for the effects of spindle inclination. Inclined cutting of dimples with an end mill is
periodic and not continuous as in upright milling, and each flute enters the workpiece surface with
a certain frequency. Since the tool geometry of an end mill allows for uniquely shaped dimple
geometries, an investigation into how cutting forces are affected is warranted. Using the
conventional force model, cutting forces can be identified while the end mill is inclined in local
X'—y'-z' coordinates. Afterwards, they can be transformed back through the inclination angle to the

global x—y—z coordinate system (E Graham, Park, and Park 2013).

The conventional mechanistic force model (for shearing-dominated cutting) for an end mill
determines said forces by calculating the chip thickness and identifying the cutting coefficients
(Altintas 2011). The general formula for the chip thickness, h, of a flat end mill is given by equation

3.5.
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h = fi sin(9) (3.5)
where f is the feed rate (mm/flute), and ¢ is the tool rotation angle adjusted for the number of flutes

and position along the cutting edge.

End mills experience a resultant force comprised of three components in the radial (Fr)
tangential (Ft) and axial (Fa) directions. For the shearing-dominated cutting, the elemental

components of each force can be expressed as:

dF. = K, hdz' + Kppdz' (3.6)
dFt = KtchdZ’ + KtedZ’ (3.7)
dE, = K, hdz' + K,,dz' (3.8)

where Ky, Ki, Kac, Kre, Kie and Kae are the cutting and edge coefficients in each direction,
respectively, and dz' is the differential axial height of the cutter. These parameters have been

identified experimentally by Malekian et al, (Malekian, Park, and Jun 2009).

Surface topography can be predicted analytically by relating tool geometry and machining
parameters to the workpiece surface. As shown in Figure 3.5, a cylindrical micro end mill can be
modeled as rotating with spindle speed n (rev/min) and moving at feed rate f (mm/s). The tool is
inclined at angle y, has radius R, has N number of flutes, and has a helix angle f (this angle is
shown in Figure 3.3). As the tool moves over the workpiece surface, each flute successively cuts
a dimple into the material at maximum cutting depth d. The angular direction of feed 9 is defined

from the x-axis.
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For this study, the spindle was inclined about the y-axis in the same direction as the tool
feed or x-direction (9=0°). The equations that relate an inclined ball end mill with the position of

the cutting edge to a flat workpiece surface were presented by Matsumura et al., (Matsumura and

Takahashi 2011). These equations can be adapted for other end mill geometries as well.

a) ; b) c)

. Workpiece .
y R Y > R, @
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Figure 3.5. Analytic model of a flat end mill. (a) The tool is inclined at angle y. When the
tool moves through the workpiece surface, each flute successively cuts a dimple into the material
at cutting depth d. (b) A cylindrical micro end mill can be modeled as rotating element with
spindle speed n (rev/min) that moves with feed rate f (mm/s), and the position of a point on the
cutting edges can be described in x'-y'-z' coordinates. (c) Knowing a point with distance R from
the bottom of the end mill and the top of the end mill at given time t, it is possible to transform
this point to global x-y-z coordinates by relating to the cutting depth, inclination of the tool, and
feed rate.

The position of a point on the cutting edges can be described in a local x'-y'-z' coordinate

system aligned with the cutter axis:

x" = R cos(0) (3.9)
y' = Rsin(9) (3.10)
z'=—(R-2'(k)) (3.11)
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where ¢ is the immersion angle and is a function of time and rotational speed.

The end mill is comprised of k infinitesimal disks along the axial length starting from the

bottom of the cutter, each with width dz', so that the axial position along the end mill is:

z'(k) = kdz' (3.12)
Thus, the immersion angle is updated depending upon which flute is cutting and the

position along the axial length. The instantaneous immersion angle of each flute is:

tan(Bo * z'(k))

r

(3.13)

o) =0 — (G — 10, —

where j=1...N is the flute number, and @,, is 2t /N is the cutter pitch angle.

The radius of the kw disk element r, the axial angle «, and the local helix angle fo change

for each disk element with the axial position according to:

r= \/2 * R x z(k) — z(k)? (3.14)
k = sin™! (%) (3.15)

r
fo = tan™?! (§> * tan(B) (3.16)
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The origin of the local cutter coordinates is assumed to be distance R from the bottom to
the top of the end mill. At given time t, this point can thus be transformed into global x-y-z

coordinates by relating to the cutting depth, inclination of the tool, and feed rate:

X = R cos(@) cos(y) + R? -IC_OC:EQZ —d — R + z'(k) |sin(y) + f; cos(6) (3.17)
Y = Rsin(®) + f;sinf (3.18)

/R* +a()®—d — R+ z'(k) |cos(y)

Z = —R cos(P) sin(y) + cos(y) (3.19)

(3.20)

a(y) =

tany

where a(y) is the distance shown in Figure 3.5(c) and is dependent on the inclination angle.

Through iterations of the axial position of the cutter, the global coordinates of all points
along the cutting edge can be calculated. Knowledge of the relationship between machining
parameters and tool geometry allows manufacturers to solve issues such as optimization of tool
paths, tool wear, runout, and most importantly, optimizing surface texture to achieve the best

performance of the end product (Graham, Park, and Park 2013).
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3.3 Cutting Forces Simulation vs. Measured Cutting Forces

Cutting forces are evaluated to determine the effect of machining parameters on tool
longevity and efficiency, as well as patterning performance and efficiency. Because accurate
modeling is important in order to generate the desired surface patterns without causing tool
breakage. Both tool geometry and cutting technique have significant effects on cutting forces and
surface finishes (Fontaine et al. 2007). Figure 3.6 shows the simulated machining forces, as well
as the forces measured by the table dynamometer resolved into forces, measured in the x-, y-, and

z-directions when cutting dimples.
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Figure 3.6. Machining forces resolved in the (a) x-, (b) y- and (c) z-axes from both
simulations (black dashed line) and measurements (blue, red, and green solid lines, respectively)
for inclined flat end milling of the AI6061 workpiece.
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Simulated machining forces also used Egs. (3.9)— (3.11) to achieve analytical profiles of
dimple patterns, also revealing the resulting dimple shape and size. Deviations in the force
magnitudes observed in Figure 3.6 were likely due to the non-uniform geometry of the cutting
tool, tool deflections, or frictional forces on the flank face of the cutting edges due to elastic
recovery of material (Bedi, Mann, and Menzel 2003; Fontaine et al. 2007; E Graham, Park, and
Park 2013). Figure 3.6 shows that there was a difference between the measured forces and the
analytical forces of 17.5% in the x-direction, 45.71% in the y-direction, and 24% in the z-direction.
The magnitudes of the measured forces in the y-direction and in the z-direction indicate that the
deflection of the tool may have caused less material to be removed in those directions. It can be
observed that the magnitudes of the measured forces oscillate 18%, which corresponds to the slight

differences in depth between successive dimples (shown in Figure 3.8).

In an effort to avoid these discrepancies, which result from uneven toolshape, a single
crystal diamond cutter was used to create symmetrical dimples (shown in Figure 3.9). Figure 3.7
shows the simulated machining forces, as well as the forces measured by the table dynamometer
resolved into the x-, y-, and z-directions when a single crystal diamond was used. Table 3.1 shows

the machining parameters used to create both asymmetrical and symmetrical dimples.

Table 3.1. Machining parameters used to create dimples.

Tool Spindle inclination Spindle speed Feed rate Depth of cut
Flat en Mill 60° 500 RPM 5 mm/sec 30 um
Slngle crystal 60° 1000 RPM 4 mm/sec 30 um
diamond
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Figure 3.7. Machining forces in the (a) x-, (b) y- and (c) z-axes from both simulations (red

line) and measurements (black line) for a single crystal diamond cutter of the Al6061 workpiece.

When the single crystal diamond tool is used, it is observed from Figure 3.7 that
discrepancies between simulation and measured forces in the peak of the graphs are not bigger
than 9% for all directions. This is because having only one cutter results in no eccentricity, tool
deflection, or cutter run-out. Excessive cutting forces in the micromachining process can cause all
these problems and lead to tool breakage. Thus, monitoring, measuring and comparing the cutting
forces to an analytical model is helpful to increment tool longevity and minimize tool wear to
improve surface finishes or in this case, to keep a constant dimple shape. The comparison between
the simulated and experimental results relied on the following condition: dimples were machined
into the surface when the cutting edge was engaged onto the workpiece surface, which occurred

when the z coordinate of a point on the cutting edges was less than zero (z < 0).
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3.4 Profile of Dimpled Surfaces Produced with Flat end Mill

The influence of the asymmetrically shaped end mill that produced the force variations in
Figure. 3.6 can also be seen in Figure. 3.8. When observing the dimples from left to right in Figure.
3.8, the second dimple had a slightly smaller depth (by approximately 5um), as shown in Figure
3.8(b). Figure. 3.8(a) shows the measured topographic profile of the dimpled surfaces produced at

a constant spindle inclination angle of 60°. Figure 3.8(b) shows the dimples profile.
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Figure 3.8. (a) Three-dimensional topographic image of the dimpled surfaces produced on

the AL6061 workpiece using a flat end milling. The white dashed line indicates the place where

the line profile shown in (b) was taken. The dimple geometry was produced at a tool incline of
60°, a feed rate of 5.0 mm/s, and a spindle speed of 500 rpm.
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A close examination of Figure. 3.8(b) shows that the dimpled patterns had a depth of
approximately 30 pum with the aforementioned machining parameters, which was significantly
higher than the average surface roughness (0.11+0.02 um). The size of the dimples in comparison
to the surface roughness was also evident by the flatness of the surface surrounding the dimples in

these topographic images.

3.5 Profile of Dimpled Surfaces Produced with Single Crystal Diamond Cutter

Diamond is becoming a very important material for machining operations in the recent
decades due its physical and chemical properties (C. Chang et al. 2003). These properties have
been discussed in section 3.1.4. In order to compare the tribological properties of different dimple
shapes, a Single Crystal Diamond cutter was used to machine a series of dimples at an inclination
angle of 60° with a feed rate of 4 mm/sec., as indicated in Table 3.1. The cutting influence of the

single diamond cutter can be seen in Figure 3.9.
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Figure 3.9. (a) Three-dimensional topographic image of the dimpled surfaces produced on
the AL6061 workpiece using a single crystal diamond cutter. The white dashed line indicates the

place where the line profile shown in (b) was taken. The dimple geometry was produced at a tool
incline of 60°, a feed rate of 4.0 mm/s, and a spindle speed of 1000 rpm.

