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Abstract

Surface finishing and the running-in phase play a critical role in the tribological performance,
friction behavior, and service life of mechanical power transmission components such as gears,
rolling bearings, and others.

This dissertation investigates the influence of operating parameters and surface evolution on
the coefficient of friction (COF) and surface morphology throughout the running-in phase. Us-
ing an EHD?2 ball-on-disc tribometer under rolling-sliding contact conditions (SRR = 50%) at a
constant temperature of 70 °C and normal load of 50 N, continuous and interrupted tests were per-
formed across three distinct entrainment speeds (0.100 m/s, 0.150 m/s, and 0.300 m/s). Surface
topography was extensively characterized using an optical profiler, extracting traditional amplitude
parameters, such as arithmetical mean height (S,) and root mean square height (S,), as well as sta-
tistical summit parameters like standard deviation of summit heights (o), mean summit radius of
curvature (f3), and asperity density (n).

Furthermore, experimental COF results were compared with a numerical model based on John-
son’s load-sharing concept and Greenwood and Williamson’s asperity contact model, incorporat-
ing a Gaussian surface topography distribution and elliptical contact mechanics. The findings
demonstrate that higher entrainment speeds enhance elastohydrodynamic film formation, signif-
icantly reducing, though not entirely eliminating, plastic deformation and surface wear. At the
micro-scale, a reduction in asperity heights was observed, particularly at the higher entrainment
speed. Although the model exhibits limitations in capturing the evolution of summit parameters
throughout the running-in phase, it still accurately predicts the coefficient of friction for the ma-
jority of the tests.

Finally, Stribeck curves and specific film thickness evaluations confirmed that the opera-
tional points predominantly operate within the mixed lubrication regime, validating the numerical
model’s capability to capture transient surface adaptation and friction evolution.

Keywords: Coefficient of Friction, Running-In, Stribeck Curve,Summit Parameters, Surface Rough-
ness
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Resumo

O acabamento superficial e a fase de running-in desempenham um papel critico no desem-
penho tribolégico, no comportamento do atrito e na vida ttil de componentes de transmissdo de
poténcia mecanica, tais como engrenagens, rolamentos e outros.

Esta dissertacdo investiga a influéncia dos pardmetros operacionais e da evolucao superficial
no coeficiente de atrito (COF) e na morfologia da superficie ao longo da fase de running-in. Uti-
lizando um tribémetro bola-disco EHD2 em condi¢des de contacto de rolamento-deslizamento
(SRR = 50%) a uma temperatura constante de 70 °C e com uma carga normal de 50 N, foram real-
izados ensaios continuos e interrompidos em trés velocidades de arrastamento distintas (0, 100 m/s,
0,150 m/s e 0,300 m/s). A topografia das superficies foi extensivamente caracterizada com re-
curso a um perfilémetro 6tico, extraindo pardmetros de amplitude tradicionais, tais como a altura
média aritmética (S,) e a altura quadrética média (S,), bem como pardmetros estatisticos das as-
peridades, tais como o desvio padrdo das alturas das asperidades (o), o raio médio de curvatura
das asperidades (B) e a densidade de asperidades ().

Adicionalmente, os resultados experimentais do COF foram comparados com um modelo
numérico baseado no conceito de partilha de carga de Johnson e no modelo de contacto de as-
peridades de Greenwood e Williamson, incorporando uma distribuicdo Gaussiana da topografia
superficial e mecénica de contacto eliptico. Os resultados demonstram que velocidades de arras-
tamento mais elevadas potenciam a formacao de filme elastohidrodindmico, reduzindo significa-
tivamente, embora sem as eliminar por completo, a deformacdo pléastica e o desgaste superficial.
A micro-escala, observou-se uma reducio nas alturas das asperidades, particularmente 2 veloci-
dade de arrastamento mais elevada. Embora o modelo apresente limita¢gdes na captura da evolucdo
dos parametros das asperidades ao longo da fase de running-in, 0 mesmo continua a prever com
precisdo o coeficiente de atrito na maioria dos ensaios.

Por fim, as curvas de Stribeck e a evolugdo da espessura de filme especifica confirmaram que os
pontos de funcionamento operam predominantemente no regime de lubrificacdo mista, validando
a capacidade do modelo numérico para capturar a adaptacdo superficial transitéria e a evolucao do
atrito.

Keywords: Coeficiente de Atrito, Curva de Stribeck, Pardmetros de Asperidades, Running-In,
Rugosidade Superficial
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“Focusing on what you can’t control makes you stressed.
Focusing on what you can control makes you powerful.”

Mel Robbins,
The Let Them Theory
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Chapter 1

Introduction

1.1 Context

For decades, tribological systems and mechanical components subjected to relative motion have
played a critical role in engineering applications [1]. Throughout the operation of these systems,
sliding and rolling contacts are invariably accompanied by friction, wear, and energy dissipation
[2]. Consequently, understanding the surface degradation is a primary objective in engineering

design to ensure structural reliability and efficiency [3].

Finishing processes, or ultra-precision machining, are manufacturing technologies to improve
the surface quality of components and enhance surface integrity. They effectively reduce initial
surface roughness, optimize lubricant performance, and minimize the risk of scuffing failure [4].
Because every finishing process yields distinct topographical characteristics that dictate long-term
operational performance [5], designing these interfaces effectively requires a thorough understand-
ing of how surface topography influences friction and wear [2]. Furthermore, advancements in
manufacturing technologies over recent decades have enabled a wide variety of surface topogra-
phies, directly impacting friction levels under dry and lubricated regimes, lubricant film formation,

and load-carrying capacity [3].

However, traditional surface roughness parameters are often insufficient to fully describe func-
tional contact surfaces [2,3]. Addressing current energy and environmental demands also requires
a comprehensive analysis across a product’s entire lifecycle, from manufacturing to operation and

maintenance [6].

In the manufacturing industry, gear transmissions are widely used in various mechanical ap-
plications, offering advantages such as compact structure, constant transmission ratio, high trans-
mission efficiency, and long service life [7, 8]. Nevertheless, gear finishing remains challenging
because gears feature complex curved surfaces where profile accuracy must be preserved, and
conventional finishing methods often struggle to meet large-scale industrial production require-

ments [4].



2 Introduction

1.2 Goal

The primary objective of the present dissertation is to experimentally investigate the influence of
surface finishing and operating parameters on the coefficient of friction and its transient evolution
throughout the running-in phase, using an EHD2 ball-on-disc tribometer.

Accordingly, the following specific objectives are established:

* Evaluate and compare continuous and interrupted tests to monitor surface morphology changes

and friction behavior under sliding-rolling contact conditions;

* Analyze the influence of entrainment speed on the duration of the running-in period, steady-

state friction, and asperity flattening;

« Extract and apply statistical summit parameters (o, 8,7) from optical profilometry measure-

ments to characterize micro-geometry evolution;

* Compare experimental friction results with numerical predictions derived from a Python-

based contact model to validate its capability to capture transient surface adaptation;

* Construct and analyze Stribeck curves to identify and map the prevailing lubrication regimes.

The results of the present work may help to better understand the influence of operational
parameters and surface evolution during the running-in phase on the final surface characteristics

and tribological performance.

1.3 Methodology

The simulations and experimental evaluations presented in this dissertation were developed us-
ing an EHD?2 ball-on-disc tribometer, encompassing both continuous and interrupted tests under
controlled sliding-rolling conditions. To characterize the surface topography and measure the
surface roughness of the bodies, an optical profiler was employed, performing multiple measure-
ments across various locations on the balls and disc to ensure representative data acquisition, such
as statistical summit parameters. The experimental results were subsequently compared with an
existing computational model based on EHL theory and asperity contact mechanics, which was
modified and implemented using Python. The development and structuring of the Python code

were supported by Al-based collaboration tools, such as Gemini and ChatGPT.

1.4 Structure

The dissertation follows the structure outlined below, comprising three main chapters in addition

to the introduction. Each chapter is important to reach the goals of this dissertation.



1.4 Structure 3

Chapter 2 provides a comprehensive literature review and state of the art overview regarding
surface topography, roughness parameters, and measurement techniques (such as stylus profilome-
try and optical methods). Furthermore, it addresses the fundamental mechanisms of the running-in
phase, lubrication regimes, Stribeck curve, film thickness formulations, plasticity index and gear
surface finishing processes. This chapter was developed through an extensive review conducted
via academic databases, including Google Scholar, Scopus, and Elsevier.

Chapter 3 presents and discusses all the results obtained from the ball-on-disc tests and optical
profiler measurements. It details the influence of entrainment speed, surface roughness evolution,
the comparison between continuous and interrupted tests, and the experimental Stribeck curves.

Chapter 4 presents and discusses all the results obtained from the numerical simulations. It
details the summit parameters, and Stribeck curves. Additionally, the experimental findings are
critically analyzed and compared with the numerical results derived from the model.

Chapter 5 draws the main conclusions of the dissertation, summarizing the key findings re-
garding the impact of surface finishing and running-in on the coefficient of friction, and discusses

potential next steps and recommendations for future work.
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Chapter 2

Literature Review and State of the Art

This chapter provides a comprehensive literature review and state-of-the-art overview regarding
surface topography, roughness parameters, and advanced measurement techniques. Furthermore,
it addresses the fundamental mechanisms governing the running-in phase, lubrication regimes,

Stribeck curves, film thickness equations, and gear surface finishing processes.

2.1 Surface Topography

In surface metrology, topography refers to the structural features of a surface defined over a con-
tinuous range of spatial wavelengths. These characteristics are hierarchically decomposed into
the primary form, representing the nominal geometry, and the superimposed texture components
of waviness and roughness [9]. Many standards exist to describe measurement techniques and
desired characteristics, such as ASME B46, ISO 4287, ISO 25178 and SEMI MF1811 [10].

A significant limitation in current literature is the assumption of a fixed initial surface to-
pography, which overlooks the transient morphological changes that develop under operational
loading [11]. Surface topography, as defined by the specific finishing process employed, serves as
a critical determinant of initial contact conditions and exerts a significant influence on the overall
performance of the system [5].

The lubrication performance at the friction interface is affected by surface topography. This
happens because the surface topography influences the local contact of surface asperities and the

flow of the surrounding fluid [4].

2.1.1 Surface roughness

There is a difference between roughness and waviness: the roughness refers to fine-scale sur-
face texture features (short-wavelength), while waviness pertains to larger-scale deviations (long-
wavelength) [9].

The surface roughness height is normally the same or higher than average film thickness of the
contact. Thus, when the film thickness reaches a limit value, direct rough contact occurs due to

the presence of surface topography. To understand friction and running-in phenomena, a surface
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evolution in time is one method of analysis. Most of the studies are conducted in dry contacts, and
there are not many studies in lubricated contacts, especially in mixed lubrication conditions [12].

As surface roughness increases, there is a decrease in the real contact area, indicating that
fewer asperities are involved in the contact and they undergo deformation. In a dry sliding ball-
on-disc configuration [13], it was observed that for surfaces with higher initial roughness (such
as the turning sample), the initial value of the friction coefficient is smaller compared to ground
and milled samples. This occurs because an increase in roughness reduces the actual contact area,
engaging fewer asperities. Furthermore, it was verified that as the surface becomes smoother,
the surface roughness decreases [13]. From the study of Akbarzadeh and Khonsari [14], it was
concluded that smoother surfaces reach steady state earlier in comparison with rougher surfaces.
Additionally, the drop in arithmetic average of asperity heights is smaller in the smoother surfaces.
They stated also that as the surfaces undergo running-in, the asperity heights decrease, meaning the
contribution of hydrodynamic film higher and a smaller film thickness is required to completely

separate the surfaces.

2.1.2 Roughness parameters

Amplitude parameters are used to measure the vertical characteristics of the surface deviations
[15]. The following Subsections (2.1.2.1-2.1.2.3) give a brief description of each parameter used

to characterise surface topography.

2.1.2.1 Arithmetic average height

The arithmetic average height parameter, R,, is defined as the average absolute deviation of the
roughness irregularities from the mean line over a single sampling length, calculated as shows
Equation (2.1) [15].

1 1
Ro=7 /0 12(x)| dx 2.1)

where [ is the profile length and z(x) is the profile height at the position x.
This parameter can also be known as centre line average (CLA), being easy to measure and
define. It gives a strong description of height variations, although does not differentiate between

peaks and valleys [16]. Thus, it is not sensitive to small changes in profile (Figure 2.1).

Mean Line

Figure 2.1: Arithmetic average height.
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2.1.2.2 Root mean square roughness

The root mean square (RMS) roughness parameter, R, represents the standard deviation of the sur-
face height distribution [15]. In comparison to R,, it is more sensitive to large deviations from the
mean line, making it particularly relevant for statistical analysis. It is applied in contact mechan-
ics and lubrication, although it is less widespread due to the reliance on parameters that measure

extreme values [16]. Equation (2.2) describes the mathematical definition of this parameter.

