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Abstract XV

Abstract

In the field of polymer tribology, the deposition of wear debris on the counter-facing

wear track during dry sliding, also known as transfer film, is a fundamental process.

These typically discontinuous and heterogeneous films are often assumed to be di-

rectly responsible for or at least be involved in the progression of friction and wear.

Nevertheless, the state of the art shows that the determination and evaluation of such

transfer film formations are most frequently reported either only qualitatively, ex-post, or

derived from local, possibly unrepresentative inspection areas. This reporting state is

valid for determining the extent of transfer film formation and other transfer film-related

attributes, e.g. its formation speed, coverage, adhesion, and thickness.

Because of this data situation, transferring results from one study to another is challeng-

ing and risks misinterpretation. Furthermore, without temporally resolved and quanti-

tative results, correlation analyses between friction or wear and the extent of transfer

film formation, or other attributes, are difficult if conductible at all. As a consequence,

the long lasting research question on the role of transfer film, whether it is the cause or

consequence of friction or wear, is still unanswered.

In order to come closer to the answer, new transfer film detection and evaluation meth-

ods are needed whose results overcome these shortcomings.

The following elaboration develops such a concept based on photo-optical techniques

combined with automation programs. The developed transfer film luminance analy-

sis (TLA) was demonstrated on a material composition study based on polyphenylene

sulfide (PPS) and PPS compositions incorporated with various fillers, including carbon

fibers, graphite, and polytetrafluoroethylene. The results demonstrate the tempo-spatial

dynamics of the transfer film formation process in a quantitative manner.

Based on this data, transfer film metrics were developed in the form of transfer film ki-

netic properties, spatial uniformity, temporal stability, and transfer film thickness. Finally,

based on this information, an integrated data model was developed to identify correla-

tions of various parameters and their contribution to friction and wear. Furthermore,

new hypotheses on transfer film formation mechanisms were formulated.

Overall, with the help of TLA and the data-driven model, the understanding of transfer

films was improved, and a step towards the answer on the role of transfer films was

achieved.





Zusammenfassung XVII

Zusammenfassung

Der Einsatz von Polymeren und Polymerverbundwerkstoffen in tribologischen Anwen-

dungen ist heute insbesondere im Bereich von trockenlaufenden Gleitanwendungen

nicht mehr wegzudenken. Ein elementarer Prozess des Gleitens ist die Ausbildung von

sogenannten Transferfilmen, bei denen es sich um die (gegenseitige) Ablagerung von

abgetrennten Material auf der Gleitfläche des anderen Gleitpartners handelt. Allge-

mein wird anerkannt, dass die Ausbildung solcher – typischerweise diskontinuierlichen

und heterogen verteilten – Transferfilme die Entwicklung von Reibung und Verschleiß

signifikant beeinflussen. Daher nimmt die Analyse von Transferfilmen in wissenschaftli-

chen Studien mit polymeren Verbundwerkstoffen einen hohen Stellenwert ein. Hierbei

wurde festgestellt, dass die Analyse solcher Transferfilme von qualitativen Aussagen

dominiert werden, da diese oft auf visuellen Beobachtungen von Verschleißflächenauf-

nahmen basieren. Des Weiteren werden Untersuchungen oft lediglich nach dem Ver-

such durchgeführt, sodass nur eine Zeitpunktaufnahme zur Versuchsprobe vom letzten

Messpunkt vorliegt. Obwohl alternative quantitative und zeitaufgelöste Analysenmetho-

den existieren, finden diese kaum Anwendung. Mögliche Ursachen hierfür sind die si-

gnifikanten Einschränkungen bzgl. der Materialauswahl, z.B. der zwingende Einsatz

transparenter oder elektrisch leitfähiger Materialien, die Anwendung hochspezialisier-

ter Maschinen oder Eigenbauten, oder der signifikante Mehraufwand, um die Daten zu

generieren, z.B. bei der Versuchsdurchführung und -auswertung.

Ähnlich verhält sich die Datenlage bei Transferfilmattributen, z.B. bzgl. deren Transfer-

filmdicke, Adhäsionskraft zum Substrat, lateraler Verteilung und Ausbildungsgeschwin-

digkeit. Darüber hinaus sind einige der wenig vorhandenen Metriken nicht ausreichend

definiert und lassen somit Spielraum für Fehlinterpretationen.

Aufgrund dieser schwierigen und unvollständigen Datenlage sind Korrelationsanalysen

zwischen Reibungs- oder Verschleißergebnissen mit Transferfilmergebnissen mithilfe

statistischer Methoden bis heute äußerst herausfordernd. Daher bleibt die langanhal-

tende Frage, ob Transferfilme die Ursache oder die Konsequenz von Reibung oder Ver-

schleiß ist, unzureichend beantwortet, obwohl Transferfilme seit den 1960er Jahren be-

kannt sind. Deshalb ist das Hauptziel dieser Arbeit, das Verständnis von Transferfilmen

zu verbessern. Es wird vermutet, dass ein wesentlicher Grund für diese unzureichende

Datenlage durch den fehlenden Zugang zu Methoden verursacht wird, die Transfer-

filme zeitlich, quantitativ und vollflächig aufgelöst analysieren und zudem grundsätz-
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lich uneingeschränkte Materialkombinationen erlauben. Um diese Mängel zu überwin-

den, besteht somit ein wesentlicher Bestandteil dieser Ausarbeitung aus der Entwick-

lung geeigneter Methodenkonzepte zur Erfassung und Auswertung von Transferfilmen.

Die dazu entwickelte Transferfilm-Luminanz-Analyse (TLA) wurde in ein ASTM G137

Block-auf-Ring-Tribometer implementiert. Polyphenylensulfid (PPS) und PPS-basierte

Verbundwerkstoffe, gefüllt mit einer Variation aus Kohlenstofffasern (CF), Graphit (GR)

und Polytetrafluorethylen (PTFE), wurden als Versuchsmaterialien gewählt. Die hieraus

gewonnenen Daten sind aufgrund ihrer quantitativen und zeitlichen Auflösung für stati-

stische Analysen zugänglich. Darüber hinaus wurden auf Basis dieser TLA Daten Me-

triken zur Beschreibung kinetischer Eigenschaften, der Gleichmäßigkeit der Transfer-

filmverteilung (Uniformität), der zeitlichen Stabilität und der durchschnittlichen Dicke

von Transferfilmen entwickelt und implementiert.

