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Abstract 

Abrasive wear is a dominant factor in limiting the performance and lifespan of tribological 

systems in many engineering fields. Understanding the complex mechanisms of abrasive wear 

is essential for prolonging machinery lifetime and reducing energy consumption. In this thesis, 

experiments were conducted using bearing steel (100Cr6, AISI 52100) pins and disks in a flat-

on-flat contact configuration; Al2O3 slurries with different particle sizes (5 and 13 µm) were 

chosen as the interfacial media to induce abrasion. 

First, the results presented herein indicate that a speed-induced hydrodynamic effect occurred 

and significantly altered the systems’ tribological behavior in tests performed using a 5 µm 

sized Al2O3 slurry, which was less pronounced with 13 µm sized particle. The hydrodynamic 

effect can lead to a 14% increase in lubricant film thickness and a decrease in friction of around 

2/3, accompanied by a transition from two-body abrasion to three-body abrasion and a change 

in wear mechanism from microcutting and microploughing to fatigue wear.  

Second, typically overlooked factors like the disk waviness and the oscillation of contacting 

surfaces (due to disk mounting tilt), can lead to frictional fluctuations and uneven wear, even 

when efforts are made to minimize and control these factors. The results reveal two intriguing 

findings: (1) even small waviness (a 2 µm “hill” along the 132 mm sliding track) can 

significantly increase the friction coefficient (up to 91%); (2) areas that have the highest friction 

tend to appear on the negative slope of the oscillation. By integrating key features from disk 

waviness profiles and oscillation, we introduce a novel tool, the “High Friction Predictor”, 

specifically identifying areas on the sliding track where friction is likely higher than at other 

areas. This thesis unveils the capacity to establish guidelines for adjusting surface topography 

and surface tilt to achieve desired tribological properties. 



  

   

 

 

 



 

 

Zusammenfassung 

Abrasiver Verschleiß ist ein kritischer Faktor für die Leistung wie auch die Lebensdauer von 

tribologischen Kontakten, wie sie in vielen technischen Anwendungsbereichen vorkommen. 

Grundlegendes Verständnis der komplexen Mechanismen des abrasiven Verschleißes ist 

essentiell, um die Lebensdauer von Maschinen zu verlängern und deren Energieverbrauch zu 

reduzieren. In dieser Dissertation wurde das tribologische Verhalten von Wälzlagerstählen 

(100Cr6, AISI 52100) in einem Stift-Scheibe-Tribometer mit Flächenkontakt untersucht. Um 

abrasiven Verschleiß zu induzieren, wurden den Experimenten Aufschlämmungen mit Al2O3-

Partikeln unterschiedlicher Größen (5 und 13 µm) als Grenzflächenmedium hinzugefügt. 

Die experimentellen  Ergebnisse zeigen, dass ein geschwindigkeitsinduzierter 

hydrodynamischer Effekt auftritt. Dieser verändert das Reibverhalten bei den tribologischen 

Experimenten in welchen 5 µm große Al2O3-Partikel hinzugegeben wurde erheblich. Dieser 

Effekt ist weniger ausgeprägt bei der Zugabe von 13 µm großen Al2O3-Partikeln. Dieser 

geschwindigkeitsabhängige hydrodynamische Effekt kann zu einer Zunahme der 

Schmierfilmdicke um 14% und einer Abnahme der Reibung um etwa zwei Drittel führen, 

begleitet von einem Übergang von Zwei-Körper-Abrasion zu Drei-Körper-Abrasion und einer 

Änderung des Verschleißmechanismus von Mikroschneiden und -pflügen zu 

Oberflächenzerüttung. 

Desweiteren wurde der Einfluss der, oft übergangenen, Faktoren wie die Scheibenwelligkeit 

und die Oszillation der Kontaktflächen (aufgrund der Neigung der Scheibe in der Befestigung) 

untersucht. Diese führen zu inkonsistenter Reibung und ungleichmäßigem Verschleiß, selbst 

wenn diese Faktoren minimiert und kontrolliert wurden. Die Ergebnisse erlauben zwei 

wichtige Erkenntnisse: (1) Selbst geringfügige Welligkeiten (2 µm Höhendifferenz entlang 



IV Zusammenfassung 

   

IV 

 

einer 132 mm langen Verschleißspur) können den Reibungskoeffizienten signifikant erhöhen 

(um bis zu 91%); (2) Bereiche mit einem Abfall in der Oszillation scheinen die höchesten 

Reibkoeffizienten hervorzurufen. Durch die Analyse wichtiger Merkmale der 

Scheibenwelligkeitsprofile und der Oszillation wurde der “Hochreibungs-Indikator” 

entwickelt. Dieser identifiziert die Sektoren der Verschleißspur, in denen die Reibung 

wahrscheinlich höher ist als in anderen Sektoren. Diese Dissertation gibt erste Richtlinien zur 

Anpassung der Oberflächenstruktur und der Oberflächenneigung, um die gewünschten 

tribologischen Eigenschaften zu erreichen. 
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Az The amplitude of oscillation mm 

d Particle dimension mm 

Fx Friction force N 

Fz Normal force N 

g A window function centered at time t - 
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P The frictional power J 

Ra Arithmetical mean deviation of roughness profile μm 

Rv Relative variation in film thickness μm 

t Time s 

µ Friction coefficient - 

µx Friction coefficient of a sector on sliding track - 

ux Lateral displacement of a single Hookean spring mm 
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1 Motivation 

The flourishing of human civilization has brought significant alterations to the environment. 

The perpetual melting of glaciers and the escalating frequency and ferocity of extreme weather 

phenomena, such as storms and floods, underscore the need for cleaner energy production and 

more efficient technologies. To this end, optimizing mechanical systems to minimize friction 

and wear represents a crucial way to achieve carbon neutrality.  

Researchers have made sophisticated designs in lubrication, sealing, and filtration. However, 

abrasive wear is inevitable. One critical aspect of abrasive wear is that it causes significant 

material removal, and this process is closely tied to the operational mechanisms of tribological 

systems. Therefore, a comprehensive understanding of the abrasive wear mechanisms is 

essential for further optimizing tribological systems. 

Additionally, abrasive wear can lead to a sudden increase and significant fluctuations in friction 

force, which has been seen as a prevalent manifestation of abrasive wear [1–4]. The large 

fluctuations in friction force can present considerable challenges to the reproducibility and 

reliability of tribological experiments. For example, consider an extreme case where you 

conduct two identical experiments, yielding friction forces of 2.0±0.5 N and 1.99±1.5 N, 

respectively. If we only focus on the average values, one might conclude that the experiments 

exhibit excellent reproducibility, with only a 0.01 N difference. However, when considering 

the standard deviation, it is highly likely that they exhibit entirely distinct tribological behaviors. 

Notably, in tribology, the standard deviation is often not the primary indicator that tribologists 

employ when comparing friction forces and it is frequently overlooked.  
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In addition to frictional fluctuations, certain factors in tribological experiments are often 

regarded as simple parameters and tend to be ignored. For instance, surface topography and 

oscillation of the contacting surfaces (arising from misalignment in the setup and machine 

vibration). Is there a correlation between these simple parameters and big frictional fluctuations 

on abrasive wear? 

The present study aims to investigate the wear mechanisms in abrasive wear much more 

comprehensively, and subsequently provide insightful explanations for the complex 

phenomena occurring during abrasive wear. 



 

 

 

2 State of Art 

2.1 Basic Concepts and Terminology of Tribology 

The science that studies phenomena and mechanisms that occur during the relative motion of 

interacting surfaces, known as tribology, has a long and complex history that spans many 

centuries and cultures, although the word “tribology” was only first coined in 1966 by Peter 

Jost [5]. The term was derived from the Greek word “tribos”, meaning rubbing [6], and includes 

the study and application of the principles of friction, lubrication, and wear. 

2.1.1 Friction 

Friction is defined as the force that resists relative motion between surfaces. The first 

application of friction by humans can be traced back to 400,000 years ago; our hominid 

ancestors in Algeria, China, and Java made use of friction when they chipped stone tools [7]. 

However, the first recorded systematic study in tribology dates back merely 500 years and is 

credited to Leonardo da Vinci, who not only conducted experimental research on friction but 

also developed bearing materials, investigated wear, and proposed ingenious schemes for 

rolling-element bearings [8]. Over the next 300 years, Guillaume Amontons, Charles-Augustin 

de Coulomb, and others revealed that the friction coefficient, usually denoted by µ, is typically 

not only independent of the normal force 𝐹𝑧 , but also nearly independent of sliding speed, 

contact area, and surface roughness [7,9]. The empirical friction law (𝐹𝑥  is the friction force): 

 
µ =

𝐹𝑥

𝐹𝑧
 (2.1) 
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Since the 20th century, the focus of tribological research has been on understanding the 

physical mechanisms behind tribology to provide a theoretical basis for controlling friction 

behavior. Numerous studies have shown that at the microscale, the actual contact area between 

surfaces is only a small fraction of the apparent contact area [10–12], as shown in Figure 2.1. 

This actual contact area, caused by surface roughness, increases with increasing pressure 

[13,14]. The real contact area between two interacting surfaces in contact is typically the source 

of friction and can be accompanied by wear. The initial wear induced by the real contact area 

can be assessed by examining variations in surface topography [15,16]. 

 

Figure 2.1: (a) The apparent area of contact that one might assume, normally calculated by 

looking at the visible geometry of the surfaces, without taking into account the 

roughness and irregularities at the microscopic level; (b) the real area of contact, 

which refers to the actual physical area where two surfaces are touching each other. 
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2.1.2 Lubrication 

Lubrication, the process of utilizing a substance to decrease friction and minimize wear 

between two surfaces that come into contact, has been used since at least 1400 B.C. [7]. The 

ancient Egyptians, for example, lubricated their chariot axles using animal fats (tallow). The 

mechanisms of lubrication involve the formation of a thin film of lubricant between the two 

surfaces, which separates them and reduces the real contact area and the friction coefficient. 

This film of lubricant is able to withstand the normal load and shear forces acting on the 

surfaces, and it also provides protection against corrosion and oxidation [17]. The lubrication 

of a tribological system typically has several distinct states, as shown in Figure 2.2, including 

boundary lubrication, mixed lubrication, elasto-hydrodynamic lubrication, and hydrodynamic 

lubrication. The classification system for these friction regimes was developed by Richard 

Stribeck in 1902 [18], and the resulting curve is named in his honor. The Stribeck curve depicts 

the correlation between the friction coefficient and the dimensionless lubrication parameter 

known as the Hersey number. This parameter is defined as: 

 𝐻𝑒𝑟𝑠𝑒𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 =
𝜂 ∙ 𝑣

𝑁
 (2.2) 

Here, 𝜂 stands for the dynamic viscosity of the fluid, 𝑣 for the sliding speed, and N is the 

specific load of the tribological contact. 
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Figure 2.2: The Stribeck curve with classification into different friction regimes based on the 

specific lubricant film thickness and schematic representation of the respective 

contact conditions according to [9,19]: (a) boundary lubrication, (b) mixed 

lubrication, (c) elasto-hydrodynamic lubrication, (d) hydrodynamic lubrication. 

Boundary lubrication occurs when the lubricating film is thin, the asperities of the surfaces are 

in direct contact or only separated from each other by a thin, molecularly adsorbed layer of an 

intermediate or surrounding medium (Figure 2.2a). This always results in high friction 

coefficient and wear rates. To minimize energy and material losses in lubricated tribological 

systems, the goal is to maintain a stable lubricating gap between the two surfaces, as shown in 

Figure 2.2c,d. These states, where forces are transmitted entirely via a liquid intermediate 

medium, are referred to as hydrodynamic lubrication (Figure 2.2d) or, if surfaces are elastically 

deformed due to hydrodynamic pressure, as elastohydrodynamic lubrication (Figure 2.2c). 

Figure 2.2b shows the transition area between boundary and hydrodynamic regimes, called 

mixed lubrication, where elastohydrodynamic lubrication and solid contact occur in this regime. 
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In addition to its primary function of reducing friction by separating contacting surfaces, 

lubrication can also serve as a means of dissipating heat generated by friction [20] and 

safeguarding surfaces against the detrimental effects of wear and corrosion [21]. The selection 

of an appropriate lubricant for a particular application is contingent upon several factors, 

including the operating conditions and requirements [22]. A range of lubricants is available, 

comprising oils, greases, and solid lubricants like graphite and molybdenum disulfide. 

2.1.3 Wear 

Wear, defined by the German Institute for Standardization (DIN 53020 [23]) as the progressive 

loss of substance from the operating surface of a body occurring as a result of relative motion 

of the surface, has been intertwined with the development of human civilization since the use 

of simple stone tools during the Stone Age. For over three million years, wear has been a 

significant contributor to the failure of tools in human history. Despite extensive efforts to 

regulate tribology behavior, such as utilizing the Striebeck curve to control the contact gap as 

described in the previous section, wear remains an intrinsic and persistent phenomenon. 

In engineering and materials science, wear mechanisms can be determined by characterizing 

the removal of a material’s surface caused by friction, impact, or other deleterious force. 

According to DIN 50320 [23], four basic wear mechanisms or any combination of them are 

involved in the wear process [16]: 

• Abrasive wear: the displacement of material caused by the presence of hard particles 

between contact surfaces. 

• Adhesive wear: formation and breaking of interfacial adhesive bonds, resulting in the 

transfer of material from one surface to the other. 
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• Surface fatigue: the surface damage of the material takes place due to cycles of stress 

and deformation and causes cracks and fractures in the surface or subsurface of 

materials 

• Tribochemical reaction: formation of the chemical reaction between the elements of a 

tribosystem initiated by tribological stresses. 

Among all kinds of wear, abrasive wear alone has been estimated to cost 1-4% of the gross 

national product of industrialized nations [24]. Especially for the industries with dusty 

environments, several studies affirm 50% of wear problems were the substantial impact of 

abrasives [16,25,26]. Although researchers have produced sophisticated designs in lubrication, 

sealing, filtration, and other related fields, abrasive wear is still a vexing problem in practice. 

Aside from substantial carbon dioxide emissions due to high friction and wear, 

remanufacturing and replacing worn-out parts incur high economic losses and energy 

consumption [27–30]. 

2.2 Abrasive Wear 

Abrasive wear is the displacement of material caused by the presence of hard particles, of hard 

particles between or embedded in one or both of the two surfaces in relative motion, or by the 

presence of hard protuberances on one or both of the relatively moving surfaces [31], as shown 

in Figure 2.3. Hard particles can arise from various sources, including processed materials such 

as silica, alumina, as well as work-hardened wear fragments. Additionally, the adventitious 

entry of hard particles, such as dirt from outside the tribosystem, can also contribute to abrasive 

particl presence. If the hardness of the normal machined surfaces is much harder than the 

opposing surface, the protrusions on the surface, or asperities, can also work as “hard particles”. 
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Figure 2.3: Abrasive wear process : (a) two-body abrasion denotes wear by “stuck” particles in 

one surface and sliding against the surface of a counter body; (b) three-body 

abrasion means wear is generated by free-rolling particles between interacting 

surfaces. 

To accurately describe the acting mechanisms, abrasive wear can be classified into two-body 

abrasion and three-body abrasion [32,33]. Two-body abrasion denotes wear by “stuck” 

particles in one surface and sliding against the surface of a counter body (Figure 2.3a). The 

particles can cut and plough the counter body’s surface during sliding. Three-body abrasion 

means wear is generated by free-rolling particles between interacting surfaces (Figure 2.3b).  

The appearance of worn surfaces in a tribosystem can indicate which wear mechanism was 

acting. The two different abrasive wear mechanisms, two-body abrasion and three-body 

abrasion, would indeed cause distinct types of wear surfaces. The dominant mechanism in 

Figure 2.4a is a three-body process in which the abrasive particles do not embed but roll 

between the two surfaces, producing a heavily deformed and multiply indented wear surface 
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with no evident surface directionality [34,35]. In the case of two-body abrasion, as shown in 

Figure 2.4. The particles embedded in one surface would cause a series of fine parallel grooves 

in the counter surface. 

 

Figure 2.4: SEM images illustrating worn surfaces from micro-abrasion wear scars with 

diverse wear mechanisms [35]: (a) two-body abrasive wear tends to mainly produce 

micro-indentations and micro-cracking on the wear scar; (b) Three-body abrasive 

wear predominantly induces grooving on the wear scar, accompanied by some 

indentations and cracking. 

Commonly it is assumed that the wear rates caused by two-body abrasion are higher than those 

caused by three-body abrasion because particles are continually cutting and ploughing during 

two-body abrasion [16,36–38], while particles are assumed to be rolling most of the time during 

three-body abrasion. Additionally, as shown in Figure 2.5, it is generally believed that the wear 

rate increases with an increasing particle size. With different experimental conditions and 
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materials, abrasive particles can generate wear through cutting, ploughing, fatigue, and 

cracking. 

 

Figure 2.5: The relationship between the volume of abrasive wear and the mean diameter of 

abrasive particles [38]. The wear of Aluminium, brass, bronze, iron, and steel were 

tested at a load of 20 N, a sliding distance of 6 m, and a velocity of 0.5 m/s. 