1
R, = ,/% /0 2(x)dx 22)

2.1.2.3 Ten-point height

The ten-point height parameter, R,, often referred to as the maximum peak-to-valley height, is
more sensitive to high peaks or deep valleys than R,. This parameter is defined by two methods,
according to the definition system. The International ISO system defines as the average height
difference between the five highest peaks and the five lowest valleys within the assessment length
of the profile, Equation (2.3). On the other hand, the German DIN standard defines this parameter
as the average of the summation of the five highest peaks and the five lowest valleys along the
assessment length of the profile, Equation (2.4). Figure 2.2 shows the definitions described [15].

1 n n
R 150) = n (Z Di+ Z w) (2.3)

1 n n
R piN) = o (Z pi+y, Vi) (2.4)
=1 =l

where n is the number of samples along the assessment length.

Figure 2.2: Ten-point height parameter definition in both systems.

Other parameters, such as the maximum height of peaks and valleys (R, and R,), the mean
height of peaks and valleys (R, and R,,,), and the maximum height of the profile (R; or R,4y), are

more suitable for specific scenarios. Detailed definitions of these parameters can be found in [15].
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2.1.3 Roughness measurement methods

Surface topography measurement techniques are primarily categorized by their measuring princi-
ple, generally employing either physical scanning probes, such as stylus profilometry and atomic
force microscopy (AFM), or electromagnetic radiation, including optical profilometry and angle-
resolved scattering [10]. Non-contact optical instruments offer distinct advantages over stylus-
based systems, most notably the ability to perform measurements rapidly without risking surface
damage. However, data interpretation requires careful consideration for both techniques, as they
are each susceptible to unique measurement artifacts and modeling assumptions. Whereas a stylus
instrument can be relatively simply modeled as a ball of finite radius moving across the surface,
modeling the interaction of an electromagnetic field in optical systems is highly complex. Conse-
quently, optical measurements often require an a priori understanding of the surface characteristics

before measurement is attempted [17].

2.1.3.1 Stylus profilometry

Stylus profilometry is an extremely robust and versatile contact technique that uses a stylus to
measure the surface [10, 18]. There is a series of international standards [19] that standardize in-
formation about this technique. Basically, a static measuring force is applied to the probe, which
is in contact with the surface, causing elastic and plastic deformation in softer materials and tip
wear that influences the results. Depending on the tip radius and the shape, the results are influ-
enced. A smaller tip allows for a better description of the surface, giving better precision of the
profile. Normally, a cone with a spherical tip is used [18]. Figure 2.3 shows an example of the

measurement loop of a stylus instrument [18].

Column

Measurement Loop \

Probe (pick-uph

Drive unit

Stylus —,
Ay

Workpiece

Fixture

Figure 2.3: Example of a stylus profilometer instrument.
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2.1.3.2 White light interferometry

White light interferometry (WLI), which is also known as vertical scanning interferometry (VSI)
or coherence scanning interferometry [20], is a fast nanoscale surface measurement method possi-
ble to be used to measure micro-nano surfaces in the full frequency band. It has the advantages of
surface measurement, nanometer axial resolution for smooth optical surface, significant data col-
lection, and good measurement traceability [21]. Can measure the surface of a sample in only one
measurement, since it is capable of measuring a large area. In this instrument, the light beam from
the light source is split into two: one to the reference surface and the other to the measurement
surface, then these light beams are reflected and interfere with each other [22]. Figure 2.4 presents

a schematic diagram of a representative VSI system.

CCD Camera j
oy

{3

A;w

J

)

Tube lens
Kohler illuminator
-

A/_J%

- c Beam splitter  \_ .

Light source A4
PZT scanner

4

A
I

[ 3

-

Mirau objective

Sample | 0/

Figure 2.4: Schematic diagram of a VSI system.

2.1.3.3 Confocal microscopy

According to ISO 25178-6, confocal microscopy is an optical measurement method of surface
topography in which light reflected from the sample surface is filtered by a pinhole that discrimi-
nates what is in the focal plane from what is not [23]. The technique maps the surface by capturing
information exclusively from the focal plane, even it was originally developed to decrease image
blurring and improve sharpness (even when analyzing thick specimens) [16]. It is a non-contact
surface imaging technique capable of capturing precise three-dimensional topography, which is
particularly advantageous for non-flat or translucent specimens [9, 24]. Consequently, a vertical
scan of the sample is required to reconstruct the complete three-dimensional surface topography.

The measurement principle is presented in Figure 2.5 [16].
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Figure 2.5: Confocal microscopy principle.
2.1.3.4 Confocal chromatic

Confocal chromatic utilizes a chromatic objective lens within the probe that decomposes the inci-
dent light into distinct wavelengths. The surface reflects the beam at a specific wavelength, which
is directly related to the distance between the surface and the probe. Consequently, the profile
height is a function of the returned wavelength, as illustrated in Figure 2.6 [25]. Because this
method only measures the height of the focal point, the probe must be moved along the object’s
surface to map the entire area. Furthermore, measurements can be influenced by surface rough-
ness due to light scattering effects [16]. While this technique is effective for various material types
and offers high repeatability, further research is required to determine the optimal surface rough-
ness range that avoids signal noise, specifically considering the impact of scanning speed. This
technique provides the unique capability of generating detailed surface topographies by tracking

signal intensity as the sensor scans across an object [26].

White light point
source (W)

Spectrometer (S) Pinhole (P)

Mono-
M]Chromatique

Am jimages of
«S» point
source

. _An
L M point
" am
Display
& Object surface (0)
signal
processing

Figure 2.6: Confocal chromatic principle.
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2.1.3.5 Structural light projection

Structured light projection is extensively utilized due to its broad measurement range and high
resolution, accommodating objects from a few micrometers to several meters in size [27]. This
technique measures the surface topography by triangulating the light beams of a light reflected

by the surface (Figure 2.7). The height of the surface is calculated in function of the lateral

fringe pattern
light source

sensor ———————1 light source sensor ————————1

X

displacement of the light beams [16].

S =p =

7]
L.
Z sample 2 sample
reference table

Figure 2.7: Structured light projection measurement.

The metrological capabilities and limitations of the techniques described in Sections 2.1.3.1
through 2.1.3.5 are contextualized by the comparative bandwidth analysis presented in Table B.1
in Appendix B. This Table illustrates the fundamental trade-offs between lateral resolution and the

measurement field of view for both contact and optical measurement principles [10].

2.1.4 Surface filtering method

In order to remove the form and filter out the waviness of the samples, the Vision64 software can
be used, filtering the waviness by applying a Gaussian filter with a normalized cut-off length (A.).

The optical profiler from Bruker (Figure 2.8) is capable of using multiple light sources for
surface analysis [16]. However, white light interferometry was the chosen technique for evaluating
the surfaces in this work.

Using the Vision64 software, the form of the measured surface was removed via a 4th-order
polynomial for the disk, and a spherical fit for the ball specimens. A Gaussian filter was then
applied to separate the waviness from the roughness profile. An alternative method to remove
waviness is functional filtering. This approach assumes that surface features with a wavelength
exceeding the contact zone length should be filtered out. Consequently, this yields a cut-off wave-
length (A.) comparable to the Hertzian contact width. In practice, the closest standard value spec-
ified by DIN 4768 is typically selected for this parameter [16,28]. It is recommended that A, be
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Figure 2.8: Optical profiler.

at least 2.5 times the peak-to-peak spacing of the profile roughness. If the peak-to-peak spacing is
not easily identifiable, the values of DIN 4768 from Table 2.1 can be utilized, adapted from [16].

Table 2.1: Cut-off length values from DIN 4768.

Peak spacing/ Measured Roughness Roughness

Ae / mm mm (R;) / um (R;)/ um
0.08 < 0.032 - -
0.25 0.032—-0.1 <0.1 <0.5
0.8 0.1-0.32 0.1-2 0.5-10

2.5 0.32-1 2—-10 10—30
8 > 1 > 10 > 30

The roughness profile is obtained by removing form and waviness. Only this profile is used to
compute roughness parameters, since larger wavelength components and form deviations play no
role in micro-scale contact interactions.

In conventional surface measurement methods, the roughness properties evaluated within a
specific zone are assumed to be representative of the entire surface. This assumption arises from
the practical difficulties of either measuring the whole surface or accurately tracking the exact

contact region to evaluate its local roughness properties.

2.1.5 Summits roughness parameters

Many interfacial phenomena occur between surfaces, such as friction, wear, electrical, and thermal
contact resistance. To study these phenomena, it is essential to characterize engineering surfaces,
which are microscopically rough [29].

In the contact between two surfaces, only the summits of each will be in contact. A summit is

defined as the highest point of a segmented surface feature, commonly referred to as an asperity
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[30]. Figure 2.9 describes the differences and similarities between surfaces and summits, where
the surface is depicted using a dotted line and the summits are indicated using circles. Also the

distribution of surface heights and summits heights are presented in the left-hand [29].

Distribution of sqrrunit heights

A4
H

Mean of summit heights

i

'
PR

1

1

i

{ Mean of surface heights

Distribution of surface! heights ' T S ’%

Figure 2.9: Schematic representation of a rough surface showing surface profiles and individual
summit heights.

2.1.5.1 Summits Parameters

In Chapter 4, several summit parameters are employed to characterize the surface topography.

According to the ISO 25178-2:2022 standard, the arithmetic mean height, S,, is defined as
the average absolute deviation of the surface from the mean plane. It is the areal analogue of the
profile parameter R,, representing the global roughness level that influences contact mechanics
and running-in processes. However, S, is often insufficient to fully characterize the functional

behavior of a surface.

In contrast, the root mean square height, S,, which represents the standard deviation of the
height distribution, is more sensitive to extreme peaks and valleys due to the squaring of deviations.
This sensitivity makes S, a more robust metric for evaluating surfaces that contain occasional
severe defects or significant outliers [29-31].

In the statistical model developed in [16], the roughness parameters used are the standard devi-
ation of the summit heights (o), summit density (n), and asperity radius (f). A statistical method
was employed instead of the deterministic model, as the latter - which uses the unique radius of
each asperity to capture individual characteristics in a more detailed manner - is significantly more
computationally demanding.

The procedure of selection of the summits and the calculation of the standard deviation of
the height of those summits is described in [16]. Therefore, to account for the roughness of both

surfaces, the o; is given by Equation (2.5).

o, =4/02+ 0% (2.5)

The asperity density of each surface is given by Equation (2.6).

Ny i
nj=-——— (2.6)
l Asur face,i
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where N; ; is the number of summits and Ay, fqce; is the measured area. Thus, for the combined
surface, the asperity density is obtained by taking the average of the value obtained for each surface

using Equation (2.6), as described by Equation (2.7).

_ nitm
2

n 2.7

To obtain the radius of the summit j in both directions, the Equations 2.8 and 2.9 are used,
where Ax and Ay are the measurement step in the respective directions. Then, an equivalent radius
of each summit is calculated, Equation (2.10), and the asperity radius of each surface is achieved
by doing the averaged of the equivalent radius of each summit. This is shown in Equation (2.11).
Finally, the radius of the asperities of the combined surface is calculated by applying the Equation

(2.12). If a roughness profile is utilized, the labeled y parameters are disregarded.

o1zl —Ax,y) —2z(x,y) +z(x + Ax,y)

ﬁxj = sz (28)
—Ay) =2 A
B! _ xny—4y) zgvzy)ﬂ(x,wr y) 2.9)
Bi=1\/Bsj- By (2.10)
1Y
= — , 2.11)
B N, jZIBJ
11 1

2.1.6 Statistical distributions

The surface heights distribution before and after running-in can be represented by Figure 2.10 [16].
With this distribution, it can be concluded that the higher points away from the surface are the main
parts that wear out during the running-in process. Additionally, Gaussian distribution has a higher

accuracy to model the surface before running-in than after.

The summits evolution can be shown in Figure 2.11 [16]. Before running-in, the surface
obtained by processes like grinding and polishing can be approximated by a Gaussian distribution
[32]. This is assumed by Greenwood and Williamson in [33]. However, this distribution is not the
most accurate one when considering surface after the running-in process, not given the precision

of the summit heights.

After the running-in, a concentration around the mean height of the summits can be seen,

presenting a lower height value compared to the before of this process.
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Figure 2.10: Surface heights distribution before and after running-in, and comparison to Gaussian
distribution.
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Figure 2.11: Asperity summits heights distribution before and after running-in, and comparison to
Gaussian distribution.

2.2 Running-in Phase

Three different wear stages may occur during the service life of the friction components: running-
in, steady-state wear and wear out. In the running-in period, or breaking-in, there are significant
plastic deformation and a high wear rate, the two fresh surfaces in relative sliding motion begin
to experience intimate contact at the asperities level. In the second stage, the rate of change of
wear becomes constant, and then the tribo-component begins to experience wearing out, often
displaying rapid, transient shifts accompanied by erratic behavior, leading to early failure shortly
thereafter [34]. This is shown in Figure 2.12.