Figure 3.9(a) shows a topographic profile for dimples machined with a Single Crystal
Diamond. A close examination of Figure 3.9(b) shows that the dimpled patterns had a depth of
approximately 30 um. When observing the dimples profiles from Figure 3.9 (b), there is no evident
difference in depth between successive dimples. The pitch of the dimples in Figure 3.9 is about
150 um (a deeper analysis of the pitch effect is presented in Chapter 5), showing that the
hydrodynamic pressure for dimples with a depth of 30 um having a pitch of 350 pm is 60% higher
compared with dimples having a depth of 30 um and a pitch of 150 um. Thus, a pitch of 350 pum

was chosen for machining dimples, as shown in Figure 3.10.
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3.6 Profile of Multi-scaled Textured Dimpled Surfaces through a High-Velocity Abrasive

Machining Process

To gain insight into the effects of micro-roughness and its consequences on lubrication,
a multi-textured process was carried out on both a flat and a dimpled surface using a High-Velocity
Abrasive Machining process. An optical image of the surface of the workpiece after dimples were
cut into it with the diamond cutter is shown in Figure 3.10 (a). The optical image shows that the
dimples are circular and approximately 75 pm in radius. Figure 3.10 (b) shows the line profile
taken from red dashed line in the optical image (Figure 3.10(a)) showing that the dimples have
been cut 30 um below the flattened surface. This cutting process resulted in the creation of surface
textures having an aspect ratio (depth/diameter) of 0.2, which is comparable to the aspect ratio that
has been shown to significantly improve friction coefficients in previous studies (Greiner et al.
2015; Greiner and Schéfer 2015; B. Zhang et al. 2013). A topographic image of a dimpled surface
after a multi-textured process is shown in Figure 3.11 (a). This image shows a significant change
in the surface topography compared to the dimpled surface. Figure 3.11 (b) shows a line profile
through the dimples, indicating that the height of the dimples remained roughly the same as before
they were hard shot blasted. The surface roughness was also measured on the flat surfaces that
had been multi-textured and was observed to be 0.33 + 0.02 pum, an increase of 88% from the flat
surfaces. This increment in roughness affected the wetting properties of the surface, as shown in

section 4.2.
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Figure 3.10. (a) Plan view optical microscopy image of the dimpled surface. Dimples
were observed to be circular. Pitch between dimples is 350 um. Flat surface between dimples is
200 pm. (b) Line profile of the height of the dimples taken through the white dashed line in (a)
indicating that the dimples have a height of approximately 30 um.
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Figure 3.11. (a) Plan view optical microscopy image of the dimpled surface after shot
blasting. Pitch between dimples is 350 um. Flat blasted surface between dimples is 200 pum. (b)
Line profile of the height of dimples taken through the white dashed line in (a) indicating that the
dimple height remains relatively unchanged as a result of shot blasting. A grain size of 10 um
with the nozzle at normal position (90°) was used to blasting dimples for 10 seconds to prevent
erosion on the textured surface, as indicated in section 4.5.

3.7 Summary

In this section, parameters such as tool geometry, depth of cut, feed rate, and spindle speed
were presented. These parameters define the dimple geometry. By increasing the feed rate or
decreasing the spindle speed, the tooth passing rate becomes smaller and the spacing between

dimples becomes larger, resulting in fewer dimples per row. In contrast, decreasing the feed and
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increasing the spindle speed will result in more closely packed dimples. Higher spindle speed and
lower feed rates will result in a higher density of dimples, while lower spindle speeds and higher

feeds will have the opposite effect.

Force modeling of machining operations is central to understanding how to improve
efficiency and understand the process. Comparison of measured machining forces with those
predicted by modelling can be used to identify issues with patterning the surface, such as issues
with uniform cutting, oscillations in the cutter, or tool damage. The performance of textured

surfaces depends upon the geometry of the surface patterns.

Machining forces were acquired by attaching samples on a piezoelectric table
dynamometer. Posterior analysis of these forces with simulated ones showed the validity of the
analytical model describing the machining forces and showed that the peak forces measured in
alternating cuts were slightly higher than in the cut directly beforehand, suggesting that the flat

end mill was not completely symmetric.
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CHAPTER 4. HIGH VELOCITY ABRASIVE MACHINING

Surface roughness can affect lubrication in many different ways. For example, surface
roughness can disturb the process of the building-up of pressure in the oil film, especially at the
inlet of the lubricated contact. It has been shown that increased surface roughness requires an
increase in the oil film thickness in order to avoid contact between the asperities (Lundberg 1995).
In this section, the benefits of the incremental roughness on surfaces by High Velocity Abrasive
Machining (HVAM) was considered and analyzed through the contact angle (CA) and contact
angle hysteresis (CAH) of those surfaces and a water droplet. HVAM uses a stream of fine-grained
abrasive particles propelled by highly pressurized air through a nozzle. Factors such as injection
pressure, abrasive particle size, density, stand-off distance, and nozzle inclination affect the results
of the multi-textured process (Jang, Cho, and Park 2008). However, this technique can cause an

erosion on workpieces.

4.1 Wetting Effects on Multi-textured Surfaces

Wetting (defined as the ability of liquids to form interfaces with solid surfaces) is
characterized by the CA, which is the angle between the solid and liquid surfaces. If the liquid
wets the surface, the value of the contact angle is 0°<60<90° (referred as hydrophilic surfaces),
whereas if the liquid does not wet the surface, the value of the contact angle is 90°<60<180°
(referred as non-wetting or hydrophobic surfaces) (Jung and Bhushan 2006). CA depends on
several factors, such as roughness and surface cleanliness (Nosonovsky and Bhushan 2006). It has

been demonstrated that the roughness of a surface can affect the tribological properties of those
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surfaces (Nosonovsky and Bhushan 2007; Pawlak, Urbaniak, and Oloyede 2011; Belaud et al.

2015).

The wetting degree (wettability) is the ability of a liquid to maintain contact with a solid
surface, and it is determined by a force balance between the intermolecular interactions of the
adhesive type (liquid to the surface) and cohesive type (liquid to liquid). Wettability produces a
continuous fluid film capable of isolating and carrying loads between two sliding surfaces.
Normally, the smaller the CA of a droplet on a sliding surface, the better the lubrication is and the
lower the friction coefficient is (Pang, Liu, and Liu 2017). The CAH reflects the irreversibility of
the wetting/dewetting cycle, it is a measure of energy dissipation during the flow of a droplet along
a solid surface. The CA and the CAH are two parameters which characterize the
hydrophobicity/hydrophilicity of a solid surface. Experimental CA resulting from blasted surfaces

are shown in Figure 4.5 and CAH results are shown in Figure 4.7.

4.2 Roughness Effects on Hydrophobic and Hydrophilic Surfaces

Hydrophobic surfaces with very low droplet adhesion are found on the leaves of many
plants, most famously the lotus (as in the “lotus effect”). There also exist surfaces, such as the red
rose petal, that exhibit hydrophobicity with high droplet adhesion (“petal effect”) (Ebert and
Bhushan 2012). One of the ways to increase the hydrophobic or hydrophilic properties of the
surface is to modify the surface roughness (Nosonovsky and Bhushan 2006), considering the Rsk
(skewness) and the Riu (Kurtosis) roughness parameters. Rsx measures the symmetry of the
variation in a profile about its mean line. Thus, Rsk is sensitive to occasional deep valleys or high
peaks in the profile. Rk, describes the probability density sharpness of the profile, as shown in

Figure 4.1. Surfaces with relatively few high peaks and low valleys are reflected in a kurtosis of
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less than 3, whereas a kurtosis value of more than 3 indicates many high peaks and low valleys

(Sedlacek, Gregorcic¢, and Podgornik 2017).
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Figure 4.1. Schematic representation of roughness profiles for (a) positive and negative
skewness (Rsk) and (b) kurtosis (Rku) lower and higher than 3 (Gadelmawla et al. 2002)

As reported by Sedlacek et al. (Sedlacek, Gregorci¢, and Podgornik 2017), a change in

surface topographies leads to a decrease of friction. This is because plateau-like topographies with
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small cavities can supply lubricant into the contact, similar to surface texturing. Thus, a higher
kurtosis (Rku) and a more negative skewness (Rsk) result in lower friction in the boundary and
mixed lubrication regimes. Also, when the roughness of a solid surface increases beyond a certain
level, the system enters a regime in which the liquid does not penetrate into the troughs (Nakajima
et al. 2000). Figure 4.4 shows an optical microscopic image of a flat surface, and two blasted
surface when a blasting powder having 10 um size and 50 um were used, indicating the change in

Rku and Rsk roughness.

4.3 Creation of multi-textured surfaces

A multi-texture process through the HVAM technique is used for the development of
surfaces with a smaller scale of roughness that could be achieved with end mill dimple patterning.
This technique shows a high machining versatility, high flexibility, and small cutting forces
(Caydas and Hascalik 2008). In addition, it provides a high level of surface finish and close
geometric tolerances with an economically acceptable rate of surface generation for a wide range

of industrial components (Jain, Jain, and Dixit 1999).

In this research, a shot blasting process was carried out to analyze the effect of blasting
particles on a flat aluminum 6061-T6 surface (50 x 50 x 25 mm) using a different nozzle inclination
angle and varying the exposure time and shot blasting grain size. An abstract with the parameters
used is shown in Table 4.1. First, the surface roughness of the workpieces was measured using
the samples without a blasting process, Ra 0.10 + 0.02 um. In the second phase, blasting was
carried out on the flattened aluminium surfaces by a micro-abrasive blaster (COMCO
ProCenterTM) under high mean abrasive aluminum oxide. According to the manufacturer's label,
the aluminium oxide micro-abrasive particle powders had sizes of 50 um (PD 1035-2) and 10 um

(PD 1029-4).
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During the blasting process, an air pressure of 0.4 MPa and a nozzle having a diameter of

0.75 mm were used. The nozzle inclination angles (o)) employed varied from 30° to 90°, having an
exposure time of 10 sec., 30 sec. and 60 seconds for all the cases. Figure 4.2 shows a schematic of
the blasting technique used. The nozzle was attached to a rotating mount and a manual stage while
holding the nozzle to target a constant standoff distance (h) from the aluminium surface at 1.5 cm.
Table 4.1. HVAM texturing parameters used in this research. Two different micro-abrasive

powders were used, 10 um PD1029-4 and 50 pm PD 1035-2. Angle of incidence and test duration
were varied.

Grain size Grain size
10 pm 50 pm
Angle of Angle of
incidence incidence
30°, 60°, 90°, 30°, 60°, 90°
est duration Test duration
10s,305s,60s 10s,30s,60s

I Nozzle

l!:\; - % h=15cm
| Aminmvorgece

Figure 4.2. Schematic showing the inclination of the nozzle relative to the workpiece
allowing for the shot blasting process. Nozzle inclination (o) varied from 30°, 60° and 90°.

After the blasting process, the excess of sand was removed with deionized water. Finally,
the surface profile after the blasting process was analyzed by optical profilometry (Zeta-20 optical

profiler). Figure 4.3 shows the blasting grain shape for both sizes, 10 um and 50 um, respectively.
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Figure 4.3. Shape of the micro abrasive powder used in this research. (a) 10 um PD 1029-4
powder. In this case a circular shape is clearly defined. (b) 50 um PD 1035-2 powder. An
angular powder shape can be observed in this case.

From Figure 4.3 it is observed that the 10 um glass bead powder has a spherical shape,
while the 50 pum plastic media powder looks like angular flakes. Both kinds of particles can cause
an erosion effect on the surface. It has been reported by Oka et al (Oka, Okamura, and Yoshida

2005) that the spherical powder can rotate and cause erosion. The time of impact with some
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unbalanced forces can act on the angular-shaped particles, causing a rotating effect and erode
surfaces (Deng, Bingley, and Bradley 2004). Also, frictional forces between the surface and the
particle may create a crater, as reported by Ruff et al (Ruff and Wiederhorn 1979). Section 4.5

analyzes the erosion effects.