Die Ergebnisse der TLA Daten zeigen deutlich die laterale und zeitliche Dynamik der

Transferfilmbildung und dienen als Grundlage für weitere Untersuchungen.

Die kinetischen Untersuchungsergebnisse zeigen keine statistisch signifikanten Unter-

schiede zwischen den Materialtypen. Ob dies daran liegt, dass die Füllstoffe durch den

relativ geringen pv-Wert von 2 MPa·m/s nicht zum Tragen kommen, oder ob die Ausbil-

dungsgeschwindigkeit durch andere Parameter als pv determiniert werden, muss in zu-

künftigen pv-Untersuchungen beantwortet werden. Unabhängig davon wurden bei der

Bestimmung der kinetischen Eigenschaften zwei verschiedene Ablagerungsmechanis-

men identifiziert, die durch den Ansatz variierender Verschleißpartikelgrößen erklärt

wird. Es wird vermutet, dass während den ersten Rotationen des Metalrings ein Über-

trag von großen Verschleißpartikeln stattfindet. Dieser wird durch das Eindringen von

Rauheitsspitzen in die Oberfläche des polymeren Werkstoffs verursacht. Die Partikel-

größe nimmt anschließend durch Zusetzen oder Abbruch der Rauheitsspitzen bis zu

einem gewissen Punkt ab und bleibt fortan konstant.

Die Analyse der Uniformität zeigt, dass im Mittel signifikante Unterschiede durch den

Einsatz verschiedener Füllstoffe in den Verbundwerkstoffen existieren. Die höchste Uni-

formität wurde mit CF-gefülltem PPS erreicht. Des Weiteren wurde festgestellt, dass

der „Steady-State“ der Uniformität schneller erreicht wird als der „Steady-State“ der

Transferfilmbildung. Hieraus wurde geschlossen, dass in der Einlaufphase der primäre

Ablagerungsmechanismus die laterale Verteilung von Verschleißabrieb ist. Nachdem

der „Steady-State“ der Uniformität erreicht wurde, dominiert ein anderer Ablagerungs-

mechanismus, die Partikelagglomeration. Hierbei nimmt die Dicke der lateralen Trans-

ferfilme bis zum „Steady-State“ der Transferfilmbildung zu.

Die Ergebnisse der zeitlichen Stabilität von Transferfilmen zeigen, wie bestimmte Füll-

stoffe signifikant den zeitlichen Verlauf des Transferfilmaufbaus beeinflussen. CF-haltige

Werkstoffe verursachen wiederkehrende Transferfilmabrisse, während Werkstoffe, die

nur mit GR oder PTFE gefüllt sind, deutlich stabilere Verläufe aufweisen.
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Die vorgestellte Methode zur Bestimmung der Transferfilmdicke stellt einen mathema-

tisch-physikalischen Zusammenhang zwischen den TLA Daten und der Transferfilm-

dicke her, sodass anhand einer einzelnen Transferfilmdickenmessung am Ende des

Versuchs die restlichen Dickenwerte retrospektiv berechnet werden können. Zur Er-

mittlung des einzelnen Dickenwerts wurde eine neue Messmethodik entwickelt, die

auf Profilometertechnik und einer Differenzmessung basiert. Leider zeigte diese Pro-

filometermethode jedoch deutliche Schwächen, sodass die vorgestelle Methodik nicht

vollständig auf die PPS Studie angewendet werden konnte. Dennoch wurden anhand

von zwei TLA-Datensätzen die retrospektive Umwandung in Dickendaten demonstriert.

Um jedoch diese Methode zukünftig zu nutzen, muss die Einzelmessung der Transfer-

filmdicke optimiert oder durch eine andere, geeignete Messtechnik substituiert werden.

Hierfür wurden Verbesserungsvorschläge erarbeitet.

Schließlich wurden auf der Basis der Transferfilmdaten, sowie aus Daten den Standard-

metriken der Tribometrie, ein intregiertes, multi-lineares Regressionsmodel entwickelt.

Die Ergebisse belegen, dass ein Großteil der Reibung (über 88 %) mit dem Ausmaß

der Transferfilmuniformität und -stabilität, der Gegenkörpertemperatur und der Materi-

alkomposition erklärt werden kann. Im Gegensatz dazu zeigen Transfilme keine Korre-

lation mit Verschleiß auf. Hierdurch konnte lediglich durch die Materialkomposition ein

geringen Anteil der Verschleißbildung (ca. 50 %) erklärt werden.

Zusammengefasst wurde in der vorliegenden Ausarbeitung ein Werkzeug zur umfas-

senden Untersuchung von Transferfilmen und Transferfilmeigenschaften entwickelt. Im

Vergleich zu anderen Ansätzen ist das Ausmaß an Ergebnissen, die in Relation zum

Aufwand aus der TLA gewonnen werden können deutlich größer. Die Ergebnisse wur-

den in ein integriertes Datenmodell eingearbeitet und wichtige Zusammenhänge zwi-

schen Reibung und Verschleiß und deren Relation zu Transferfilmen identifiziert. Es

konnten neue Hypothesen zu Transferfilmbildungsmechanismen formuliert sowie wie-

derkehrende Muster der Transferfilmenbildung identifiziert werden. Das Datenmodell

kann durch weitere Ergebnisse aus zukünftigen Untersuchungen präzisiert werden, so-

dass weitere Zusammenhänge identifiziert und Prognosen präzisiert werden können.
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1. Introduction

Polymers and polymeric composites are widely used for general tribological applica-

tions and, specifically, for dry sliding against metals.

Part of their success story is their lightweight nature due to their low density compared

to metals, their inertia to corrosion, their sound dampening properties, and the capabil-

ity to modify the tribological performance by incorporating specific fillers.