The running-in is a rapid process where the most prominent asperity tips undergo plastic defor-
mation during the initial loading cycles [35]. The wear rate, surface roughness or friction reaches
equilibrium by smoothing and deforming the asperities after this process. The running-in is char-
acterized by the period of the Stribeck curve where the coefficient of friction decreases [13]. The
micro-geometry of the surfaces conforms with each other, changing the relative position of the

run-in surfaces. Thus, the hydrodynamic performance can be reduced [36].
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Figure 2.12: Schematic representation of wear and wear rate behavior.

The running-in phase happens when two new surfaces only contact at the highest summits,
creating a smaller contact area than the apparent contact area. That can be observed in Figure
2.13, where h, is the central film thickness, w is the displacement and y; is the difference between
the mean surface height and mean asperity height [37]. Therefore, a higher contact pressure in the
asperities is obtained, and because of wear and plastic deformation, the summits are smoothed.
This leads to a reduction of the roughness and an increases of the specific film thickness. This
process is influenced by the surface chemistry, residual stresses and microstructure near the surface
[38]. The running-in process is predominantly influenced by operating conditions such as duration,
load and speed, lubricant properties, film thickness, initial surface roughness, and their orientation
[5,14].

a b

Smooth, rigid flat

Zpefore

Bbefore

Mean asperity height Mean surface height Mean asperity height Mean surface height

Figure 2.13: Schematic representation of a surface asperity: (a) before contact, and (b) after plastic
deformation.

According to [13], the critical time marking the transition of the coefficient of friction from
rising to stable is defined based on a threshold corresponding to 1.12 times the maximum value of
the friction coefficient recorded throughout the experiment. In surface roughness simulations, the
coefficient of friction was inversely proportional to surface roughness. It was concluded that the

surface of the smoother disc samples had a shorter running-in period.

The running-in period can be seen by when the variation of the portion of load carried by the

fluid film reaches a steady-state value. Akbarzadeh and Khonsari [14] measured the wear rate each
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20 minutes of the experience, until a period of 100 minutes and reach-out the steady-state. It is
expected that as the rolling speed increases, the duration of running-in time reduces.

Friction and wear during running-in process are influenced by the surface roughness alterations
and operational parameters, such as temperature, rotation speed and applied load. The steady
friction and wear can be affected by the running-in, being this stage capable of extending the
service life of the friction components and ensure a stable working operation, if proper stipulated
[35].

In the study of Lohner et al., they concluded that there is notable influence, even not clear,
of the Hertzian pressure in the surface roughness. Additionally, the influence of the oil inlet
temperature in the reduction of the roughness parameters is secondary. They also concluded that
the roughness tips are more affected by the running-in than the roughness valleys [39].

About load influence, in running-in studies it was observed that surface asperities are smoothed
through plastic deformation, for higher load. If the load is excessive, the existence of a plastic
flattening during the final running-in stage is inevitable. In consequence, for small loads, the
highest asperities are the only ones plastically deformed and polished by wear [35]. In [14],
Akbarzadeh and Khonsari affirmed that the variation in surface roughness during running-in is not
a function of dry wear coefficient, depending only from the operating conditions.

The running-in process further evolves surface morphology and chemistry, preconditioning
the interface for service. Therefore, characterizing the variations in surface properties resulting
from distinct hard finishing processes, as well as their adaptation during running-in, is essential

for optimizing the efficiency and economy of gear drives [5].

2.3 Lubricant Regime

The Stribeck curve permits identification of boundary, mixed, elastohydrodynamic and hydro-
dynamic lubrication regimes [40]. It illustrates the friction variations over the entire lubrication
range [41]. Figure 2.14 shows an example of these types of curves, demonstrating a clear relation-
ship between friction and speed [42]. The minimum point of the curve effectively delineates the
transition boundary between the mixed and full-film lubrication regimes.

The identification of the lubrication regimes permits the classification of the mechanisms of

film formation in lubricated contacts. The definition of each lubrication regime is presented below:

» Hydrostatic lubrication: occurs when the liquid pressure is generated externally and sup-
plied through passages between two surfaces. Even at low speeds, the friction is low, and

there is precise control of the film thickness [43,44].

* Hydrodynamic lubrication: occurs when the motion of the surface, the viscous properties

of the liquid, and the geometry of the conjunctions together generate the load [43,44].

* Boundary lubrication: occurs when molecular thin films developed from the oil or addi-

tives separates the surfaces, and the load is primarily carried by asperity interactions. The
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surface chemistry plays a dominant role. In the Stribeck curve, this represents the initial

regime, characterized by a relatively high and nearly constant coefficient of friction [43,44].

* Mixed lubrication: occurs when the lubricant film thickness is comparable to the sur-
face roughness. The normal load is supported by a combination of hydrodynamic pressure
and direct asperity contact. It is called mixed because it combines both hydrodynamic and
boundary lubrication. In the Stribeck curve, is the curve where an abrupt change in the

coefficient of friction happens.

* Elastohydrodynamic lubrication: occurs in contraformal contacts where the elastic defor-
mation of the surfaces significantly influences the resulting lubricant film thickness. These
deformation happens due to high pressure, which also causes an increase of viscosity [45].
The operating condition dictate whether the contact maintains a full-film lubrication regime
or operates within the mixed lubrication range [44]. In the Stribeck curve, is the curve after

the mixed lubrication curve.
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Figure 2.14: Stribeck curve example - typical classification of different lubrication regimes.

The lubricant regimes can be determined using the specific film thickness concept, A. It relates
the relation between the film thickness, 4, and the roughness of the surface, R,, as described by
Equation (2.13) [46].

A=— 2.13
R, (2.13)

Depending on the value of A, the contact operates in one of the following regimes (Figure
2.15) [16]:

* Boundary Lubrication (A < 0.7): The surfaces are in direct contact at the asperities, re-
sulting in high friction and significant wear.

* Mixed Lubrication (0.7 < A < 2.0): The load is shared between the hydrodynamic pres-
sure and asperity contact. The surfaces are partially separated.

* Elastohydrodynamic Lubrication (A > 2.0): A full lubricant film is established, com-

pletely separating the surfaces and leading to significantly lower friction.
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Figure 2.15: Lubricant regimes aspects.

In boundary lubrication, the lubricant film thickness is extremely thin, resulting in continu-
ous contact between surface asperities. Consequently, this regime leads to severe wear and high
friction, making it crucial to ensure that a contact does not operate under boundary lubrication
conditions. Literature shows that the friction coefficient of the asperities (u.) varies with veloc-
ity, temperature, and environment, while also being dependent on the slide-to-roll ratio (SRR).

Therefore, the asperity friction coefficient is given by Equation (2.14) [42].

” SRR) (2.14)

2
He = .uc,maxE arctan <2 Sep

where U¢ max is the maximum value of y., and S, is related to the transition from the elastic
to plastic behavior of the boundary layer.

This relation is represented in Figure 2.16 [42]. In standard engineering practice for steel-on-
steel contacts lubricated with mineral oil, the value of . typically varies within a narrow interval
of 0.07 to 0.15 [47].

|
S Slip

ep

Figure 2.16: Schematic traction curve in boundary lubrication.

2.4 Film Thickness

The Hertzian contact pressure can be calculated according to the following Equation (2.15):
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FyE'
=1/ 27;va* (2.15)

where E' is the elasticity modulus, calculated according to Equation (2.17), Fy is the normal
load, b is the width and R* is the contact radii (calculated according to Equation (2.16)) [44].

1 1\ !
Rf=| —+— 2.1
(Rxl * Rx2> ( 6)

1/1=v2 1—-v2\]"
E'=| ! 2 2.17
[2< E; " Ep >] @17

The specific film thickness can be expressed as the ratio between the minimum film thickness

and the composite roughness, as shown by Equation (2.18) [48]:

jo— min (2.18)

2 2
qu +Rq2

where R, and R, represent the root mean square roughness parameters of the pinion/ball and
gear/disc and h,y;,, is the minimum film thickness as detailed in [33].
The minimum film thickness equation used in this study is Dowson and Higginson curve fitting

formula to predict EHL. minimum film thickness, from 1961 [33,39]. Equation (2.19) presents
formula to calculate this parameter.

Hy = hy /R, = 1.6G%U% 7w 013 (2.19)

The dimensionless numbers U, W and G are the dimensionless speed parameter, the dimen-
sionless load parameter, and the dimensionless material parameter, respectively. Equations (2.20)

through (2.22) are used to calculate these parameter values [16,33].

No(U1 + U>)
= —= 2.20
Uz ER, (2.20)
Fy
= — 2.21
bE'R ( )
G=oaE (2.22)

2.5 Coefficient of Friction

In a tribological system, the coefficient of friction is governed by the lubricating oil and the rolling
elements with their properties and operating conditions [49]. Consequently, it is a crucial param-

eter when investigating mechanical components in relative movement.
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Friction force, Fy, is divided in two components, as shows Equation (2.23). Thus, is the sum
of the friction force due to the shearing of lubricant, Fy y, and the friction force due to the contact

of asperities, Fy ¢ [14]. These contributions are given by Equations (2.24) and (2.25), respectively.

Ff = Fva + Ff,C (2.23)
Frpy= // Ty dAp (2.24)
Ay

N
Fre=), / / ¢ dAc; (2.25)
i=177Ac.i

From Equation (2.24), the hydrodynamic contact area (Ag) and the corresponding shear stress
(ty) are the components that influence the hydrodynamic shear force. Regarding Equation (2.25),
it can be seen that the number of asperities (N), their respective area of contact (Ac ;), and the shear
stress within the contact (7¢ ;) are the ones that determine the friction force due to the contact of
asperities.

By definition, the friction coefficient is the ratio between the friction force, F, and the normal

force, Fy. Thus, the Equation (2.26) represents these relation.

N
Z// Tc,idAc,i+// Ty dAn
i=17/J/Aci An

Fy

The friction coefficient will change during the running-in phase due to deformation of the

u= (2.26)

Fr _
Fy
asperities, and the change of the lubricant film thickness and contribution of asperities in carrying
the load [14]. During the running-in phase, a reduction in the coefficient of friction is typically

observed, highlighting the importance of accurately estimating this parameter [16].

2.6 Plasticity Index

The evaluation of surface contact severity between rough metallic bodies relies fundamentally on
the plasticity index (W), originally introduced by Greenwood and Williamson. Defined to quantify
the transition between elastic and plastic deformation regimes at the asperity level, the classical

P — <Z/> \/g (2.27)

where E’ is the equivalent (composite) Young’s modulus, H is the indentation hardness, o is

formulation is expressed as:

the standard deviation of the asperity height distribution, and f3 is the equivalent radius of curvature
of the asperities. According to classical theory, asperity contact remains predominantly elastic

when W is below 0.6, whereas plastic deformation dominates when ¥ exceeds 1.0 [50,51].
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Nakajima and Mawatari investigated the evolution of the plasticity index in lubricated rolling-
sliding contacts, demonstrating that surface topography evolves significantly during running-in.
Their findings show that higher initial or sustained ¥ values accelerate surface damage and pit-
ting, meaning that asperity tips undergo more severe plastic deformation rather than elastic contact.
This intense micro-contact creates high frictional resistance and delays the build-up of a full elas-
tohydrodynamic oil film, as direct metal-to-metal contact persists longer during the running-in
phase [50].

2.7 Gear Surface Finishing

Gear manufacturing processes include forging the gear blank, heat treatment, grinding, and others.
The heat treatment can provoke some deformation on the gear, and precision grinding can reduce
tooth profile errors. For this manufacturing process, the tooth surface can exhibit multiple texture
patterns parallel to the tooth width direction. It has already been demonstrated that gear meshing
perpendicular to the texture direction causes dynamic vibration, restricts lubrication flow, and
increases transmission noise [52].

In some applications, it is important to have an additional finishing process in order to improve
the surface quality of the gears. Finishing not only eliminates defects such as grinding scratches
and micro-cracks, but also reduces surface unevenness. Adverse vibrations or stress concentrations
during gear meshing can be reduced. Additionally, the probability of pitting failure is lower and
the contact fatigue strength of gears can be improved. Finishing processes helps to break up
regular wave patterns and noise paths, reducing noise and vibrations levels [52]. It prevents various
problems including abrasive wear, micro-pitting, and scratching, reducing also wear, and abrasion

during operation, which increases their effectiveness and lifespan [53].



Chapter 3

Discussion of Experimental Results

This chapter presents the experimental setup, procedures, and a detailed discussion of the results
obtained from both continuous and interrupted ball-on-disc tests, including the evolution of surface

roughness and friction over time.

3.1 Experimental Setup and Ball-on-Disc Tests

A precise control over contact conditions permits ball-on-disc tribometer to simulate gear contacts
at selected positions along the gear tooth profile. It allows obtain the coefficient of friction from

the resulting contact [54].