In addition, changes of the textured surface were measured by optical profilometry,
allowing for the measurement of the roughness of the textured surfaces using the dimensionless
Rsk and Rk roughness parameters. Figure 4.4 (a) shows a flat surface, Figure 4.4 (c) shows a
textured flat surface (a 10 um powder size was used) for 10 secs. with the nozzle in normal
position. Figure 4.4 (e) shows a textured flat surface (a 50 pum powder size was used) for 10 secs.
with the nozzle in normal position. Figure 4.4 (b), Figure 4.4 (d), and Figure 4.4 (f) show the
profile of each surface; flat, textured with a 10 um powder size, and textured with a 50 um powder

size, respectively.
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Figure 4.4. Optical profilometry of (a) a flat surface, having a Rsk value of 1.5848 + 0.001,
with a Rk of 2.002 £ 0.001 (c) a flat surface blasted with 10 um grain size during 10 secs.,
having a Rs value of -2.015 + 0.001, with a Rk of 4.021 + 0.001 (e) a flat surface blasted with
50 um grain size during 10 secs., having a Rsk value of -1.014 + 0.001, with a Ry, of 2.872 +
0.001. Rectangles in red colour shows the area where the Rsx and Ry, roughness values were
measured. The dotted white lines show the location where the profile of (b) a flat surface, (d) a
flat surface blasted with 10 um grain size and (f) a flat surface blasted with 50 um grain size
were obtained.
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From Figure 4.4, it is clear that blasting causes a change in the roughness of the aluminium
surfaces used in this research. Rsk roughness changed from a value of 1.5848 (for the flat surface)
to a value of -2.015 when a blasting powder having 10 um size was used, and to a value of -1.014
when a blasting powder having a size of 50 um was used. For the Ry roughness, the flat surface
changed from a value of 2.002 (for the flat surface) to 4.021 and 2.872 when a blasting powder
having 10 um size and 50 um were used, respectively. According to Sedlacek et al. (Sedlacek,
Gregor¢ic¢, and Podgornik 2017), a more negative Rsk value and a higher Ry value result in lower
friction. Thus, the flat surface blasted with 10 um powder size will have a lower friction coefficient

compared with a flat surface (this is going to be demonstrated in Chapter 6).

4.4 Contact Angle (CA) and Contact Angle Hysteresis (CAH)

To further study the surface properties of the blasted surfaces, CA and CAH effects were
investigated using a SmartDrop device. As mentioned in section 4.1, a liquid wets the surface if
the CA is less than 90°. Figures 4.5 (a) and 4.5 (b), show the measured CA of blasted surfaces
when a 10 um and a 50 um powder size were used. A ~5 ul water droplet was used for both the
CA and CAH measurements. To avoid the effects of gravitational effects on the drop (which would
flatten the drop) a drop volume of 2-8 uL is used in contact angle experiments (Erbil 2014). CA
and CAH were measured at ten different points. During these experiments, the surface was tilted
at an angle (0) while a high-speed camera captured images of the water droplet; the final CA and
CAH used for the comparison of different samples was the average of the left and right angles of

each drop.
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Figure 4.5. Contact angle of a blasted flat surface using (a) 10 pm grain size with an
inclination angle of 30°, 60° and 90° during 10 sec. and 30 sec. compared with a flat surface. (b)
50 um grain size with an inclination angle of 30°, 60° and 90° during 10 sec. and 30 sec.
compared with a flat surface.

Results shown in Figure 4.5 indicate that the flat surface has a CA around 90°. When the

10 pum powder size was used the CA has values going from 75° to 55° corresponding to nozzle
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inclinations from 30° to 90°. Comparing with a flat surface the CA increased at least 10% after
blasting the surfaces using a 50 um powder size when the nozzle inclination was 90°. When the
nozzle inclination was 30° the increment in CA was about 22%, thus going from 90° to more than
110°. The drop-in contact angle value in the roughness range is associated with droplet spreading
along the grooves. Values less than 90° are beneficial to wet the surfaces. Even small changes in
surface roughness can lead to better wetting properties; for example, in lubricated contacts, such a
surface texture can act as a reservoir of lubricant (Kubiak et al. 2011). In order to verify the effects

of these changes, a CAH measurement was also carried out. Results are presented in Figure 4.7.

CAH is another important characteristic of a solid-liquid interface. It is the difference
between the contact angle at the increased droplet volume (advancing contact angle, 0aqav) and the
contact angle at the decreased droplet volume (receding contact angle, 6rec) for a droplet on a solid

surface as shown in Figure 4.6.

Hysteresis = Gadvancir;g — Breceding

Figure 4.6. Schematic of the calculation of contact angle hysteresis.

CAH denotes the angle to which a surface may be tilted for roll-off of liquid drops. A low
CAH results in a very low liquid roll-off angle and implies a low adhesion and friction (Bhushan
and Kyu Her 2010). Chemical interactions, interfacial energy, and roughness can affect the CAH
(Kijlstra, Reihs, and Klamt 2002; Kubiak et al. 2011; Bico, Thiele, and Quéré 2002). Figure 4.7

shows the CAH results for blasted grain sizes of 10 um and 50 pum, at different nozzle inclination
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during 10 secs., 30 secs., and 60 secs. A Stribeck curve showing the effects on friction of this

textured surfaces is presented in Figure 6.10.
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Figure 4.7. Contact angle acquired with a SmartDrop device. (a) Shows results for a 10 um
powder, at different time applications and nozzle inclination. A higher value of Rk, and more
negative Rs lead to a smaller CAH. (b) Shows results for a 50 um powder, powder, at different
time applications and nozzle inclination. A smaller value of Rk, and higher Rsk lead to a bigger
CAH.
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In order to separate the effect of roughness from that of wettability, the surfaces used in
this study were polished to obtain smooth surfaces (Ra = 0.10 £ 0.02 um, Rsk 1.584 + 0.001, Rku
2.002 £ 0.001) using T401 grit sandpaper. Figure 4.7 (a) shows that there is a decrease of 50%
(when compared with a flat surface) in the CAH, when the nozzle was at the normal position and
grain size of 10 um was used. For the case of a nozzle inclination of 60°, there was a 37% decrease
in the CAH, while for a nozzle inclination of 30° the decrease in CAH was only 20%. A decrease
in the CAH can cause a lower adhesion and friction (Bhushan and Kyu Her 2010). On the other
hand, when the grain size of 50 um was used, the CAH was higher for all the surfaces (when
compared with a flat surface). There was an increase of 5% when the nozzle was at the normal
position, 22% at a nozzle inclination of 60°, and an increase of 37% at a nozzle inclination of 30°.

An analysis of how these results affect the friction coefficient is shown in section 6.3.1

45 Erosion Rate

The erosion process is caused by the interaction of solid microparticles. According to Vite-
Torres et al, (Vite-Torres et al. 2013), two types of behaviour are shown in solid particle erosion:
ductile (where the material is removed due to cutting and ploughing action) and brittle fracture
(characterized by the formation of cracks and fractures on the material surface). Some researchers
have concluded that the contact angle of microparticles and exposure time have an impact on the
erosion rates and thus on the mechanical efficiency of the studied surfaces (D. S. Park, Cho, and
Lee 2004; D. A. Lyn, S. Einav, W. Rodi 2000). Figure 4.1 shows both the simulated and the
measured erosion rate of aluminium workpieces. Different erosion tests were conducted, the first
one using an abrasive micro- abrasive particle PD 1035-2 plastic media (50 um powder size) and
the second one using an aluminum oxide micro-abrasive particle powder COMCO PD1029-4 (10

pm powder size). All tests were performed at a 30°, 60°, and 90° nozzle inclination for 60, 30 and
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10 seconds. Simulations were carried out considering Equation 4.1, proposed by Ally et al. (Ally,

Spelt, and Papini 2012).

E, = (sina)™ (1 + Hy(1 — sina))™ (4.1)
where Hy is the nominal Vickers hardness of the target in GPa, a is the nozzle inclination and the
parameters n1 and n, are constants that depend on the material used (for aluminium 6061-T6 they

are 1.34 and 4.59, respectively).
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Figure 4.8. Erosion rate of Aluminium 6061-T6 by 50 pum and 10 pum aluminium oxide micro

particles at a velocity of 106 m/s during, a) 60 seconds, b) 30 seconds, and ¢) 10 seconds, at
different nozzle inclinations. All tests were performed on a flat surface.
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In general, Figure 4.8 shows that the erosion rate depends on the nozzle angle inclination,
application time, and powder size. Erosion rate reached a value of 1.2 mg/g when an nozzle
inclination of 30°with a powder size of 50 um during 60 secs. was used (shown in Figure 4.8 (a)).
Figure 4.8 (c) shows that the erosion rate is not bigger than 0.0010 mg/g when the aluminium
surface was blasted for only 10 secs. for both powder sizes (10 um and 50 um) with any nozzle

inclination. Chapter 5 includes an analysis of the effect of erosion in a dimple.

4.6 Summary

In this chapter, the benefits of adding a second layer of roughness through a HVAM
technique is discussed. A flat aluminum surface was textured at different nozzle inclinations and
times, using two different grain sizes of 10 um and 50 um. After the texture process, the roughness
of the surface was measured, showing a change in the Rsk and Rk parameters. After this, both the
contact angle and the contact angle hysteresis of a water droplet were measured on every textured
surface and compared with a flat surface. Results show that roughness changed the contact angle
between the droplet and all the textured surfaces. However, the contact angle hysteresis was only
smaller when a 10 um grain size was used, indicating better wettability and lubrication, thus

improving the coefficient of friction (section 6.3.1 shows this).
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CHAPTER 5. TRIBOLOGICAL MODELLING

Modelling of the tribological behaviour of textured surfaces is one mechanism by which
the disadvantages of those surfaces can be analyzed and reduced, as several of these challenges
can be identified beforehand. These include: excessive dimple depth, high dimple density, and lack
of lubricant. Furthermore, comparison of measured friction forces with those predicted by the
model can be used to identify issues with patterning the surface, such as issues with: uniform depth
of dimples, dimples size, or contact area. The performance of textured surfaces depends upon the
geometry of the surface patterns. It is therefore essential to understand how different texturing

parameters affect the resulting topographic structure.

5.1 Theoretical

In order to understand and predict the tribological behaviour of lubricated textured
surfaces, a series of simulations were carried out using MAHLE Virtual Tribology Laboratory —
VTL 3.8 developed by Tomanik et al. (Profito, Zachariadis, and Tomanik 2011; Profito 2010).
This program allowed the calculation of the contact parameters necessary for the application of
the Greenwood models from the roughness profile or the topography of real surfaces. To reduce
the complexity involved in modelling three-dimensional geometries, VTL simulates lubrication
conditions by simultaneously solving the one-dimensional Reynold’s equation for the
hydrodynamic phenomena by average visco-correction on a multi-block structured grid. Thus, a
2D computational domain with the texture is used. Previous researchers (Arghir et al. 2003; Han

et al. 2010) have shown that the pressure profiles for 3D and 2D texture geometries are similar
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and could accurately predict the load using a 2D geometry. There is a 2 — 8% difference between
the 2D and 3D simulation; this difference depends on factors such as: the kind of lubricant, the
shape of dimples, movement speed, and the solution to the Reynolds equation. Figure 5.1 shows a
schematic of the mathematical model proposed. It is important to mention that due to the
limitations of the one-dimensional mathematical modelling implemented in the program, all the
simulations that will be presented disregard any type of influence of the two-dimensional effects
on the flow of the lubricating fluid through the micro-cavities present in the contact interface. In
other words, in the presence of orthogonal rows of micro-dimples, these are considered as grooves
of fixed dimensions. This is the main difference between this software and a 3D modelling
software. The multigrid solution implemented in the VTL consists of a mesh of approximately
1x10° control volumes (Profito 2010). The code also takes into account the asperity contact models
based on the Greenwood and Tipp’s formulations for the description of the asperity contact

between rough surfaces (Greenwood and Tripp 1970).