An elementary process of dry sliding is the formation of a third body resulting from

the material transfer between the sliding components. Due to this transferring process,

this third body is usually referred as transfer film. Polymeric transfer films were first

reported as early as the 1960s [1]. Since then, many polymeric transfer films have

been investigated, and studies, including some form of transfer film evaluation, are still

gaining interest each year. The current state of the art suggests a correlation or at

least the involvement of transfer film formation in the progression of friction or wear.

However, most frequent studies that involve some form of transfer film detection and

evaluation state their finding either in a qualitative manner, often based on micro-graphs

from electron microscopy, or ex-post, i.e. information from just the last point in time on

the tribological test. Unfortunately, these shortcomings relate to the determination of

the extent of transfer film formation and other transfer film attributes, including their

thickness, formation speed, coverage on the wear track, their adhesion, and micro-

mechanical properties. Additionally, the definitions of some of these attributes seem

to be at quite a diffuse state, hence increasing the risk of misinterpretation. Although

alternative approaches exist for some of the mentioned transfer film attributes, they are

not widespread, most probably due to complications and limitations.

As a consequence, the aggregation of results and conclusions from multiple studies

is severely restricted. These restrictions are most probably also the reason why a

quite fundamental question on the role of transfer films, whether it is the cause or the

consequence of friction and wear, is still insufficiently answered.

A lack of access to a transfer film detection and evaluation method that generates tem-

porally resolved and quantitative data leads to a lack of sophisticated correlation anal-

yses that can help to come closer to the answer.

Therefore, this elaboration aims to develop a new transfer film detection and evalua-

tion method that can generate temporally resolved, quantitative, and laterally extensive

results. Last is believed to be a critical property as transfer films are typically discontin-
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uous and heterogeneous concerning their lateral distribution. The concept is based on

photo-optical techniques combined with automated evaluation programs. It is shown

how the so-called “transfer film luminance analysis” or, in short, TLA concept is im-

plemented into an existing ASTM G137 block-on-ring apparatus and how the extent of

transfer film formation can be measured by it.

Furthermore, it is demonstrated how transfer film metrics are computed from the de-

rived TLA data. These metrics include the transfer film formation rate, the spatial uni-

formity, the temporal stability and the average thickness. It is demonstrated how these

metrics – except for the thickness – can be computed without additional experimental

effort. Altogether, these metrics form a comprehensive transfer film analysis that is

based on only one method.

It is believed that the answer on the role of transfer films lies in the evaluation of such

numeric transfer film data and, eventually, the formulation of a data-driven transfer film

model. Therefore, it is demonstrated how such a model is created and fed by TLA

derived data.
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2. State of the art

The following chapter elaborates the state of the art of transfer films, their impact on

friction and wear, the different available transfer film detection and evaluation concepts,

and their respective metrics. At the end of the chapter, a summary and some concluding

remarks are given.

2.1. Transfer films and their impact on friction and wear

Polymers and polymeric composites are in widespread use in general tribological appli-

cations and, especially, in sliding applications. An elementary process of sliding is the

formation of a so-called transfer film which is the (mutual) deposition of worn material

on the surface of the sliding partner. Despite being called “films”, microscopic inspec-

tion of transfer films often reveals that they are, typically, a collection of local material

depositions, hence, are of discontinuous nature, see Figure 2.1. In the most extreme

case, they can consist of only minimal amounts of debris that only fill the valleys of the

roughness profile [2, 3]. However, due to the human eye’s limited optical magnification,

they typically appear as coherent material layers, hence, called a film.

Although the following work will only refer to polymeric transfer films that are mostly

formed on metal substrates, it should be noted that such transferred material deposi-

tions can occur between any material pairing, including metal/metal [4, 5], polymer/poly-

mer [6, 7] and other pairings [1, 8, 9]. Note, that in their respective field, this deposition

phenomenon is not necessarily termed as transfer film, but for instance “micro-welding”,

“metal transfer” or “pick-up” in the field of metal/metal sliding [5, 10–12].

Transfer films formed from worn polymeric material were reported as early as 1964 by

Makinson and Tabor, who identified the formation of a polymeric film made of abraded

polytetrafluorethylene (PTFE) on glass [1]. The authors reported a coincidence be-

tween the occurrence of high coefficients of friction (> 0.3) and “massive” transfer films,

while coefficients of friction between 0.07 and 0.3 coincided with “thin” distributed films.

This observation, i.e. a high variability in the morphology of formed transfer films as

well as the accompanying variable impact on friction, was also reported by Lancaster,

however, this time concerning the impact of transfer films on wear [13, 14]. He found

that transfer films can smoothen the metallic surface and, thus, lead to lower localized
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Figure 2.1.: Exemplary micro-graphs of wear tracks with deposited transfer films by
scanning electron microscopy (left) and transmission electron microscopy
combined with focus ion beam incision (right, courtesy of NSC1).

stress and, therefore, to lower wear. However, Lancaster also reported increased wear

due to transfer film formation, especially in the case of brittle materials such as epoxy

resins or brittle thermoplastics like polystyrene and polyester. From these contradictory

findings, Lancaster concluded that the influence of transferred material on friction and

wear would be a material property [13].

In 1978, Rhee and Ludema reported that the formation of a transfer film from a PTFE-

filled polyamide (PA) on steel increased the temperature threshold at which mild wear

transitions into severe wear is increased by 50 ◦C [15]. In 1991, Rhee et al. reported

that transfer films affect not only friction and wear, but also the noise production in

automotive brakes [16]. In 2015, Zhang et al. reported that transfer films could also

prevent tribologically induced oxidation [17].

Today, the significant impact of transfer films on friction and wear is well accepted by

many and at some point transfer films are considered to be one of the reasons for the

typical observation of a “gradual transition from transient wear behavior to steady state

wear behavior” [18]. The impact of transfer films is probably why the evaluation of them

is becoming more of a standard procedure in recent publications, see Figure 2.2.