To study the influence of the surface finishing on the coefficient of friction, and based on
previous studies [16], ball-on-disc tests were performed using an EHD2 machine (Figure 3.1) [55].
In these tests, the contact between the surfaces is a special case of elliptical contact. The equations

for this case are presented in Appendix A.

-

Figure 3.1: The EHD2 ball-on-disc tribometer (PCS Instruments).

23
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3.1.1 Measurement method and setup considerations

The EHD2 method to perform COF measurements is described in the following steps [56]:

* Clean the test ball and disc using appropriate solvents (e.g., isopropyl alcohol or acetone) to

eliminate any residual contamination.
¢ Introduce a small volume of the test lubricant in the test area.
* Define the operating parameters:

— First, the part of the temperature stabilization.

— Second, establish the parameters such as the applied load, entrainment speed, slide-to-

roll ratio, and the test duration.

* A tangential force friction sensor records the friction force under the specific load. The COF

is then calculated by dividing traction force by the ball load, after plotting traction curves.
During the tests, several details were taken into account:

* Calibrating the track;
* Adjustment of the track position according to the track radius used for each simulation;

» Use of a track with 3 supports, as shown in Figure 3.2, ensuring that the ball was correctly

placed on top of the three bearings;

* Positioning of the thermometer near the ball to ensure an accurate reading of the lubricant

temperature;

* Reuse of the lubricant for each measurement (as recommended by an expert), while its

condition was consistently monitored;
* Careful cleaning of the housing and all instruments used between testing days;

* Maintenance of the lubricant level up to the center of the ball during measurements (covering

half of the ball), which was always carefully monitored (Figure 3.3).

Figure 3.2: Track with 3 supports for the EHD2 ball-on-disc tribometer.
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Figure 3.3: Lubricant level.

3.2 Parameters and Results

The parameters of the ball and the disc used on this study are presented in Table 3.1. An isotropic
surface has all the physical properties uniform in all directions, improving the surface stress state
[4]. Both bodies were made from chrome steel [55], and the properties are presented in Table 3.2.
The lubricant used was the oil PAO ISO VG 150 with the properties described in Table 3.3.

Table 3.1: Ball and disc properties for the EHD?2 test machine.

Property Ball Disc SI units

9.525 o mm
9.525 o mm
210 210 GPa
029 029 -

< mx =

Table 3.2: Steel properties.

Property Value
kei/ (Wm™' K1) 45
pi / (kg/m?) 7800

cp/Tkg 'K 460

The changing parameter for each test is the entrainment speed. The entrainment speed is the
average of the ball and disc linear velocity at the contacting surface [54].

To obtain the coefficient of friction versus time curves, a constant normal force of Fy = 50 N
and a constant temperature of 70 °C were defined, as this temperature closely represents actual
gear operating conditions [57] and there are previous experimental data for this temperature [16].
Regarding the entrainment speed, to determine the constant value for the study, the Stribeck curves
from Miguel Dias’s work [16] were analyzed, focusing on the temperatures of 70 °C. Since the
objective is to study the surface evolution during the running-in phase, one must select a speed
at which the lubricant film does not completely separate the ball from the disc. In other words,

lower speeds are required, which correspond to a lower specific film thickness. Furthermore, the
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Table 3.3: Lubricant parameters.

Parameter Value SI units
854 kg/m?

K 0.02468 -

b 1667.31 -

c 151.09 -

s 7.382 -

t 0.1335 -

Z 0.467 -

So 1.09 -

k 0.18 Wm!K!
p 2090 Jkg ' K™!

transition between the boundary and mixed lubrication regimes is also of great interest. Therefore,
a speed analysis was carried out. Based on a literature review, it was identified that similar studies
typically employ entrainment speeds ranging from 0.100 m/s to 0.150 m/s, along with SRR of 20%
and 50% [12,58]. Analysing the Stribeck curve obtained in Miguel Dias’s work, these entrainment
velocities also correspond to a beginning of the mixed lubrication regime. Upon analyzing the
curves, the maximum gradient of the tangent line was observed at a velocity of approximately

0.300 m/s. Therefore, an analysis was also conducted for this specific velocity.

In the EHD2 machine, for each sliding speed, there are two scenarios: one where Up,y > Ulgise,
and the other where Uy, < Uygise. This difference will lead to variations associated with the thermal
characteristics of the contact. Therefore, since the goal is to achieve a lower global COF and ensure
its stability under sliding conditions, the disc must operate at a higher surface velocity relative to
the ball (Uyise > Upq). On the EHD2 machine, the previously mentioned scenario is already
defined.

The slide-to-roll ratio is defined as the ratio of the sliding speed to the entrainment speed [59].
To replicate a sliding-rolling contact condition, a SRR of 50% was selected [48]. According to
the Equation (3.1) [55], the governing SRR equation, this yields a disc speed of 0.125 m/s and
a ball speed of 0.075 m/s for V, = 0.100 m/s, a disc speed of 0.1875 m/s and a ball speed of
0.1125 m/s for V, = 0.150 m/s, and a disc speed of 0.375 m/s and a ball speed of 0.225 m/s
for V, = 0.300 m/s. As concluded by Al-Jeboori et al. [48], a sliding-rolling contact ensures a
controlled removal of asperities, which is essential for the running-in phase. Table 3.4 summarizes
the constant parameters applied in this study, which were maintained across all the tests.
srr= V2 = Vi~ Vo

vV, Vb;Vd

3.1

where V}, and V; are the ball and disc speeds in contact, respectively.
The next Subsections will present the results for all the tests performed as registered in Table
C.1 in Appendix C. The total laboratory work amounted to 46 hours and 30 minutes, including

measuring the surfaces of balls and disc using the optical profiler (Figure 2.8). To have more ac-
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Table 3.4: Experimental test parameters.

Fy (N)  To (°C) SRR (%) ug (m/s)  ugisc (m/fs)  upqy (m/s)

0.100 0.125 0.075
50 70 50 0.150 0.1875 0.1125
0.300 0.375 0.225

curate results, the experimental procedure should have been repeated three times. This replication
could not be performed due to insufficient material availability. Care was taken to perform three
measurements at each location on each ball and disc surface using the optical profiler, while en-
suring that the percentage of valid data points in Vision64 was at least 80%. Furthermore, before
utilizing the aforementioned software, a Data Analyzer (F-Operator) was first applied to remove
the surface form ("sphere and tilt" for the balls, and "tilt only" for the disc). Additionally, a Gaus-
sian Regression Filter with a short wavelength cutoff of 0.25 mm was applied.

3.2.1 Continuous Reference Tests

To establish the experimental timeline, an initial baseline test was performed without interrup-
tions. The results were then analyzed to determine the precise intervals at which subsequent tests
should be paused for surface characterization. The tests had a duration of 1 hour, as no significant
variation was observed after this period. Accordingly, the total number of sliding cycles for each
test was calculated using Equations C.1 and C.2 in Appendix C. Based on these parameters, the
total number of accumulated cycles reached 1614 for the sliding velocity of 0.100 m/s, 2323 for
0.150 m/s, and 4677 for the velocity of 0.300 m/s. This can be consulted in Table C.1, at Appendix
C.

Before plotting the evolution of the COF over time for all tests, the application of a simple
moving average (SMA) filter using a window size of N = 20 was first analyzed to reduce signal
noise and facilitate the analysis of the general trend [60]. Here, N represents the number of con-
secutive data points used to compute each average value. As shown in Figure 3.4, this approach

simplifies the raw data, yielding a much clearer trend of the COF variation.
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Figure 3.4: Comparison between raw data and SMA filter for the evolution of the COF over time
(continuous test at V, = 0.100 m/s).

Applying the same methodology, the evolution of the coefficient of friction over time was

plotted to compare the different sliding speeds, Figure 3.5. The plots were generated using Python

scripts, incorporating the aforementioned simple moving average filter.
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Figure 3.5: Evaluation of COF over time for the three different velocities - continuous tests.

It can be concluded that increasing the sliding speed effectively reduces the duration of running-

in period, as expected. This is observed in the time required for the COF to start stabilising. For

the highest velocity, the running-in phase had a duration of 600 s, for the medium velocity a dura-

tion of 1200 s, and for the lowest velocity, it was approximately the same as the medium velocity.

Analyzing Figure 3.5, a decrease in the coefficient of friction is observed with increasing velocity.
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This behavior is expected, as higher speeds lead to a greater film thickness, which better protects
the interacting asperities and reduces asperity contact.

Tables 3.5 and 3.6 present the results of the surface roughness (S,, ;) and functional param-
eters (Spk, Syi) of the balls, and the percentage reductions, across the three tested velocities after
the 1-hour duration.

A substantial decrease is observed in all parameters, confirming intensive asperity flattening
and plastic deformation during the running-in phase. Notably, for v = 0.150 m/s there is the high-
est reduction percentages for both S, (50.75%) and S, (51.61%), indicating aggressive mechani-
cal interaction at the micro-scale. In contrast, the highest speed (v = 0.300 m/s) shows a slightly
more moderate reduction in peak height parameters (e.g., 36.00% for S;), which can be attributed
to an enhanced hydrodynamic film formation that partially shields the surfaces from severe direct
asperity contact. Furthermore, S,; parameters show much lower reductions ( 18% to 24%) across
all speeds, demonstrating that valleys are largely preserved to maintain lubricant retention within

the contact interface.

Table 3.5: Ball surface roughness evolution (S, and S,) for different velocities.

Velocity (m/s) Sa (um) Sq (um)
Initial Final Reduction (%) Initial Final Reduction (%)
0.100 0.332 0.178 46.387 0.434 0.252 41.935
0.150 0.335 0.165 50.746 0.438 0.249 43.151
0.300 0.368 0.189 48.641 0.486 0.290 40.329

Table 3.6: Ball functional parameters evolution (S, and S,;) for different velocities.

Velocity (m/s) Spk (um) Sk (pm)
Initial Final Reduction (%) Initial Final Reduction (%)
0.100 0.331 0.186 43.807 0.655 0.499 23.817
0.150 0.310 0.150 51.613 0.654 0.533 18.502
0.300 0.400 0.256 36.000 0.814 0.624 23.342

The topography of each ball surface after the 60 minutes is shown in Figure 3.6. A distinct
central horizontal wear track is clearly observable, outlining the continuous mechanical interac-
tion between the two bodies after 60 minutes of testing. At the lowest velocity (Figure 3.6 a), a
more pronounced smoothing and plastic deformation of the surface asperities can be noted within
the track, driven by a thinner lubricant film. For the medium velocity (Figure 3.6 b), the wear
zone exhibits a more stable and balanced transition. Finally, at the highest velocity (Figure 3.6 c¢),
the wear track appears less aggressive and less modified compared to the surrounding uncontacted
area, confirming that the thicker lubricant film provided superior surface protection throughout the
continuous test. Overall, these topographies corroborate that under continuous operation, increas-

ing entrainment velocity significantly mitigates surface wear and deformation.
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(a) Lowest velocity (0.100 m/s): (b) Medium velocity (0.150 m/s): (c) Highest velocity (0.300 m/s):
Sq from 0.332 to 0.178 um; S§; S, from 0.335 to 0.165 um; S, S, from 0.368 to 0.189 um; S,
from 0.434 to 0.252 pum. from 0.438 to 0.249 yum. from 0.486 to 0.290 pum.

Figure 3.6: Topography of each ball surface after 60 minutes in the continuous tests.

Detailed magnifications of specific surface areas to better understand the surface condition of
the balls following the continuous tests are presented in Figures 3.7 through 3.9. Further Figures
are presented in Appendix D. A more pronounced plastic deformation is noticeable at the lowest

velocity.
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Figure 3.7: Detail of surface topography of the ball after 60 minutes at the lowest velocity (v =
0.100 m/s) - continuous test.
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Figure 3.8: Detail of surface topography of the ball after 60 minutes at the medium velocity
(v =0.150 m/s) - continuous test.

To analyze the surface evolution, surface roughness profiles were obtained using Vision64 for
all three tests from a middle line of the wear track. This represents the height and valley distri-

bution along the evaluation distance (middle of the track along x-direction) and highlighting the
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Figure 3.9: Detail of surface topography of the ball after 60 minutes at the highest velocity (v =
0.300 m/s) - continuous test.

micro-geometry and characteristic peaks and valleys of the finish. The results obtained are pre-
sented in Figures 3.10 through 3.12, where the cursors R and M denote the reference starting point
and the maximum evaluation limit, respectively. In all graphs, the characteristic phenomenon of
running-in is visually evident. There is a flattening and elimination of the most prominent peaks
from the original height distribution, while maintaining the macroscopic geometry and adapting
the micro-geometry to the contact. At the lower velocity, the profile frequently crosses the mean
line with more pronounced and sharp valleys reaching significant depths, indicating greater asper-
ity interaction. For the intermediate velocity, the dispersion around the mean line becomes more
attenuated and symmetrical, with shallower valleys, reflecting a better separation of the surfaces
by the lubricant film. Finally, for the highest velocity, although isolated deep valleys exist, the
overall oscillation around the mean line exhibits a more stable and uniform behavior, validating

the accelerated transition to steady-state conditions with reduced surface damage.
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Figure 3.10: Surface roughness profile along the wear track after continuous test at a sliding speed
of 0.100 m/s.
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Figure 3.11: Surface roughness profile along the wear track after continuous test at a sliding speed
of 0.150 m/s.
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Figure 3.12: Surface roughness profile along the wear track after continuous test at a sliding speed
of 0.300 m/s.