In VTL, the lifting-up effect was predicted adopting the complementary Swift-Steiber
boundary conditions. As for the lubricant rheology, the viscosity-pressure dependence and
viscosity-shear-thinning effects were considered as well (Profito 2010). For an isothermal and

incompressible lubricant, the Reynolds equation is expressed as:

9 l(H2 — H,)3 aPHl _ [ga(Hz ; Hl)l N [_UaHZ] N [6Hmin] 5.1)

dx 12u 0x 2 0 d0x at

where Py is the hydrodynamic pressure (in Pa), i is the lubricant dynamic viscosity (in Pa*s), U
is the slide velocity of the mobile surface (in m/s), H1 and H: are the geometry of the lubricant film

(in m), and hmin is the minimum oil film thickness (in m). According to Profito et al. (Profito,
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Zachariadis, and Tomanik 2011), to solve this elliptic partial differential equation, two boundary

conditions are needed to define the hydrodynamic mathematical problem.

Py (0,t) = Py (t) (5.2)
Py (b, t) = P(t) (5.3)
where P1 and P> are the relative inlet and outlet boundary pressures in Pa respectively, and b the

length surface in metres.

External Loads (t)

Asperity Pressure
Hydrodynamic Pressure pGW (1)

PH ()(,t) \ b -

. ™
¥ Hy ix)
Pq(t) - Fixed Surface (1)
X hp (8 - P(®
11

Figure 5.1. Tribosystem for the mathematical model proposed for Profito et al. (Profito,
Zachariadis, and Tomanik 2011).

To solve Equation (5.1), Venner et al. (Venner and Lubrecht 2000), proposed a Finite
Difference Scheme (FDS) with Successive Over-Relaxation (SOR) by setting to zero all pressures.
The asperity of the rough surfaces was calculated using the Greenwood & Tripp model
(Greenwood and Tripp 1970). The elastic deformation of each asperity is modelled based on the
Hertzian contact theory, and it is assumed that the surfaces are covered by asperities with

paraboloid shapes (with constant radius i and uniformly distributed with a density area ni), thus:
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where P,sp is the asperity pressure (in Pa), E* is the reduced Young’s modulus (in Pa), h is the
dimensionless separation distance between surfaces (defined by the combined asperity summits’
mean height, Z; (in m), and the combined asperity summits’ height standard deviation, o (in m),
calculated by Equations 5.5 and 5.6, respectively), f is the combined asperity summits’ mean
radius (in m), calculated from Equation 5.7, and # is the combined asperity summits’ density in m"

2, calculated from Equation 5.8.

Zy= |72 + 72 (5.5)

o= /012 + o2 (5.6)
Bt * B3

B = (5.7)
pi+B;

!

n= _n{+n; (5.8)

According to Profito et al. (Profito, Zachariadis, and Tomanik 2011) the function
Fs/2[h(x,t)] is a Gaussian random distribution of heights fitted by a sixth order polynomial,
concluding that asperity contact will be significant only if h <Z + 3. In addition, from Equation
5.4, the contact pressures are strongly dependent on the mechanical properties and roughness of
the surfaces in contact. The mechanical properties are expressed by the mean of the reduced
Young’s modulus, E*, and by the mean of the tensile strength of the softer surface, o,5.. The

surface roughness is expressed by the contact parameters; Zs, o, B, and n. The VTL software
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methodology assumes summits as the local maximum points above the surface (profile in one-
dimensional cases) mean plane (line), and the calculation of the parameters (Zs, a, 8, n) is done

strictly numerically.

5.2 Two-dimensional results

To replicate the experimental conditions in the VTL simulations, 2-D profiles of the
machined surfaces acquired from the Zeta-20 optical profiler was input into VTL for the base
counter surface. Figure 5.2 shows a schematic of the simulation components. The flow direction
of the lubricant is parallel to the x-axis, the maximum pressure can be found at the right edge of
the dimple. The reason for this is that additional hydrodynamic pressure was produced by the
converging wedge in this area. At the left edge of the dimple, however, there is a diverging wedge
that can result in negative pressure. But considering the Reynolds equation on the diverging region,
the pressure gradient with respect to the direction normal to the boundary is zero and the pressure
is retained constant close to ambient pressure. So in the course of numerical calculation, only the
positive pressure was used to calculate the value of the hydrodynamic pressure, as presented by

Yu et al, (Haiwu Yu, Wang, and Zhou 2009) and Hang et al, (Han et al. 2010).
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Slider —) v

Figure 5.2. A schematic of the tribological simulation. A slider moves with a velocity v over a
stationary aluminum workpiece with an applied normal force F. The surface of the aluminum
workpiece designed from the surface topography was measured from a real surface, but contains
at most one dimple in the simulation. A fluid between the slider and the aluminum workpiece
matching the physical properties of the oil used in the experiments was then placed in the
sliding contact.

The top surface was modeled as a flat slider that moved at 0.05 m/s in relation to the
bottom dimpled/textured surface. The mechanical properties of the bottom textured surface
matched those of the AL6061-T6 surface, as stated previously, and the top flat surface was
modeled to have the same mechanical properties as the ruby hemisphere, using Herzian mechanics

Equations 5.9 and 5.10.

1-v2 1-v2\7"
E* = 5.9
<E1 + (5.9)
34 N % R\3
E3 E3 3
a=(_> (5.10)
4 x E*
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where E* is the reduced Young’s modulus, En is the Young’s modulus of the n material, and vn is
the Poisson’s ratio of the n material. The contact diameter is denoted by a, R is the radius of the

ruby half-sphere, and N is the applied load.

Using Equation 5.10, the contact diameter between the ruby hemisphere and the aluminum
workpiece was estimated to be 64 um at an applied load of 1 N, and 190 um at an applied load of
25 N. This analysis clearly indicated that the contact was being subject to a high pressure, resulting
in a high wear and deformation of the work piece that could be observed directly after testing. In
addition, friction pairs (indenter and textured surface) were roughly simplified as infinite parallel
planes with periodic micro-dimples in the simulations (Z. M. Zhang et al. 2011). Two parallel
planes can also be considered as rigid walls. Thus, there was no external pressure (negative or

positive) to push or pull the fluid in or out the textured surface (Han et al. 2010).

To determine how pitch between dimples can affect a dimpled surface, a series of
simulations were run at pitch values of: 150 um, 350 um. All the simulations were held on a
surface having a size of 1400 um, with dimples having a depth of 30 um, and using a constant load

of 10 N. Simulated results are shown in Figure 5.3.
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Figure 5.3. Dimples profiles and hydrodynamic pressures for (a) dimples having a depth of 30
pum with a pitch of 150 um, (c) dimpled surface having a depth of 30 um with a pitch of 350 pum.
Also, the hydrodynamic profile of (b) dimples having a depth of 30 um with a pitch of 150 pm,
and (d) dimples having a depth of 30 um with a pitch of 350 pm.

Results from Figure 5.3 indicate that varying the pitch between dimples can provoke a
change in the hydrodynamic pressure, causing a change in the friction coefficient. Figure 5.3 (b)
shows that when the dimples pitch was 150 pm the hydrodynamic pressure was about 1.2 MPa,
and the friction coefficient was 0.152. This friction value could have been because of the high-
pressure on the flat surface separating the dimples or because of a higher density of dimples
causing an oil leak. Figure 5.3 (d) show that the hydrodynamic pressure was around 3 MPa, and
having a friction coefficient of 0.13. Figure 5.3 (f) show that the hydrodynamic pressure was

around 2.3 MPa, but the friction coefficient was 0.141. This difference of 8% indicates that a
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proper pitch is beneficial to create hydrodynamic lubrication. Therefore, the dimple pitch of 350

pm was used in this research. Also, Figure 5.4 shows the surface profiles used in this research.
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Figure 5.4. Profiles of the surfaces used during simulations. (a) Profile of the flat
surface,(b)profile of a shot blasted surface, (c)profile of a dimpled surface, and (d) profile of a
shot blasted dimpled surface.

Simulations were performed replicating the sliding conditions and surface structure of the
aluminum workpiece, allowing for the generation of Stribeck curves. More specifically, these
surfaces included a flat surface, a shot blast surface, a dimpled surface with a single dimple of a
depth of 30 um and diameter of about 150 um, and a shot blasted dimple having the same plane
view dimensions. In all cases, a fixed flat surface was used for the slider and a base oil lubricant
with similar characteristics as the one used in experiments was chosen. Hydrodynamic simulations

performed on these surfaces using the VTL software are shown in Figure 5.5.
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Figure 5.5. Hydrodynamic pressure profile determined from VTL simulations of the profiles
shown in Figure 5.4. The pressure profiles for all surfaces are shown on one graph to make
direct comparisons between the four variations, including a flat surface (black line), shot blasted
flat surface (red line), dimpled surface (blue line), and shot blasted dimpled surface (green line).
The sliding speed was 0.05 m/s and an applied load of 15N was used in the simulations that
generated these pressure profiles.

From simulation results shown in Figure 5.5, it is possible to observe an increase in the
hydrodynamic load capacity around the divergent region of dimples. Thus, the observed increase
in the maximum hydrodynamic pressure that resulted from changing the surface structure is
generating a lift-up force on the sliding counter surface. Moreover, a 45% wider width of pressure
profiles for the shot blasted dimple case is observed in Figure 5.5. The viscous-elastic oil film
between sliding surfaces in elastohydrodynamic lubrication regime is equivalent to a massless
spring element, thus creating an oil film stiffness, similar to that presented in gear systems (Y.
Zhang et al. 2016; Zhou and Xiao 2018). However, the oil film stiffness concept has not been
applied to the study of textured surfaces. In this research, the area under the curve generated due

to the hydrodynamic pressure on the textured surfaces was calculated to obtain the oil film
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stiffness. Figure 5.6 shows the hydrodynamic pressure area resulting from the simulated profiles

when a load of 15 N was applied.
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Figure 5.6. Measured hydrodynamic area under the curve for (a) a shot blasted flat surface, (b)
a dimple surface, and (c) a shot blasted dimple surface.

The pressure area shown in Figure 5.3 acted as a force on the textured surfaces helping
to support the applied load, similar to an oil film stiffness. This oil film stiffness depended on the
deformation caused by the Hertzian pressure under EHL regime, which prevents damage and
reduces the wear on textured surfaces (as shown in Figure 6.13). Results shown in Figure 5.6 ()
indicate the shot blasted flat surface created an oil film stiffness of 18.07 N/m; this could have
been because of an extra amount of oil was stored in the micro spaces created after the blasting

process, as denoted in the change in roughness between a flat surface (Figure 4.4 (a)) and a blasted
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flat surface (Figure 4.4 (b)). Figure 5.6 (b) shows that in the dimpled surface there was a
hydrodynamic pressure of 150.5 N/m caused by the effects of Hertzian pressure. Finally, there was
an oil film stiffness of 216.08 N/m in the multitextured surface; this increment of about 45% in the
oil film stiffness could have been because of the wetting effect caused by the change in roughness.
However, it is important to avoid damage to the dimpled surfaces when multitexturing. Figure 5.7
shows the effect of the erosion on a multi texture dimple after using a powder size of 50 um during

60 secs.
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Figure 5.7. Effect of erosion on a multi texture dimple. (a) untextured dimple (black profile)
is used to compared the erosion on a multi texture dimple (red profile). (b) Hydrodanamic
pressure of a untextured dimple (black line) vs hydrodynamic profile of eroded multi texture
dimple (red line).