Misra and Finnie studied the tribological performance of two-body and three-body abrasion 

under dry conditions. In their research, two-body abrasion was found to be about nine to twelve 

times as effective in removing material than three-body abrasion [39–42]. Williams and 

Hyncica revealed the mechanism of abrasive wear in lubricated contacts using a model based 

on the particle dimension 𝑑 and film thickness ℎ, as shown in Figure 2.6. Beyond a critical 

ratio (𝑑/ℎ), the wear mechanism was reported to change from three-body abrasion to two-body 

abrasion, and wear also increased with d/h [43,44]. Wear mechanisms and wear performance 

were also found to be linked to further parameters, such as abrasive size [45,46], abrasive type 

[28], abrasive concentration [47], speed [48,49], or load [50,51]. 
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Figure 2.6: A single abrasive particle is described by parameter d; h is the gap between the 

surfaces; the lower surface moves from left to right. 

Considering the above, efforts have been made to mitigate the abrasive wear performance of 

tribological systems. Xiao et al. investigated the effects of two additives (polystyrene and 

silicon nitride) on the tribological performance of water-based slurries with silicon dioxide or 

alumina abrasives [52]. Polystyrene reduced wear but increased friction, while silicon nitride 

showed a positive effect on both abrasion resistance and friction reduction. Da Silva et al. 

studied micro-textured tools in machining and micro-abrasion tests [53]. Texturing increased 

the tool life in the machining tests but resulted in a pronounced increase in the coating wear 

rates in the micro-abrasion experiments. In addition to these attempts, coatings [54] and new 

materials [55] were also investigated as strategies for friction and wear reduction on abrasive 

wear. However, only limited research [56,57] associates lubricated abrasive wear with 

hydrodynamic effects along the Stribeck curve [18], causing a lack of experimental support on 

the Stribeck curve’s applicability for lubricated abrasive wear. The Stribeck curve visualizes 

how friction in a system may change due to a hydrodynamically induced fluid film that can 

separate contacting asperities and partially carry the applied normal load (as shown in Figure 



2.2 Abrasive Wear 13 

 

13 

 

2.2), which is a conventional approach to suppress wear under normal lubrication [56,58–61]. 

However, how an increasing fluid film thickness influences lubricated abrasive wear remains 

unclear. 

In addition to the occurrence of high friction build-up and significant wear, abrasive wear also 

exhibits a noteworthy characteristic, that is, large frictional fluctuations [2–4,62,63]. An 

example is presented in Figure 2.7 from Ma’s [63] study, where the evolution of the friction 

coefficient of TiN coating is depicted under a normal load of 200 N. As shown in Figure 2.7, 

after point 2, a considerable amount of abrasive particles was generated from hard TiN debris, 

which significantly increased the friction coefficient and accelerated the coating’s wear. 

Notably, the occurrence of abrasive wear was also associated with a pronounced increase in 

frictional fluctuations. However, the cause of fluctuating friction in abrasive wear has not yet 

been understood, even if frictional fluctuations are an ubiquitous manifestation of abrasive 

wear.  
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Figure 2.7: Friction coefficient evolution of TiN coating under load of 200 N; in stage I, the 

friction coefficient remained low and consistent; in stage II (after 350 s), due to the 

emerges of the thrid body abrasive particle the friction coefficient started to rise 

rapidly from 0.2 to 0.55; in stage III, the friction coefficient reached a plateau after 

the TiN coating has been partly removed [63]. 

2.3 Surface Topography and Oscillation of Contacting Surfaces 

The goal of being able to predict friction and wear has been a long-cherished wish for the entire 

tribology community; however, a comprehensive prediction and control of tribological 

properties has yet to be fully achieved after more than 100 years of effort. The challenge is due 

to the complexity of a tribological system, which is influenced by a range of factors, including 

the microstructure of the materials [64,65], the asperities of the contact surfaces [66,67], and 

the surrounding environment [68,69]. The situation becomes even more complicated if abrasive 

wear occurs. In this section, we will introduce certain factors like surface topography and 

oscillation (due to disk mounting tilt), which are frequently overlooked or insufficiently 

addressed and that might impact tribological performance.  
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2.3.1 Surface Topography 

A surface, which may appear uniform in most tribological experiments, is actually a planar 

defect that contains inhomogeneities. Even smooth surfaces, polished to a mirror finish, exhibit 

microscopic roughness and irregularities in the form of sharp, rough, or rugged projections 

known as “asperities” (from the Latin asper, which means “rough”). These surface asperities 

exist across multiple scales and exhibit self-affine or fractal geometries. The arbitrarily 

complex shape of the boundary between a material and the outside world plays a key role in 

determining the tribological properties of the surface [66,70,71].  

For a typical surface, the irregularities are characterized as mean roughness and waviness 

parameters, which are considered simple scalar quantities (e.g., roughness Ra and waviness Wt 

in ISO 4287). These roughness and waviness parameters are not directly evaluated from the 

primary surface profile but generated from corresponding roughness and waviness profiles 

after filtering the primary profile in accordance with current standards (e.g., ISO 116610 or 

ASME B46.1), as shown in Figure 2.8a. Roughness refers to the small, finely-spaced 

irregularities that can be seen on a surface at a microscopic level. These irregularities are 

typically caused by the manufacturing process and can include things like scratches, pits, and 

other imperfections. Waviness, on the other hand, refers to the larger, widely-spaced 

irregularities that can be seen on a surface at a macroscopic level. Waviness is often caused by 

factors such as machining or assembly and can include things like undulations, bumps, and 

other larger surface features. [72] 
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Figure 2.8: (a) Roughness and waviness on a surface [73]; (b) Schematic of arithmetical mean 

deviation of roughness profile (Ra); lr is the length of the roughness profile, and 

Z(x) is the profile height function [74]. 

Figure 2.8b gives an example of roughness quantities evaluation. The arithmetical mean 

deviation of the roughness profile noted as Ra is evaluated by measuring the average distance 

between the roughness profile and its mean line within the evaluation length. Where lr is the 

length of the roughness profile, and Z(x) is the profile height function. Roughness Ra is defined 

as: 

 𝑅𝑎 =
1

𝑙𝑟
∫ |𝑍(𝑥)|𝑑𝑥

𝑙𝑟

0

 (2.3) 
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However, the actual surface topography is far more complex than can be described by a few 

scalar parameters. To obtain more accurate roughness indicators that can fully characterize 

surface topography across different length scales, the surface roughness power spectral density 

(PSD) has been employed [75,76]. The PSD of a surface is a mathematical tool that 

decomposes a surface into its contributions from various spatial frequencies (wave vectors). 

Mathematically, the PSD represents the Fourier transform of the signal’s autocorrelation 

function, which includes only the power component (excluding phase) [77–79]. As shown in 

Figure 2.9 [80], an attempt has been made to develop a single function that comprehensively 

describes surface topography by taking an arithmetic average of 127 measurements obtained 

from three different instruments: stylus profilometry, atomic force microscopy (AFM), and 

transmission electron microscopy (TEM), across more than 30 magnifications. Despite its 

usefulness in the academia, power spectral density (PSD) is not commonly utilized in most 

surface finishing processes as a means of characterizing surface topography with quantitative 

indicators. Even in the academia, it is more common to use quantitative indicators that describe 

surface topography rather than utilizing the PSD. 
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Figure 2.9: Topography of 127 measurements, taken at more than 30 different magnifications 

and using three different instruments, are combined into a single description of the 

surface [80]. The reliable portions of line scan measurements from stylus (black), 

AFM (blue), and TEM (red) are shown as points. The individual measurements are 

combined into a single PSD (black line with white outline). 

The impact of roughness parameters on friction and wear has been thoroughly explored in the 

literature, showing varied correlations – positive, negative, or non-monotonic. For instance, 

Al-Samarai et al. [81] discovered that under dry conditions, friction and wear increase with an 

increase in surface roughness. However, Kubiak et al. observed that carbon steel (AISI 1034) 

and titanium alloy (Ti-6Al-4Vr) have a lower friction coefficient for rough surfaces in a fretting 

wear device[82]. Shi et al.’s experiments revealed a non-monotonic correlation between 

roughness and friction coefficient, where an increase in surface height arithmetic mean Sa (ISO 

25178) showed a decreasing trend followed by an increasing trend in friction coefficient [83]. 

Additionally, Liang et al. [84] observed drastic fluctuations in friction coefficient with the 

increase of Ra (average surface roughness). 
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Due to the use of different cut-off lengths for filtering the surface features of interest, surface 

roughness measurements commonly obscure the waviness portion of the surface profile [85]. 

Chang et al. [86] found that the waviness Wa (arithmetic average of surface heights, but at 

higher wavelengths than simple roughness) strongly correlates with friction between Neolite 

rubber and quarry tiles. Wang et al. [87] discussed the effects of multiscale waviness on the 

full-film elastohydrodynamic (EHL) performance, finding that the amplitude and frequency 

are associated with the central film thickness and the Hertzian contact radius of the 

corresponding smooth EHL problems, respectively. 

Although extensive research has been conducted on surface topography, achieving a 

completely flat surface or repeating the same surface remains elusive. Consequently, every 

tribological experiment is carried out on a different surface, even if they are deemed 

similar by certain parameters (such as Ra). On the one hand, the minor surface deviations in 

experimental conditions might govern tribological behavior to an as of yet unknown and 

surprisingly large amount. On the other hand, the enigmatic impact of minor surface deviations 

on tribological behavior may contribute to elucidating unresolved open questions in the 

community (for example, the issues of abrasive wear mentioned in chapter 2.2). 

2.3.2 Oscillation of the Contacting Surfaces 

Apart from the intricate surface topography, there are other inevitable deviations present in any 

experiment that sually are minimized during experimental preparation but cannot completely 

be eliminated – oscillation of the contacting surfaces due to sample mounting tilt. Once the 

movement of surface initiates, sample mounting tilt will cause periodic oscillations of the 

contacting surfaces in the normal direction. 
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The experimental investigations into the impact of oscillation on tribological behavior 

commenced in the late 1950s [88], and the practical significance of the effects of oscillations 

on tribological performance is profound. Previous research has demonstrated that ultrasonic 

vibrations can enhance productivity, resulting in time savings of approximately 5–10% during 

machining, along with cost savings of about 30%. These improvements can be attributed to 

decreased interfacial friction and the continuous removal of debris through the application of 

ultrasonic vibrations during machining processes [89–91]. The utilization of oscillations can 

also be observed in wire drawing [92,93], press forming [94], and several others. 

Socoliuc et al. [95] elegantly demonstrated achieving mechanical resonance by adjusting the 

oscillation frequency of on an atomic force microscope (AFM). Their experimental set-up, 

illustrated in Figure 2.10 [96], involves the addition of a small oscillatory force to the normal 

force by means of an external electrostatic potential applied between the cantilever and the 

sample. By modulating the oscillatory force at a frequency equivalent to one of the vertical 

resonance frequencies of the tip-sample contact, the stick-slip motion of the cantilever and, 

consequently, friction itself could be reliably switched on or off. 
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Figure 2.10: Reducing friction with oscillation [96]. With an atomic force microscope (AFM), 

Socoliuc et al. [95] have demonstrated that the stick-slip phenomenon can be 

eliminated by slightly modulating the appropriate frequency to the external 

loading force acting on the cantilever. 

Chowdhury et al. [97] investigated the impact of oscillation amplitude on the friction 

coefficient at a macro scale for various materials, including glass fiber-reinforced plastic, cloth-

reinforced ebonite, polytetrafluoroethylene, rubber, and mild steel. The authors employed a 

pin-on-disk apparatus that generated oscillations in the normal direction on the pin at different 

amplitudes. The results indicated that the friction coefficient decreases as the oscillation 

amplitude increases.  As shown in Figure 2.11, the reduction of friction coefficient can be up 

to around 60% when a 200 µm oscillation amplitude is applied to a mild steel pin against a 

mild steel disk. 
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Figure 2.11: The friction coefficient of a 6 mm diameter cylindrical mild steel pin against a 

mild steel disk was investigated with the variation of testing time at different 

oscillation amplitudes, maintaining a sliding velocity of 0.785 m/s, normal load 

of 10 N, frequency of oscillation of 500 Hz, roughness of 1.20 μm (RMS, root 

mean square of roughness profile), and relative humidity of 50% [97]. 

These experimental investigations have established an empirical foundation for qualitatively 

comprehending the impact of oscillations on friction. However, achieving a satisfactory 

quantitative agreement between experimental findings and theoretical models has not been 

reached [98], casting doubt on our grasp of the underlying physics of this phenomenon. The 

issue of which oscillation properties contribute to the decrease of the frictional force is still the 

subject of debate: Whereas in the case of static friction, the amplitude of displacement 

oscillation appears to be the critical factor [99], for sliding friction, it seems also related to the 

sliding velocity, the surface roughness, and the normal load under oscillation conditions 

[97,100,101]. 

One of the few theoretical models for the sliding friction under normal oscillation was 

developed by Popov et al. [101,102]; they begin by looking at the system as a single Hookean 
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spring that has an associated lateral stiffness kx and normal stiffness kz, as shown in Figure 2.12. 

They assume that Coulomb’s law of friction (with a constant friction coefficient 𝜇0 that is the 

same for both static and sliding friction) holds at the contact point. With the substrate moving 

beneath a flat plane at a constant velocity of v, the contact spring is dragged along. The lateral 

displacement ux is the only unknown variable, which depends on the current state of the system 

with respect to its initial position. The normal displacement, uz, of the spring is assessed with 

respect to its state of initial unstressed contact with the substrate. The externally applied 

oscillation is explicitly defined by uz, which is parameterized as follows [101]: 

 𝑢𝑧(𝑡) = 𝑢𝑧𝑚 + 𝐴𝑧𝑤(𝑓𝑡) (2.3) 

Here, uzm is the average value of oscillation. Az represents the amplitude, and f represents the 

frequency of the oscillation. w(ft) is a dimensionless function describing the “shape” of the 

oscillation. The waveform, w, is normalized such that it has a period of 1, a minimum value of 

-1, and a mean value of 0.  
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Figure 2.12: A single massless spring is employed as a minimal model for a tribological sliding 

interaction. The sliding velocity remains consistent; the contact is modeled as a 

single Hookean spring that has an associated normal stiffness kz and a lateral 

stiffness kx. Amontons friction with the constant coefficient of friction μ0 is 

assumed in the contact point [101]. 

In Popov’s model, for small oscillation amplitudes, the surfaces remain in contact at all times 

since the difference in displacement Δuz is less than the initial displacement uz,0. The frictional 

contact between the horizontal surfaces is mainly controlled by a stick-slip behavior, with the 

lower point of the spring being in either stick or slip state. During pure sliding, the tangential 

friction force Fx is always equal to μ0Fz, which is equivalent to kxux(t) = μ0kzuz(t) (as shown in 

Figure 2.13). 
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Figure 2.13: Schematic presentation of stick and slip under a harmonic oscillation. The doted 

line on the graph shows the tangential force that would occur in the absence of 

stick-slip behavior (i.e., during pure slip), where Fslip is equal to μ0Fz(t). In contrast, 

the solid line shows the actual tangential force under the influence of stick-slip. 

The stick phases are indicated by straight line segments (e.g., between t1 and t2), 

while the slip phases are represented by sinusoidal segments (e.g., between t'
2 and 

t1). 

After substituting the displacement uz from equation (2.3) and rearranging, the lateral 

displacement and the velocity of the contact point can be calculated: 

 𝑢𝑥(𝑡) = 𝜇0
𝑘𝑧

𝑘𝑥
(𝑢𝑧𝑚 + 𝐴𝑧𝑤(𝑓𝑡))  (2.4) 

 
𝑢𝑥

′ (𝑡) = 𝜇0

𝑘𝑧

𝑘𝑥
𝐴𝑧𝑤′(𝑓𝑡) (2.5) 

The transition from slip to stick occurs when the relative motion between the substrate and the 

contact point reaches zero, as indicated by u'x (t) = v0. Once stick-slip behavior is initiated, the 

contact point is dragged along by the substrate at a constant velocity v0, resulting in a linear 

increase in both the tangential displacement and force over time: 

 𝐹𝑠𝑡𝑖𝑐𝑘(𝑡) =  𝜇0𝐹𝑧(𝑡1) + 𝑘𝑥𝑣0(𝑡 − 𝑡1) (2.6) 



26 2 State of Art 

    

26 

 

As depicted in Figure 2.13, the stick phase terminates at time t2 when the condition 

Fstick(t2) = μ0Fz(t2) is satisfied. During the stick phase, the average force and coefficient of 

friction are reduced compared to the pure slip phase. 

2.4 A Summary of the Existing Literature and the Aim of this 

Thesis 

Abrasive wear has been a focal point of research in tribology for several decades. As outlined 

in chapter 2.2, the research on abrasive wear includes the identification of the underlying 

mechanisms, the assessment of wear, and the development of abrasive models. Despite these 

efforts, many unresolved questions persist in abrasive wear:  

• It remains unclear how an increasing fluid film thickness affects lubricated abrasive 

wear 

• What factors contribute to large frictional fluctuations during abrasive wear, and 

whether these fluctuations influence wear? 