3.2.2 Interrupted Progressive Tests

Following the analysis of the results obtained in Figure 3.5, the stop times detailed in Table 3.7
were defined. At 60 s, an initial peak in the COF is observed across all curves, followed by a
primary decrease at approximately 120 s. Subsequently, a minor stabilisation of the COF occurs
at around 240 s for almost all curves. Regarding the stabilisation phase, the V, = 0.300 m/s curve
stabilises at 600 s, while the other velocities reach stability at roughly 1200 s. Furthermore, at
1620 s (27 min), a minor yet noticeable increase in the COF occurs for the highest velocity. Fi-
nally, the 2700 s (45 min) mark was specifically chosen to acquire additional data points prior to

the conclusion of the tests. These specified events can be observed in Figure 3.13.
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Figure 3.13: Evolution of the coefficient of friction indicating the selected test interruption and
evaluation times.

Additionally, to monitor the stops, the summits parameters values were taking into account.
The results are presented in Tables 3.7 and 3.8, they are consistent with the previous observations,
confirming that higher sliding speeds lead to a greater lubricant film thickness. This enhanced film
thickness provides superior separation between the interacting surfaces, effectively protecting the
asperities and reducing direct asperity contact, which consequently limits severe wear and plastic

deformation during the running-in phase.

Table 3.7: Ball surface roughness evolution (S, and S,) over time for different velocities.

. . v=10.100 m/s v=0.150 m/s v =0.300 m/s
Time (min)
Sa (Um) Sy (um) Sy (um)  S; (um) S, (um) S, (um)
0 0.339 0.456 0.336 0.447 0.341 0.450
1 0.257 0.355 0.194 0270 0217 0.300
2 0.184 0.252 0.206 0.278 0.236  0.368
4 0.219 0.312 0.197 0.276 0.185 0.253
10 0.205 0.294 0.170  0.237 0.205 0.296
20 0.195 0.277 0.166 0.237 0.182 0.266
27 0.188 0.267 0.205 0.355 0.178 0.258
45 0.176 0.247 0.186 0.279 0.172  0.244

60 0.157 0.238 0.180 0.272 0.181 0.289
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Table 3.8: Ball functional parameters evolution (S, and S,;) over time for different velocities.

. . v=0.100 m/s v=0.150 m/s v =0.300 m/s
Time (min)
Spk (Hm) Svk (Hm) Spk (Hm) Svk (“m) Spk (Hm) Svk (“m)
0 0.307 0.710 0.340 0.708 0.339 0.725
1 0.174 0.682 0.244 0.504 0.210 0.577
2 0.215 0.449 0.175 0.533 0.296 0.722
4 0.276 0.600 0.155 0.525 0.257 0.432
10 0.180 0.605 0.197 0.432 0.164 0.645
20 0.178 0.552 0.168 0.433 0.204 0.532
27 0.147 0.532 0.182 0.627 0.163 0.537
45 0.231 0.470 0.182 0.554 0.152 0.480
60 0.178 0.475 0.235 0.535 0.267 0.554

Thus, for the interrupted tests, the resulting COF curves versus time for the three velocities,
after applying the simple moving average, are presented in Figure 3.14. As observed in the con-
tinuous tests, a consistent trend is identified: an increase in sliding velocity leads to a decrease in
the final coefficient of friction.
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Figure 3.14: Evaluation of COF over time for all tests - interrupted tests.

It can be noted that the established stop times follow the same behavioral trends observed in
the continuous tests. Specifically, the early pauses (60 s, 120 s, and 240 s) effectively capture the
steep initial run-in period and primary friction peak. Furthermore, the intermediate stops (such
as 600 s and 1200 s) correspond precisely to the transition between running-in and steady-state
behavior across different sliding speeds, while the later intervals (1620 s and 2700 s) successfully

monitor the long-term surface adaptation and lubricant behavior prior to test completion.
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Figure 3.15 presents the topography of each surface for these tests. A distinct central horizontal
wear track is again clearly observable, which is also discernible to the naked eye as evidenced by
Figures 3.16. At the lowest velocity (Figure 3.15 a), a higher degree of plastic deformation is
noted, which is justified by the thinner lubricant film thickness. For the medium velocity (Figure
3.15 b), an increased asymmetry within the wear zone becomes apparent. Finally, at the highest
velocity (Figure 3.15 c), the wear track exhibits a less aggressive appearance in terms of surface
material removal or deformation, which is consistent with the recorded COF values. Consequently,
enhanced protection between the interacting surfaces is provided by the lubricant film thickness.
Overall, it can be concluded that under identical conditions of load, temperature, SRR, and test

duration, a higher entrainment speed results in reduced surface wear.

(a) Lowest velocity (0.100 m/s): (b) Medium velocity (0.150 m/s): (c) Highest velocity (0.300 m/s):
Sq from 0.339 to 0.157 um; S, S, from 0.336 to 0.180 um; S, S, from 0.341 to 0.181 um; S,
from 0.456 to 0.238 um. from 0.447 to 0.272 um. from 0.450 to 0.289 um.

Figure 3.15: Topography of each ball surface after 60 minutes in the interrupted tests.

(a) Lowest velocity. (b) Medium velocity. (c) Highest velocity.

Figure 3.16: Balls surface at naked eye.

Detailed magnifications of specific surface areas to better understand the surface condition of
the balls following the interrupted tests are presented in Figures 3.17 through 3.19. Further Figures
are presented in Appendix D.

The same analysis was performed for the interrupted tests regarding the roughness profile
along the wear track after 60 minutes (Figures 3.20 to 3.22). It is noticeable that the flattening
of the summits is less evident than in the initial continuous profiles, with the height distribution
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Figure 3.17: Detail of surface topography of the ball after 60 minutes at the lowest velocity (v =
0.100 m/s) - interrupted test.
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Figure 3.18: Detail of surface topography of the ball after 60 minutes at the medium velocity
(v = 0.150 m/s) - interrupted test.
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Figure 3.19: Detail of surface topography of the ball after 60 minutes at the highest velocity
(v =0.300 m/s) - interrupted test.
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concentrating much more strictly around the upper mean line. The profiles from the interrupted
tests exhibit sharper peaks. The topographical behavior visualized in these graphs directly explains
the evolution of the COF curves over time, where continuous tests yield a lower COF, although
the difference is minor
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Figure 3.20: Surface roughness profile along the wear track after interrupted test at a sliding speed
of 0.100 m/s. ;
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Figure 3.21: Surface roughness profile along the wear track after interrupted test at a sliding speed
of 0.150 m/s.

3.3 Discussion

Due to a limitation in the EHD2 machine’s data acquisition system, data recording omits the
last second of each interval. Consequently, a slight difference of a few seconds appears at the
end of the curves when comparing the interrupted and continuous tests. Future experimental
procedures should take this technical detail into account to ensure complete data synchronization.
Accordingly, the time versus coefficient of friction graphs, alongside the corresponding surface
topography images comparing the continuous and interrupted tests, were plotted for each velocity.
Figures 3.23 to 3.25 show the results obtained.
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Figure 3.22: Surface roughness profile along the wear track after interrupted test at a sliding speed
of 0.300 m/s.
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Figure 3.23: Evaluation of COF over time for both V, = 0.100 m/s tests.
From Figure 3.23, a higher coefficient of friction was obtained for the interrupted test com-

pared to the continuous test during the majority of the test duration. Towards the end, this velocity
condition showed curves that were most closely overlapped following the running-in phase. Ad-
ditionally, both curves stabilised at approximately the same time (around 1200 s), exhibiting a
similar running-in duration. Analyzing Figures 3.10 and 3.20, it is evident that the surface asperi-
ties underwent a more uniform flattening during the continuous test, indicating a higher degree of
surface wear. Furthermore, the number of residual micro-grooves observed in the continuous test
was lower than that obtained in the interrupted test.

In the interrupted test of the medium velocity, it is already mentioned that at the 27 minute
stop, a lubricant change occurred, which can explain the drop in the coefficient of friction value.
As previously mentioned, the lubricant was reused across the various tests. A positive result was

obtained after changing the lubricant, revealing curves with similar trends, as observed in Figure
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Figure 3.24: Evaluation of COF over time for both V, = 0.150 m/s tests.
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Figure 3.25: Evaluation of COF over time for both V, = 0.300 m/s tests.
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3.24. Regarding the surface after running-in, the same behavior is observed as for the lower speed,
Figures 3.11 and 3.21. For the continuous test, the surface underwent greater plastic deformation
compared to the interrupted test Figure 3.19.

The interrupted test for the highest velocity exhibited the most closely aligned curve evolution
compared to the continuous test throughout the entire test duration, Figure 3.25. Nevertheless, this
condition presented the lowest amount of observable plastic deformation, Figure 3.19, although it
is somewhat difficult to distinguish from the micrographs.

While continuous tests exhibit a more stable COF evolution, the lubricant temperature was
analyzed throughout the tests. The analysis of the lubricant temperature variation in interrupted
tests reveals pronounced fluctuations at each stop point, in contrast to continuous tests, Figures
3.27 and 3.26, respectively. These local thermal variations can significantly influence the rheolog-
ical conditions of the lubricant and, consequently, the contact established between the ball and the
disc. As a perspective for future investigations, it is suggested to implement a prolonged lubricant
pre-heating period, in order to ensure that the temperature remains strictly constant at 70 °C, mit-
igating the observed fluctuations. With reference to Tables 3.8 and 3.7, the results were plotted
to analyze the evolution and temporal trend of the parameters. This evolution can be observed in
Figures 3.28 through 3.31.
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Figure 3.26: Evolution of lubricant temperature along the continuous tests.

A clear decreasing trend over time is evident. It is worth highlighting that for the lowest
sliding speed (v = 0.100 m/s), all parameters exhibit the lowest values at the end of the tests. This
behavior indicates that lower speeds promote a lesser protection of the asperities, as previously
highlighted and concluded.

To experimentally analyze the surface behavior, combined plots of S, and COF versus time
were generated, enabling the simultaneous visualization of their evolution and the correlation of
the respective tribological phenomena.

A prominent running-in phase is observed during the initial stages (¢ < 300 s) of the interrupted
test for all the velocities. About the lowest velocity, Figure 3.32, the surface roughness experiences

a sharp decrease from an initial value of approximately 0.339 um down to a localized minimum
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Figure 3.27: Evolution of lubricant temperature along the interrupted tests.
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Figure 3.29: Evolution of S, of the balls as a function of time.
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Figure 3.30: Evolution of S, of the balls as a function of time.
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Figure 3.31: Evolution of S, of the balls as a function of time.
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Figure 3.32: Evolution of the arithmetic mean surface roughness of the ball and the coefficient of
friction as a function of time at a velocity of 0.100 m/s.
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Figure 3.33: Evolution of the arithmetic mean surface roughness of the ball and the coefficient of

friction as a function of time at a velocity of 0.150 m/s.
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Figure 3.34: Evolution of the arithmetic mean surface roughness of the ball and the coefficient of

friction as a function of time at a velocity of 0.300 m/s.
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around 0.184 um. As the test progresses into the steady-state regime (¢ > 1200 s), the surface
roughness stabilizes with minor fluctuations around = 0.150-0.190 um.

Additionally, the surface roughness of the medium velocity also experiences a sharp decrease
from an initial value of approximately 0.336 um down to a localized minimum around 0.197 um,
Figure 3.33. Concurrently, the coefficient of friction rises rapidly from an initial low value of
~ 0.010 to roughly 0.078 within the first minute. As the test progresses into the steady-state
regime (t > 1200 s), the surface roughness stabilizes with minor fluctuations around =~ 0.170—
0.180 um. A notable feature occurs around the 27-minute mark (¢ ~ 1620 s), where a designated
lubricant change takes place, resulting in a distinct temporary decrease in the COF before returning
to its stable trend around 0.070-0.075. This highlights the sensitivity of the contact to lubricant
replenishment and reuse across test stages.

About the last graph, corresponding to the highest velocity, there is a sharp drop in §,, de-
creasing from an initial value of 0.341 pm down to approximately 0.181 pum, Figure 3.34. Beyond
this initial running-in period (¢ > 600 s), both parameters reach a steady-state regime. The surface
roughness stabilizes with minor fluctuations around a mean value of ~ 0.170-0.180 um, while the
COF remains largely constant at approximately 0.070—0.075 until the end of the 3600 s test. This
behavior indicates that severe initial plastic deformation and asperity flattening occur rapidly at
the highest sliding velocity, after which a stable tribological contact condition is established.