Hydrodynamic pressure is affected by erosion, as shown in Figure 5.7 (b). The oil film
stiffness of a dimple is 150 N/m, having a friction coefficient of 0.13. The oil film stiffness of an
eroded shot blasted dimple is 145.5 N/m, having a friction coefficient of 0.129. When the shot
blasted dimple is not eroded, the friction coefficient is 0.125. Therefore, the erosion caused by a
nozzle inclination of 30° during 60 secs by a 10 um powder has not a significative effect on the
friction coefficient. However, it could be different for the wear rate. Hence, a blasting powder of

10 pum size with a texturing time of 10 secs. was used in order to prevent any damage by erosion
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to the workpiece or completely cover the machined dimples. Figure 5.8 shows the Stribeck curve

resulting from VTL simulations determined from profiles shown in Figure 5.3.
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Figure 5.8. Stribeck curve determined from VTL simulations of the profiles shown in Figure 5.4.
The Stribeck curve for all surfaces is shown on one graph to make direct comparisons between
the four variations, including a flat surface (black line), shot blasted flat surface (red line),
dimpled surface (blue line), and shot blasted dimpled surface (green line). The sliding speed
varied from 0.05 m/s to 5 mm/s and the applied loads from 1 N to 25 N were used in the
simulations that generated these Stribeck curves. These analytical results will be compared with
experimental results in section 6.3.

Several studies (Ktupka, Polis¢uk, and Hartl 2009; Kiupka and Hartl 2007b, 2007a;
Mourier et al. 2006) have tried to explain the effect of film thickness on micro textured surfaces
and its benefits; Kfupka et al. (Kiupka, Poliscuk, and Hartl 2009) concluded that a combination
between film formation and textured surface increased the tribological properties of machine parts.
The direct influence of the increased hydrodynamic pressure on the measured Stribeck curves will

be compared in Section 6.3.
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5.3 Summary

In this chapter, two-dimensional models of both the flat and the textured surfaces in contact with
the rigid indenter were developed using the VTL software simulation. Simulations were performed
replicating the sliding conditions and surface structure of the aluminium workpiece, allowing for
the generation of Stribeck curves; these surfaces included a flat surface, a shot blast surface, a
dimpled surface with a single dimple, and a shot blasted dimple (both dimpled surfaces having a
dimple depth of 30 um and diameter of about 150 um). In all cases, a fixed flat surface was used
for the slider and a base oil lubricant having similar characteristics used in experiments was
chosen.Sliding contact was simulated, and the increase in the hydrodynamic load capacity around
the divergent region of dimples was investigated. Each texture was analyzed individually, and its
contribution to load support was taken into account. This analysis concluded that the observed
increase in the maximum hydrodynamic pressure with changing the surface structure is generating

a lift up force on the sliding counter surface.
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CHAPTER 6. TRIBOLOGICAL TESTING AND ANALYSIS OF

TEXTURED SURFACES

Dimpled surfaces have been studied previously (Nakano et al. 2007a; Ogawa et al. 2010;
H. Yu et al. 2011a; D. Yan et al. 2010). Thus, several factors such as geometry, depth, texture,
speed, and lubricant were considered in this work, achieving and discovering interesting results.
For example, asymmetrical dimples show anisotropic, or sliding direction dependent, friction
coefficients resulting from the variation in hydrodynamic pressures that occur when sliding from
left to right versus right to left (Resendiz et al. 2015). In addition, the tribological benefits in terms
of reducing the friction coefficient and wear rate adding a second layer of roughness on dimpled
surfaces are demonstrated (Resendiz, Egberts, and Park 2018).

The tribological performance of the textured surfaces presented in this thesis have been
evaluated in both dry and lubricated conditions, performed in forward and backward sliding
directions (reciprocal movement). Different loads and speeds were applied. In all cases, the friction
force was measured continuously with a table dynamometer. The load was applied using a ruby
half-sphere with a diameter of 6 mm. Reciprocating friction tests were then performed by pressing
the ruby-capped end mill against the textured surface. All the tests were performed within one
week, under controlled conditions with a room temperature of 23 °C, where the humidity did not
vary significantly (less than 5% RH) over the series of measurements. A Stribeck curve was used

to summarize the results obtained for the various applied loads and speeds on the different surfaces.
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6.1 Contact Mechanics on Textured Surfaces

Physical surfaces are rarely perfectly flat where they come into contact. Surface curvature
or roughness often causes the contact areas to be extremely small, and therefore the resulting
contact pressures and stresses are usually relatively high. In many cases, this has resulted in failure
or yielding in the contact regions due to ploughing (Ghaednia et al. 2017). The mechanics of
contact between solid surfaces has been extensively studied (Baney, Butt, and Kappl 2010; Y.
Wang, Dhong, and Frechette 2015), describingthe forces and deformations around the contact area
between two pressed bodies, which play an important role in tribological interactions like wear
and friction. For example, Elastohydrodynamic deformation (EHD) can cause lift and reduce

friction during sliding (Gopinath and Mahadevan 2011; Scaraggi et al. 2011).

The Hertz contact theory allows the prediction of the resulting contact area, contact
pressure, compression of the bodies, and the induced stress in the bodies (Baney, Butt, and Kappl
2010). Figure 6.1 shows a schematic of the well-known scenario of the contact between a rigid

sphere and a flat surface, which also was used in this work.

Applied
Force, F

Maximum
Hertzian

contact
pressure,
Pmax

Deflection

— L TTTT of the flat
surface, h
Workpiece ]
Contact_//
radius, a

Figure 6.1. Schematic of contact between the ruby sphere and the workpiece.
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In his research, Hertz (Hertz 1882) found that the radius of the sphere of contact a is
related to the indenter applied force F, the indenter radius R, and the elastic properties of the

materials by:

— 3 3fNRind (61)
4E*

1 11-v? 1-v2
Vi vz) 62)

= +
E* 2 ( E; E,
where, E,, v, and E;, v, describe the elastic modulus and Poisson’s ratio of the indenter

and the specimen respectively.

The materials that have been used in the experiments are aluminum alloy number 6061-
T6 (workpiece) and a ruby half-sphere (counter surface). According to the Handbook Manual
(ASM Handbook Volume 2: Properties and Selection: Nonferrous Alloys and Special-Purpose
Materials 1990), the elastic module and Poisson’s ratio for aluminum 6061-T6 is 68.9 GPa and
0.33, respectively. For ruby, these values 345 GPa and 0.28 (“Technical Data/Properties Synthetic

Sapphire & Ruby” n.d.), respectively.

The deflection h, of the flat surface around the indenter is given by:

2
lEi(z _ Rina ) (6.3)

d=E*24a a?
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The maximum Hertzian contact pressure, P4y, IS given by the indenter load divided by

the projected contact area:

_ 3fn
= (6.4)

Pmax
Table 6.1 shows a summary of the input parameters used to solve the above equations,
while Table 6.2 shows the results obtained. The ruby ball used in all experiments was 6 mm in

diameter. If a smaller diameter were to be used (i.e. 3 mm), the Hertzian contact pressure could

have increased up to 50%, causing more deflection of the workpiece.

Table 6.1. Input parameters for applying Hertz contact mechanics to estimate the maximum
pressure beneath the ruby ball

Input parameters Symbol Object 1 Object 2
Sphere Workpiece
Poisson's ratio v 0.28 0.33
Elastic modulus E 3.52 GPa 68.9 Gpa
Yield stress o 800 MPa 476 Mpa
Diameter d 6 mm -
Applied force Fy 1-25N

Table 6.2. Results of the determination of the contact pressures using Hertzian analysis.

Symbol Value
Reduced modulus E" 3.64GPa
Contact circular a 0.0325-0.0955 mm
radius
Deflection hg 0.06-0.15 mm
Maximum Hertzian Prax 445-1302 MPa
contact pressure
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A certain roughness will begin to deform plastically when the magnitude of the mean
contact pressure reaches values above 10% of the yield stress (yield stress is the maximum pressure
before the material starts to deform plastically) of the surface material of least hardness (Bultt,
Hans-Jirgen. Kappl 2010). As the resultant Hertzian pressure exceeded the aluminium yield stress,
there was a plastic deformation of the aluminium workpiece, especially when a load of 25 N was
applied. The Hertzian condition establishes the overall shape of the contacting surfaces so that one
of the requirements for the generation of hydrodynamic pressure is that the surfaces must be
converging in a region. The hydrodynamic pressure generated in this region has the task of
separating the surfaces, which are forced together by the applied force (Totten 2012). Hence,
dimples can help create the hydrodynamic pressure needed to separate those surfaces and avoid

any excessive damage due to the high pressure applied on the workpiece by the ruby half sphere.

6.2 Tribological Mechanics and Experimental Setup

To perform friction testing on the surfaces of the flat and textured workpieces, the spindle
of the mill was again rotated such that it was parallel with the normal of the workpiece surface.
The end mill was removed and one capped with a 6 mm ruby hemisphere was put into the spindle.
The spindle was then translated downwards, allowing the ruby sphere to make contact with the
surface of the workpiece. A photograph of friction measurement apparatus/tribometer is shown in

Figure 6.2.
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Figure 6.2. Photograph of friction measurement apparatus / tribometer. A 6 mm ruby ball is
attached at the end of an end mill held stationary, while the workpiece, attached to a table
dynamometer (a 3-axis table dynamometer), and is moved in a reciprocating motion. A laser
displacement sensor measures the stage movement.

Reciprocating (forward and backward direction) friction measurements under controlled
laboratory conditions (tests were performed at 23° Celsius, during the tests the temperature did not
vary more than 10%) were conducted under both dry and lubricated conditions (5W30 engine oil)
for asymmetrical dimples to investigate the effect of the anisotropic profiles of the micro-dimples
on the measured friction coefficient. A reciprocating motion beneath the ruby sphere/spindle
assembly for 100 cycles at a distance of 2 cm in each direction of the reciprocation cycle. The
normal applied load was varied from 1 to 25 N at a sliding speed of 4 mm/s. this process was
repeated 10 times. For the case of symmetrical dimples, mineral oil (AMRESCO J217) having a
viscosity of 14.2-17.0 cS at 40°C was used to avoid the effects of lubricants or any additive added
to the motor oil. The normal applied load was varied from 1 to 25 N and two sliding speeds (0.5
mm/sec and 5 mm/sec) were used, this process was repeated 10 times and again under controlled

laboratory conditions. The reciprocating movement was performed 100 times.
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Hertzian contact pressure for these load ranges was determined to be 445 to 1302 MPa,
assuming a Young’s modulus and Poisson ratio of 68.9 GPa and 0.33 for the Al6061-T6 (ASM
Handbook Volume 2: Properties and Selection: Nonferrous Alloys and Special-Purpose Materials
1990), and 345 GPa and 0.28 for the ruby hemisphere (Dobrovinskaya Elena R. Leonid A.
Lytvynov. Valerian Pishchik 2009), respectively. In comparison to the applied stresses, the
compressive strength for the AlI6061-T6 alloy is 310 MPa (ASM Handbook Volume 2: Properties
and Selection: Nonferrous Alloys and Special-Purpose Materials 1990) and 2.9 GPa
(Dobrovinskaya Elena R. Leonid A. Lytvynov. Valerian Pishchik 2009) for the ruby hemisphere,

indicating the applied loads are significantly above the yield stress of the aluminum workpiece.