However, despite the increasing number of publications concerning transfer films, to

date, there remains no evidence on the distinct role of transfer films on friction and

wear, i.e. if transfer films are the cause or consequence of friction and wear. One of

the main reasons that the interpretation of the role of transfer films is severely aggra-

vated is caused by the typical use of qualitative attributes to report on transfer films,

e.g. “thin”, “thick”, “uniform”, “patchy”, “tenacious”, “stable”, “adherent”, “fast” or “rapid”.

As a consequence, transferring drawn conclusions from different studies are often diffi-

cult if conductible at all. Therefore, most literature only demonstrates that transfer films

1Nano Structuring Center, University of Kaiserslautern.
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Figure 2.2.: Publications per year including some form of transfer film evaluation from
1940 until 2020 listed on ScienceDirect2.

are involved in the progression of friction and wear, but without specifying their exact

role. Similar conclusions were drawn by other research groups as well [18–21]. Ideally,

transfer films need to be evaluated in a temporally resolved and quantitative manner.

Ye et al. made it very clear by saying that “[a]dvancing our general understanding of the

role of transfer films in polymer tribology requires (1) quantitative means of measuring

potentially important attributes of transfer films, (2) correlation of transfer film attributes

and tribological attributes (e.g. wear rate), 3) [sic] applying those relationships to de-

velop testable hypotheses about the nature of the causes and effects" [22].

In order to understand the reasons behind the statement of these authors, the fol-

lowing section elaborates the state-of-the-art on transfer film detection and evaluation

approaches with a focus on the acquired attributes and their properties.

2.2. Transfer film detection and evaluation

The significant impact of transfer films on the behavior of tribological systems has

prompted many studies to include some form of transfer film detection, assessment,

and evaluation. As a result, a comprehensive set of methods has been established for

these purposes, and a selection of the most important transfer film attributes and their

respective detection and evaluation techniques are introduced in the following sections.

It should be noted that all introduced methods are experimental methods and include

no computer-assisted modeling concepts.

2https://www.sciencedirect.com (16.10.2020)
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2.2.1. Visual inspection

Microscopic inspection is the most common and most frequently used family of transfer

film detection methods. Its most prominent members are optical microscopy (OM),

scanning electron microscopy (SEM) [23], transmission electron microscopy (TEM) [2,

24] and scanning transmission electron microscopy (STEM) [25]. Typically, the primary

purpose of microscopy is the visual assessment of the transfer film, e.g. concerning the

shape, size, and distribution of the deposited material with high spatial resolutions in the

micro- or nanometer range. By nature, such visual assessments are highly subjective

and vary between researchers [18, 26]. Also, the procedure is typically conducted

only after the experiment (ex-post). In order to achieve time-resolved data, the test

must be operated intermittently (intermittently ex-situ) [27], which potentially affects the

results as friction and wear are not material, but system properties that are possibly

sensitive to the testing procedure. Additionally, the intermittent measurement process

is a very time-consuming procedure, especially with increasing temporal resolution.

The necessary additional effort is probably why such intermittent ex-situ measurements

found no widespread use.

An exception from being ex-post or intermittently ex-situ are in-situ TEM measurements,

i.e. continuous TEM measurement during the tribological test. By implementing an

atomic force microscope (AFM) or scanning tunneling microscope (STM) inside of a

TEM, in-situ TEM measurement can be made while the AFM or STM performs a tri-

bological contact. This way, researchers can conduct an experimental simulation of

a single asperity contact on a nominally flat surface and in-situ measure changes of

movement [28] and material transfer [29]. However, the material selection for this ex-

perimental setup is restricted to electron transparent materials. Furthermore, due to the

application of highly specialized and expensive machinery with relatively low through-

put, this method is probably reserved for specialized research groups and selected

tribological applications only. Therefore, a widespread application is unlikely.

Another member of visual inspections is photo-optical analysis. In many aspects, they

yield similar information as microscopic inspections, but the magnification capability is

typically lower. Despite that, it is more flexible to use in close proximity to the tribo-

logical testing area as photo-optical methods often utilize photo cameras, which have

a smaller footprint than most microscopes. From such configurations, images can be

easily captured as time-series or video and, therefore, yield the capability to be in-situ

applied. Until today, photo-optical analyses are not widely applied and, therefore, not

many publications were found. For instance, Scharf and Singer utilized in-situ video-

graphy to observe the interfacial surface through one of the material pairing, which

was a transparent body made of sapphire, in contact with a diamond-like carbon coat-

ing [20]. Although this way, in-situ information on the state of the interface area is avail-
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able, which is, undoubtedly, a significant improvement from ex-post measurements,

quantitative information on the state or extent of transfer film formation is still missing.

Additionally, the approach to observe through one of the sliding pairs severely restricts

the combination of materials pairs as one of them needs to be transparent. A different

approach was followed by Meneghetti et al. in 2016. They introduced a continuous

video observation of the wear track and grayscale analysis for a twin disc tribometer,

which is the de-facto standard for the simulation of gear tooth contacts [30]. They used

the detection of specific above-threshold grayscale values as an indicator for the onset

of pitting. Although not aimed at detecting, analyzing, or quantifying transfer film, the

method is a prime example of how continuous optical in-situ inspection can produce

time-resolved, quantitative, and laterally extensive data.

Overall, despite being undoubtedly useful, microscopic inspection techniques are mostly

ex-post, highly localized, and require expensive equipment, more in the case of SEM,

STEM, and especially TEM, less in the case of OM. Furthermore, they hardly yield any

quantitative data without additional analysis efforts that can be directly correlated to

other test data, e.g. friction or wear. This is valid regardless of whether the test data is

available as time-resolved in-situ data, as intermittent ex-situ data, or only in the form of

the difference between initial and final state (e.g., differential gravimetry). Last but not

least, its highly local nature makes microscopic analyses susceptible to a generaliza-

tion error, i.e. local observations are used to explain other observed phenomena, e.g.

wear or friction data, which, however, are the integral result of a vast number of local

phenomena and processes. While an experienced and responsible researcher might

be able to make such a generalization, it is still difficult for the reader to re-examine

the drawn conclusions, as typically only a pre-selected set of local observations is pre-

sented, which are not necessarily representative, but often focused on specific findings.