When comparing all sliding speeds, it is evident that they all exhibit classic tribological be-
havior, characterized by rapid initial asperity flattening and the subsequent stabilization of both
S, and the COF. However, the medium velocity condition displays a more pronounced sensitivity
to operational interruptions, whereas the highest velocity maintains a smoother, more consistent
curve evolution throughout the test. This indicates that higher sliding speeds promote a more rapid
and stable equilibrium in the micro-geometry of the contact. Notably, the lowest velocity exhibited
the most distinct and continuous decrease in S, over time.

The evolution of the wear track width on each ball was also analyzed at each stage of the
interrupted tests. As presented in Table 3.9, it is noticeable that at the final instance of the tests,
increasing the sliding speed leads to a reduction in both the wear track width and, consequently,
the worn area. This finding is consistent with the previously established conclusion that higher
sliding speeds reduce wear and promote a more effective protection and preservation of the surface
asperities.

The non-monotonic decrease in the presented results and the fluctuations observed during the
interrupted tests are primarily influenced by the cropped area selected in Vision64 and the specific
scanned zone chosen using the optical profiler. Furthermore, the methodology of interrupted tests
introduces localized mechanical variations: at each stop, a different and potentially more severely
worn zone occurs at the beginning of the test, varying according to the exact resting position of
the ball. Additionally, the initial contact position on the disc for each stop differs, as it is exper-
imentally unfeasible to ensure that precisely the same surface area is engaged upon restart. The
combination of these topographical processing choices, scanning variances, and mechanical posi-

tioning differences significantly contributes to the discrepancies observed in the results. Finally,
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Table 3.9: Evolution of the calculated wear track width and respective area for the three sliding
speeds during interrupted tests.

. . v =0.100 m/s v=0.150 m/s v =0.300 m/s
Time (min)
Width (mm) Area (mm?)  Width (mm) Area (mm?)  Width (mm) Area (mm?)

1 0.237 0.355 0.200 0.300 0.227 0.340
2 0.243 0.365 0.197 0.295 0.253 0.380
4 0.257 0.385 0.247 0.370 0.243 0.365
10 0.297 0.445 0.267 0.400 0.297 0.445
20 0.317 0.475 0.253 0.380 0.310 0.465
27 0.313 0.470 0.297 0.445 0.323 0.485
45 0.343 0.515 0.297 0.445 0.310 0.465
60 0.360 0.540 0.340 0.510 0.320 0.480

it is important to highlight that the interrupted test procedure presents certain operational risks, as

the materials remain at an elevated temperature during each interruption.

3.4 Stribeck Curves

To evaluate the overall tribological performance and map the lubrication regimes across the op-
erating window - specifically aiming to verify the effect of the entrainment speed on the Stribeck
curve behavior - the Stribeck curves were plotted. To obtain the data presented in Figure 3.35, 5
steps were defined, as indicated in the instruction manual of the EHD2 machine. In these steps,
the rolling speed varied within the interval of [0.100,3.000] m/s, while keeping the remaining

parameters constant, described in Table 3.10.

Table 3.10: Experimental Stribeck curves test parameters.

Fy (N) To (°C) SRR (%) ug (m/s)
50 70 50 [0.100,3.000]

Figure 3.35 illustrates the comparison of the COF as a function of the entrainment speed for
the three distinct test velocity conditions. Stribeck curves could only be obtained for these three
spheres due to fatigue failure of the sphere support shaft, combined with the unavailability of
replacement material.

As demonstrated by the curves, the friction coefficient exhibits a continuous decrease with in-
creasing rolling speed, adhering to the classical Stribeck behavior. At lower speeds (approaching
0.100 m/s), the system operates predominantly within the mixed lubrication regime, where direct
asperity interactions and local shear dominate the friction response. In this region, higher friction
values and greater data dispersion are observed due to the thin lubricant film relative to the com-
posite surface roughness. In opposition, as the entrainment speed increases towards higher values,
the hydrodynamic lift forces become more prominent, leading to a progressive separation of the
interacting surfaces and a consequent reduction in the friction coefficient towards elastohydrody-

namic lubrication conditions.
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Figure 3.35: Comparison of Stribeck curves obtained as a function of entrainment speed for the
three interrupted tests.

The results of the quantitative analysis of the Stribeck curves, obtained through point-by-point
comparison with the reference condition of 0.300 m/s, are summarized in Table 3.11. As can
be observed, the relative differences in the coefficient of friction for the velocities of 0.100 m/s
and 0.150 m/s exhibit variations that progressively become more pronounced as the test velocity
increases. For the velocity of 0.150 m/s, the deviations remain predominantly small and close to
the reference, recording moderate fluctuations (with a maximum deviation of around —5.69% in
the lower ranges). In contrast, for the lower velocity of 0.100 m/s, a more pronounced trend of
negative friction deviation is observed, reaching a maximum difference of —13.46% at the highest
linear velocity of the test. These data highlight the impact of the lubrication regime and sliding
speed on the frictional behavior of the tests.

Additionally, since the higher velocity condition exhibits a larger COF throughout the veloc-
ity range, this behavior can be directly correlated with the higher S, values (Table 3.8) recorded
for this velocity over the course of the test, in comparison to the lower velocities. A higher re-
duced peak height () indicates a greater presence of prominent asperities on the surface, which
increases localized contact pressures and mechanical interaction within the lubricated contact,
thereby elevating the frictional resistance.

Based on Figure 3.35, it can be concluded that a lower sliding speed results in a lower COF. To
conclusively determine which test velocity yields the lowest wear after a given running-in period,
it would be beneficial for all test cases to cover the exact same sliding distance along the track. In
future work, and assuming material availability, it is recommended to keep all operating conditions

described throughout this dissertation strictly identical across tests.
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Table 3.11: Relative differences of the coefficient of friction for 0.100 m/s and 0.150 m/s relative
to the 0.300 m/s reference curve.

Relative Difference [ %]
v=0.100m/s v=0.150 m/s

Speed [m/s] COF (Ref. 0.300 m/s)

2999.455 0.0535 13.46 4.12
2550.921 0.0553 7.78 3.62
2169.605 0.0580 6.90 5.69
1845.779 0.0603 8.46 1.66
1568.899 0.0618 4.85 0.16
1334.899 0.0655 6.11 1.98
1135.316 0.0671 3.58 0.60
965.569 0.0698 4.58 2.29
821.232 0.0715 3.92 1.68
698.271 0.0725 3.17 1.93
594.120 0.0734 1.23 0.95
505.257 0.0756 2.65 0.26
429.542 0.0771 2.59 2.08
365.626 0.0773 1.16 0.52
310.805 0.0753 0.27 1.46
264.041 0.0795 2.64 0.63
224.669 0.0786 1.02 0.51
191.144 0.0815 245 0.25
162.521 0.0809 1.98 -2.60
138.158 0.0819 3.91 -2.81
117.500 0.0821 2.80 -3.65

99.928 0.0815 0.49 -5.03
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Chapter 4

Application of the Model

This chapter focuses on the implementation of the numerical contact model, the extraction and
application of statistical asperity summit parameters, and the comparison between theoretical pre-

dictions and experimental friction results, including Stribeck curve evaluations.

4.1 Model Implementation and Summit Parameters

The friction model implemented in this work is based on the numerical framework developed
by Miguel Dias [16], which couples EHL theory with statistical asperity contact mechanics via
Johnson’s load-sharing concept. To accurately characterize surface topographies, it extends the
Greenwood and Williamson framework by utilizing advanced non-Gaussian summit distributions
(including Ex-Gaussian and Skew-Normal models) combined with a refined matrix-based summit
selection criterion that scales with the principal asperity radii. While the broader framework can
accommodate alternative topographical descriptions, this implementation adopts the Gaussian dis-
tribution to model the summit heights, providing a robust and established statistical foundation for
the interacting surfaces. The model incorporates non-Newtonian lubricant rheology, such as the
Bair-Winer limiting shear stress model, and thermal effects via an iterative flash temperature rou-
tine. Furthermore, when applied to gear transmissions, the formulation integrates gear kinematics,
variable normal loads, and local radius variations along the path of contact.

To ensure consistency and accuracy, and following the methodological framework established
by Miguel Dias [16], a preliminary matrix-size sensitivity study was conducted. The analysis
demonstrated that employing a 3 x 3 matrix configuration yields topographical and friction pre-
dictions that align most closely with the experimental data. This can also be seen in Figures 4.1 to
4.3. Increasing the matrix size for the profile of the ball for the highest velocity in the interrupted
tests, the selection of the summits (red points) is lower.

Additionally, it was also made for the lowest velocity for the profile of the interrupted tests
(Figure 4.4 and 4.5). Similar outcomes were observed. Therefore, a 3 x 3 matrix configuration
was adopted for all profiles. Although the best results in Miguel Dias’s work were obtained with

a7 x 7 matrix configuration, this finding aligns with the recommendation cited in his dissertation:
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"Yet, it is important to analyze the selected summits of each matrix to make sure that the summit

definition is accurate and if the matrix size is correct when used in other test samples.".
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Figure 4.1: Profile showing the summit selection with matrix size of 3x3 - V, = 0.300 m/s inter-
rupted test at t = 60 min.
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Figure 4.2: Profile showing the summit selection with matrix size of 5x5 - V, = 0.300 m/s inter-
rupted test at t = 60 min.

Table 4.1 presents the statistical summit parameters (the ones described in Section 2.1.5.1)
values for each continuous test, extracted using an already existent Python code. The results of the
theoretical COF for the continuous tests are presented in Figures 4.8 to 4.10.

To accurately model the real contact mechanics and account for discrete micro-scale inter-
actions during the running-in phase, statistical summit parameters for the interrupted tests were
extracted at each time. For these, on each measured surface, the average of the values presented

in Tables 4.2 to 4.4 was calculated for each interrupted time.
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Figure 4.4: Profile showing the summit selection with matrix size of 3x3 - V, = 0.100 m/s inter-

rupted test at t = 60 min.

Table 4.1: Roughness and summit parameters for each continuous test (1-Ball and 2-Disc).

Parameter V,=0.100m/s V,=0.150m/s V,=0.300 m/s
o) (um) 0.202 0.142 0.167

Bi (um) 15.676 14.819 20.595

ny (x10°m~2) 37.253 47.721 39.197

o> (um) 0.184 0.152 0.180

B> (um) 261.500 311.344 262.120

ny (x10°m™—2) 1.725 1.536 1.753
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Figure 4.5: Profile showing the summit selection with matrix size of 7x7 - V, = 0.100 m/s inter-
rupted test at t = 60 min.

As observed in Tables 4.2, 4.3, and 4.4, these parameters exhibit localized fluctuations through-

out the progressive stop intervals (from Stop 1 to Stop 8).

Table 4.2: Roughness and summit parameters for each time (1-Ball and 2-Disc) - V, = 0.100 m/s.

Stop o1 (um) By (um) ny (x10°m™*) oy (um) B (um) my (x10°m—?)

1 0.2562  11.0090 33.1931 0.1572  231.6695 2.1801
2 0.2138  3.5037 112.6270 0.1592  207.1221 2.3553
3 0.2301 9.2845 38.8934 0.1558  194.3368 2.5139
4 0.1849  15.6008 35.5846 0.1891  304.3352 1.4603
5 0.1977  12.2910 34.0648 0.1830  290.4458 1.6101
6 0.1742  11.3269 45.3805 0.2045 271.0115 1.6740
7 0.1522  12.0377 38.3064 0.1733  311.7342 1.6182
8 0.1794  11.1975 36.4105 0.1812  285.4210 1.5842

Table 4.3: Roughness and summit parameters for each time (1-Ball and 2-Disc) - V, = 0.150 m/s.

Stop o1 (um) Bi (um) n; (x10°m %) o (um) B (um) ny (x10°m?)

1 0.2240 69777 44.2725 0.1017  242.7748 2.2972
2 0.1664  7.1604 46.9490 0.1000  238.7504 2.4528
3 0.1586  11.5558 37.2235 0.0778  182.7392 3.3178
4 0.1421  10.8331 45.1388 0.0899  250.4971 2.4656
5 0.1698  11.8002 41.7052 0.0959  251.9350 2.4492
6 0.1573  12.9329 44.5426 0.0993  262.4192 2.2782
7 0.1721  11.0603 44.6467 0.0720  230.7458 2.8467
8 0.1207  7.4048 60.1974 0.1053  420.0111 2.2898

Rather than displaying a strictly monotonic decrease, the topographical parameters reflect the

transient nature of the running-in process. During initial stages, the highest asperities undergo
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Table 4.4: Roughness and summit parameters for each time (1-Ball and 2-Disc) - V, = 0.300 m/s.