The reported values of friction were determined using the following procedure: the normal
force (Fn) and lateral forces (FL) were the recorded forces in the z- and x-directions and were
recorded in both the forward (+x) and backwards (-x) sliding directions. The average normal force
during one reciprocating movement was recorded from the middle 60% of the data points acquired
in that reciprocation, and the error represented the standard deviation in that value. Inclusion of
this subset of the calculated friction coefficients is intended to remove the turning effects that occur

at the start and stop of each reciprocation.

The friction force was half of the difference in the lateral force measured at each point
along the surface. This calculation was necessary to remove the offset in the lateral force that may
have resulted from surface topography (Ogletree, Carpick, and Salmeron 1996). The average
friction force was the average value of the friction force for one reciprocation movement; thus, the
error in this value was the standard deviation. Figure 6.3 shows the average friction coefficient (or
the division of the average friction force by the average normal force) as a function of cycle

number.
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Figure 6.3. Measured friction coefficient versus cycle number for a flat, oil-lubricated
surface. One hundred reciprocation cycles were recorded at an applied load of 5N on the
Al6061 workpiece. The green square shows the region from which the steady-state friction

coefficient was determined, which approximately corresponds to friction coefficients recorded
from cycle numbers 25 to 90.

Figure 6.3 demonstrates the classic wear-in behaviour often seen in tribological
experiments, where the friction coefficient drastically decreases in the initial sliding cycles and
then reaches a plateau or steady-state value at higher cycle numbers. The average friction
coefficient is determined from only those cycle numbers where the steady-state friction coefficient

has been achieved.

6.3 Symmetrical Dimpled Surfaces

Circular shaped dimples were machined onto the flattened surfaces using a single crystal
diamond cutter with a radius of 500 um. Diamond tools have some advantages such as: micro-
dimples machined with a diamond tool do not have bulges formed in their surroundings since there

is no significant thermal damage compared to laser technology (Kurniawan, Kiswanto, and Ko
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2017), and there is a lower surface roughness compared with the etching technique (Mukaida and
Yan 2017). Figure 6.4 shows a schematic of the arrangement of the electric spindle in relation to

the workpiece during the machining of the micro dimples.

Micro tool

P._— tited 60°

Aluminum 6061

Bedplate Workpiece

Figure 6.4. Schematic showing the inclination of the spindle relative to the workpiece
allowing for the machining of dimple patterns on flattened surfaces of the workpiece.

Fast translation of the workpiece beneath the tilted ball end mill ensures that a small piece
of the workpiece is removed during every revolution of the end mill. The machining of circular
dimple patterns was realized by translating the workpiece at a feed rate of 4 mm/sec and a constant
depth of 30 um relative to the flattened surface, while the spindle operated at a rotational speed of
1000 revolutions/min and was placed at an inclination angle of 60° relative to the normal of the

flattened surface.

In order to demonstrate the effect of a dimpled surface full of debris, a dimpled surface
with added debris was prepared. To do this, the debris remaining from a flatted surface was added
to the dimpled surface. A friction test using mineral oil was run using an applied load of 10 N over

both a dimpled surface and a dimpled surface full of debris. Figure 6.5 demonstrates the instability
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of the friction coefficient when the dimpled surface was full of debris, as proposed by Borghi et

al. (Borghi et al. 2008).
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Figure 6.5. Measured friction coefficient versus cycle number for a (a) dimple lubricated
surface, and a (b) dimple lubricated surface full of debris. One hundred reciprocation cycles
were recorded at an applied load of 10 N on the Al6061 workpiece.

Figure 6.5 (a) shows a friction coefficient of 0.125 while Figure 6.5 (b) shows a friction
coefficient of 0.135. Thus, for this case when the dimple surface was full of debris, there was an
increase of the friction coefficient of about 8%. After the friction tests, some debris could be
observed inside dimples, as shown in Figure 6.11. However, dimples are not completely full of
debris neither completely vanish. Figure 6.6 shows the simulated hydrodynamic profile (black

line) and the simulated friction force (red line) over a symmetrical dimple.
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Figure 6.6. Simulated hydrodynamic pressure (black line) and friction force (red line) over a
symmetrical dimple. The applied load was 13 N. The friction force starts around 1.5 N and drops
to 0.55 N when the hydrodynamic pressure rises to about 3.5 MPa. The friction force reaches
again 1.5N when the hydrodynamic pressure drops to 0 again.

To perform the friction tests, four surfaces were prepared: a flat surface, a shot blasted
flat surface, a dimpled surface, and a shot blasted dimpled surface. To summarize the results
obtained for the various applied loads and speeds on the four different surfaces, Figure 6.7 shows
a Stribeck curve for the shot blasted surface (Figure 6.7 (a)), symmetrical dimpled surface (Figure
6.7 (b)), and shot blasted dimpled surface (Figure 6.7 (c)). All textured surfaces were compared

with a flat surface.
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Figure 6.7. Stribeck curve compared with a flat surface for (a) a shot blasted flat surface,
(b) a dimpled surface, and (c) a shot blasted dimpled surface. All teste were performed under
lubricated sliding conditions during 100 iterations using a reciprocation speed of 0.5 mm/sec

and 5 mm/sec.
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Figure 6.7 (a) shows that when a shot blasted surface was used, there was an improvement
of about 5% in terms of friction coefficient reduction in the onset of EHL compared with a flat
surface. There is not a significant benefit in the boundary, mixed, or hydrodynamic lubrication
regimes. Figure 6.7 (b) shows a comparison between the dimpled surface and a flat surface. The
dimpled surface showed an improvement of around 12% in terms of friction coefficient when the
applied load was increased compared with the flat surface. Again, the enhancement was present in
the EHL region, but this time also in the hydrodynamic lubrication region. There was not a
significant benefit in the boundary or mixed lubrication regimes. Figure 6.7 (c) shows there was
an 18% friction coefficient reduction, when the shot blasted dimpled surface is compared with a
flat surface. Benefits in the friction coefficient reduction were present in all the lubrication regimes.
In general, as the speed increased, going from 0.5 mm/sec to 5 mm/sec. the friction coefficient
decreased for all the textured surfaces, indicating that the lubrication regime transitioned from

boundary to elastohydrodynamic lubrication regime.

A series of simulations were also performed to compare the analytical results with the
experimental results of the Stribeck curves for a flat surface, a shot blasted flat surface, a single-
dimple surface, and a shot blasted single-dimple surface, having the same plane view dimensions
and replicating the lubricated sliding conditions and surface structure of the aluminium workpiece.
Figure 6.8 shows the direct influence of the increased hydrodynamic pressure on the measured

Stribeck curves.
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Figure 6.8. (a) Stribeck curve showing acquired experimental data (black solid line) and
simulated (black dashed line) results of a flat surface. (b) Stribeck curve showing acquired
experimental data (red solid line) and simulated (red dashed line) results of a shot blasted flat
surface. (c) Stribeck curve showing acquired experimental data (blue solid line) and simulated
(blue dashed line) results of a dimpled surface. (d) Stribeck curve showing acquired
experimental data (green solid line) and simulated (green dashed line) results of a shot blasted
dimpled surface.

The simulation results show enhanced lubrication through improved hydrodynamic
forces, and the experimental results, whose enhanced lubrication properties are unknown, show
very good overlap in Figures 6.8 (a), (c), and (d), corresponding to flat, dimpled, and shot blasted
& dimpled surfaces. Significant variance is observed between experimental and simulation results

in Figure 6.8 (b) for the shot blasted surface.
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This indicates that the mechanism responsible for reducing friction on these roughened
surfaces is not captured solely through hydrodynamic effects. The film thickness was calculated
for the four different surfaces tested at the two sliding speeds examined with an applied load of 10
N, the results of which are summarized in Table 6.3.

Table 6.3 shows that the film thickness increased significantly for those surfaces that
contained dimples, compared to the flat surface and the surface that had only been shot blasted. A
small increase in the film thickness was observed when the velocity was increased from 0.5 mm/s
to 5 mm/s. The results show that roughening the surface had a greater impact at higher sliding
speeds than at slower sliding speeds, compared to the change observed with velocity for the flat

and dimpled surface.

Table 6.3. Maximum values of film thickness separating the aluminum workpiece and the
slider at 0.5 mm/sec and 5 mm/sec and an applied load of 10 N. Film thicknesses were
determined as the distance from the flat surface outside of the dimpled region to the top of the
slider in the VTL simulations.

Max. Film Max. Film
Surface thickness at 0.5 thickness at 5
mm/sec mm/sec
Flat surface 0.27 pum 0.42 um
Shot blasted flat 0.69 um 0.84 um
surface
Dimple surface 68.05 um 76.03 um
Shot blasted 68.17 um 93.7 um

dimpled surface
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6.3.1 Effects of Roughness

Two of the critical surface properties for materials in micro/nanoscale applications are
non-wetting (hydrophobicity) and low real area of contact (Jung and Bhushan 2006). As mentioned
in Chapter 4, hydrophilic or hydrophobic properties of a surface (wettability) are characterized by
the contact angle made between a water droplet and a surface. A surface is hydrophilic if the value
of the contact angle is less than 90°, whereas the surface is hydrophobic if the value of the contact
angle is greater than 90°. In order to determine the effects of wettability on multi-texture surfaces,

a series of simulations were run (summarized in the Stribeck curves shown in Figure 6.9).
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Figure 6.9. Simulated Stribeck curve for a flat surface, and different shot blasted surfaces,
under lubricated sliding conditions. All cases were performed for 100 iterations using both a
reciprocation speed of 0.5 mm/sec and 5 mm/sec. (a) Stribeck curve showing simulated results of
a flat surface compared with a multi-textured using a grain size of 10 um with different nozzle
inclinations and texturing time. A higher value of Rku and more negative Rsk lead to lower
friction. (b) Stribeck curve showing simulated results of a flat surface compared with a multi-
textured surface using a grain size of 50 um with different nozzle inclinations and texturing time.

Figure 6.9 shows the influence of increased roughness on the measured Stribeck curves.
Only the textured surfaces produced with a 10 um aluminium oxide micro-abrasive particle
powder have a lower friction coefficient when compared with a flat surface, especially when the
nozzle was at the normal position and an exposure time of 10 seconds was used. For this case, the
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simulation indicated a 7% friction reduction in total for all the lubrication regimes. From Figure
4.5 (a) and 4.7 (a), it is observed that CA decreases 30% and CAH decreases 50% when a textured
surface with the above-mentioned parameters is compared with a flat surface, indicating that a
lower CA with a lower CAH is beneficial to decrease the friction coefficient. On the other hand,

when a 50 um aluminium oxide was used, the friction coefficient increased up to 10%.

6.4 Asymmetrical Dimpled Surfaces

Using the inclined micro-milling technique with a flat end mill, another application of
patterned surfaces was investigated: anisotropic or sliding direction dependent friction coefficients
resulting from the variation in hydrodynamic pressures that occur when sliding from left to right
versus right to left. Friction tests were performed to study the performance of unique surface

patterns obtained by using the inclined micro-milling technique and flat end mills.