An overall improvement for these shown drawbacks might be to use photo-optical anal-

yses, but to the best of the author’s knowledge, no suitable approach was introduced

for transfer films yet.

2.2.2. Transfer film thickness

The thickness of transfer films is most probably the most apparent and most tangible

attribute to quantify. It belongs to the family of topographical attributes and consists of

a comprehensive set of developed concepts. Traditionally, surface metrological tech-

niques, especially stylus profilometers [31], which measure small-scale features on a

surface, are applied for this task. To date, modern surface metrological techniques,

such as optical profilometry, e.g. laser or confocal profilometry, or three-dimensional

surface measurement techniques, e.g. confocal microscopy or interferometry [26], are

more common. As these methods can reach vertical resolutions of single-digit nanome-
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Figure 2.3.: Schematic of a profilometric cross track measurement with annotated av-
erage transfer film thickness davg.

ters and below, their main goal is typically to measure the transfer films’ thickness di-

rectly.

Profilometry, which is a sub-family of surface metrology and usually refers to two-

dimensional measurements, is a frequently used method that aims to measure the

surface profile of a worn surface, including the surrounding unworn area, with such a

high resolution that the height of the transfer film can be read as the profile height data

directly. Typically, the arithmetic mean of the profile height of the wear track is defined

as average transfer film thickness [22], also see Figure 2.3. Utilizing this technique,

researchers found various correlations between the transfer film thickness and the im-

pact of initial surface topography [32], the type of motion [33, 34], and the material

composition [26].

While surface metrological techniques featuring optical concepts are suitable to record

laterally extensive images – in the best cases even images of the whole wear track

– tactile methods are typically restricted in the size of the region of interest they can

record. Additional restrictions can be by design, e.g. being unable to scan a wear track

on a ring without an auto-rotatory, or they can be practical restrictions, like uneconomi-

cally long measurement times, e.g. for lateral extensive measurements.

Surface metrological instruments, especially profilometers and interferometers, are quite

common in tribological research groups, making it an interesting candidate for a gen-

eral measurement approach. Nevertheless, apart from deriving useful and quantitative

information, profile measurements are usually conducted ex-post or intermittent ex-situ

at best. Therefore, computing temporally resolved information is associated with addi-

tional effort and known difficulties due to test interruptions.

In 2014, Sebastian elaborated a design concept to amend non-time-resolved data by

implementing a high-frequency white light displacement sensor, similarly found in white

light profilometers, in a custom-built ASTM G137 block-on-ring tribometer [35]. The
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resulting data yield time-resolved (in-situ) distance information for a single wear track

width position on the ring, which is averaged along the ring perimeter. It is, therefore,

by design, well-suited to improve the understanding of the dynamics of transfer film

formation and its impact on friction and wear. However, measurements are taken from

a single location of the wear track only during the whole course of the test, and the

discontinuous nature of transfer films could lead to misinterpretation and risk gener-

alization errors. Additionally, to date, this concept has not yet found widespread use

beyond its proof of principle.

It should be noted that surface metrological techniques are typically limited to “thicker” –

often larger than 2 μm – transfer films. Therefore, small-scale or “thin” transfer films, i.e.

film deposits found only in the valleys of surface profile, which results in lower deposition

heights than the average profile variation, cannot be detected by this method. Such

transfer films are typically in nano- to sub-micron scale. Therefore, even with theo-

retically sufficiently high vertical resolution, profile variation cannot be distinguished

from “thin” transfer film depositions [36].

For such small-scale transfer films, some researchers made an effort to determine

those using alternative techniques. One of the more frequently used and sophisticated

concepts is cross-sectioning. Traditionally, a wear track sample is cut and polished at a

certain angle, and, afterward, the cutting surface is analyzed by microscopic means [4].

To date, the combination of focused ion beam (FIB) with an electron microscope, e.g.

FIB/SEM or FIB/TEM, is the quasi-standard for the determination of such thin trans-

fer films [17, 25, 32, 37]. This approach allows precise measurements of local trans-

fer film deposition heights with resolutions, depending on the microscope, lower than

1 nm. Even so, those local transfer film thicknesses derived from cross-sectioning are

not comparable to the average transfer film heights because both metrics use different

references. While the average transfer film height refers to a pristine, unworn refer-

ence surface, the local transfer film height refers to the distance between the lowest

position on the phase transition of the substrate and the transfer film to the highest

overlying position that shows a transfer film. Therefore, it is unlikely that the average

and local transfer film thickness will yield the same results due to distinctively different

references. Another drawback of cross-sectioning is its destructive and surface-altering

nature. Therefore, it is an exclusive ex-post approach.

A different approach was followed by Chang et al. in 2014 [38]. The researchers made

an effort to determine the local transfer film thickness formed by epoxy and PA filled

with carbon fibers, graphite, and PTFE on hardened bearing steel (100Cr6, 1.3505)

by nanoindentation. The concept defines the transfer film height from the first mea-

surable resistance to the transition area from low to high hardness. Therefore, it pre-

requisite detectable hardness differences between the transfer film and the substrate,

which is usually the case with polymer/metal pairings. The authors reported transfer
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film thicknesses ranging from 8-180 nm, which is significantly lower than the average

roughness of Ra = 0.23 μm of the utilized steel disc. Although this concept does yield

transfer film thickness information, nanoindentation is by nature a spot measurement

concept. Therefore, representative or lateral extensive measurements are always as-

sociated with significantly more effort, even with automation protocols of modern in-

strumentations. Additionally, nanoindentation is also a surface-altering process and,

therefore, only applicable ex-post. These are possible reasons why this approach is not

in widespread use.

In 1978, Jain and Bahadu determined the transfer film thickness by quantitative infrared

spectroscopy (IR) [6]. By determining the absorbance of the transfer film using the

so-called baseline method and measuring the transmission at specific spectra, Beer’s

law calculated the transfer film thickness. However, their method is only applicable to

situations in which both test specimens do not absorb IR radiation completely. As some

absorption is needed by design, and as the optical absorption coefficients of solids are

typically very high, tests must be made with thin films, which are challenging to prepare,

handle and test.