• Is it possible to predict abrasive wear? 

To address these unresolved issues in abrasive wear research, this thesis first aims to enhance 

the understanding of the mechanisms of abrasive wear by investigating the influence of fluid 

film thickness on lubricated abrasive wear. Then, the effects of surface topography and 

oscillation (due to disk mounting tilt) were investigated, commonly considered constant factors 

that do not affect performance. Finally, this thesis seeks to utilize the insights gained from 

investigating the effects of the waviness profile and contacting surfaces’ oscillation to facilitate 

the prediction of abrasive wear.



 

 

 

3 Methodology 

3.1  Materials and Sample Preparation 

The tribological experiments in this thesis were carried out using a pin-on-disk configuration 

with pins and disks made from bearing steel (100Cr6, AISI 5210). The bearing steel disks, 

having a diameter of 70 mm, were purchased from Eisen Schmitt (Karlsruhe, Germany). They 

underwent a hardening and tempering process to reach a hardness of nominally 800 HV. All 

the disks were fine-ground on a cup grinding machine (G&N MPS 2 R300, Erlangen, Germany) 

with corundum grinding wheels of grit EK200, resulting in mean roughness values ranging 

from Ra = 0.08 to 0.12 µm (measured by HOMMEL-ETAMIC T8000 R120-400 tactile surface 

profilometer, Villingen-Schwenningen, Germany). The radial height difference along the 

frictional track was below 2 µm (Wt ≤ 2 µm, measured by FRT MicroProf MPR 1024, 

Chromatic white light (CWL) profilometry, Bergisch Gladbach, Germany), as shown in Figure 

3.1. Controlling the height difference of the 132 mm disk sliding track remains within 

2 µm, representing the minimum achievable value in our laboratory. 

The pins were purchased in the form of 8 mm diameter spheres and then flatted to a circular 

area of 7.33 mm in diameter by grinding and polishing. They were purchased from KGM 

(Fulda, Germany) and employed in an as-received condition with a hardness of 700 HV. The 

flattened surfaces had roughness values ranging from Ra = 0.02 to 0.04 µm and a flatness 

below 0.6 µm. All pins and disks were demagnetized and cleaned with isopropanol for 

15 minutes in a sonicating process before the tribological experiments.  
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Figure 3.1: Extracting the surface profile of the 7.33 mm width sliding track from chromatic 

white light (CWL) profilometry data. In the pin-on-disk experiments within this 

thesis, the diameter of the disk is 70 mm, with a sliding radius of 21 mm and a pin 

diameter of 7.33 mm. Consequently, the extraction of the disk surface profile 

involves capturing a circular arc with a width of 7.33 mm at the disk’s radius of 

21 mm. The height difference of the 132 mm sliding track is below 2 µm. From 

[103] with permission. 

In this thesis, three different interfacial media were utilized. For abrasive experiments, two 

kinds of water-based Al2O3 abrasive slurries with different particle sizes (5 µm and 13 µm, 

according to FEPA grains standard) were purchased from Joke (Lapping medium BIOLAM®, 

Bergisch Gladbach, Germany) with a nominal concentration of 12.5 wt.%. The size distribution 

of the particles in the slurries was measured by laser granulometry (CILAS 1064, Orléans, 

France), presented in Figure 3.2(a). Both slurries show a narrow, slightly bimodal particle size 

distribution. A SEM image of a dried slurry shown in Figure 3.2(b) confirms that no specific 

shape exists. The results for dynamic viscosity measurements are presented in Figure 3.2c. For 

lubricated experiments, FVA 1 (Klueber Lubrication, Munich, Germany) base oil was 

employed, with a kinematic viscosity ranging from 14.5 to 15.3 mm2/s at 40 ℃. 
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Figure 3.2: Characterization of particles in the slurry: (a) particle size distribution; the median 

particle size of the two Al2O3 slurry is 5 µm and 13 µm, respectively (b) SEM image 

of Al2O3 particles in the 5 µm slurry; (c) dynamic viscosity measurement of 5 µm 

slurry and 13 µm slurry. 

3.2 Tribometer and Disk Mounting 

The tribometer utilized in this thesis was a CSEM tribometer from CSM Instruments (located 

in Peseux, Switzerland, now owned by Anton Paar). To fulfill the requirements of our 

experiments, the CSEM tribometer was modified two-fold. The experiments in chapter 4.1 

were done with CSEM Tribometer 1.0, whereas CSEM Tribometer 2.0 was used in chapter 4.2 

and chapter 4.3. 
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3.2.1 CSEM Pin-on-Disk Tribometer 1.0 

Before the tribological tests, as shown in Figure 3.3a, the disk was fixed and leveled by three 

screws on the disk cover with a hemispherical surface at the bottom. A lever gauge indicator 

with a scale value of 0.002 mm from Actorn (Ludwigsburg, Germany) was employed to 

minimize the tilt introduced during the mounting process. Upon mounting the disk, the height 

difference along the disk’s sliding track remained below 4 µm, representing nearly the 

lowest achievable value within our laboratory. 

During the tribological tests, a capacitive sensor (AW 210-52-1, E+H Metrology GmbH, 

Karlsruhe, Germany) was added on the top of the pin holder to measure the pins’ movement in 

the vertical direction (in Figure 3.3b). All the capacitive sensors in the thesis were of the same 

model. 

 

Figure 3.3: Schematic diagram of experimental setup on CSEM tribometer 1.0: (a) before the 

tribological test, a lever gauge indicator was employed to support the mounting 

process; (b) experimental setup of the pin-on-disk tribological test. The total height 

difference on the sliding track was below 4 µm. 
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3.2.2 CSEM Pin-on-Disk Tribometer 2.0 

The CSEM tribometer 2.0 was custom modified by incorporating a capacitive sensor on the 

side and a metal block coaxially moving with the disk, which operates as a zero position trigger, 

allowing segmenting the data from each revolution of the disks, as shown in Figure 3.4. The 

zero position of every cycle was triggered when the metallic block moved over the capacitive 

sensor. 

Before each tribological test, as shown in Figure 3.4a, the disk was fixed and leveled by three 

screws on the disk cover with a spherical surface at the bottom. The total height difference 

on the sliding track was also strictly limited to a maximum of 4 µm (the lowest achievable 

value within our laboratory), as measured and recorded by a non-contact capacitive 

sensor located in the pre-contact area, as shown in Figure 3.4a. The capacitive sensor was 

then moved to the top of the pin holder before the tribological test, as shown in Figure 3.4b. 

 

Figure 3.4: Schematic diagram of experimental setup on CSEM tribometer 2.0: (a) before the 

tribological test, the capacitive sensor records the height changes of the sliding track 

during rotation; the total height difference on the sliding track was strictly limited 

to a maximum of 4 µm; (b) experimental setup of the pin-on-disk tribological test. 
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3.3 Tribological Experiments 

For all the experiments in this thesis, a normal force of 2 N was applied by dead weights to the 

pin. To limit the influence of a velocity gradient due to the large contact area [104], a mean 

sliding radius of 21 mm was selected. The friction force was determined by measuring the 

deflection of the elastic arm of the tribometer. In the following sections, the experimental 

details will be presented. 

3.3.1 Investigating Tribological Mechanisms of Abrasive Wear 

To investigate the tribological mechanisms of abrasive wear, tests were carried out on CSEM 

Tribometer 1.0 with a 1 Hz sampling rate. For each test, 100 ml of slurry were added to the 

experimental setup before the experiment to ensure a bath-like condition around the contacting 

surfaces throughout the tests. 

Two kinds of speed sets were utilized: multi-step and constant speeds. For the multi-step speed 

experiments with the 5 µm and 13 µm slurries, the sliding speed was decreased stepwise from 

the fastest (400 mm/s) to the slowest (50 mm/s) speed, as shown in Figure 3.5, holding each of 

the nine steps for two minutes in order to generate data that can be evaluated as Stribeck curves. 

Each complete multi-step speed set (referred to as a ramp) was repeated five times, resulting 

in a total sliding distance of 846 m. To avoid any impact that may originate from a potential 

running-in process, only the last three ramps were used to calculate the mean value of the 

friction coefficient at each sliding speed. To ensure reproducibility, all experiments were 

carried out at least three times with completely new pins and disks.  
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Figure 3.5: Multi-step speeds set, the sliding speed was decreased stepwise from the fastest 

(400 mm/s) to the slowest (50 mm/s) with each step of two minutes. 

The highest (400 mm/s) and the lowest (50 mm/s) speeds of multi-step speeds set were selected 

to perform constant speed tests with the 5 µm slurry to reveal the wear mechanisms in different 

lubrication regimes. The second variable in the constant speed tests was the sliding distance, 

with values of 0.13 m (one revolution of the disk), 1 m, 10 m, 50 m, and 846 m for each speed. 

With the aim of evaluating the wear performance at 400 mm/s and 50 mm/s, experiments with 

the longest sliding distance (846 m) were repeated three times with fresh samples. 

3.3.2 Investigating the Influence of Waviness on Abrasive Wear 

To investigate the influence of disk waviness on abrasive wear, tribological tests were carried 

out with a CSEM Tribometer 2.0 with a 50 Hz sampling rate. 100 ml of slurry were added 

before each experiment to ensure bath-like conditions around the contacting surfaces 

throughout the tests. 

In total, four different experimental settings were tested, as shown in Table 1. Initially, we 

examined the abrasive size effects under the same disk waviness with two experimental settings, 
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5_S and 13_S. Here, in the experiment label, “5” and “13” represent slurries with different 

particle sizes, referring to the 5 µm slurry and the 13 µm slurry mentioned in section Table 1; 

while “S” indicates the disk has a small waviness, Wt ≤ 2 µm, the minimum achievable disk 

waviness  in our laboratory. To further investigate the influence of disk waviness Wt on abrasive 

wear, a disk with deliberately larger waviness (Wt ≥ 7 µm) was prepared and then tested with 

a 13 µm slurry, label 13_L. “L” denotes that the disk utilized in the experiments possesses a 

significantly larger waviness Wt. To explore the impact of waviness on abrasive wear at an 

early stage, a short distance experiment was designed, referred to as 5_S_50. In this case, the 

sliding distance was limited to 50 meters, whereas the other experiments had a sliding distance 

of 846 m. 

Table 1: Four different experimental settings. Two kinds of slurry with different abrasive 

particle sizes were used, 5 µm slurry and 13 µm slurry, “5” and “13” in the label 

represent slurry with different particle sizes. “S” in the label indicates the disk has 

small waviness, Wt ≤ 2 µm, while “L” denotes that a significantly larger disk 

waviness Wt. The sliding distance was 846 m for all experiments except for one with 

50 m (5_S_50). 

Label Slurry size 
Wt 

(Total height of the waviness profile) 
Sliding distance 

5_S 5 µm ≤ 2 µm 846 m 

5_S_50 5 µm ≤ 2 µm 50 m 

13_S 13 µm ≤ 2 µm 846 m 

13_L 13 µm ≥ 7 µm 846 m 

 

3.3.3 Investigating the Influence of Oscillation and Waviness in Various Conditions 

The CSEM Tribometer 2.0 was used for the experiments aimed at investigating the influence 

of disk waviness and contacting surfaces’ oscillation in various conditions, and the data 
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acquisition frequency was set at 50 Hz. Three kinds of experiments were performed with 

different interfacial media:  

• “Abrasive experiments”: 5 ml of water-based 5 µm Al2O3 abrasive slurry were added 

once before the experiment started. 

• “Lubricated experiments”: 5 ml FAV 1 oil were added once before the experiment 

started. 

• “LTA (lubricated to abrasive) experiments”: 5 ml FAV 1 oil were added once before 

the experiment started, and after 100 meters of sliding, 5 ml of 5 µm Al2O3 abrasive 

slurry were added to simulate the onset of abrasive wear. These experiments aimed to 

investigate the transition from lubricated conditions to abrasive wear. 

3.4 Materials Characterization and Data Evaluation 

3.4.1 Scanning Electron Microscopy 

The scanning electron microscopes (SEM) are among the most versatile instruments available 

for examining and analyzing microstructural characteristics. One of the major reasons for the 

SEM’s usefulness is its high resolution, which can reach 1-5 nm. For the microstructural and 

the worn surface characterization, a focused ion beam/scanning electron dual-beam microscope 

(FIB/SEM; Helios NanoLab Dual-beam 650 from FEI, Hillsborough, USA) was used. The 

worn surfaces of both pin and disk were examined by scanning electron microscopy. Cross-

sectional SEM images were taken in the wear track and perpendicularly to the sliding direction 

to study the effect of abrasive wear on the subsurface of the disk. Two platinum layers were 

deposited before ion milling to limit the damage due to the ion beam; the first one was deposited 

with the electron beam, the second by the ion beam. 
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3.4.2 Chromatic White Light (CWL) Profilometry 

Chromatic white light (CWL) profilometry is a non-destructive and non-contacting surface 

topography measurement based on the principle of chromatic aberration [105]. As shown in 

Figure 3.6, a measuring head featuring a strongly wavelength-dependent focal length 

(chromatic aberration) focuses white light on the surface. Only the incident light focused 

precisely at the intersection point of the optical axis and the object’s surface is capable of 

entering the spectrum analyzer, generating a peak in the spectrometer. The distance from the 

sensor to the sample can be determined by the wavelength of this peak, along with a calibration 

table [106]. This technique is highly suitable for large-area characterization, such as whole 

wafers. In this thesis, FRT MicroProf MPR 1024 (Bergisch Gladbach, Germany) with an 

optical sensor CHR 150 N was employed for measuring the topography of the whole disk; the 

vertical resolution is up to 10 nm and lateral resolution up to 1 µm. 

 

Figure 3.6: Principle of chromatic white light (CWL) measurement [106]. A white light beam 

undergoes dispersion, separating into distinct chromatic components with different 

wavelengths. These individual components converge at different positions along 

the optical axis. Only the incident light focused precisely at the intersection point 

of the optical axis and the object’s surface is capable of entering the spectrum 

analyzer, generating a peak in the spectrograph. 
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3.4.3 Confocal Laser Scanning Microscopy 

Confocal laser scanning microscopy is an advanced imaging technique that uses laser light to 

create high-resolution, three-dimensional images of samples. As shown in Figure 3.7, the basic 

principle of confocal microscopy is that the illumination and detection light are focused on the 

same diffraction-limited spot, which is moved over the sample to build the complete 

topography image on the detector [107]. The term “confocal” derives from the presence of two 

focal points: one at the surface of the sample and the other at the photodetector. Only the light 

beams that form a focus at the sample surface manage to establish a secondary focus at the 

photodetector and reach their destination. Other light beams fail to reach the photodetector. In 

essence, confocal optics exclusively capture reflected light from the focal plane. In this thesis, 

the PLμ Neox (SensoFar, Barcelona, Spanien) was employed with a vertical resolution down 

to 1 nm. 
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Figure 3.7: Schematic diagram of the optical pathway in a Confocal laser scanning microscopy 

system [108].  The emitted light beams from the light source traverse an objective 

and converge precisely onto the sample’s surface. Subsequently, the light beams 

reflected by the sample retrace their path through the same objective, ultimately 

being directed toward the detector. The detector selectively registers only those 

light beams that achieve a sharp focus and successfully pass through the pinhole 

positioned directly in front of it. 

3.4.4 Disk Waviness Profile 

The surface topography data from chromatic white light (CWL) profilometry (FRT MicroProf 

MPR 1024) was used to extract the surface profile along the sliding track (Figure 3.1). Thereby 

the sliding track was divided into 120 sectors, and the waviness profile was obtained by 

averaging the height of each sector and following with a profile filtering with a cut-off length 

λc = 0.08 mm (in accordance with ISO 16610). 
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3.4.5 Wear Measurement 

For the experiments investigating the tribological mechanism of abrasive wear (in chapter 

3.3.1), the pins’ wear was measured as a loss in weight with a precision scale (R160P, Sartorius 

research), with a resolution of 0.01 mg. The wear induced volume loss of the disks was 

determined with the FRT MicroProf optical surface profilometer’s data. The disks were 

scanned in a square area with a side length of 78 mm and a size of 500*500 px. As shown in 

Figure 3.8, the cross-sectional area of the wear track was measured from eight fixed locations, 

and the result on each position is an average of 20 px. The average cross-sectional area of the 

wear track can then be used to calculate volumetric wear. 

 

Figure 3.8: Volume loss evaluation using FRT MicroProf optical surface profilometer’s data. 

Eight fixed locations were chosen to extract the cross-sectional area of the wear 

track, and the result on each position is an average of 20 px. The average cross-

sectional area of the wear track can then be used to calculate volumetric wear. 

For the experiments investigating the influence of waviness and oscillation on abrasive wear 

(in chapter 3.3.2 and chapter 3.3.3), the amount of wear along the sliding track was calculated 
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by comparing the surface topography before and after the experiments (data from chromatic 

white light profilometry, FRT MicroProf MPR 1024). 