Figure 6.10 shows the average friction coefficient versus the applied normal force. As
expected, Figure 6.10 shows a lower friction coefficient for both the lubricated flat (hollow black
squares) and dimpled (hollow red circles) surfaces compared to unlubricated flat (filled black
squares) and dimpled (filled red circles) surfaces. In both lubricated and unlubricated conditions,
the dimpled surfaces produced lower coefficients than those of the flat surfaces. The observed
lower friction coefficients of friction on dimpled surfaces in comparison to flat surfaces were
consistent with previous studies of lubrication (Ryk and Etsion 2006; I Etsion and Sher 2009; |
Etsion 2004; Galda, Pawlus, and Sep 2009; Ramesh et al. 2013; X. Wang et al. 2001; Ronen,
Etsion, and Kligerman 2001a). Figure 6.11 shows the lateral force divided by the average normal
force for two reciprocating motions of the tribometer under lubricated conditions for flat and
dimpled surfaces. The lateral force offset from the topography was determined on the flat surface

and applied to both data sets.
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Figure 6.10. Average friction coefficient versus normal load measured for flat and dimpled
surface under lubricated and unlubricated sliding conditions. All cases were performed for 100
iterations at a speed of 4 mm/sec. The friction coefficient reported here represents the average

steady-state value of the friction coefficient from approximately cycle 25 to cycle 90. The
maximum pressure beneath the sliding ruby sphere calculated using Hertzian contact mechanics
for the applied loads measured ranges between 112-179MPa. The elastic module for aluminum
6061 and Poisson’s ratio is 68.9GPa and 0.33, respectively(“ASM Material Data Sheet” n.d.),

while the elastic modules and Poisson’s ratio for ruby is 3.52GPa and 0.28 (“Technical
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Figure 6.11. Friction coefficient measured during reciprocating motion of the tribometer
applying a normal force of 18.5 N for (a) lubricated flat surface in forward and backward
direction, friction coefficient of 0.141+0.010 for both forward and backward directions, and (b)
lubricated dimpled surface in forward and backward directions with friction coefficient of
0.126+0.009 for the forward directions and 0.131+0.009 for the backward direction.
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Determination of the offset for the zero value of force offset from the untextured surface
assumes the friction loop has the same value as the forward and reverse sliding directions. Given
the analysis of the friction data presented in similar studies of friction on textured surfaces, a
similar assumption regarding the symmetry of the friction loops has been made for these surfaces
(Myant et al. 2010; Leeuwen 2010). As expected, the friction coefficient on the lubricated dimpled

surface in Fig. 6.9 (b), on average, was lower than that for the lubricated flat surface.

6.5 Wear Analysis

Optical profilometry was conducted to obtain three-dimensional images of the worn
samples after tribological tests. Figures 6.12 (a), (b), and (c) show a plane view optical image of a
flat surface, dimpled surface, and a shot blasted dimpled surface after friction tests. To measure
the wear volume on these surfaces, a cross section from the three-dimensional image was taken,
as shown in Figures 6.12 (d), (e), and (f). These line profiles show the change in the surface as a
result of the friction measurements. Wear coefficients were determined by the amount of volume
lost, which were in turn determined by a summation of the area removed in the line profile along

the wear scar.

Comparing the initial depth of the dimples, which were approximately 30 um as shown
in Figures 6.12 (b) and (c), with the depth measured in Figures 6.12 (e) and (f), shows that the
dimples have decreased in depth substantially. In fact, their depth was only approximately 3-17
pm in the worn region. Given that the wear track itself is only 1-3 um deep in Figures 6.12 (e)
and (f), it is seen that wear particles or other debris have filled the dimples significantly over the

course of the measurement.
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Figure 6.12. Optical images of the worn surface on (a) flat surface, (b) dimpled surface, and
(c) a shot blasted dimpled surface after a tribological test. These scratches were taken from
samples where a reciprocation speed of 5 mm/sec and applied load of 15 N was used. Also,
Figure 6.10 shows the wear profile of (d) flat surface, (e) dimpled surface, and (f) a shot blasting
dimpled surface. The red dotted line indicates the position where the wear profiles were taken.

After tribological tests and similar procedures as presented by Timothy et al. (Rupert and
Schuh 2010), the area both below and above the zero level was integrated and multiplied by the
track length to determine the total wear rate, considering the Archard equation presented by

Mandal et al. (Mandal, Dutta, and Panigrahi 2004).

_K*l*P
 3xH

(6.5)
where K is the wear coefficient, | is the sliding distance, P is the applied load and H is the material
hardness. The corresponding absolute wear volume versus load for each of the surfaces is

presented in Figure 6.13. For both the dimpled surface and the shot blasted dimpled surface, the

volume due to dimple cavity was not considered as part of wear measurement.
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Figure 6.13. (a) Comparison of average wear versus applied load with a reciprocation speed
of 0.5 mm/sec for the flat surface (black squares), sandblasted flat surface (red triangles), dimple
surface (blue inverted triangles), and sandblasted dimple surface (green circles). Dashed lines in
the same colours as the data points represent linear fits to the wear volume versus normal force

data, where the intercept was forced to 0 N. The slopes of these fits are 8700100 um*/Nm (flat
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surface), 8000100 um®/Nm (shot blasted surface), 6700700 um®*/Nm (dimpled surface), and

6000+70 um®Nm (shot blasted dimpled surface). (b) Archard wear coefficients calculated from
the slopes determined in (a), the measured hardness of the aluminum work piece (141+7 MPa),

and the length of the wear track measured (300um). (c) Comparison of average wear versus
applied load with a reciprocation speed of 5 mm/sec. for the flat surface (black squares),
sandblasted flat surface (red triangles), dimpled surface (blue inverted triangles), and

sandblasted dimpled surface (green circles). Dashed lines in the same colours as the data points
represent linear fits to the wear volume versus normal force data, where the intercept was forced

to 0 N. The slopes of these fits are 1200100 um*/Nm (flat surface), 1120100 um*/Nm (shot

blasted surface), 970+70 um®/Nm (dimpled surface), and 85070 um*/Nm (shot blasted dimpled

surface). (d) Archard wear coefficients calculated from the slopes determined in (c), the

measured hardness of the aluminum work piece (141+7 MPa), and the length of the wear track

measured (300um).
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A significant decrease in the wear rate of the shot blasted dimpled surface when compared
with the flat surface for both speeds of 0.5 mm/sec and 5 mm/sec is shown in Figure 6.13. Overall,
Archard’s wear coefficient was higher on the flat surfaces compared with any textured surface
regardless of the reciprocation speed. Compared with a flat surface, the shot blasted surface had
wear reductions of 8.5% and 7% when using speeds of 0.5 mm/sec and 5 mm/sec, respectively.
The dimpled surface showed wear reductions of 23% and 20% with speeds of 0.5 mm/sec and 5
mm/sec, respectively. Finally, the shot blasted dimpled surface had wear reductions of 30% and

30% when the reciprocation speeds were 0.5 mm/sec and 5 mm/sec, respectively.

6.6 Summary

Real contact area is a very important parameter that affects the friction coefficient; micro
dimples can affect the EHL effect, causing a build-up of pressure and may also assist in optimizing
the real contact area between surfaces. Contact conditions play an important role in improving the
tribological properties on surface textures. For the case of full and mixed lubrication conditions,
the micro dimples work as micro-hydrodynamic bearings, helping to increase the hydrodynamic
pressure due to asymmetric pressure distribution and therefore increasing the load carrying
capacity (Ryk, Kligerman, and Etsion 2002; X. Wang et al. 2001; 1zhak Etsion 2013). In mixed
lubrication conditions, this additional lift in hydrodynamic pressure alters the balance between
hydrodynamic and boundary lubrication. Hence, the number of the asperities in contact decreases,
so that friction and wear also decrease (I Etsion 2004; X. Wang, Kato, and Adachi 2002). In
boundary lubrication, these dimples act as lubricant reservoirs for the continuous retention of
lubricant (Wakuda et al. 2003; Nam P. Suh, Mohsen Mosleh 1994). In addition, it is shown that
after adding the second layer of texture, surfaces present a decrement in terms of friction

coefficient and wear for about 30% when compared with a flat surface.

120



CHAPTER 7. CONCLUSIONS

Energy is a key resource crucial for our sustainability. A considerable amount of energy
is consumed to overcome friction, especially in the transportation, industrial, and power-
generation sectors; major economic losses are also due to wear of products and components
(Holmberg and Erdemir 2015). For this reason, friction reduction is critical for preventing wear

and reducing global energy consumption.

In this study, textured surfaces were presented as an effective way to reduce friction and
wear on sliding metallic surfaces, providing new insights into understanding the physical
mechanisms governing sliding lubricated friction. In particular, the role of lubricant microtextured
surfaces have been investigated, and the related consequences for the Stribeck diagram were
determined. These results are necessary to design new frictional systems to determine more
effective geometries for low-friction microtextured surfaces. This chapter summarizes the novel
contributions presented in this study, and the assumptions and limitations involved. It concludes

with the future studies to develop and improve the performed research.

7.1 Summary of the Research

This research has investigated the effects of texture surfacing as a method for tribological
improvement on the friction coefficient in dry and lubricated sliding metallic surfaces under
various normal loads and speed values. Two kind of dimples were machined by the inclined end
milling technique, using two different micro tools on a flat 6061-T6 aluminum workpiece. The
aluminium workpiece was chosen due its importance in many automotive components such as

engines.
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This machining technique offers unique advantages over other techniques like laser
texturing; examples include high material removal rates, accurate surface finishes, few restrictions
on the workpiece, the ability to produce a variety of different surface structures, fewer facility
necessities, and lower energy requirements. In addition, using lasers can unintentionally modify
the workpiece structure, due to the high temperature needed to create dimples.

A micro flat end milling with two flutes was used to create asymmetrical dimples, and a
single crystal diamond cutter was used to create symmetrical dimples. A force modelling technique
was proposed for the predictive determination of the size, shape, distribution, and end mill
requirements for patterning surfaces. These calculations were validated by comparing the
measured forces while milling the dimpled surfaces with the calculated forces from our machining
model. The comparison between the model and experimental measurements of the machining
forces also allowed for the determination of tool asymmetry, which could be correlated with
variations in the geometry of the machined dimple pattern. For the case of symmetrical dimples, a
second layer of texture was added by an HVAM technique helping to increase the roughness on
workpieces and enhancing lubrication.

The performance of the textured surfaces in reducing friction was evaluated with a
reciprocating tribometer by pressing a 6-mm ruby hemisphere against the aluminum textured
surfaces and sliding them in forward and backward directions. In this study, asymmetric dimpled
surfaces were lubricated with 5W30 engine oil and analyzed during a reciprocating sliding speed
of 4 mm/sec. under both dry and lubricated conditions, while multi-scaled microtextured surfaces
were analyzed under mineral oil-lubricated conditions during reciprocating sliding speeds of 0.5

mm/sec and 5 mm/sec. The performance of the multi-scaled microtextured surfaces with a constant
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aspect ratio of 0.2 was evaluated through their sliding speeds and load-dependent friction
coefficients, as well as their sliding speed and load-dependent wear rates.