Recently, Gu et al. introduced a concept by combining chemical and surface metro-

logical techniques [39]. The authors utilized Fourier-transform infrared spectroscopy

(FT-IR) to analyze infrared absorption spectra of transfer films formed by a PTFE/α-

alumina composite and referenced the extent of suitable spectra to transfer film thick-

nesses measured by AFM. After this calibration, transfer film thicknesses can be ac-

quired faster and non-destructively using the FT-IR method. This method yields a lateral

extensive resolution with 200 μm2 per scan. The authors reported a suitable spectrum

of 1205 cm−1 for their studied material and confirmed a successful measurement range

between 500 and 900 nm. Although this concept is introduced as an ex-post method

and, therefore, yields no temporally resolved data, FT-IR is, in theory, real-time capable

and could be potentially implementable into tribological test rigs, see the concepts of

Scharf and Singer [40] as well as Chromik et al. [41] at a later point of this section.

Otherwise, the so-far introduced concept yields no temporal data, but could be con-

ducted intermittently ex-situ. Additionally, the lateral extensiveness is relatively small,

and measurements of the whole wear track are associated with extensive effort.

Up to this point, the introduced techniques are either conducted ex-post or intermittently

ex-situ at best. Therefore, the determination of temporal information is either difficult or

not possible at all as some form of surface alteration is necessary. The following para-

graphs introduce the efforts of selected researchers that developed in-situ concepts for

this task.

In 2003, Scharf and Singer introduced an in-situ Raman technique that enables the

measurement of the transfer film thickness by the ex-situ calibration of the Raman

spectra to film heights [40, 42]. Using this technique, they were able to demonstrate the
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temporal coincidence of the transfer film build-up and the reduction of the coefficient

of friction during the running-in phase of an experiment as well as the temporal coinci-

dence of transfer film degradation and fluctuations of the coefficient of friction in later

stages of the experiment. While this technique yields quantitative and time-resolved

data about the transfer film thickness and the percentage of the wear track covered

with transfer film, it also possesses some severe issues. First, the used infrared ra-

diation needs to pass through one of the two sliding partners. Therefore, one of the

materials must be IR transparent, restricting the material combinations that can be in-

vestigated. Second, as the initial transparency of the test specimen, typically a glass

or sapphire hemisphere, degrades over the course of an experiment (due to wear) and

as loose debris accumulates in the observed region of interest, this technique can only

yield data for a very limited amount of time.

Using this technique, Singer et al. reported in 2008 that MoS2, which has been formed

by tribomutation when glass was sliding against a Mo-S-Pb anti-friction coating, was

identified as the reason for low friction and wear [43]. However, although the authors

concluded that their technique “... opens a new window on the buried sliding interface”,

as of today, it has not yet found widespread use, most likely due to the required highly

specialized equipment (a Raman spectrometer converted to a tribometer).

In 2007, Chromik et al. introduced the so-called “Newtonian interference analysis”,

also known as Newton’s ring analysis [41, 44]. By monitoring the relative position of

Newton’s rings outside the contact zone as sliding progresses, the thickness of trans-

fer films can be quantified. Comparable to the in-situ Raman spectroscopy introduced

by Scharf and Singer [42], this method also yields quantitative, laterally extensive, and

in-situ data. Still, in requiring at least one of the two sliding partners to be transparent,

the selection of material pairings is, again, severely restricted. Furthermore, the accu-

racy of the measurement degrades throughout an experiment if the initial surface gets

roughened or if the image quality degrades due to excessive deposition of wear debris

during the test.

Finally, Belin and Martin introduced in 1992 an approach that measured the electri-

cal resistance between two metallic sliding partners, one coated with a polymer [45,

46]. This way, the point in time at which the coating is worn can be determined by a

peak in the electrical resistance. However, as the concept does not per se determine

the transfer film thickness, Sebastian et al. adapted this idea in 2013 and measured

the electrical resistance between PPS composites filled with carbon fibers and carbon

nanotubes, and hardened bearing steel made of 100Cr6 (1.3505, AISI 52100). The au-

thors show that their transfer films are electrically isolating and correlated the electrical

resistance with a relative transfer film formation. Although this concept yields in-situ

and quantitative information, it also prerequisites electrically conductive sliding pairs

that form an electrically isolating transfer film. As a consequence, the selection of ma-



12 State of the art

terials pairings is restricted. Furthermore, especially for discontinuous or thin transfer

films, which are typically the case for tribologically optimized materials, the measure-

ment of electrical resistance is difficult as the electrical current can find a different path

to reach the metallic substrate. Therefore, although not mentioned by the authors, this

concept most likely works optimally for sliding pairs that form a thick and continuous

transfer film. As this is not guaranteed with every test, it is probably one of the reasons

why the concept found no widespread use.

Overall, the determination of transfer film thickness offers many different approaches

developed over the last five and more decades, see Table 2.1. Each determination

concept shows advantages and restrictions. Although all concepts yield quantitative

data, about half of them are ex-post. For some methods, intermittent ex-situ measure-

ments are possible in theory (marked as difficult), but it is often too cost-intensive to

produce that, in practice, researchers resort to ex-post measurements only. Similar

decisions were typically made for lateral extensive measurements. As many concepts

are designed for local to highly local investigation areas (marked as difficult), lateral

extensive measurements by conducting a series of local measurements are typically

not produced, thereby running the risk of generalization error. Furthermore, all found

in-situ methods are associated with some severe restrictions in the material selection,

e.g. one of the sliding partners needs to be electrically conductive or transparent.

As a consequence, although many concepts do exist, to date, most of them are not

in widespread use due to various reasons, including the use of (expensive) special

machinery, custom-designed machines, which are not commercially available, or due

to certain restrictions in use. The most widespread concepts were found to be sur-

face metrological and cross-sectioning methods. Both approaches are long known and

sophisticated but also yield shortcomings.