3.4.6 Lubrication Film Thickness Variation 

For the multi-step speed tests, the distance between the pin and the disk was measured with a 

capacitive sensor on the top of the pin holder (in Figure 3.3b). When the speed varies during 

the multi-step speed experiments, the change in the distance between the pin and the disk can 

also be monitored and is interpreted as the change in film thickness ∆ℎ.  These ∆h are also the 

average values of the three experiments. With this approach, the changes in separation between 

pin and disk due to wear are inevitably included. However, the change in film thickness was 

only considered for the 14 seconds before and after the speed change; thus, wear-induced 

separation changes are negligible and as a first order approximation ignored. According to the 

Hersey number in the Stribeck curve [109], it is evident that lubrication film thickness increases 

with the increase in velocity. Therefore, the film thickness value at the lowest experimental 

velocity of 50 mm/s was chosen as our reference point. It was assumed that the film thickness 

at 50 mm/s was only determined by the particle size d of the slurry, 5 and 13 µm respectively. 

With this assumption, the relative variation in film thickness 𝑅𝑣 can be calculated in Eq.(3.1): 

 𝑅𝑣 =
∆ℎ

𝑑
∙ 100%  (3.1) 

3.4.7 Roughness Measurement 

The roughness distribution was measured radially every 15 degrees along the sliding track with 

a stylus profilometer HOMMEL-ETAMIC T8000 R120-400 (in Figure 3.9). These roughness 

measurements were performed for all disks before and after the tribological tests. Before the 

tribological experiments, the measurement direction was parallel to the sliding direction. In 
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contrast, the measurement direction was perpendicular to the sliding direction for the disks 

after the tests. The reason behind these choices is to measure perpendicular to the grinding/wear 

marks on the surfaces. 

   

Figure 3.9: Top view of disk surface topography, separating the tribological data into eight 

zones with respect to the zero degree position defined by the capacitive sensor and 

roughness measurement with every 15 degrees interval on the disks’ sliding track. 

From [103] with permission. 

3.4.8 Data Segmentation 

With a sampling rate of 50 Hz and a sliding speed of 50 mm/s, the precision of the tribological 

data is 1 mm along the sliding track (132 mm total sliding track per revolution). As shown in 

Figure 3.9, the zero position trigger allows the tribological data to be divided into individual 

cycles, which provide information on the friction coefficient at specific positions on the disk. 

This information helps to understand how the friction coefficient changes as the pin moves 

along the sliding radius. For example, the tribological data can be separated into eight zones; 

the angle-resolved tribological data can be obtained by dividing the entire 132 mm sliding track 

(360°) into 120 equal sectors. The average friction coefficient for each sector was calculated 

by averaging the data over the following 3 degrees.  
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3.4.9 Oscillation of the Contacting Surfaces 

In this thesis, the term “oscillation of the contacting surfaces” specifically refers to the 

oscillation caused by the tilt of the disk mounting. Figure 3.10 illustrates the oscillation induced 

by the disk mounting’s tilt in a pin-on-disk test. Ideally, the load axis should be perpendicular 

to the disk surface, as shown in Figure 3.10a, but achieving this is challenging. It is inevitable 

that the disk mounting will introduce some degree of tilt, as shown in Figure 3.10b, which in 

turn leads to what we have termed as “oscillation”. What one can do is to make every effort to 

minimize the amplitude of oscillation, as we did in this thesis, such that the amplitude of 

oscillation is limited to 4 µm. 

 

Figure 3.10: Schematic of “oscillation of the contacting surfaces” due to disk mounting tilt: (a) 

the ideal disk rotation in a pin-on-disk configuration, with the load axis 

perpendicular to the disk surface; the load is applied from the top of the pin, and 

the tribological contact occurs at a fixed radius. (b) the real disk rotation in a pin-

on-disk configuration, the disk mounting inevitably results in tilting, which, in 

turn, leads to oscillations in the contacting surfaces. 

However, the height difference data recorded by the capacitive sensor in Figure 3.4a was not 

the oscillation of contacting surfaces; it also included surface topography information. 

Therefore, the oscillation of the contacting surfaces was evaluated by subtracting the surface 

topography data (as shown in Figure 3.1) from the capacitive sensor data in Figure 3.4a. 
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3.4.10 Slope Angle of the Disk Waviness Profile 

The slope angle of the disk waviness profile was evaluated through the waviness profile of the 

sliding track. An illustration of the evaluation of the slope angle is shown in Figure 3.11, where 

the slope angle of each sector was calculated from the slope of two selected points. For example, 

the slope angle at point L was determined with the slopes of points L1 and L2, which are always 

nine degrees apart from L. In order to better distinguish the two distinct characteristics of the 

waviness profile, the upward angle (θ1) was defined as a positive value, while the downward 

angle (θ2) was negative.  

 

Figure 3.11: Schematic of the evaluation of the slope angle on a waviness profile; the upward 

trend was defined as a positive value (θ1), while the downward trend was defined 

as a negative value (θ2). 

3.4.11 Z-score of the Friction Coefficient 

In statistics, a Z-score, also known as a standard score, is a statistical measure that quantifies 

the number of standard deviations a data point is from the mean of a dataset. It is used to show 

how a particular data point relates to the overall distribution of data [110]. 
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In this thesis, the Z-score of the friction coefficient refers to calculating the number of standard 

deviations by which a particular sector’s friction coefficient deviates from the average friction 

coefficient on the sliding track. This deviation can be represented using the Z-score of the 

friction coefficient, which is calculated as follows: 

 𝑧 =
µ𝑥 − 𝑚

𝜎
 (3.2) 

Where m is the mean of the friction coefficient along the sliding track, σ is the standard 

deviation of the friction coefficient along the sliding track, and µx is the friction coefficient of 

a sector (out of a total of 120 sectors). 

The introduction of the Z-score in this thesis serves to make the deviations in friction 

coefficient from various experiments comparable. For instance, when one experiment yields a 

friction coefficient of 0.8±0.2 and another yields 0.1±0.1, it becomes challenging to directly 

compare which experiment exhibits more pronounced fluctuations in the coefficient of friction. 

However, the Z-score enables the direct comparison of friction force deviations from different 

experiments, as the values do not retain the original unit of measurement. 

3.4.12 Time-frequency Analysis  

Time-frequency analysis is a valuable technique in studying the intricate interactions involved 

in tribology. It allows for a comprehensive analysis of signals in both the time and frequency 

domains, thereby providing deeper insights into tribological data [111,112]. Time-frequency 

analyses are often performed using techniques such as the short-time Fourier transform (STFT) 

[113], the Wigner distribution (WD) [114], and the Hilbert-Huang transform (HHT) [115]. This 

approach has found broad applications in diverse fields, ranging from optics, as demonstrated 
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by Alonso [116], to speech analysis, as illustrated by Taal [117], and even in evaluating the 

physical condition of mechanical systems, as demonstrated by Wang [118]. 

Of the various numerical methods for time-frequency analysis mentioned above, the short-time 

Fourier transform is particularly useful for tribological experiments involving long-duration 

processes [114]. STFT involves breaking down a signal into smaller segments, allowing for 

analysis over short time intervals, as illustrated in Figure 3.12. The signal is divided into 

overlapping frames, and the Discrete Fourier Transform (DFT) is computed for each frame 

using the Fast Fourier Transform (FFT) algorithm. This results in a time-frequency 

representation of the signal, where the frequency content is analyzed at different time intervals.  

 

Figure 3.12: Overview of the short-time Fourier transforms (STFT). The principle involves 

using a Gaussian-shaped sliding window to segment the signal, the Fast Fourier 

Transform (FFT) is then applied to each window separately. This results in a time-

frequency representation of the signal, where the frequency content is analyzed at 

different time intervals. 
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In the short-time Fourier transform (STFT), a window function is moved along the signal with 

a hop length, and the FFT operation is performed on the samples within the window. This 

allows for the frequency content of the signal to be measured over time [119]. Mathematically, 

STFT can be written as [113,114]: 

 

𝑆𝑇𝐹𝑇(𝑡, 𝜔) = ∫ 𝑥(𝜏)

∞

−∞

𝑔(𝜏 − 𝑡)𝑒−𝑗𝜔𝜏𝑑𝜏 (3.3) 

Where t is time, ω is frequency, x is the signal to be transformed, 𝑔 is a window function 

centered at time t, and j is the imaginary unit with j² = -1. 

The energy density spectrum of the STFT is known as the Power Spectral Density (PSD) and 

can be written as follows: 

 𝑃𝑆𝐷 = |𝑆𝑇𝐹𝑇(𝑡, 𝜔)|2 (3.4) 

The resulting spectrogram displays the Fourier transforms of each time window along the x-

axis, with corresponding frequencies along the y-axis. The spectral energy density of frequency 

components is represented by color values in the Power Spectral Density (PSD) representation. 

A time window of 20 seconds with a 50% overlap was utilized to achieve a desirable balance 

between time and frequency resolution.



 

 

 

4 Results 

4.1 Tribological Mechanisms of Abrasive Wear 

All the experiments in this chapter were conducted using the CSEM Pin-on-Disk Tribometer 

1.0 introduced in chapter 3.2.1, and experimental details can be seen in chapter 3.3.1. 

4.1.1 Multi-step Speed Experiments 

In order to investigate the influence of increasing fluid film thickness caused by the 

hydrodynamic pressure on lubricated abrasive wear, multi-step speed experiments were 

conducted with slurries of two different particle sizes, 5 µm and 13 µm. The results of the multi-

step experiments are presented in Figure 4.1, giving an overview of the friction coefficients 

under abrasive wear as well as the relative variation in film thickness Rv between the two 

frictional surfaces as a function of the sliding speed. As the speed increases, the friction 

coefficient decreases from 0.31 at 50 mm/s to 0.08 at 400 mm/s — a drop in friction coefficient 

of about 2/3. Simultaneously, a significant variation in film thickness is observed for the 5 µm 

slurry with sliding speed; the film thickness increases 14% at 400 mm/s under abrasive wear. 

The results for the 13 µm slurry exhibit a different trend compared to the 5 µm one and the 

sliding speed has a negligible effect on the friction coefficient. The friction coefficient only 

drops from 0.25 to 0.23 when the sliding speed increases from 50 mm/s to 400 mm/s. 

Simultaneously, the increase in film thickness is negligible and about 1%. 

 



48 4 Results 

    

48 

 

 

Figure 4.1: Friction coefficient and relative variation in film thickness Rv of frictional surfaces 

as a function of the sliding speed; the semi-transparent bands represent the standard 

deviation. The sliding speed strongly affects the friction coefficient when using 

5 µm slurry, while the sliding speed has a negligible effect on the friction 

coefficient when using 13 µm slurry. 

4.1.2 Constant Speed Experiments with the 5 µm Slurry 

In Figure 4.2, the friction coefficient and wear loss for experiments with the 5 µm slurry at two 

constant speeds are shown. At 400 mm/s, the friction coefficient almost double, from 0.06 at 

the beginning to approximately 0.12 in the later stages. At 50 mm/s, the coefficient of friction 

rises from 0.15 at the beginning of the test to around 0.25 at the end. If we compare the overall 

average friction coefficient for the constant speed experiments, the ratio between the value for 

the tests at 400 mm/s to the one at 50 mm/s – µ400/µ50 – is approximately 1/3. Another marked 

contrast is the deviation of the friction coefficient, which was much more prominent throughout 

the whole constant speed tests at the low speed (50 mm/s). 
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Figure 4.2: Results for the 5 µm slurry at constant sliding speeds of 50 and 400 mm/s for a 

maximum sliding distance of 846 m: (a) friction coefficient as a function of sliding 

distance, the semi-transparent bands represent the standard deviation.; (b) wear 

results of pin and disk for the two constant speeds. 

The data in Figure 4.2b shows the results of the wear analysis of both frictional surfaces after 

experiments at different constant speeds. The sum of the wear of the entire tribological system 

after 400 mm/s and 50 mm/s experiments is 3.54±0.67 mg and 3.34±0.52 mg, respectively. 

Although the total amount of wear remains almost the same for the two different constant 

speeds, the wear loss has a different distribution between the pin and disk. At the low speed 

(50 mm/s) tests, the wear produced on the pin is about 1.24±0.18 mg, whereas the disk has a 

weight loss of 2.1±0.34 mg, which is 1.7 times that of the pin. The wear distribution is inverted 

400 mm/s tests, leading to a wear loss of 2.29±0.36 mg for the pin and 1.27±0.32 mg for the 

disk. 

Figure 4.3 presents SEM images of pin surfaces after different sliding distances at constant 

speeds for sliding distances of 10, 50, and 846 m. All worn surfaces were imaged in the center 

of each pin. After 10 m of sliding at 50 mm/s, clear and dense grooves are visible on the worn 

surface of the pin in Figure 4.3a. As the sliding distance increases to 50 m at 50 mm/s (in Figure 

4.3b), the worn surface of the pin does not change much compared with that after 10 m, with 
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plenty of grooves and few indents. With the sliding distance increasing to 846 m, wider grooves 

and more indents are observed in Figure 4.3c compared to the surfaces after 10 m and 50 m. 

The worn surfaces of the pins after 400 mm/s experiments show different features from 

50 mm/s ones. In Figure 4.3d, which shows the worn surface after 10 m at 400 mm/s, only 

some indents and very few grooves can be seen. After 50 m at 400 mm/s (in Figure 4.3e), 

indents distributed across most of the wear track and grooves are rare and shallow. With the 

sliding distance rising to 846 m at 400 mm/s (in Figure 4.3f), one can observe that the wear 

track is entirely covered by indents. As for the short distance experiments at 400 mm/s (10 m 

and 50 m), only sparse grooves can be seen with unclear traces.  

 

Figure 4.3: SEM images of pins after constant speeds experiments: (a) Sliding 10 m at 50 mm/s; 

(b) Sliding 50 m at 50 mm/s; (c) Sliding 846 m at 50 mm/s; (d) Sliding 10 m at 

400 mm/s; (e) Sliding 50 m at 400 mm/s; (f) Sliding 846 m at 400 mm/s. From [120] 

with permission. 

The difference in the worn surfaces at different constant speeds also appears on the disks (see 

Figure 4.4), which are the counter bodies for the pins presented in Figure 4.3. The worn 

surfaces of the disks show the same trends as the pins, with more grooves after low speed 
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experiments (Figure 4.4a-c) and more indents after high speed experiments (Figure 4.4d-f). 

Notably, the grooves in Figure 4.4 are not all formed during the tribological tests; those grooves 

perpendicular or approximately perpendicular to the sliding direction are the vestiges of the 

grinding process during sample preparation.   

 

Figure 4.4: SEM images of disks after constant speeds experiments: (a) Sliding 10 m at 

50 mm/s; (b) Sliding 50 m at 50 mm/s; (c) Sliding 846 m at 50 mm/s; (d) Sliding 

10 m at 400 mm/s; (e) Sliding 50 m at 400 mm/s; (f) Sliding 846 m at 400 mm/s. 

From [120] with permission. 

For a better understanding of the different mechanisms of abrasive wear, Figure 4.5 shows 

cross-sectional SEM images of the tribologically deformed subsurface material taken in the 

middle of the pin; a cross-sectional image of an undeformed pin is presented in Figure 4.5e. 

For the unloaded pin, the surface is smooth, and no subsurface deformation is observed in the 

subsurface area. The fine grained layer [34] results from the grinding process during sample 

preparation. Hardly any subsurface cracks are found in the cross-sectional SEM images after 

50 m at 50 mm/s (Figure 4.5a).  Only sporadic cracks exist in the subsurface after 846 m at 

50 mm/s  (Figure 4.5b). A considerable number of subsurface cracks appears in the early stage 
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of experiments at 400 mm/s (Figure 4.5c). For the 400 mm/s experiments after 846 m, a 

network of cracks and a fractured subsurface becomes visible with depths from 200 nm to 

650 nm (Figure 4.5d).  

 

Figure 4.5: Cross-sectional SEM images of pins: (a) Sliding 50 m at 50 mm/s; (b) Sliding 

846 m at 50 mm/s; (c) Sliding 50 m at 400 mm/s; (d) Sliding 846 m at 400 mm/s. 

A considerable number of subsurface cracks appear at 400 mm/s in (c) and (d). At 

50 mm/s, hardly any subsurface cracks can be found in (a), and only few cracks 

exist in (b). From [120] with permission. 

4.2 Influence of Disk Waviness on Friction and Abrasive Wear 

All the experiments in this chapter were conducted using the CSEM Pin-on-Disk Tribometer 

2.0 introduced in chapter 3.2.2, and experimental details can be seen in chapter 3.3.2. Four 
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different experimental setups were employed, denoted by abbreviations: 5_S, 13_S, 13_L, and 

5_S_50. Here, 5 and 13 correspond to the abrasive particle size of the slurry, specifically 5 µm 

and 13 µm. The letter “S” represents the disk with a small waviness (Wt ≤ 2 µm), while “L” 

represents the disk with a large waviness (Wt ≥ 7 µm). All experiments had a sliding distance 

of 846 m, except for 5_S_50, where a reduced sliding distance of only 50 m was used to observe 

the tribological behavior in the early stages. 

4.2.1 Disk Waviness Profile 

Figure 4.6 displays the waviness profile and roughness distribution along the sliding track for 

four disks, which were then tested with the corresponding settings presented in Table 1. For 

the considered specific disks with a small waviness (5_S, 5_S_50, and 13_S), the total height 

of the profile Wt along the sliding track is 1.94 µm, 1.77 µm, and 1.56 µm, respectively. 