Stop o1 (um) By (um) 1y (x10°m=%) oy (um) B (um)  np (x107m?)
I 01641 11.0576  39.3842 0.0996 191.9610  3.0889

2 0.1496  14.9848 37.5067 0.1043  178.9780 2.6747
3 0.1655 11.6039 37.5969 0.1088  252.2996 2.2481
4 0.1487  15.2803 42.6518 0.0760  285.2949 2.5283
5 0.1324  16.8950 41.2010 0.1019  223.3123 2.5566
6 0.1339  15.0683 47.9276 0.0705 171.1964 3.4779
7 0.1364  13.1589 49.4985 0.0905  283.6056 24168
8

0.1362  15.4049 51.7385 0.1492  205.0143 2.6781

severe plastic deformation and mechanical smoothing, which temporarily alters local peak dis-
tributions and summit radii. Moreover, the mean value for each parameter decreases with the
increase of the sliding velocity.

Overall, tracking the evolution of o, 8, and n provides crucial input data for the stochastic
friction model, validating that surface micro-geometry dynamically adapts until a steady-state
condition is achieved. Furthermore, the extracted summit parameters are inherently dependent on
the specific measurement area selected via optical profiler along the wear track. Due to the spatial
heterogeneity and micro-structural variations inherent to the wear track, the exact location and
boundaries of the scanned region directly influence the statistical computation of asperity height
dispersion, summit radius, and asperity density. This can be seen in Figure 4.6.

The plasticity index of the balls was calculated according to Equation 2.27. As can be ob-
served from the equation, only the ratio between the roughness standard deviation and the asperity
curvature (6/f3) varies over time. Therefore, the trend of this ratio is presented in Figure 4.7,
alongside its respective values in Table 4.5.

In the previous Chapter, through the roughness parameters, it was concluded that the lowest
speed condition experienced greater plastic wear. These new plasticity index data reinforce the

conclusions drawn from the surface topography of the balls.

Table 4.5: Evolution of the 6/ ratio of the balls over time for different test velocities.

Time[s] v=0.100m/s v=0.150m/s v =0.300 m/s

60 0.023 0.032 0.015
120 0.061 0.023 0.010
240 0.025 0.014 0.014
600 0.012 0.013 0.010
1200 0.016 0.014 0.008
1620 0.015 0.012 0.009
2700 0.013 0.016 0.010
3600 0.016 0.016 0.009

Following this trend, and multiplying it by the values of £ = 210 GPa and hardness H ~

7.5 GPa, ¥ values exceeding 1.0 are obtained for all time steps and test velocities. This indicates
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Figure 4.6: Evolution of roughness and asperity parameters as a function of time for the three
sliding speeds during interrupted tests: (a) RMS roughness (o), (b) asperity radius (), and (c)

asperity density (n).




4.2 Model Implementation and Adjustment 55

0.060 —a— v=0.100m/s
—e— v=0.150m/s
—— v=0.300m/s
0.050 A
= 0.0401
2
)
.9
é 0.030 -
0.020 A
0.010
T T T T T T T T
0] 500 1000 1500 2000 2500 3000 3500

Time [s]

Figure 4.7: Evolution of the roughness standard deviation to asperity curvature ratio (o /f3) of the
balls over time for the three test velocities.

that the system operates predominantly in the plastic regime throughout the tests, in accordance
with the classical transition criterion.

For the continuous tests, the o /3 ratio was calculated for the ball surface. The values obtained
were 0.013, 0.010, and 0.008 for v =0.100 m/s, v = 0.150 m/s, and v = 0.300 m/s test velocities,
respectively. Compared to the interrupted tests, these values were slightly lower. Overall, they
do not vary significantly, which is expected since the operating conditions are identical for both

continuous and interrupted tests.

4.2 Model Implementation and Adjustment

To compare the theoretical predictions with the experimental measurements, specific boundary
friction parameters were defined within the numerical model. The maximum asperity contact
coefficient of friction, U. max, Was set to 0.10, while the elastic-plastic transition parameter, S,
was maintained at 0.10. Although classical steel-on-steel contacts lubricated with mineral or PAO
oils typically exhibit asperity friction coefficients ranging between 0.07 and 0.15 in standard en-
gineering practice, the value of [ max = 0.10 was selected. This fine-tuning accounts for local
micro-scale adaptation and boundary film shearing characteristics established during the running-
in phase under the tested operating conditions (70°C and 50 N). Additionally, the parameters from
Tables 4.2 to 4.4 were implemented into the code for each corresponding test, taking into account
the specific time intervals. Furthermore, since the existing model originally averaged the mea-
sured temperature and normal load from the experiments, the code was updated to read the actual
instantaneous values at each time step, bringing the theoretical results closer to the experimental
data. The results comparing the theoretical and experimental COF are presented in Figures 4.8 to

4.10 for the continuous tests, and in Figures 4.11 to 4.13 for the interrupted tests.
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Figure 4.8: Evaluation of COF over time comparing theoretical and experimental results for the
continuous test at V, = 0.100 m/s.
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Figure 4.9: Evaluation of COF over time comparing theoretical and experimental results for the
continuous test at V, = 0.150 m/s.
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Figure 4.10: Evaluation of COF over time comparing theoretical and experimental results for the
continuous test at V, = 0.300 m/s.
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Figure 4.11: Evaluation of COF over time comparing theoretical and experimental results for the
interrupted test at V, = 0.100 m/s.
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Figure 4.12: Evaluation of COF over time comparing theoretical and experimental results for the
interrupted test at V, = 0.150 m/s.
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Figure 4.13: Evaluation of COF over time comparing theoretical and experimental results for the
interrupted test at V, = 0.300 m/s.

Figures 4.11 to 4.13 demonstrate that incorporating the summit parameters for each time leads
to a higher accuracy of the developed Python model. Interestingly, the theoretical results exhibit

complex behaviors, even showing increases similar to those observed in the experimental data.
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While such increases are not entirely straightforward to explain from a practical standpoint, they
may be attributed to temperature and load fluctuations occurring during the tests. Future work
should ensure a longer lubricant preheating time to minimise these variations throughout the test-
ing period. Consequently, because the code reads the actual temperature and load values at each
time instant, this same behavior is successfully captured in the theoretical results. Regarding the
overall trend of the curves over time, continuous tests exhibit a very smooth and steady friction
behavior (Figures 4.8 to 4.10). Conversely, in the interrupted tests, the theoretical curves closely
follow the behavior of the experimental curves, which further demonstrates the high accuracy of

the developed model.

4.3 Stribeck Curve

Theoretical Stribeck curves were also obtained (Figures 4.14 to 4.16). Ideally, each test should
have been repeated three times to better understand these differences. The theoretical model suc-
cessfully captures the general downward trend characteristic of the transition towards full-film
lubrication. It tends to predict a steeper drop in the coefficient of friction as speed increases com-
pared to the experimental measurements. This discrepancy can be attributed to thermal effects,
transient shear thinning phenomena in the lubricant, and minor local topographical variations not

fully captured by the averaged statistical summit parameters.
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Figure 4.14: Comparison of Stribeck curves - V, = 0.100 m/s.
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Figure 4.15: Comparison of Stribeck curves - V, = 0.150 m/s.
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Figure 4.16: Comparison of Stribeck curves - V, = 0.300 m/s.

To understand the lubrication regime that occurs for each test performed, the specific film
thickness was calculated for each velocity and the results are presented in Figure 4.17. It re-
veals distinct operational regimes throughout all the tests. For the highest speed, the A parameter

consistently remains well above 1.5 (averaging between 1.5 and 2.0), denoting a mixed-to-EHL



Lambda parameter A (-)

4.3 Stribeck Curve 61

transition regime where the lubricating fluid film effectively separates the interacting surfaces,
minimizing direct asperity contact. Conversely, for the medium and lowest speeds, the A values

fluctuate predominantly within the 0.5 to 1.1 range, confirming a mixed lubrication regime.

3.0 q
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2.01

0.5 1

0 500 1000 1500 2000 2500 3000 3500
Time [s]

Figure 4.17: Evaluation of specific film thickness over time for all velocities.

Table 4.6: Relative differences of the specific film thickness for 0.100 m/s and 0.150 m/s relative
to the 0.300 m/s reference curve.

Relative Difference [ %]
v=0.100m/s v=0.150 m/s

Time [s] A (Ref. 0.300 m/s)

60 1.53 -32.9 -61.3
120 1.60 -33.9 -49.8
240 1.48 -29.2 -36.1
600 1.75 -40.4 -44.7
1200 1.75 -53.5 -53.7
1620 1.93 -57.6 -55.9
2700 1.79 -38.5 -62.5
3600 1.45 -31.7 -45.9

As detailed in Table 4.6, a direct proportionality is observed between the sliding speed and
the specific film thickness, demonstrating that higher speeds systematically yield larger A values.
Furthermore, the analysis of the plasticity index presented in Table 4.5 shows that a lower plasticity
index is achieved for the higher velocity, which is in full agreement with these higher A values,
confirming a reduced susceptibility to asperity deformation and a more effective hydrodynamic
separation. As expected, the best results are achieved for the highest velocity.

The specific film thickness parameter was also correlated with the experimental coefficient of

friction results across all tested velocities, as illustrated in Figure 4.18.
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Figure 4.18: Coefficient of Friction versus specific film thickness for all velocities.

As shown in Figure 4.18, a clear relationship is observed between the specific film thickness
and the experimental COF. The lower velocities (0.100 and 0.150 m/s) concentrate at lower A
values (below 1.1), remaining firmly within the mixed lubrication regime, where friction is higher
due to direct asperity contact. In contrast, the highest velocity (0.300 m/s) shifts to the right
(with A ranging between 1.4 and 1.6), approaching the transition towards the EHL regime, which
visibly reduces the friction coefficient. The plot demonstrates that as the entraining speed and the

A parameter increase, friction decreases consistently.



Chapter 5

Conclusions and Future Work

This chapter aims to summarise all the results obtained in this dissertation, as well as to provide a

critical evaluation of the work carried out and potential directions for future research.

5.1 Conclusion

This dissertation provided a comprehensive investigation into the role of surface finishing and the

transient running-in phase on the tribological performance of mechanical contacts.

Through a combination of experimental testing using an EHD2 ball-on-disc tribometer and
numerical simulations, several key conclusions were established. It was concluded that precise
procedural adjustments are vital, such as incorporating an extended lubricant preheating phase
prior to testing to completely eliminate even minor thermal fluctuations, in order to maintain the
temperature strictly at 70°C as stipulated in the study. Furthermore, data acquisition protocols
during interrupted tests must account for hardware limitations, specifically programming an extra

second per interval to ensure complete data recording.

The comparative evaluation between continuous and interrupted tests yielded valuable method-
ological conclusions. Continuous tests demonstrated a smooth, predictable friction evolution cou-
pled with a more uniform and aggressive smoothing of the surface asperities. In contrast, in-
terrupted tests revealed localized mechanical and thermal fluctuations at each resumption point,
highlighting the sensitivity of the contact interface to repositioning variances and thermal dissipa-
tion cycles during stops. Despite these experimental challenges, both methodologies consistently
pointed to the same underlying wear mechanisms, where the initial prominent peaks of the surface

height distribution were preferentially flattened during the early stages of sliding.

The experimental findings confirmed that increasing the sliding speed effectively lowers the

global coefficient of friction. This phenomenon is primarily governed by the enhancement of the
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lubricant film thickness, which improves the separation of the interacting surfaces and progres-
sively shields the asperities from severe plastic deformation. Specifically, while the lowest ve-
locity (V, = 0.100 m/s) operated predominantly within a mixed lubrication regime characterised
by significant asperity interaction and higher initial friction, the highest velocity (V, = 0.300 m/s)
promoted superior surface protection.

Regarding the analysis of the Stribeck curves, both experimental and theoretical evaluations
demonstrated a continuous decrease in the coefficient of friction with increasing entrainment
speed, successfully mapping the transition trends toward elastohydrodynamic lubrication. The
construction of Stribeck curves confirmed that the operating conditions reside predominantly
within the mixed lubrication regime, where direct asperity interactions and boundary shear dic-
tate the frictional response.

Optical profilometry analyses revealed that surface micro-geometry dynamically adapts during
the initial contact cycles. The running-in process predominantly acts by smoothing out extreme
asperity peaks while maintaining the macroscopic geometry of the components.

Regarding the topographical characterization, the matrix-size sensitivity study demonstrated
that a 3 x 3 configuration yielded the most reliable summit parameters and friction predictions for
the analyzed surfaces. Although previous studies achieved optimal results with a 7 X 7 matrix,
this variation reinforces that the appropriate matrix size must be carefully evaluated and adapted
depending on the specific surface finish and topographical features under investigation.

By implementing statistical summit parameters (05, 3, n) into the computational Python model,
it was possible to capture the transient evolution of the friction coefficient with high fidelity. The
theoretical results successfully mirrored experimental trends, demonstrating the robustness and
accuracy of the stochastic contact model in predicting friction and surface adaptation. Character-
izing the surface statistically through summit parameters at each time interval allows for a deeper
and more detailed understanding of surface evolution over time. Nevertheless, it must be empha-
sized that equalizing this process across all stop intervals remains challenging. Therefore, great
care must be taken to homogenize the topographical capture procedure and the specific analyzed
area.