The comparison of asymmetrical dimpled and flat surfaces shows that, under both
lubricated and unlubricated sliding conditions, dimpled surfaces resulted in lower measured
friction coefficients, which is consistent with the literature on symmetrically shaped dimples
(Denkena, Kastner, and Wang 2010; Ryk and Etsion 2006; Haiwu Yu, Wang, and Zhou 2009; H.
Yuetal. 2011b). Under unlubricated conditions a friction reduction of approx. 15% was achieved,
indicating that a reduction in the contact area because of dimples is beneficial to reduce the friction.
While for lubricated conditions a reduction in the friction coefficient of 18% was accomplished
when compared with a flat surface. Furthermore, asymmetrically shaped dimples have been shown
to have a sliding direction dependent response, in terms of the measured friction forces, there is a
difference of 4% less friction in the forward direction compared with the backward direction.

On the other hand, the combined influence of multi-textured surfaces had a synergistic
influence on the friction coefficient, suggesting that roughness of surface textures is a novel
mechanism to further improve the friction and wear performance of dimpled surfaces. Surface
texturing resulted in a decrease of the minimum friction coefficient that could be attained. This
minimum value occurred at approximately the same Hersey number for all surfaces. In general,
multi-textured surfaces lubricated with mineral oil present a friction reduction of about 20% for
both the mixed and EHL lubrication regime and 6% for the boundary region when compared with
a flat surface. For the case of symmetrical dimples, friction coefficient reduction is about 15% for
both the mixed and EHL regimes and 3% for the boundary lubrication regime when compared
with a flat surface. Overall, Archard’s wear coefficient was higher on the flat surfaces compared

with any textured surface regardless the reciprocation speed. Comparing with a flat surface;
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dimpled surface shows a wear reduction of 23% and 20% with a speed of 0.5 mm/sec and 5
mm/sec. respectively. Finally, multi-textured surface has a wear reduction of 30% regardless the
reciprocation speed when mineral oil was used.

In conclusion, it has been observed that surface texturing decreases the measured friction
coefficient under both unlubricated and lubricated conditions and that greater reductions in the
friction coefficient are observed for those surfaces that had been both dimpled and multi-textured.
The best performance for this surface texture shape, in terms of low friction coefficients and wear
rates, was demonstrated in the surfaces that had been textured with dimples and subsequently

multi-texture, while flat, untextured surfaces demonstrated the worst results.

7.2 Limitations and Assumptions

In general, most studies have shown that the hydrodynamic pressure built in the liquid
between the two surfaces is enhanced in elastohydrodynamic lubrication (EHL), thus typically
moving the onset of EHL to higher loads, as well as lower velocities and lubricant viscosities
(Gropper, Wang, and Harvey 2016; Kiupka and Hartl 2007a; Mourier et al. 2006). However, other
studies have shown that the textured surfaces allow for wear particles to be trapped in the surface
textures, reducing friction between the surfaces (Ito et al. 2000; Kim et al. 2002; Borghi et al.
2008). The third mechanism that has been observed is that surface texturing acts as a lubricant
reservoir, allowing it to reach the sliding interface faster (Borghi et al. 2008; Xing et al. 2013;
Galda, Pawlus, and Sep 2009). In this research, two of these three mechanisms involved in the

textured surfaces have been observed.

First, the experimental study of the influence of surface texturing has shown that texturing
the surface does indeed reduce the friction coefficient compared with the flat surface, consistent

with previous studies of textured surfaces (Ryk and Etsion 2006; Kovalchenko et al. 2004; Ryk,
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Kligerman, and Etsion 2002). Both randomly roughening the surface and purposefully texturing
the surface individually reduced friction, as shown in Figure 6.5. The combined influence of the
multi-texture shows that improved performance can be made when the surface has a hierarchical
surface texture to it. While a shift of the Stribeck curve to the left or right was not observed in
Figure 6.5, a general trend of improved friction coefficients for a given Stribeck coefficient or

Hersey number was observed in the mixed and EHL regimes.

A post-mortem analysis through the optical profilometry images in Figure 6.10 (c) showed
that most of the surface texture and the roughness induced by HVAM was removed in the contact
region, so the influence that these two surface texturing strategies have on friction must occur
beyond the contacting region between the workpiece and the ruby hemisphere. While the observed
results indicate a widening of the mixed and elastohydrodynamic lubrication regime, the most
often reported influence of surface texturing has been to improve hydrodynamic lubrication
(Ramesh et al. 2013; J. Zhang and Meng 2012; Kovalchenko et al. 2004; H. L. Costa and Hutchings
2007; Haiwu Yu, Wang, and Zhou 2010). Despite this fact, surface texturing has also been shown
to improve boundary and mixed lubrication (Vladescu et al. 2015; T. Hu, Hu, and Ding 2012; Ryk,
Kligerman, and Etsion 2002; Braun et al. 2014; Liew, Kok, and Ervina Efzan 2016; Wakuda et al.
2003). Thus, the results here indicate the complexity of understanding lubrication enhanced by

surface texturing, which requires further examination to truly understand.

Two dimensional simulations conducted using the VTL software package support the
mechanism through enhanced lubrication. While the simulation results did not capture the wear
damage caused through sliding that was observed in the experiments, they exhibited the basic
structure of the Stribeck curve for the various patterned surfaces, and showed the same decrease

in measured coefficients with the change in surface topography through the four samples. This
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observation suggests that the primary mechanism influencing the friction coefficients measured
during lubricated sliding conditions was the build-up of hydrodynamic pressure. Despite the good
reproduction of the experimental Stribeck curves at higher values of the Hersey number, the poor
reproduction of the experimental results at lower values of the Hersey number was likely a result
of the one-dimensional fluid modeling implemented in VTL software package, which was
insufficient to reproduce the three-dimensional flows that occur in the experiments. More
specifically, the simulations disregarded any type of influence of the two-dimensional effects on

the flow fluid through the micro-cavities present in the contact interface (Profito 2010).

To interpret the observed Stribeck curves in more detail, the simulations showed that there
is a significant impact on the film thickness with the change in surface structure. Similar results
have been observed previously, where higher sliding speeds and deeper surface features resulted
in a decrease in the measured friction coefficient on textured surfaces (Vilhena et al. 2011), likely
a result of improved fluid film thickness. Furthermore, the observed improvement in the friction
coefficient recorded between surface roughening through multi-texture compared with surface
texturing is consistent with the results observed in Vilhena’s work. Finally, the observation of the
friction coefficients converging to the same values at high values of the Hersey number for all
surfaces is likely a result of viscous fluid forces and other friction mechanisms overwhelming the
contribution of the improved fluid pressure developed in the sliding interface by the surface
texturing pattern in reducing friction (Kovalchenko et al. 2005b; Lu and Khonsari 2007; Braun et

al. 2014; X. Wang et al. 2009).

Secondly, the post examination of the surfaces show that the wear scars are typically on
the order of a few micrometer deep into the surface. However, while the dimples were 30 um deep

before friction testing, they were less than 10 um deep after friction testing. The results suggest
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that the dimples are being filled in with by-products of sliding, suggesting that the capturing of
wear particles and other contaminants that may influence the friction coefficient on the untextured
surfaces is also important to the observed reduction on the dimpled surfaces. The production and
storage of wear particles or other by-products of sliding was not captured in the simulations. While
the simulations did not replicate the experiments in this respect, the good overlap between
simulations and experiments resulting from the increased hydrodynamic lubrication that resulted
from the surface texturing suggests that the trapping of wear particles and other debris does not
play a significant factor in reducing the friction coefficient in textured surfaces. The calculation of
the wear coefficient provides us with some greater insight into the friction and wear performance
of the surfaces. The reduced friction with surface texturing appears to be linked with reduced wear
in every case. Additionally, wear coefficients approximately one order of magnitude smaller when

the velocity was increased from 0.5 mm/s to 5 mm/s, as shown in Figure 6.11.

Finally, linking Figure 6.11 with Figure 6.5 and the trends observed with the Hersey
number, it suggests that EHL lubrication and the associated low wear rates that was indeed
achieved at the low applied loads and high sliding speeds, given the reduced friction forces and
wear coefficients. Thus, the observation of reduced friction coefficients attributed to enhanced
fluid pressure resulting from the surface texturing is supported by the observation of the lowered
wear rates also observed with surface texturing. Variation in the dimple pitch, density, size and
depth ratio, shape and configuration (parallel or stager) may result in a variation in the relative
contribution in the reduction of friction of increased hydrodynamic pressure in the contact versus

wear particle entrapment but would require further experimentation to verify this hypothesis.
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7.3 Future Work

In the future, more experiments need to be conducted to ascertain the performance of the
micro textured surfaces. Thus, a variety of materials can be used to fabricate the surfaces, each
suitable for a specific application. For example, materials like magnesium alloys and copper can
be used to fabricate the current micro textures discussed in this work to generate higher load
support. In addition, different dimples configurations must be performed applying the tilted spindle
technique shown in this research. For example, different shapes, densities and texture arrangement
like the ones presented by Galda et al. (Galda, Pawlus, and Sep 2009), and Yu et al. (H. Yu et al.
2011b). Also, interferometry techniques can be used to measure the film thickness accurately
between the opposing surfaces.

In this study, a single geometry of spherical dimple with the aspect ratio of 0.2 was
investigated. However, several studies have worked with different ratios and showed exceptional
results. For example, the work done by Hu et al. (T. Hu, Hu, and Ding 2012), where dimples
having a diameter of 45 pum, 160 pum and 300 um with a depth of 25 pum were created and thus,
with a ratio of 0.555, 0.156 and 0.083. Under the experimental conditions, the best dimples size is
found to be 160 (ratio of 0.156). In the research conducted by Nakano et al. (Nakano et al. 2007b),
dimples have a ratio of 0.16, and friction coefficient results show a better performance compared
with an untextured surface. In the research performed by Ito et al. (Ito et al. 2000), dimples having
a diameter as big as 0.5 mm and depth of 0.1 mm, thus a ratio of 0.2 was created and showed a
lower friction coefficient than an untextured sample. On the other hand, small ratios can be
detrimental, as shown in the research made by Choudhury et al. (Choudhury et al. 2015), which
depth/diameter ratio was 0.066 but when compared the friction coefficient of texture surfaces

against an untextured one, it was higher. An interesting result was achieved by Greiner et al.

128



(Greiner et al. 2014), showing dimples having a depth of 20 um and a bigger diameter of 100 pum.
it is, ratios bigger than 0.2 present a decrement of static friction. Therefore, static friction data has
to be taken into account when searching for the optimum dimple dimensions and not only to
consider the ratio value of depth/diameter.

The elastohydrodynamic model could be extended with the plasticity theory from the
contact mechanics approach. Further development of the homogenization techniques presented
here also consider elastic and possibly plastic deformation as another interesting area. Perhaps the
most important physical aspect to be considered here are the thermodynamic effects, which are
present in all situations that may be simulated with the different approaches developed in this

thesis.

In addition, changes in the film thickness can be probed using Laser Induced Fluorescence
techniques, such as those developed by Hidrovo et al, (Hidrovo and Hart 2001). In this case, a new
experimental setup would have to be implemented. For example, instead of texturing an aluminium
surface, an etched glass can act as the textured surface and stay positioned on the top of the beam
splitter, while a parallel plate could be used as a moving surface. In this way, the fluorescent dye
could be mixed with the lubricant, and the lubricant thickness could be measured while the
experiment is running. This measurement would give information about the exact gap height

between the surfaces.

Several other aspects also need more attention. For example, deeper research into multi
scale features and their interactions with friction and wear is necessary. In addition, a future
comparison between different machining techniques, such as tilted spindle and laser ablation
would be of great interest. Finally, continued work on asymmetric dimples, their effects, and

applications on creating a gradient of friction is also a noteworthy pursuit.
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