However, even with the same waviness standard (Wt ≤ 2 µm), the waviness profiles of 5_S, 

5_S_50, and 13_S differ significantly from each other. 5_S has two peaks with a sharp peak 

(around 110°) considerably higher than another peak (between 230° to 300°). The waviness 

profile of 5_S_50 also has two peaks, but the heights of the peaks in 5_S_50 are very close. 

Unlike 5_S and Disk 5_S_50, 13_S does not have significant high peaks but several small 

peaks along the sliding track. The waviness of 13_L was intentionally not mitigated during the 

grinding process, which yielded a total waviness profile height of Wt = 7.24 µm. The roughness 

Ra along the sliding track of the disks with a small waviness (5_S, 5_S_50, and 13_S) ranges 

from 0.08 – 0.12 µm, with average values of 0.09 µm, 0.09 µm, and 0.11 µm, respectively. 

13_L has a slightly higher average roughness than 5_S, 5_S_50, and 13_S, Ra = 0.15 µm. 

Similar to the waviness profiles, the roughness distribution along the sliding track varies from 

disk to disk. 
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Figure 4.6: Waviness profile and roughness distribution along the sliding track for four 

individual disks: 5_S, tested with the 5 µm slurry and small waviness; 5_S_50, 

tested with the 5 µm slurry and small waviness for a short sliding distance (50 m); 

13_S, tested with the 13 µm slurry and small waviness; 13_L, tested with the 13 

µm slurry and large waviness. From [103] with permission. 

4.2.2 Friction 

The results for the friction coefficient as a function of the sliding distance for four different 

settings are presented in Figure 4.7. No smoothing or averaging was applied to these data, and 

for visualization purposes only the first out of every 100 data points is displayed; the 

evaluations in all later parts, however, are based on the entire data obtained at a 50 Hz sampling 

rate. The data shown here gives an overview of the friction coefficient as well as the influence 

of the abrasive particle size. For the experiments with the 5 µm slurry, small disk waviness, 

and 846 m sliding distance (5_S), frictional fluctuations appear from the beginning (0 – 50 m) 
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of the test, ranging from 0.1 to 0.3. An increase in friction coefficient is noticed after 400 m; 

the friction coefficient increases and then oscillates between 0.2 and 0.5. It is worth noting that 

although frictional fluctuations drop slightly with sliding distance, they are still considerable 

(around 0.2). The result of 5_S_50 (tested with the 5 µm slurry and small waviness for a shorter 

distance of 50 m) shows a similar trend to 5_S; frictional fluctuations start from the beginning 

of the test, ranging from 0.1 to 0.5. 

 

Figure 4.7: Friction coefficient from four experimental settings: 5_S, tested with the 5 µm 

slurry and small waviness; 5_S_50, tested with the 5 µm slurry and small waviness 

for a short distance (50 m); 13_S, tested with the 13 µm slurry and small waviness; 

13_L, tested with 13 µm slurry and large waviness. From [103] with permission. 

The friction coefficient for the experiments with the 13 µm slurry and a small disk waviness 

(13_S in Figure 4.7) exhibits a different trend than the experiments with the 5 µm slurry and 

small waviness (5_S and 5_S_50 in Figure 4.7). Apart from a decrease in friction coefficient 

for the first 20 m, frictional fluctuations mainly range from 0.2 to 0.25. The fluctuations in 

friction coefficient for 13_S is less than 1/5 compared to the tests performed with the 5 µm 

slurry (5_S and 5_S_50). The average friction coefficient for the 13_S is µ = 0.22, a bit lower 

than that for the experiments with the 13 µm slurry and increased disk waviness of around 
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7 µm (13_L), µ = 0.28. Moreover, 13_L has a more significant fluctuation in friction coefficient 

(mainly ranging from 0.2 to 0.4) than 13_S (mainly ranging from 0.2 to 0.25). 

With a sampling rate of 50 Hz, the tribological data is divided into eight zones of 45-degree 

intervals (schematic in Figure 3.9). It is possible to average the friction coefficient in each zone, 

as shown in Figure 3.9. For the results of the experiments with the 5 µm slurry and a small disk 

waviness (5_S in Figure 4.8), the friction coefficient in zone 3 is relatively high (average 

µ = 0.33) and low friction coefficient appears in zone 1 and 8 (average µ = 0.18).  

 

Figure 4.8: The friction coefficient on the disk is divided into eight zones: 5_S, tested with the 

5 µm slurry and small waviness; 13_S, tested with the 13 µm slurry and small; 

13_L, tested with the 13 µm slurry and large waviness. The maximum difference 

in friction coefficient between each zone for 5_S and 13_L is 0.2 and 0.04. The 

zones in 13_S show only little difference. From [103] with permission. 
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Similar to 5_S, the difference in friction coefficient between the individual zones is 

distinguished from 5_S_50 in Figure 4.9. The maximum difference in friction coefficient 

between each zone is up to 0.2 for 5_S and 5_S_50, but for 13_L, the value is only 0.04. In 

marked contrast to the experiments with the 5 µm slurry (5_S and 5_S_50), the friction 

coefficient of each zone for 13_S (in Figure 4.8) shows only very little difference. 

 

Figure 4.9: Friction coefficient as a function of sliding distance: 5_S_50, tested with the 5 µm 

slurry and small waviness for a short distance (50 m). The difference in friction 

coefficient between the individual zones appeared simultaneously with the onset of 

friction force. From [103] with permission. 

4.2.3 Wear 

This thesis focuses on the influence of disk waviness on disk wear. By comparing the optical 

surface topography of the disks before and after experiments, the wear at each position along 

the sliding track was precisely quantified. As shown in Figure 4.10, the wear-induced height 

losses for the experiments with the 5 µm slurry and a small disk waviness (5_S), 13 µm slurry 

and a small disk waviness (13_S), and 13 µm slurry and a large disk waviness (13_L) are shown; 

the average linear wear along the sliding track are 0.39 µm, 0.31 µm, and 1.47 µm, respectively.  

For 13_S, the wear-induced height loss on the frictional track ranges from 0.28 µm to 0.46 µm. 

A significantly different behavior is noticed for 5_S and 13_L; the wear distribution along the 
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sliding track is uneven. For 5_S, almost no height loss is present around 0°, whereas the height 

loss is close to 1 µm around 110°. Angles between 60° and 160° contribute almost 2/3 of the 

wear. Uneven wear also occurs in 13_L: Around 150° the height loss is up to 1.93 µm, while 

the lowest height loss appears around 270° (about 1.15 µm). 

 

Figure 4.10: Wear-induced height loss along the sliding track: 5_S, tested with the 5 µm slurry 

and small waviness, average wear 0.39 µm; 13_S, tested with the 13 µm slurry 

and small waviness, average wear 0.31 µm; 13_L, tested with the 13 µm slurry 

and large waviness, average wear 1.47 µm. From [103] with permission. 

4.2.4 Worn Surfaces 

Figure 4.11 presents SEM images of the areas with the highest and lowest friction coefficients 

for experiments tested with the 5 µm slurry (5_S and 5_S_50) and the 13 µm slurry with large 

waviness (13_L). The SEM images of worn surfaces were all taken in the middle of the sliding 

tracks. For 5_S, grooves appear in both the high friction area (Figure 4.11a, corresponds to 

zone 3, around 110°) and the low friction area (Figure 4.11c). The grooves in the high friction 

area are more pronounced than those in the low friction area. The contrast in the worn surfaces 

of different zones also appears for 5_S_50 (Figure 4.11b, 6d). The test of 5_S_50 was 

performed for 50 m, so the vestiges of the surface preparation still exist in the wear track (the 
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grooves vertical or approximately vertical to the sliding direction). For the grooves generated 

during the tribological experiments, the high friction area (Figure 4.11e) of 5_S_50 has more 

distinct grooves than the low friction area (Figure 4.11b). The grooves do not have a significant 

difference between the high friction area and the low friction area of 13_L in Figure 4.11c+f. 

 

Figure 4.11: SEM images of worn surfaces at different areas on the sliding track: (a) and (d) 

tested with the 5 µm slurry and small waviness (5_S), (a) is the low friction area 

around 0°(zone 1 and zone 8), (d) is the high friction area around 110° (zone 3); 

(b) and (e) tested with the 5 µm slurry and small waviness for a short distance 

(50 m), (b) is the low friction area around 110° (zone 3), (e) is the high friction 

area around 300° (zone 7); (c) and (f) tested with the 13 µm slurry and large 

waviness, (c) is the low friction area around 70° (zone 2), (f) is the high friction 

area around 150° (zone 4). From [103] with permission. 

4.2.5 Roughness Inside the Wear Tracks 

The correlation between the friction coefficient and the roughness distribution along the sliding 

track for 5_S (tested with the 5 µm slurry and a small disk waviness) and 13_L ( tested with 

the 13 µm slurry and a large disk waviness) are highlighted in Figure 4.12. Here, the roughness 

measurements were performed on the sliding track after the tribological tests. For 5_S, the 

roughness Ra along the sliding track ranges from 0.08 µm to 0.13 µm, with an average value 
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of 0.10 µm. 13_L has a relatively larger roughness Ra ranging from 0.19 µm to 0.23 µm, with 

average roughness Ra = 0.21 µm. 

 

Figure 4.12: Roughness distribution along the sliding track after tribological tests: 5_S, tested 

with the 5 µm slurry and small waviness; 13_L, tested with the 13 µm slurry and 

large waviness. From [103] with permission. 

4.3 Influence of the Contacting Surfaces’ Oscillation 

All the experiments in this chapter were conducted using the CSEM Pin-on-Disk Tribometer 

2.0 introduced in chapter 3.2.2. As described in experimental details (in chapter 3.3.3), three 

kinds of experiments were performed with different interfacial media: “Abrasive experiments” 

with 5 µm Al2O3 abrasive slurry; “LTA (lubricated to abrasive) experiments” with FVA 1 oil 

first, followed by the addition of 5 µm Al2O3 abrasive slurry after 100 m sliding distance; 

“Lubricated experiments” with only FVA 1 oil. 

In the “lubricated experiments”, two situations can occur: the first is referred to as the “well-

lubricated condition”. Here, the lubricant achieves the intended effect, resulting in stable and 

low friction coefficients with minimal fluctuations. The second situation, where adding the 
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lubricant does not yield the desired outcome, leading to friction coefficients that are either not 

sufficiently low or exhibiting significant fluctuations compared with “well-lubricated 

experiments”, is termed the “unsatisfactory-lubricated experiments”. 

4.3.1 Friction Coefficient 

The results of the friction coefficient as a function of time for four kinds of experiments are 

presented in Figure 4.13. The solid line in the graph represents the variation of the friction 

coefficient over time. The friction coefficient is derived from the average value for every meter 

of sliding distance, while the transparent shaded area indicates the statistical standard deviation, 

referred to as “frictional fluctuations” in this thesis.  

 

 Figure 4.13: Friction coefficient as a function of testing time. The solid line in the graph 

represents the variation of the friction coefficient over time. The friction 

coefficient is derived from the average value for every meter of sliding distance, 

while the transparent shaded area indicates the statistical standard deviation, 

referred to as “frictional fluctuations” in this thesis. For the “Abrasive 

experiments”, 5 ml water-based Al2O3 abrasive slurry was utilized as interfacial 

media; for the “well-lubricated” and “unsatisfactory-lubricated experiments”, 

5 ml FVA 1 was employed; the “LTA (lubricated to abrasive) experiments” 

began with lubrication using FVA 1 base oil (0-100 m), and at 100 meters, 5 ml 

of Al2O3 slurry were added to simulate the onset of abrasive wear.  
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In Figure 4.13, the “Abrasive experiments”, with only Al2O3 slurries as interfacial media, 

exhibited a consistently higher friction coefficient and more significant frictional fluctuations 

than the other experiments presented here; the friction coefficient decreased initially before 

increasing, ranging from 0.11 to 0.21 (frictional fluctuations up to around 0.2). The “well-

lubricated experiments” had an average friction coefficient of around 0.03 and frictional 

fluctuations of around 0.01. In the “unsatisfactory-lubricated experiments”, the friction 

coefficient ranged from 0.3 to 0.7, and the frictional fluctuations were notably more 

pronounced compared to the “well-lubricated experiments”, with a value of approximately 0.13. 

In the “LTA experiments”, during the well-lubricated condition (0-2000 s) with only FVA 1 as 

the interfacial media, the friction coefficient was observed to be approximately 0.01 and 

maximum frictional fluctuations of around 0.005; upon adding Al2O3 slurry after 2000 s, the 

friction coefficient sharply increased to around 0.17 and demonstrated maximum frictional 

fluctuations of around 0.018.  

4.3.2 Periodic Frictional Data 

Figure 4.14 presents the frictional data from the “LTA experiments”; a 3D visualization of the 

friction coefficient over time and position is found in Figure 4.14a. The friction coefficient 

sharply increased after adding Al2O3 slurry at 2000 s. Figure 4.14a compares the angle-

resolved friction coefficient between the lubricated condition (800-1200 s) and the abrasive 

wear (2200-2600 s). The friction coefficient in the abrasive wear state ranges from 0.07 to 0.11, 

whereas the friction coefficient in the lubricated condition ranges from 0.0119 to 0.0125. In 

Figure 4.14b, the angle-resolved friction coefficient shows a similar trend for lubricated and 

abrasive wear conditions. Figure 4.14c depicts the 3D visualization for abrasive wear (2200-

2600 s) conditions; the plot highlights the periodic fluctuations of the friction coefficient along 



4.3 Influence of the Contacting Surfaces’ Oscillation 63 

 

63 

 

the sliding track, with two localized regions (centered around 80° and 210°) exhibiting higher 

friction coefficients than other regions.  

 

Figure 4.14: Frictional data from “lubricated to abrasive (LTA) experiments”: (a) 3D 

visualization of friction coefficient; (b) angle-resolved friction coefficient at well-

lubricated condition (1200-1600 s) and abrasive wear (2200-2600 s); (c) 3D 

visualization of friction coefficient at abrasive wear (2200-2600 s); 

4.3.3 Disk Waviness Profile, Friction Coefficient, and Slope Angle 

To investigate the relationship between the disk waviness profile and the friction coefficient, 

Figure 4.15a compares the angle-resolved friction coefficient for abrasive wear (2200-2600 s) 

and the disk waviness profile from the “LTA experiments”. The frictional fluctuations along 

the sliding track exhibit a similar trend compared to the disk waviness profile irregularities, 

although there is a slight shift in the location of the two peaks. 
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Figure 4.15: (a) The angle-resolved friction coefficient at abrasive wear (2200-2600 s) from 

the “LTA experiments” was compared with the disk waviness profile; (b) the disk 

waviness profile from the “LTA experiments” is displayed along with its slope 

angle, the evaluation of slope angle on disk waviness profile is given in Figure 

3.10b. 

In Figure 4.15b, the disk waviness profile from the “LTA experiments” is displayed along with 

its slope angle (the evaluation of the slope angle on the disk waviness profile is given in Figure 

3.11b). The slope angle of the disk waviness profile represents the variation in the angle 

between the front and back contours of each point on the sliding track. The maximum slope 

angle for the disk in the “LTA experiments” is only approximately 0.012 degrees.  

In Figure 4.16, the disk waviness profile is compared to the angle-resolved friction coefficient 

(0-50 m) of “well-lubricated” and “unsatisfactory-lubricated” experiments and their repeats. 

The locations of certain peaks in the friction coefficient along the sliding track roughly coincide 

with the locations of peaks in the disk waviness profile, for example, L3, L4, and L5 in 

Figure 4.16. However, this alignment does not always occur consistently, for example L1 and 

L2 in Figure 4.16. 
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Figure 4.16: Disk waviness profile and angle-resolved friction coefficient (0-50 m) for 

lubricated experiments, all the experiments were performed with the same settings: 

(L1) “well-lubricated experiments” corresponding to the data in Figure 4.13; (L2) 

“unsatisfactory-lubricated experiments” corresponding to the data in Figure 4.13; 

(L3-L5) repeats of the lubricated experiment.  

A similar trend is found for “abrasive experiments” and their repeats in  Figure 4.17. All the 

disks in Figure 4.15-17 were prepared according to the standard outlined in chapter 3.1. The 

height difference along the 132 mm sliding track for all disks in Figure 4.15-16 and  

Figure 4.17 remains within 2 µm, representing about the minimum achievable value in 
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our laboratory. However, it can be observed that none of the disks’ waviness profiles are 

identical to each other; in fact, it can be said that each disk has a unique waviness profile. 