In conclusion, this dissertation provided a deeper insight into the characteristics of tribological
components, such as surface topography and running-in phenomena. Above all, it enabled the ac-
quisition of valuable practical knowledge and proficiency in operating two key machines essential

for advanced tribological research.

5.2 Further Work

To improve the accuracy, reliability, and consistency of the results, the following recommendations

are proposed for future work:

» Test Replication: Repeat each simulation test at least three times for every sliding velocity

to ensure statistical significance and minimize experimental scatter.
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* Data Acquisition Correction: Account for the data-logging limitation of the EHD2 ma-
chine, which omits the final second of each programmed time interval,ensuring proper syn-

chronization and complete data collection during interrupted tests.

* Positioning Precision: Ensure consistent alignment by positioning the ball and disc at the
exact same surface location for each test stop, thereby achieving higher measurement preci-

sion and reducing topographical variability.

* Thermal Control and Preheating Optimization: Implement a prolonged and strictly con-
trolled lubricant preheating phase prior to testing to completely eliminate even minor ther-
mal fluctuations, ensuring that the temperature remains perfectly constant at 70°C through-

out the entire testing period.

* Area Selection Consistency: Be more precise regarding the selected area of the .ASC files

when extracting summit parameters, ensuring consistency across all test stops.

* Study Influence of Other Parameters: Investigate different initial surface roughness val-
ues under the same sliding speed, and additionally vary the applied load and the slide-to-roll

ratio.

» Test in Gears: Extend the application of this stochastic methodology to actual gear tooth
contacts, validating the model’s predictive capability under real industrial operating condi-

tions and complex load-sharing dynamics.
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Appendix A

Elliptical Contact

This appendix presents the mathematical framework and fundamental equations implemented in
the numerical model to simulate elliptical contacts under lubricated conditions. The formulation
is structured sequentially, beginning with Hertzian contact mechanics, advancing through elasto-
hydrodynamic lubrication film thickness formulations, and concluding with the mixed lubrication
and thermal models [16].

A.1 Hertzian Contact

Within any concentrated contact problem, establishing the initial elastic deformation and pressure
distribution requires defining key Hertzian parameters. These include the reduced radius of cur-
vature (R), the equivalent elastic modulus (E’), the maximum Hertzian contact pressure (py,), the
semi-axes of the resulting elliptical contact area (a and b), and the nominal contact area (A.).

To compute these quantities, the effective radii of curvature in the entrainment (x) and trans-
verse (y) directions are first evaluated using Equations A.1 and A.2, followed by the combined

equivalent radius of curvature via Equation A.3:

1 1\ !
Ri=(—+— (A.1)
* <Rxl Rx2>
1 1\ !
Ry=(—+— (A.2)
! <Ry1 Ry2>
11\
R=(—+— A3
(Rx +Ry) (A.3)

The elastic compliance of the interacting bodies is subsequently characterized by the equiva-

lent elastic modulus (E”), formulated from the individual Young’s moduli (E;) and Poisson’s ratios

L/1-v> 1-v2\]"'
E=|= ! 2 A4
HC] =

(v;) as shown in Equation A.4:
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Subject to a normal applied load (F,), the contact geometry deforms into an elliptical footprint.
The semi-major axis (a), semi-minor axis (b), nominal contact area (A.), and maximum Hertzian

pressure (py,) are determined by Equations A.5 through A.8:

1
2F,R\ 3
‘ :ca( i ) (A5)
2F,R\ 3
v=cp () (A6)
A. = mab (A7)
3 F,
S A.
=5 (A.8)

The dimensionless coefficients Cy and Cg, which govern the dimensions of the contact ellipse,
depend on the ellipticity parameter (k) and the complete elliptic integral of the second kind (E (m)).
They are expressed through Equations A.9 and A.10:

Cy = K3 [2E(m)] ! (A.9)
T

Cp—xt|2E : A.10

p=x 26 (.10

To compute these coefficients, the auxiliary integral E(m), the ellipticity parameter (k), the

auxiliary modulus (m), and the radius ratio (1) are evaluated using Equations A.11 through A.14:

T 2m 1
-1
K= |1+ W—Mw.mm(k)} (A.12)
m=1-x’ (A.13)
R,
lzR—y (A.14)

Where R,; and Ry; represent the contact radii in the x and y directions, respectively, V; denotes
the Poisson’s ratio, E; is the Young’s modulus (all referring to body i), and b corresponds to the

gear/disc width.
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A.2 Elastohydrodynamic Lubrication

Following an approach analogous to line contact theory, the lubricant film thickness is evaluated
using the dimensionless parameters proposed by Dowson and Higginson (Equations A.15 through
A.18) and Moes (Equations A.19 through A.21):

G=oFE (A.15)

h= ZZ (A.16)

Us = nO(?/;;UZ) (A.17)
W= EfR% (A.13)
H=hUy* (A.19)
M=wu; (A.20)
L=GUy* (A21)

To capture the elastohydrodynamic performance comprehensively across all lubrication regimes,
Moes’ universal dimensionless central film thickness (H.) formulation is applied. This approach
combines the individual asymptotic solutions for the rigid-isoviscous, elastic-isoviscous, rigid-
piezoviscous, and elastic-piezoviscous regimes into a unified expression, defined by Equation
A.22:

2s

3773 '
8

2 _s
H.= { [H,g, + (Hgf' + Hyy') + (Hpp +Hgp) * } (A.22)
Where the ellipticity-dependent constant Hyg and the weighting exponent s are determined
via Equations A.23 and A.24, while the specific asymptotic film thickness components (Hg;, Hgj,
Hpgp, and Hgp) are given by Equations A.25 through A.28. The auxiliary parameter ¥ is defined
in Equation A.29:

Hyp = 1.897! (A.23)

H,
s=15 [1 +exp (1.2“)] (A.24)
Hg;
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15
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N\~ 1 13
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§ = (A.29)
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Where ¥ represents the ellipticity parameter, defined as the ratio of the effective radii of cur-

vature in the rolling/sliding (x) and transverse (y) directions.

A.3 Mixed Lubrication Model

The modified dimensionless central film thickness (H.) under mixed lubrication conditions is ex-

pressed by Equation A.30:

2s

2 B

;
+ W (Hep +Hep)] * (A.30)

_3
8
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c=M N gy Y g 00

Since the mathematical formulations regarding the asperity contact mechanics (Greenwood
and Williamson model) and lubricant rheological properties follow standard literature implemen-

tations, their detailed derivations are omitted from this appendix.

A.4 Thermal Model

Once the film thickness distribution is established, the numerical procedure mirrors that of linear
contacts, with the exception of thermal feedback loops. While the influence of viscous heating
and thermal shear reduction is governed by the thermal reduction factor ¢, the flash temperature

calculations are evaluated using Equations A.31 through A.37:
O = UF,v, (A31)

he

R.,—
S 2kAg

(A.32)
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= A.34
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- Ve The
AT, = 2° A.36
oil Sk ( )
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Where Ry; represents the transient thermal resistance of body i, € is the thermal partition
factor, ATr; accounts for the frictional flash temperature rise, AT,;; denotes the localized lubricant
temperature increase, and ATy evaluates the final operational contact temperature by incorporating

the initial lubricant supply temperature 7p.
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Appendix B

Techniques for measuring surface

topography

Table B.1: Bandwidth limitations of various techniques for measuring surface topography.

Technique Approx. Approx. Frequency Advantages Limitations
max. lateral range
analysis resolution (m!)
size limit
Stylus profilometry 50 mm 1 um 10? (10")~  Sub-nanometer height Contact method,
(200 107 resolution. Unaffected can cause damage.
mm with by sample’s optical Measurement is time-
stitching) properties intensive. Tip shape
can introduce artifacts
Optical profilome- 5 mm 1 pum 103 (10—~ Rapid, non-contact. Diffraction-limited
try (WLI, Confocal (100 107 Sub-nanometer height spatial  information.
Microscopy and mm with resolution Difficult to use on very
Chromatic, and stitching) rough surfaces. Arti-
Structural Light facts from transparent
Projection) thin films
Light and x-ray 5 mm 10 nm 103-10° Rapid, non-contact. Relies on models and
scattering Insensitive to vibration assumptions to relate
scattered beam to sur-
face spectrum. Does
not recover real-space
topography
Scanning probe mi- 100 um 1A 10310 High-resolution Small areas. Sensitive

Croscopy

to vibration. Tip shape
can introduce artifacts
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Appendix C

Summary of Tests Performed

C.1 Total Sliding Distance

The total sliding distance (d) achieved during each test is determined by the linear velocity and
the duration of the test:

d=vXx ttest

where:
* vy represents the sliding velocity (m/s).

* test Tepresents the test duration in seconds (1 hour = 3600 seconds).

C.2 Number of Cycles

The total number of contact cycles (N) completed along a circular wear track of radius R is calcu-

lated by dividing the total sliding distance by the circumference of the track:

where:
* d is the total sliding distance (m).

¢ R is the track radius (m).
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Table C.1: Summary of tests performed in the laboratory including roughness measurements.

Date Test Information Track Radius Total Distance Cycles Test Time Lab Time
[mm] [m] [h] [h]
June 11,2026 v =0.100m/s, T = 70°C, F = 50 N, 37.250 360 1538 1 3
SRR =50%
PAO 150
June 11,2026 v =0.150m/s, T = 70°C, F = 50N, 37.000 540 2323 1 4
SRR =50%
PAO 150
June 15,2026 v =0.300m/s, T = 70°C, F = 50N, 36.750 1080 4677 1 8
SRR =50%
PAO 150
July 22,2026 v =0.100m/s, T = 70°C, F = 50N, 36.250 360 1581 1 12.5
SRR =50%
PAO 150
July 29,2026 v =0.150m/s, T = 70°C, F = 50 N, 36.000 540 2387 1 9
SRR =50%
PAO 150
August 5, v=0.300m/s, T =70°C, F = 50N, 35.750 1080 4808 1 14
2026 SRR =50%
PAO 150
August 13, v=0.100m/s, T = 70°C, F = 50N, 35.500 360 1614 1 8
2026 SRR =50%
PAO 150
August 17, v=0.100to 3.000 m/s, T =70°C, F = 36.250 - - 1 1
2026 50N, SRR = 50%
PAO 150
August 17, v=0.100to 3.000 m/s, T =70°C, F = 36.000 - - 1 1
2026 50N, SRR = 50%
PAO 150
August 17, v=0.100 to 3.000 m/s, T =70°C, F = 35.750 - - 1 1
2026 50N, SRR = 50%

PAO 150
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D.1 Surface Topography at V, = 0.100 m/s
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(a) 3D surface topography and roughness profile obtained via optical profilometry before the continuous
test (70°C, 50 N, SRR = 50%, V, = 0.100 m/s).
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(b) 3D surface topography and roughness profile obtained via optical profilometry after the continuous test
(70°C, 50 N, SRR = 50%, V, = 0.100 m/s).

R M: 1214um]
[ X:0.000 | %:1.500 |
Z:0.728| Zi— | -tasaum
‘AR Teast one point has no ata

(c) 3D surface topography and roughness profile obtained via optical profilometry after the interrupted test
(70°C, 50 N, SRR = 50%, V, = 0.100 m/s).

Figure D.1: 3D surface topography and roughness profile obtained via optical profilometry for
0.100 m/s.
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D.2 Surface Topography at V, = 0.150 m/s

R | M 54.553 um
%:0.000 | %:1.503
¥:0.123 | ¥:0.123
Z:0.699 | zi-— | -103.229 um
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(a) 3D surface topography and roughness profile obtained via optical profilometry before the continuous
test (70°C, 50 N, SRR = 50%, V, = 0.150 m/s).
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(b) 3D surface topography and roughness profile obtained via optical profilometry after the continuous test
(70°C, 50 N, SRR = 50%, V, = 0.150 m/s).
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¥:0.000 | X:1.518
¥:0.090 | ¥:0.090 |
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(c) 3D surface topography and roughness profile obtained via optical profilometry after the interrupted test
(70°C, 50 N, SRR = 50%, V, = 0.150 m/s).

Figure D.2: 3D surface topography and roughness profile obtained via optical profilometry for
0.150 m/s.
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D.3 Surface Topography at V, = 0.300 m/s
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(a) 3D surface topography and roughness profile obtained via optical profilometry before the test (70°C,
50 N, SRR = 50%, V, = 0.300 m/s).
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(b) 3D surface topography and roughness profile obtained via optical profilometry after the continuous test
(70°C, 50 N, SRR = 50%, V, = 0.300 m/s).
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(c) 3D surface topography and roughness profile obtained via optical profilometry after the interrupted test
(70°C, 50 N, SRR = 50%, V, = 0.300 m/s).

Figure D.3: 3D surface topography and roughness profile obtained via optical profilometry for
0.300 m/s.
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