Altogether, it can be concluded that none of the mentioned methods feature laterally

extensive and time-resolved data that could be acquired without the use of expensive

or exclusive machinery, restricting the selection of material combinations or at a rea-

sonable effort to generate the data.
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2.2.3. Transfer film coverage and uniformity

The coverage of transfer films is next to the transfer film thickness one of the more

intuitive attributes. The respective metric is usually referred as transfer film area fraction

and is defined as the ratio of transfer film covered area to the overall measured wear

track area.

One of the historically first approaches on transfer film coverage is arguably by auto-

radiographic transfer film analysis. It is based on the spatially resolved detection of

radioactive decay. This method requires one of the two sliding partners to contain a

radioactive nuclide that is transferred to the other, non-radioactive specimen during

transfer film formation. Therefore, at whatever position the non-activated specimen

emits an elevated level of radioactivity, it must be covered by transferred material.

Applying this technique to dry metal/metal sliding, Kerridge and Lancaster demon-

strated the build-up of a transfer film between brass and tool steel [5]. The researchers

reported a correlation between the extent of transfer film formation and load. However,

as the method could not be applied in-situ, temporal resolution was only achieved by in-

termittent autoradiography. Interestingly, although the deposited amount of transferred

material is derived spatially, the metric of choice was found to be the transfer film total

weight, and the coverage was evaluated qualitatively. In a similar setup, but with vari-

ous metal combinations including copper, cadmium, zinc, platinum, silver, and various

steels, Rabinowicz and Tabor reported a correlation between the amount of transferred

metal and the observed coefficient of friction [10, 11].

The primary issue of this method is that it requires a chemical element that can be

activated by radiation in order to be used as a marker. In contrast to metal/metal sliding

contacts, polymers, however, do not typically include atoms that can be easily activated.

Therefore, the more common quantitative approach to acquire the coverage of poly-

meric transfer films is by grayscale analysis. The researcher needs to define a grayscale

value, which acts as the threshold that distinguishes transfer film covered from non-

covered area. This way, all pixels of the image, usually captured by microscopic means,

are converted to monochromatic data as a function of the position. All pixels above the

threshold are then related to the overall pixels in the inspected wear track area, resulting

in a range from 0-100 %.

Laux and Schwartz used this technique to study the relationship between the type of

motion (constant/variable sliding speed, rectangular/linear wear track geometry, contin-

uous/reciprocating type of motion), the wear rate, and the transfer film formation of neat

polyether ether ketone (PEEK) dry sliding against hardened tool steel [34]. While the

area fraction was only 19 % for continuous sliding, it was 40 % for reciprocating sliding.

At the same time, they found an inverse correlation between wear and area fraction.

The opposite correlation was reported by Bhimaraj et al., but with a different mate-
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rial and test configuration. The researchers performed reciprocating sliding tests with

polyethylene terephthalate (PET) filled with alumina nanoparticles dry sliding against

1.4550 (AISI 347) stainless steel. The transfer film area fractions computed from SEM

micrographs correlate with the total filler content but not with friction or wear [47]. Sim-

ilar results were reported by Ye et al., who intermittently computed area fractions of

transfer films formed by alumina–PTFE nanocomposites in dry sliding against 1.4125

(AISI 440C) stainless steel during running-in, steady-state and the transition between

both. The researchers reported a poor correlation between the area fraction and the

specific wear rate [3].

Overall, transfer film area fraction is a quantitative, easily computable, and backward

compatible concept. Last refers to microscopic inspections, which are typically made

for most investigations and are, therefore, available for the computation of transfer film

area fractions even for past studies without much additional effort. As the concept is

bound to image evaluation, it is also bound to the restriction of the image capturing

method. Consequently, transfer film area fractions based on ex-post captured images

only are also ex-post, and periodically captured images are temporally resolved. Simi-

larly, if the image was captured laterally extensive, the information derived from that is

so too. However, despite these advantages, to date, it found no widespread use. Pos-

sible reasons could be that previous studies reported either opposing effects or weak

correlations with friction or wear. Therefore, in most reports, the coverage of the surface

by a transfer film is seldom reported as a numeric.

A possible reason for the poor correlation between coverage and friction or wear is the

lack of spatial information. For instance, a one-sided transfer film deposition of the wear

track can exhibit the same area fraction as an evenly, spatially distributed transfer film,

see Figure 2.4. Thus, friction and wear results are probably significantly different for

these scenarios, but no correlations can be found as it yields the same area fraction.

The lack of spatial information is probably why Ye et al. made an effort to develop a

metric for the transfer film uniformity, which includes this information. [3]. The authors

computed the maximum squared box size that fits in-between patches of transferred

material based on microscopic images or profilometric height maps. Their so-called

free-space length, derived from the box leg length, was reported to be high in case of

a “patchy” depositions and to be low in case of more evenly distributed depositions of

transferred material. The authors reported that in comparison to area fraction, free-

space length correlated much better with wear, i.e. low free-space lengths coincided

with low wear [3, 26]. Furthermore, like the transfer film area fraction, the free-space-

length is computed by image processing and, therefore, tied to the same advantages

and restrictions, given mainly by the image capturing process. Thus, it is quantitative,

backward compatible, and viable as the authors published the computation script.

Interestingly, transfer film uniformity – sometimes also referred as “continuity” [34] – is
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Figure 2.4.: Schematic of a discrete wear track with different deposition modes, but
identical transfer film area fraction. A transfer film covered area is repre-
sented by a dark square.

a frequently used attribute to describe transfer films, but apart from free-space length,

which is a relatively new method that has not reached widespread use yet, no other

uniformity metric was found at the time of writing. In most studies, transfer film unifor-

mity is attributed qualitatively based on visual microscopic evaluation. Typical qualifiers

found in publications are “uniform”, “coherent”, “homogeneous” and “patchy” [23, 27,

36, 47–52].

To sum up, although transfer film coverage and uniformity evaluations are mentioned

in the literature, for most parts, they are not meant to be understood as a quantitative

measure but as a qualitative estimation. Despite easily accessible metrics, such as

the area fraction and free-space-length that are backward compatible and fast by au-

tomatic scripting, even recent publications seldom apply these techniques. Apart from

this, both concepts are tied to restrictions of their respective image capturing method-

ology. However, these methodologies are typically ex-post and locally conducted. Last

is preventable by a combination of automatic measurement and stitching, but – to the

best of the author’s knowledge – no such procedure was published yet.