 

Figure 4.17: Disk waviness profile and angle-resolved friction coefficient (0-50 m) for 

“abrasive wear experiments”; all experiments were done with the same settings: 

(A1) abrasive wear experiment corresponding to the data in Figure 4.13; (A2-A5) 

repeats of “abrasive wear experiments”. 
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4.3.4 Oscillation of the Contacting Surfaces, Friction Coefficient, and Z-score 

The oscillation of the contacting surfaces in this thesis arises from the tilt of the disk mounting; 

evaluation details are shown in chapter 3.4.9. The comparison between the oscillation of the 

contacting surfaces and the angle-resolved friction coefficient (0-50 m) for “LTA experiments” 

is given in Figure 4.18. The black curve exhibits a maximum difference of 4 µm, representing 

the impact of disk mounting tilt and machine vibrations, resulting in a 4 µm height difference 

during each disk revolution. Consequently, during the tribological contact, the contacting 

surfaces oscillate in accordance with the black curve, giving rise to what we refer to as the 

“oscillation of contacting surfaces”. 

 

Figure 4.18: The comparison between oscillation of contacting surfaces and angle-resolved 

friction coefficient (0-50 m) for “LTA experiments”, corresponding to the data in 

Figure 4.15. The black curve exhibits a maximum difference of 4 µm, 

representing that during tribological contact, surfaces would oscillate with an 

amplitude of 4 µm. The schematic of oscillation due to mounting tilt is from 

Figure 3.10. 

The comparison between the oscillation of the contacting surfaces and the angle-resolved 

friction coefficient (0-50 m) of “well-lubricated” and “unsatisfactory-lubricated” experiments 

is given in Figure 4.19; no direct correlation can be seen.  
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Figure 4.19: Oscillation of the contacting surfaces and angle-resolved friction coefficient (0-

50 m) for lubricated experiments, corresponding to the data in Figure 4.16: (L1) 

“well-lubricated experiments” with corresponding to the data in Figure 4.13; (L2) 

“unsatisfactory lubricated experiments” with corresponding to the data 

Figure 4.13; (L3-L4) repeats of “well-lubricated experiments”; (L5) repeats of 

“unsatisfactory lubricated experiments” 

For “abrasive wear experiments” as well as for their replicates in Figure 4.20, no obvious 

correlation can be seen between the oscillation of the contacting surfaces and the angle-

resolved friction coefficient. For all experiments in Figure 4.18-20, the disk mounting followed 

the same procedure and standard as outlined in chapter 3.2.2. The total height difference on 
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the 132 mm sliding track was also strictly limited to a maximum of 4 µm (the lowest 

achievable value within our laboratory). Each individual experiment depicted in 

Figure 4.18-20 exhibits its own distinct oscillation pattern. 

 

Figure 4.20: Oscillation of the contacting surfaces and angle-resolved friction coefficient (0-

50 m) for “abrasive wear experiments”, corresponding to the data in Figure 4.17: 

(A1) corresponding to the data in Figure 4.13;  (A2-A5) repeats of “abrasive wear 

experiments”, 



70 4 Results 

    

70 

 

To investigate the potential correlation between the oscillation of the contacting surfaces and 

the friction coefficient, the Z-score of the friction coefficient for each sector along the sliding 

track (the 132 mm circular sliding track was divided into 120 sectors) was calculated. The 

computation details of the Z-score can be found in chapter 3.4.11. The Z-score adeptly reflects 

the extent to which the friction coefficient in each sector along the sliding track deviates from 

the mean friction force across the entire sliding track. When a sector has a friction coefficient 

surpassing the average, its Z-score manifests as positive, and this Z-score increases with greater 

deviations in the friction coefficient. 

The Z-score of the friction coefficient for each sector from the eleven experiments in 

Figure 4.18-20 was calculated, resulting in a total of 1320 Z-scores. Additionally, the slopes of 

the oscillation curves (oscillation of the contacting surfaces in Figure 4.18-20) for 1320 sectors 

were also evaluated and then plotted against these Z-scores, as shown in Figure 4.21; the 

friction coefficient of the sectors that deviates by one standard deviation from the mean 

(absolute Z-score greater than one) are highlighted in red.  In Figure 4.21, within sectors 

characterized by a positive Z-score, 72% of them display a negative slope of oscillation; in 

sectors with a negative Z-score, 62% of them show a positive slope of oscillation. Furthermore, 

when the Z-score exceeds one, 92% of sectors demonstrate a negative slope of oscillation; 

whereas when the Z-score is less than -1, 93% of sectors display a positive slope of oscillation. 
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Figure 4.21: Friction coefficient Z-score as a function of oscillation slope, the figure contains  

1320 sectors’ data from 11 experiments; absolute Z-scores greater than 1 are 

highlighted with red color. The Z-score adeptly reflects the extent to which the 

friction coefficient in each sector along the sliding track deviates from the mean 

friction force across the entire sliding track. When a sector has a friction 

coefficient surpassing the average, its Z-score manifests as positive, and this Z-

score amplifies with greater deviations in friction coefficient. 

4.3.5 Worn Surfaces 

To reveal the effect of friction on wear, the confocal images of the disks’ worn surfaces from 

the “unsatisfactory-lubricated experiments” are presented in Figure 4.22b+c, along with the 

corresponding angle-resolved friction coefficient (0-50 m) in Figure 4.22a. It is important to 

note that the images were taken at the same sliding radius but at different sectors along the 

sliding track. The results indicate different worn surfaces along the sliding track, as evidenced 

by abrasive grooves in Figure 4.22b+c. The high friction area at around 180° exhibits more 

pronounced grooves in the sliding direction (in Figure 4.22c) than the low friction area depicted 

in Figure 4.22b. 
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Figure 4.22: (a) angle-resolved friction coefficient for the “unsatisfactory-lubricated 

experiments”; (b) confocal image of the high friction area around 180°; (b) 

confocal image of low friction area around 0°. The confocal images in (b) and (c) 

were taken at the exact same sliding radius. 

4.3.6 Time-frequency Analysis 

Chapter 4.3.2 showcases the periodic data observed in “LTA experiments”, where the friction 

coefficient undergoes periodic variations over time. To investigate the frequencies within these 

periodic variations and explore potential correlations with tribological behavior, in Figure 4.23, 

a time-frequency analysis was conducted on the tribological data acquired from the “LTA 

experiments” depicted in Figure 4.13. In the spectrogram, the x-axis represents time, and the 

y-axis represents frequency. The spectrogram visualizes the evolution of different frequency 

components in the tribological data over time. The color in the spectrogram conveys the power 

of the signal at different frequencies. The sliding speed in the experiment was 50 mm/s, and 
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the sliding track covered 132 mm. Consequently, the corresponding frequency of the sliding 

speed was 0.38 Hz. 

 

Figure 4.23: Time-frequency analysis of friction coefficient obtained from the “LTA 

experiments”: (a) friction coefficient as a function of time for the “LTA 

experiments”; (b) spectrogram of friction coefficient. The spectrogram visually 

shows the evolution of different frequency components in the tribological data 

over time. The color in a spectrogram conveys the power of the signal at different 

frequencies. 

Figure 4.23a shows the variation of the friction coefficient over time for “LTA experiments”. 

By applying the short-time Fourier transform (STFT, details are given in chapter 3.4.12) to the 

data in Figure 4.23a,  a time-frequency spectrogram of the friction coefficient was obtained, as 

illustrated in Figure 4.23b. Stable frequency bands are observed from the beginning to around 

2000 s, e.g., a natural frequency of 0.38 Hz and a continuous band at around 6 Hz, except for 

some noise around 300 s. After adding the abrasive slurry at around 2000 s, the friction 

coefficient in Figure 4.23a suddenly increases; discrete frequency bands in Figure 4.23b are 
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significantly intensified, and a continuous vertical spectrum of the frictional signals is observed 

immediately after adding the abrasive slurry. 



 

 

 

5 Discussion 

5.1 Mechanisms of Abrasive Wear 

5.1.1 Friction 

In the multi-step experiments conducted with the 5 µm slurry as the interfacial medium, a 

decrease in friction coefficient of around 0.22 was observed with increasing sliding speed (see 

Figure 4.1), combined with a significant relative variation in film thickness of around 15%. 

Such speed-induced hydrodynamic effects are common in the literature, whether the interfacial 

media are oil-based lubricants [121–125] or abrasive slurries [56,57]. At low speeds (50 mm/s 

– 80 mm/s), the film thickness only changes 1% with increasing speed. The load is mainly 

carried by particles between the frictional surfaces, so the friction coefficient is only slightly 

decreasing by around 0.03 with speed in this low speed regime (50 mm/s – 80 mm/s). This is 

an indication of “boundary lubrication ” at low speeds for the multi-step experiments [126,127]. 

When the sliding speed is higher (200 mm/s – 400 mm/s), a 14% increase in film thickness was 

measured. This points to “mixed lubrication”, where the lubricant film is still thin compared to 

hydrodynamic lubrication but thicker than in boundary lubrication [18,128,129]. The 

increasing film thickness can help separate contact asperities and partially carry the tribological 

load [128,130]. At this point, the load is supported by both particles and the solvent in the 

slurry, which leads to a significant drop in friction coefficient at high speeds (200 mm/s – 

400 mm/s). Similar to previous research using abrasive slurries as an interfacial medium 

[131,132], pure “hydrodynamic lubrication” – a full separation of contacting surfaces resulting 

in very low friction coefficients – is not observed in our experiments.  



76 5 Discussion 

    

76 

 

For the multi-step experiments with the 13 µm slurry, both friction coefficient and film 

thickness did not change much with sliding speed, see Figure 4.1. The initial separation 

between the frictional surfaces is 13 µm when working with the 13 µm slurry as interfacial 

medium, which is 2.6 times the separation for the 5 µm slurry. On the one hand, the large initial 

film thickness will make the speed-induced thickness change negligible; on the other hand, the 

wide gap will also make it difficult to build up enough hydrodynamic pressure to carry the 

tribological load. This is why the gap between the frictional surfaces remains rather constant. 

With speed increasing from 50 mm/s to 400 mm/s, this study observes only little change in 

film thickness and friction coefficient during the multi-step experiments. This demonstrates 

that particle size plays an essential role under lubricated conditions. Larger particles between 

frictional surfaces hinder the generation of sufficient hydrodynamic pressure to separate the 

two contacting bodies. 

5.1.2 Wear Mechanisms 

In Figure 4.3 and Figure 4.4, wear analyses were performed for the samples utilized in constant 

speed experiments and the 5 µm slurry. As the experiments were carried out in bath conditions 

for the slurries, there were always sufficient particles between the frictional surfaces. The size 

of the particles in the slurry (5 µm) is a factor of one order of magnitude higher than the flatness 

(pin ≤ 0.6 µm, disk ≤ 1 µm) and roughness (pin: Ra = 0.02 to 0.04 µm, disk: Ra = 0.08 to 

0.12 µm) of the frictional surfaces, which indicates that a solid contact was formed primarily 

between particles and sample surfaces. In other words, there was no direct tribological contact 

between the pin and the disk. The indents and grooves on the worn surfaces (Figure 4.3 and 

Figure 4.4) most likely were generated by the particles. The results of the SEM examinations 

in Figure 4.3 show that, from the beginning (10 m) to the end (846 m) of the tribological 

experiments, deeper grooves are observed for the 50 mm/s experiments (Figure 4.3a-c) and 
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Figure 4.4a-c)) and more indents appear on the surfaces for the 400 mm/s experiments (Figure 

4.3d-f) and (Figure 4.4d-f). The dependence of the wear mechanisms on the sliding speeds is 

clarified by using the model from Williams and Hyncica. This model illustrates the transition 

from sliding to rolling to be associated with a critical ratio d/h, where d is the particle size and 

h is the gap between pin and disk. In their work, an increase in particle size or decrease in film 

thickness led to more particles sliding on the surface, which resulted in the generation of 

grooves on the worn surface. In contrast, a small ratio of d/h allows particles to roll or tumble 

between the surfaces, associated with characteristic indentations on the surfaces showing slight 

directionality. In our experiments, the particle size d is constant and narrowly distributed (see 

Figure 3.2). A speed-induced hydrodynamic effect determines the film thickness h (h = d+∆h).  

Based on the results presented in Figure 4.1, the increase in film thickness reaches values up 

to 14% when the sliding speed increases from 50 mm/s to 400 mm/s. The large film thickness 

at 400 mm/s allows more particles to roll between the pin and the disk (in Figure 5.1a), while 

at 50 mm/s particles are more inclined to cut or groove (Figure 5.1d).  This phenomenon is 

consistent with the literature’s description of the transition from two-body abrasion to three-

body abrasion [16,39] or grooving abrasion to rolling abrasion [133]. An increase in speed 

(50 mm/s to 400 mm/s) can lead to an increase in film thickness and finally change how the 

particles move through the contact (see schematics in Figure 5.1c+d). 
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Figure 5.1: Two distinct worn surfaces generated by particles in different kinematic states and 

their schematics: (a) Heavily grooved surface at 50 mm/s by two-body abrasion; (b) 

The scattered indented surface at 400 mm/s by three-body abrasion; (c) Schematic 

of two-body abrasion in the lubricated contact; (d) Schematic of three-body 

abrasion in the lubricated contact. From [120] with permission. 

Another observation further strengthens this hypothesis: In several SEM images, a periodic 

pattern of indents was found on the samples’ surfaces after high speed (400 mm/s) experiments. 

Figure 5.2a shows a SEM image of a disk’s surface after 846 m of sliding at 400 mm/s. Here, 

two distinctly different shapes of indents alternately appear along the sliding direction. As 

shown in the schematic of a single particle indentation process (Figure 5.2b), it is easy to 

imagine particles with large aspect ratios, or that are less sharp in a specific direction, that 

would create such periodic patterns of indents. Although the typical worn surface of three-body 

abrasion has been widely studied [44,134], such a trajectory of an individual rolling particle 

was seldom reported. The observation in Figure 5.2a provides strong evidence suggesting that 

the indentations on the abrasive worn surface are likely generated by the rolling of abrasive 

particles, indicative of three-body abrasion. 
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Figure 5.2: Periodic pattern of indents: (a) SEM image of a disk after 50 m of sliding at 

400 mm/s, a periodic pattern of indents is observed; (b) Schematic of periodic 

indentation generation in Figure 5.2a, a single particle rolls along the sliding 

direction. From [120] with permission. 

To understand the processes behind such changes in wear mechanisms further, cross-sectional 

investigations of the tribologically deformed subsurface microstructures were performed 

(Figure 4.5). A cross-section of the worn surface at 50 mm/s (Figure 4.5a) shows no 

recognizable subsurface deformation when the sliding distance is 50 m (Figure 4.5a). Only a 

few subsurface cracks are observed even if the sliding distance is at its maximum value of 

846 m (Figure 4.5b). The limited amount of subsurface cracks (highlighted with an arrow in 

Figure 4.5b inside the groove might be the result of small particles that were able to roll inside 

the groove [135]. Perceptible ridges in Figure 4.5a+b were formed by the displacement of 

material due to plastic deformation [136,137]. The predominant wear mechanism at 50 mm/s 

is two-body abrasion, and the material is removed from the contact by microcutting and 

microploughing. 

In contrast to the cross-sections at 50 mm/s, a considerable amount of cracks is observed 

already at the beginning of the tests at 400 mm/s and for 50 m of sliding (Figure 4.5c). As the 
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sliding distance increases to 846 m, a very high defect density in the subsurface material is 

observed at a depth of around 200 nm to 650 nm. When the sharp edges of the particles (see 

Figure 3.2b) indent the surface during the rolling process (Figure 4.5d), each contact can be 

interpreted as an indentation. Based on earlier research [138–142], such sharp indentation 

generates a localized plastic deformation zone and material displacement beneath the 

indentation contact. Lots of particles rolling between the contact’s gap might result in cyclic 

loading and unloading of the surface, creating a series of closely spaced indentations and 

fatigue. As shown in Figure 4.5d, a period of repeated elastic-plastic loading would certainly 

cause microstructural changes [143–146] together with cyclic softening or hardening, leading 

to crack formation and propagation in the plastic deformation zone below or at the surface, 

which eventually can lead to surface fatigue. The indented surface along with the fractured 

subsurface, are very similar to what previous researchers have observed [16,36,147–151], who 

also noted surface fatigue. Since subsurface cracks occurred already at the early stages (50 m 

of sliding), surface fatigue might make the materials vulnerable to removal during subsequent 

impacts. As a consequence, with particles’ kinematics changed due to the speed induced 

hydrodynamic effect, surface fatigue might be a determinant factor for the wear at 400 mm/s.  

A reference experiment was performed using the 13 µm slurry at 400 mm/s. This experiment 

aimed to demonstrate that subsurface cracks are not caused by high sliding speeds (400 mm/s) 

but rather by surface fatigue resulting from particle indentation in three-body abrasion. Here, 

the tribological system cannot benefit from hydrodynamic pressure because of the big particle 

size in the slurry (see Figure 4.1), so the dominant wear mechanism is two-body abrasion in 

Figure 5.3a. The subsurface in Figure 5.3b only shows a few subsurface cracks.  
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Figure 5.3: Pin after testing with the 13 µm slurry at 400 mm/s: (a) SEM image of the worn 

surface; (b) Cross-sectional SEM image of the worn surface, only one crack is 

overserved. From [120] with permission. 

5.1.3 Wear 

To the best of our knowledge, the majority of published research reported that three-body 

abrasion generates less wear compared to two-body abrasion 

[16,32,34,36,39,41,43,44,134,152]. However, the wear results in Figure 4.2 have at least two 

aspects which are not easy to grasp: First, the total amount of wear for the high speed (400 mm/s, 

three-body abrasion) and the low speed (50 mm/s, two-body abrasion) experiments is almost 

identical; while, second, the wear distribution between pin and disk is inverted (see 

Figure 4.2b). 

As stated in the literature, abrasion of a metal involves a certain minimum strain energy 

sufficient to saturate the material’s capacity for work hardening under tribological loading 

[153]. This energy, for some metals at least, happens to be close to the melting energy. 

Therefore, an energetic approach might be an effective way to explain our wear results [154]. 

The dissipated energy E in a tribological contact is calculated as the work done by the frictional 

force F. For each sliding distance ∆x, the dissipated energy ∆E can be calculated following 

Equation (5.1). 
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 ∆𝐸 =  ∫ 𝐹 𝑑𝑥

∆𝑥

0

 (5.1) 

 𝑃 =  
𝐸

𝑡
 (5.2) 

The total dissipated energy E for a sliding distance of 846 m in the constant speed experiments 

is calculated by following Equation (5.1). Then, the frictional power P is calculated from E and 

the testing time t, as shown in Equation (5.2).  

Table 2: Wear results for experiments with the 5 µm slurry at constant speeds after a sliding 

distance of 846 m. Total wear refers to wear from both pin and disk. Dissipated energy 

and frictional power are calculated using Equation (5.1) and Equation (5.2), 

respectively. From [120] with permission. 

Speed (mm/s) Total wear (mg) 
Dissipated energy 

(J) 

Frictional power 

(mW) 

50 3.34 447 26.4 

400 3.56 170 80.6 

 

The results for the dissipated energy and the frictional power for the constant speeds 

experiments after 846 m of sliding are presented in Table 2. Due to a hydrodynamic effect, the 

dissipated energy decreases from 447 J at 50 mm/s to 170 J at 400 mm/s. However, if the 

experiments’ run times are taken into account, the frictional power at 400 mm/s is three times 

the one at 50 mm/s. The combination of high frictional power and fatigued subsurface material 

might exacerbate the wear on the frictional surfaces at 400 mm/s, causing the total amount of 

wear observed after sliding at 400 m/s to be almost the same as after sliding at 50 mm/s – 

despite the lower friction coefficient. Frictional power – or the rate of energy dissipation – 

appears to play a key role in the generation of abrasive wear during abrasive experiments. 
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Another question that remains is why at 400 mm/s the wear of the pin increases and the wear 

of the disk decreases compared to experiments at 50 mm/s. As discussed above, surface fatigue 

generated by indentations is an essential factor for the wear performance during the 

experiments at higher speeds. Possibly, the contact area A could play an essential role, as 

different indent densities would induce variable levels of subsurface deformation. The contact 

area of the pin has a 7.33 mm diameter circular shape, maintaining continuous tribological 

contact with the disk. In contrast, the disk's contact area has a 132 mm circular diameter sliding 

track, where only the region in contact with the pin has tribological interactions at each point 

in time. Thus, the dissipated power density ρ might be an important parameter when it comes 

to finding an explanation for the different reactions of pin and disk to a speed-induced change 

of wear mechanism, as it has previously already been used to compare tribological pairs with 

different contact areas [155]. The dissipated power density ρ is defined as the ratio between the 

frictional power and the contact area A: 

 
𝜌 =  

𝑃

𝐴
 (5.3) 

For our pin-on-disk experiments, the pins’ contact area is in permanent contact, while any given 

point on the disk is only in intermittent contact. The disks’ contact area is almost 23 times that 

of the pins’, which means the dissipated power density for the pin is as well higher than that of 

the disk. When – as assumed – surface fatigue dominates the wear generation at 400 mm/s, a 

high dissipated power density will most likely result in more severe wear conditions for the pin 

when compared to experiments run at 50 mm/s — resulting in a higher material loss due to 

fatigue. Contrarily to this effect, the disks’ wear decreases at 400 mm/s compared to 50 mm/s 

as the dissipated power density is not sufficient to cause a completely fatigued surface on the 

disk. 
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This line of thinking can not only be supported by the fact that in Figure 4.3f, a more severely 

fatigued surface is observed than in Figure 4.4f, but also by a cross-sectional SEM image of 

the disk after 846 m at 400 mm/s (Figure 5.4), where fewer cracks are observed as compared 

with the pin (see Figure 4.5). 

 

Figure 5.4: Cross-sectional SEM image of the disk after testing for 846 m at 400 mm/s; few 

cracks can be observed. From [120] with permission. 

Despite having unraveled the mechanisms of abrasive wear, some of our findings might still 

have puzzling aspects. Specifically, the multi-step speed experiments presented in Figure 4.1 

raise questions about why the friction coefficient for the 13 µm slurry remains highly stable 

with minimal fluctuations at all speeds, while the 5 µm slurry experiments exhibit significant 

fluctuations in friction coefficient. Another interesting trend is in the constant speed 

experiments with the 5 µm slurry, as shown in Figure 4.2: The friction coefficient at 400 mm/s 

displays lower fluctuations than that at 50 mm/s. The following section will embark on 

shedding light on these aspects. 
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5.2 Waviness Affects Friction and Abrasive Wear 

In line with previous reports [2,4,63], frictional fluctuations also occur with abrasive wear in 

our data (in Figure 4.1, Figure 4.2, and Figure 4.7). In this section, the reason for the friction 

coefficient fluctuations is addressed. This is followed by a direct comparison between the 

distribution of the friction coefficient along the disk sliding track with the roughness 

distribution, waviness profile, and wear. 

To investigate the influence of waviness on abrasive wear, four experimental setups were 

designed, denoted by abbreviations: 5_S, 13_S, 13_L, and 5_S_50. Here, 5 and 13 correspond 

to the abrasive particle size, specifically 5 µm and 13 µm. The letter “S” represents the disks 

with a small waviness (Wt ≤ 2 µm), while “L” represents the disks with a large waviness 

(Wt ≥ 7 µm).  

5.2.1 Frictional Fluctuations 

In Figure 4.8, the tribological data of the experiments is divided into eight zones; the results 

strongly suggested that fluctuations in friction coefficient for 5_S, 5_S_50, and 13_L are due 

to inconstant friction coefficient along the sliding track. Some areas on the disk obviously lead 

to higher friction, for example, zone 3 on 5_S; some areas result in a locally lower friction, e.g., 

zones 7 and 8 on 5_S. The inconstant friction coefficient along the sliding track has not been a 

focus of attention in most tribological studies, and only a few publications reported such a 

phenomenon, and these that do, do not attempt to speculate about the root cause for this 

phenomenon. [111,156,157]. 

However, dividing the tribological data from the experiments into eight zones is insufficient 

for identifying the reasons behind the inconsistent friction coefficient along the sliding track. 
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To elucidate what could be the reason for inconstant friction along the sliding track for tests 

with the 5 µm slurry and small waviness (5_S), in Figure 5.5, the average friction coefficient 

along the entire disk’s wear track (in Figure 4.8) is compared to the roughness distribution and 

the waviness profile (in Figure 4.6), respectively. The entire sliding track (360°) is divided 

equally into 120 segments when evaluating the average friction coefficient, and the average 

friction coefficient of each segment is the average for the next 3°. e.g., the friction coefficient 

at x = 0° (as plotted) is the average friction coefficient between 0° and 3°. 

 

Figure 5.5: Comparing friction coefficient (0-846 m, in Figure 4.8) with roughness distribution 

and waviness profile (in Figure 4.6) for 5_S, tested with the 5 µm slurry and small 

waviness: (a) friction coefficient & roughness distribution; (b) friction coefficient 

& waviness profile. From [103] with permission. 

For 5_S (Figure 5.5a), there is no visible correlation between friction coefficient (0-846 m) and 

roughness. By contrast, there is a partial correlation between friction coefficient (0-846 m) and 

disk waviness profile in Figure 5.5b. The friction coefficient is the highest where the waviness 

profile has maximum height. A "hill" of around 2 µm height increases the friction 

coefficient by 91%. The impact of these "2 µm" is astonishing, given our utmost efforts to 

control waviness, maintaining it at less than 2 µm on such a long sliding track (132 mm). Even 

within the highly precise semiconductor manufacturing, as exemplified by the 7 nm node 

lithography process, the tolerated height difference on a 300 mm wafer is merely below 5 µm 
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[158]. So, if a 132 mm sliding track has a height difference of only 2 µm, it is typically 

considered “flat” in tribology. However, this thesis has discovered that even such a tiny 

difference can dominate tribological behavior, which is a point often overlooked by tribologists 

and deserves broader attention in the future. Similar results are obtained when testing with a 

5 µm slurry and small waviness for a short distance (5_S_50 in Figure 5.6) and a 13 µm slurry 

and a large waviness (13_L in Figure 5.6).  

  

Figure 5.6: Comparing the waviness profile in Figure 4.6 and friction coefficient (0-846 m) in 

Figure 4.8 for 5_S_50 and 13_L: 5_S_50, tested with the 5 µm slurry and small 

waviness; 13_L tested with the 13 µm slurry and large waviness. From [103] with 

permission. 

When making use of disks with a small waviness (Wt ≤ 2 µm), fluctuations in friction 

coefficient (of around 0.2) were only observed for experiments with the 5 µm slurry (5_S and 

5_S_50 in Figure 4.7), while friction coefficient fluctuations in experiments with the 13 µm 

slurry (13_S in Figure 4.7) are less than 0.05.  

The question, therefore, arises whether this behavior is caused by the fact that smaller slurry 

particles are more sensitive to the waviness profile, thereby leading to higher fluctuations in 

friction coefficient. With this question in mind, base bodies (e.g., 13_L) with intentionally 

higher waviness (Wt = 7.24 µm) were tested with the 13 µm slurry. By comparing the average 



88 5 Discussion 

    

88 

 

friction coefficient along the sliding track and the waviness profile for the experiments 

conducted with the 13 µm slurry and increased waviness (13_L), one can infer that at locations 

on the disks where the waviness profile shows a positive slope (of the “hills”), the friction 

coefficient also increases. When Wt is increased from 1.56 µm (13_S) to 7.24 µm (13_L), the 

base bodies’ waviness profile shows an influence on the friction behavior when tested with the 

13 µm slurry. This underlines that for abrasive conditions with small abrasive particles (5 µm 

slurry), the waviness profile has a much more pronounced influence compared to systems 

where the abrasive particles are larger (13 µm slurry).  

The above results and discussion sheds light on the two questions raised at the end of chapter 

5.1 regarding the results in Figure 4.1 and Figure 4.2, “why the friction coefficient for the 13 

µm slurry remains highly stable with minimal fluctuations at all speeds that have been tested, 

while the 5 µm slurry exhibits significant fluctuations, especially at lower speeds?”  

• When using small abrasive particles (5 µm slurry), the frictional fluctuations are more 

pronounced than with the 13 µm slurry. This is attributed to the stronger influence of 

the waviness profile for small abrasive particles. Particle size determines the separation 

distance of the contact bodies. As the particle size increases, a relatively larger 

separation distance causes the smaller irregularities on the surface asperities to have a 

less pronounced impact on the tribological properties. 

• As for the 5 µm slurry, at low speeds (50 mm/s – 80 mm/s), the film thickness does not 

change much with increasing speed. The load is carried by particles between the 

frictional surfaces, indicating boundary lubrication-like conditions, making the 

influence of disk surface topography (waviness) on the friction behavior particularly 

significant, resulting in large frictional fluctuations at low speeds. However, at high 

speeds (200 mm/s – 400 mm/s), a 14% increase in film thickness aids the separation of 
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the contacting asperities and partially carries the tribological load (as shown in Figure 

4.1 and discussed in section 5.1.1). Therefore, using a 5 µm slurry as an interfacial 

medium, the frictional fluctuations significantly decrease at higher speeds. 

5.2.2 Wear 

In most cases, friction has a strong influence on wear during tribological loading [1]; 

consequently, frictional fluctuations are also expected to influence wear. In Figure 4.10, the 

wear of 5_S (tested with the 5 µm slurry and a small disk waviness) and 13_L (tested with the 

13 µm slurry and a large disk waviness) is more uneven than that of 13_S (tested with the 

13 µm slurry and a small disk waviness). To elucidate the relationship between fluctuations in 

friction coefficient and uneven wear along the sliding track, the wear-induced height loss along 

the sliding track (Figure 4.10) is directly compared to the friction coefficient for 5_S, 13_S, 

and 13_L (Figure 4.8) in Figure 5.7.   
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Figure 5.7: Comparing friction coefficient (0-846 m,  in Figure 4.8) with wear-induced height 

loss (from Figure 4.10) for 5_S, tested with the 5 µm slurry and small waviness; 

13_S, tested with the 13 µm slurry and small waviness; 13_L, tested with the 13 µm 

slurry and large waviness. From [103] with permission. 

For 5_S and 13_L, it is apparent that most of the wear occurred in the areas with the highest 

friction coefficient. There is a very clear and close correlation between the friction coefficient 

and the height loss in both cases. In contrast, for 13_S, the friction coefficient is almost constant 

over the entire sliding radius, and the same can – with a grain of salt – also be said about the 

height loss. These results indicate that fluctuations in friction, together with increased base 

body waviness, correlate with uneven wear along the sliding track. 

In Figure 5.8, the friction coefficient for the last 50 m of the tests (790-840 m, Figure 4.8) and 

the roughness Ra along the sliding track after the test (Figure 4.12) are compared for 5_S and 

13_L. A clear correlation is seen between in-track roughness distribution and friction 
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coefficient. This data demonstrates the intricate feedback mechanisms between waviness, wear, 

friction coefficient, and surface roughness. The SEM images of the worn surfaces presented in 

Figure 4.11 also support this line of thought. For experiments tested with a 5 µm slurry and 

small waviness (5_S), the portion of the disks with a higher friction coefficient (around 110°) 

shows more distinct grooves than the parts of the disks with a lower average friction coefficient 

(around 0°), which also correlates with the roughness profile presented in Figure 5.8. This 

difference in surface morphology is observed from early on in the tests (5_S_50, 50 m, 

Figure 4.11b) and until the end of the experiments (5_S, 846 m, Figure 4.11c). This indicates 

that the influence of friction on the worn surface exists from the very beginning and persists 

until the end of the experiment. 

 

Figure 5.8: Comparing roughness Ra along the sliding track after test (Figure 4.12) and friction 

coefficient in the later phases (790 - 840 m, in Figure 4.8): 5_S, tested with the 5 

µm slurry and small waviness; 13_L, tested with the 13 µm slurry and large 

waviness. From [103] with permission. 

In contrast and owing to the stable friction coefficient of experiments tested with the 13 µm 

slurry and small waviness (13_S), the worn surface in different areas shows very little 

difference, as shown in Figure 5.9. For 13_L, the worn surfaces in high friction and low friction 

zones again do not show significant differences; this is due to the fact that the friction 

differences in these regions are not as large as for 5_S and 5_S_50 and thereby do not cause 
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significantly different worn surfaces. This is another indication that fluctuations in friction 

coefficient result in differently worn surfaces. 

 

Figure 5.9: SEM images of 13_S, tested with the 13 µm slurry and small waviness; friction 

coefficient was comparable along the sliding track: (a) around 0° (the boundary 

between zone 1 and zone 8) ;(b) 180° (the boundary between zone 4 and zone 5). 

From [103] with permission. 

Owing to the complexity of any waviness profile, simple scalar quantities like Ra and Wt can 

only be first order approximations when it comes to the effect that the whole profile has on the 

properties of the tribological system, even if these scalar quantities (e.g., Ra and Wt) are 

commonly used to define surface topography during a manufacturing process. Our data 

strongly suggests that apparent friction coefficient fluctuations, as they are most prevalent in 

literature, are the result of a variation in friction coefficients along the sliding track. These 

fluctuations are themselves the result of the waviness profile. Finally, this also leads to uneven 

wear on the loaded surfaces.  

While it is somewhat surprising to discover that such minor deviations (as a 2 µm height tiny 

“hill” along a 132 mm sliding track) in the waviness profile does increase the friction 

coefficient by 91%, as demonstrated in Figure 5.5b, the relationship between the waviness 

profile and the tribological behavior is intricate and non-monotonic. In other words, the friction 

coefficient does not consistently respond to each hill in the waviness profile. For example, 
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5_S_50 in Figure 5.6 depicts a waviness profile with two peaks, and the friction coefficient 

along the sliding track only exhibits a single peak. What other factors influence how friction 

reacts to waviness profiles? The following section will expound on this question. 

5.3 Predicting Abrasive Wear  

Undesirable scratches and grooves on lubricated contact surfaces are oftentimes inevitable. An 

example is given in Figure 4.22 and Figure 4.13; the “unsatisfactory-lubricated experiments”, 

as its name implies, are not what can be expected but could not be gotten rid of. The 

“unsatisfactory-lubricated experiments” represent the tests where adding the lubricant does not 

yield the desired outcome, leading to friction coefficients that are either not sufficiently low or 

exhibit significant fluctuations compared with “well-lubricated experiments”.  

Despite following the established testing protocol for lubricated experiments in this thesis (in 

chapter 3.3.3) and using strict sample standards (in chapter 3.1), the “unsatisfactory-lubricated 

experiments” still have a higher friction coefficient and greater frictional fluctuations compared 

with the well-lubricated experiment in Figure 4.13. The presence of abrasive grooves on the 

worn surface in Figure 4.22 suggests that abrasive wear contributed to the unsatisfactory 

experiments. Notably, the formation of these grooves appears to be strongly correlated with 

the magnitude of friction, with higher friction regions exhibiting more pronounced grooves 

than those with lower friction, as indicated by Figure 4.22. 

Typically, such experiments are considered to produce anomalous results, which are often 

treated as outliers in further analyses [159,160]. Identifying the precise cause of the abrasive 

wear in such experiments is challenging; however, if we shift our attention from identifying 

the reason for the unsatisfactory lubrication to predicting the locations where most wear may 
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form, will we possibly predict where the wear occurs? In what follows, the data presented in 

this thesis will support the prediction of inconsistent friction and uneven wear along the sliding 

track. 

5.3.1 The Influence of Oscillation 

In section 5.2, we were astonished to find that even minor deviations (a 2 µm height gentle 

“hill” along a 132 mm sliding track) in the waviness profile can increase the friction coefficient 

by 91%. Similar observations are found between the waviness profile and the friction 

coefficient, as evident in Figure 4.15a, Figure 4.16, and Figure 4.17.  

However, the friction coefficient does not respond consistently to each hill or feature in the 

waviness profile. If we only examine the waviness profile and the friction coefficient (in Figure 

4.15a, Figure 4.16, and Figure 4.17), could the impact of the waviness profile on the 

tribological performance be considered randomly generated? The reason for such a situation 

might be that the inevitable experimental and instrumental deviations (e.g., the oscillation 

induced by the mounting tilt) play a crucial role, even if they are minimized and controlled to 

the highest degree possible.  

When directly comparing oscillations and the angle-resolved friction coefficients, there is no 

obvious correlation between these two quantities. To describe the relationship between 

oscillation and angle-resolved friction coefficient, a new parameter, the Z-score of the friction 

coefficient, is introduced. The Z-score is used to show how the friction coefficient of a certain 

sector relates to the overall distribution of friction coefficient on the sliding track. As 

demonstrated by the Z-score analysis in Figure 4.21, the normalized friction coefficient 

negatively correlates with oscillations, particularly when the absolute Z-score exceeds one 
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(highlighted in red). This indicates that the locations where higher friction occurs along the 

frictional track tend to be strongly biased toward the negative slope of the oscillation.  

This phenomenon can at least be partially explained by Popov’s model, introduced in chapter 

2.3.2, where the contact is modeled as a single Hookean spring, the sliding velocity is constant 

while the vertical spring oscillates. Popov’s model, although it relies on stick-slip behavior, 

can be applied to enhance our understanding of the effects of oscillation on friction, even 

though stick-slip is not evident in the experiments of this thesis. 

In this thesis, the oscillation induced by a disk mounting tilt is treated as a vertical oscillation. 

Popov’s model predicts that the fluctuations of the friction force will coincide with the 

fluctuations of vertical oscillation, as shown in Figure 2.13. However, if stick-slip occurs, the 

maximum friction force will appear after the crest. This is because during the “stick phase”, 

the condition for static friction holds according to: 

 𝐹𝑠𝑡𝑖𝑐𝑘(𝑡)  <  𝜇0𝐹𝑧(𝑡) (5.4) 

In equation (2.6), the stick force 𝐹𝑠𝑡𝑖𝑐𝑘(𝑡) increases linearly. Therefore, in order to satisfy the 

condition for the end of the stick phase, where 𝐹𝑠𝑡𝑖𝑐𝑘(𝑡2) =  𝜇0𝐹𝑧(𝑡2) as depicted in Figure 

2.13, a decline in 𝜇0𝐹𝑧(𝑡) is necassary. This requirement can only be met on the negative slope 

of the oscillation. In other words, within a period of vertical oscillation, the maximum frictional 

force will occur on the negative slope of the oscillation, as shown in Figure 2.13. 

While this model is helpful, one cannot ascertain the existence of stick-slip in our frictional 

system. In the future, this model could be refined to better elucidate the influence of vertical 

oscillation on friction, especially without stick-slip. Nonetheless, further experimentation and 

theoretical investigations are necessary. 
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5.3.2 High Friction Predictor 

The results in Figure 4.21 are from eleven individual experiments conducted under both 

lubricated (using FVA 1) and abrasive wear (using Al2O3 slurry) conditions; they clearly 

suggest the influence of oscillations on frictional behavior. In chapter 5.2, we elucidated the 

influence of the disk waviness profile on the frictional behavior. The question, then is, whether 

it is possible to integrate aspects from both waviness profile and oscillations to predict frictional 

behavior. Here, we introduce a novel tool, the “High Friction Predictor”, which signifies sectors 

on the sliding track where high friction is likely to occur by integrating key features from both 

the disk waviness profile and the oscillation of the contacting surfaces. 

To evaluate the “High Friction Predictor”, we choose the “slope of oscillation” as the key 

feature for the oscillations. This choice is motivated by the observation in Figure 4.21, where 

the highest friction sectors tend to be strongly biased toward the negative slope of the 

oscillation. For the waviness, this thesis treats the “slope angle” (as shown in Figure 4.15b) as 

the key feature for evaluating the “High Friction Predictor”, as previous research [161] has 

indicated that a positive slope angle (such as θ1 in Figure 3.11) alters the contact between the 

surfaces, leading to a sharp increase in friction.  

The “High Friction Predictor” was determined by selecting sectors (the sliding track is divided 

into 120 sectors) with both following features: 

• In the waviness profile, the sectors that have a positive “slope angle” along the waviness 

profile 

• In the oscillation of the contacting surfaces, the sectors that have a negative “slope of 

oscillation” 
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The “High Friction Predictor” is depicted by the gray stripes, as shown in Figure 5.10 

(corresponding to the experiments shown in Figure 4.13). 

 

Figure 5.10: Angle-resolved friction coefficient (0 – 50 m) and “High Friction Predictor” for 

experiments shown in Figure 4.13; the “High Friction Predictor” is a term used to 

identify sectors on the sliding track where high friction is likely to occur: (a) “LTA 

(lubricated to abrasive) experiments”, friction coefficient are from abrasive 

condition (2200-2600 s); (b) “well-lubricated experiments”; (c) “unsatisfactory-

lubricated experiments”; (d) “abrasive experiments”. The maximum friction 

coefficient on the sliding track is consistently located in the gray stripes specified 

by the “High Friction Predictor”. 

The “High Friction Predictor” for the repeats is shown in Figure 5.11. Upon close examination 

of sectors specified by the “High Friction Predictor” in Figure 5.10 and Figure 5.11, a 

consistent observation emerges: the maximum friction coefficient along the sliding track is 

consistently located in the gray stripes specified by the “High Friction Predictor” (except L4 in 



98 5 Discussion 

    

98 

 

Figure 5.11). Furthermore, it is worth noting that the peaks of the friction coefficient tend to be 

located in the sectors specified by the “High Friction Predictor”. For example in Figure 5.10b, 

all three peaks of friction coefficient distinctly fall within the sectors marked by the “High 

Friction Predictor”. 
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Figure 5.11: “High Friction Predictor” and angle-resolved friction coefficient (0 - 50 m) for 

abrasive wear experiments; the “High Friction Predictor” is a term used to identify 

sectors on the sliding track where high friction is likely to occur. (L3-L5) are 

repeats of lubricated experiments corresponding to the data in Figure 4.16 and 

Figure 4.19; (A2-A5) are repeats of abrasive wear experiments corresponding to 

the data in Figure 4.17 and Figure 4.20. 
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The “High Friction Predictor” is obtained only by integrating features from the disk 

waviness profile and the oscillation of the contacting surfaces. These features can be 

extracted before the tribology experiments, enabling us to determine where most friction 

and wear will occur along the sliding track before the tribological experiments even begin. 

An example is the “unsatisfactory-lubricated experiments” in Figure 4.13c: We used the 

waviness profile and the oscillation data to evaluate the “High Friction Predictor” before the 

actual tribology experiment. It was possible to foresee that a location at around 180 ° 

(Figure 4.13c) might have a lot of grooves in case of abrasive wear, and this is indeed what 

was found after the experiment was conducted, as highlighted in Figure 4.22. This signifies 

that, before the operation of a tribological system, with the application of the “High Friction 

Predictor”, one has the tool at hand to predict locations of high wear and thus also to prevent 

such conditions. 

5.3.3 Predicting Abrasive Wear with Data from Well-lubricated Experiments 

In this chapter, we only focus on the “LTA (lubricated to abrasive) experiments” in Figure 4.13. 

The "LTA (lubricated to abrasive) experiments" started under lubricated conditions using 

FVA 1 oil, and after 100 meters of sliding distance, we introduced 5 µm Al2O3 abrasive slurry 

to induce abrasion. The introduction of the abrasive slurry to the initially well-lubricated 

tribological system in Figure 4.13 causes a sharp rise in the friction coefficient, indicating a 

transition into an abrasive wear regime. The fluctuations in friction coefficient observed during 

abrasive wear are attributed to inconsistent friction along the sliding track, as shown in 

Figure 4.14. The angle-resolved friction coefficient exhibits the same trend for well-lubricated 

conditions and for abrasive wear, despite variations of up to two orders of magnitude in friction 

coefficient. This observation strongly suggests that fluctuations in friction are present for well-
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lubricated conditions as well, as it might not be a big surprise to the tribology community. 

However, this means that one should be able follow a similar reasoning as what was presented 

above and allowing for predicting frictional fluctuations for abrasive wear conditions. In other 

words, the data from well-lubricated conditions can be used to predict future inconsistent 

friction and uneven wear. 

5.3.4 Time-frequency Analysis 

Periodic features in frictional signals are commonly observed in tribological experiments 

[111,112,156,162,163]. Short-Time Fourier Transform (STFT) based time-frequency analyses 

of tribological data have demonstrated their ability to identify periodic patterns as well as 

changes in states of operation. In a reciprocating tribological system [164], the dominant 

frequency in the frictional signal is typically fundamental frequency, as the friction force 

undergoes reciprocating periodic changes in sync with the variations in speed frequency. In the 

case of pin-on-disk setups, periodic structures in the frictional signal are observed as well. The 

results of this thesis indicate that this behavior is most likely due to the presence of surface 

topography (in Figure 5.5) and oscillations (in Figure 4.21), which affect tribological behavior. 

The periodic rotation of the disk causes periodic changes in the frictional signal. Therefore, 

although the natural frequency of 0.38 Hz (frequency of speed) is visible in Figure 4.23b, it is 

not necessarily the most dominant frequency. Surface topography and oscillations cause 

periodic changes with higher/lower frequencies as well. This serves as a reminder that the 

natural frequency should not always be considered the dominant frequency in tribology, as it 

is sometimes described in the literature [111,165,166]. 

In Figure 4.23a, after adding the abrasive slurry, the tribological system transitions from a well-

lubricated to an abrasive wear condition. Simultaneously, in Figure 4.23b, it can be seen that a 



102 5 Discussion 

    

102 

 

continuous vertical spectrum appears after the addition of the slurry (at 2000 s), highlighting 

how time-frequency analysis can indicate a transition in the wear mechanism. The discrete 

frequency bands in Figure 4.23b at abrasive wear condition (2200-2600 s), e.g. 0.38 Hz and 6 

Hz, are intensified compared to the well-lubricated condition (1200-1600 s). This suggests that 

the introduction of the slurry may have intensified the interactions between the pin and the disk 

without altering the periodic nature of the frictional behavior. 

When carefully comparing the data before and after the addition of the slurry in Figure 4.23a 

and Figure 4.23b, as highlighted within a square between the two figures, it’s clear that the 

continuous vertical spectrum appears a little bit before the sharp increase in friction coefficient. 

This phenomenon may be attributed to the fact that although the introduction of the abrasive 

slurry did not fully change the inherent periodic response of the pin and disk in the stable 

regimes (100-2000 s and 2200-2600 s), the tribological system may undergo a "running-in" 

upon the initial addition of the abrasive slurry to reach a stable state. During this "running-in" 

regime, the friction coefficient is on the verge of or continuously increasing, as observed in 

Figure 4.23b, with no dominant frequency, as indicated by the continuous vertical spectrum 

right after adding slurry at 2000 s. This observation highlights the potential of implementing 

the STFT algorithm in machines to prognosis abrasive wear and avoid high friction build-up 

by enabling proactive actions, such as supplementing lubricant, exchanging components, and 

even emergency machinery shutdowns. 

 



 

 

 

6 Summary and Outlook 

In this thesis, tribological tests were conducted in a flat-on-flat configuration with water-based 

Al2O3 slurries of varying particle sizes (5 and 13 µm) as the abrasive medium, employing 

100Cr6 bearing steel for both pins and disks.  

First, this work investigated the influence of the speed-induced hydrodynamic pressure on 

abrasive wear mechanisms. When utilizing the 5 µm sized Al2O3 slurry, a classical Stribeck 

curve like behavior was observed for the friction coefficient as well as an increase in film 

thickness. The speed-induced hydrodynamic effect extended the film thickness up to 14% and 

led to a friction reduction of about 2/3. When using the 5 µm slurry, the hydrodynamic effect 

resulted in a change of the dominating wear mechanism from microcutting and microploughing 

to fatigue wear as observed when the sliding speed increased from 50 mm/s to 400 mm/s. 

Simultaneously, a periodic pattern of indents was found on the worn surface at 400 mm/s using 

the 5 µm slurry. This observation provides strong evidence suggesting that the indentations on 

the worn surface were likely generated by the rolling of abrasive particles. 

Second, we have persistently worked on unraveling a perplexing question: Why does the 

friction coefficient fluctuate dramatically during abrasive wear? In pursuit of this, we made 

every effort to mitigate potential sources of experimental deviations. For example, when 

preparing the disk, the height difference along the 132 mm sliding track was strictly controlled, 

ensuring it remained within 2 µm. Likewise, upon mounting the disk, the height difference 

(namely the oscillation of the contacting surfaces) along the sliding track was maintained below 

4 µm. Remarkably, our most significant findings emerged from these factors that are typically 

overlooked. 
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Waviness is a concept that only a few tribologists consider on a regular basis. However, our 

data suggest that even minimized and controlled disk waviness strongly influences the friction 

behavior, e.g., a “hill” of around 2 µm height (along the 132 mm sliding track) increases the 

friction coefficient by 91%. The local difference in friction coefficient is the reason behind 

these large frictional fluctuations observed in abrasive wear conditions. Tribological systems 

with smaller abrasive particles (e.g., in 5 µm slurry) are more sensitive to the waviness profile 

than systems with larger particles (e.g., in 13 µm slurry). However, the relationship between 

the waviness profile and the frictional behavior is intricate and non-monotonic. Then, another 

commonly overlooked factor, the oscillation of contacting surfaces (due to disk mounting tilt), 

was considered. By introducing the friction coefficient Z-score, we found that these minimized 

oscillations strongly influence tribological behavior. Specifically, areas that have the highest 

friction tend to exhibit a strong bias towards the negative slope of the oscillations. 

There is an undeniable truth in tribology: frictional behavior is virtually impossible to exactly 

replicate. The findings presented in this thesis provide a comprehensible explanation for this 

inherent unrepeatability. Even with minimized and controlled surface topography and 

oscillation of contacting surfaces, there remains a substantial and previously unacknowledged 

impact on tribological behavior. As the surface topography and the oscillation in each 

experiment are unique, achieving complete replication in frictional behavior is inherently 

impossible! 

By integrating key features from the disk waviness profiles and the oscillation of the contacting 

surfaces, we introduced a novel tool, the “High Friction Predictor”, denoting areas along the 

sliding track where friction is most likely higher than at other areas. Both waviness profiles 

and oscillations are evaluated before the onset of the tribological contact. This signifies that, 

before the operation of a tribological system, with the application of the methods detailed in 
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this thesis, one has the tools at hand to predict locations of high friction and thus also to prevent 

such conditions. 

Our findings also prompt new considerations for several fundamental concepts in tribology, 

such as the Stirbeck curve. As illustrated in Figure 2.2, in lubrication systems, the friction 

coefficient can be effectively reduced by appropriately increasing the lubrication film thickness 

through variations in viscosity, speed, or load. Then the questions arise: 

• If lubrication film thickness increases, is this increase consistent along the sliding track?  

• What kind of surface topography can result in a thicker lubrication film thickness? 

• How does the oscillation of the contacting surfaces affect the lubrication film thickness 

and subsequently influence the tribological performance? 

• Can film thickness be regulated by controlling oscillation? 

However, given that every surface as well as each mounting process in real world experiments 

is inherently different, traditional approaches to control these variables can not be successfully 

employed to conclusively correlate surface topography and oscillation with tribological 

properties. This in turn means that there is a huge potential to tailor – and minimize – friction 

and wear once correlations have been established. It will then be possible to formulate 

guidelines for what kind of surface topographies and tilt of the surfaces are desired to achieve 

certain sets of tribological properties. 
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