2.2.4. Transfer film adhesion and correlating attributes

In order for transfer films to affect friction or wear, it needs to adhere on the wear track

substrate. Therefore, the adhesion strength is a fundamental information of transfer

films. Typically, transfer film adhesion is classified into physical or chemical adhesion.

While typical members of physical adhesion are mechanical interlocking and tribolog-

ical induced sintering, the formation of various chemical bonds, e.g. covalent bonds,

belongs to the chemical category of adhesion.

Within the field of chemical adhesion, Briscoe was, arguably, the first researcher that
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suggested that the degradation of polymeric material increases the transfer film adhe-

sion [53]. Furthermore, the material composition, i.e. the selection and combination

of matrices and fillers, affects the polymer degradation process. Studies from Pitenis

and Harris suggest that degradation products, in their case made from PTFE, serve

as a link between transfer film and substrate [31, 54]. Bahadur and Gong reported

that fillers made of CuS, CuO, CuF, and PbS decompose during sliding, and the re-

duced metal improves the bonding between transfer films and metallic substrate [55].

Padenko et al. investigated the deposited transfer film formed by PTFE filled with func-

tionalized graphene sheets and found carboxylic groups that react with the graphene

sheets’ functional groups [23]. This way, a higher adhesion was realized.

In the field of mechanical adhesion, Bahadur and Tabor reported that the transfer film

formed by PTFE composites filled with polar graphite, Pb3O4, MoS2, and CuS on steel

and glass correlate with initial surface roughness. Therefore, they concluded that adhe-

sion is majorly dominated by mechanical interlocking [56]. Mergler et al. intermittently

investigated the material transfer of polyoxymethylene-C ( POM-C) on 1.4301 stainless

steel. They reported that the initiation of material transfer is mainly caused by mechani-

cal interlocking. Roughness peaks of the steel substrate penetrate the polymer surface

and create loose wear debris that are then deposited in the roughness valleys [57].

Similar results were also found in [8, 58].

Kato and Komai introduced a relatively new mechanical mechanism. The researchers

investigated various nanometer-sized oxide particles under sliding pressure and re-

ported that transfer films formed by these particles are due to tribo-sintering and the

formed transfer film resulted in overall lower wear [59]. In 2015, Zhang et al. reported

that the inclusion of carbon fibers into an epoxy composite lead to increased local pres-

sure and temperature at the tip of the fiber that, again, degrades the epoxy fraction of

the transfer film and enables a tribo-sintering process [17].

Despite that transfer film adhesion is of significant importance, the measurement of the

adhesive strength has proven to be complicated. Although transfer films show many

similarities to tribological coatings in terms of function, in terms of morphology, transfer

films are, typically, very thin and discontinuous, i.e. yield spatial variation [22]. There-

fore, sophisticated methods to examine coatings, namely scratch and peel tests, are

challenging to perform on transfer films, and their results are also difficult to interpret.

For instance, during scratch tests, an indenter slides across the surface with increasing

normal force until the coating fails [60, 61]. In case of transfer films, discontinuity and

heterogeneous height distribution are likely difficult to interpret if they are detectable at

all in case of thin transfer films. This might be the reason why no such test results were

found during this literature research.

Schwartz and Bahadur conducted peel tests on transfer films formed by PPS/alumi-

na composites against tool steel. The authors reported a correlation between peel
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strength and wear [62]. Similar reports were made later by Bahadur and Sunkara with

transfer films formed by PPS composites filled with inorganic nanoparticles [63]. The

main problems with these numeric results are that due to the discontinuous nature of

the transfer film, an unknown degree of substrate effect is included. Additionally, both

tests prerequisite that the cohesive strength of the transfer film are significantly higher

than the adhesive strength between the transfer film and the substrate [64]. Otherwise,

the measured results refer at least in parts to the cohesive strength of the transfer film.

In order to amend the contributions of the substrate surface, Ye et al. [65] utilized a vari-

ation of Agrawal and Raj thin-film failure theory [66]. The original technique involved a

coated slab that is stretched until the coat starts to crack. Agrawal and Raj defined a

mathematical relationship between crack spacing, coating thickness, and the normal-

ized adhesive strength. Therefore, by measuring crack spacing and coating thickness,

the normalized adhesive strength can be calculated. Ye et al. utilized the experimental

setup with a slab that is pre-dominated with a transfer film instead of a coating. The

authors reported a continuous increase of adhesive strength during the tribological test.

Despite the successful exclusion of the substrate effects, the concept comes with var-

ious restrictions and challenges. First, in order to distinguish cracks due to stretching

from discontinuities of the transfer film, selected areas covered by a transfer film need

to be isolated and observed. Second, the method is not sensitive enough to detect thin

transfer films, as no spatially connected film is formed. Third, it is restricted to sample

geometries with a slab geometry, e.g. from reciprocal test configurations. Other model

tests involving ring or disc specimens are not suitable for these uniform stretch tests.

Additionally, the concept is a surface-altering method and, therefore, strictly ex-post

applicable. These are possible reasons why a widespread use of the concept was not

found yet.

Due to these difficulties, some researchers revert to the measurement of indirect trans-

fer film adhesion attributes, i.e. attributes that correlate with transfer film adhesion.

Some of the most frequently used techniques are chemical analyses, typically by spec-

troscopic means. Spectroscopy is a family of analyses that yields information on the

wavelength-dependent interaction of light – or in more general terms electromagnetic

waves – with matter. Typical members used for transfer film studies are energy dis-

persive X-ray analysis (EDX) [24, 37, 51, 67–69], FT-IR [23, 31, 54, 68, 70, 71] and

X-ray photon spectroscopy (XPS) [24, 69, 71, 72]. These techniques are highly devel-

oped and specialized in the field of natural science and have been used extensively to

study transfer films. Their primary task is the elucidation of the chemical elements and

bonding types. Based on this information, material composition and possible adhesion

mechanisms of transfer films can be identified.

Most frequently, EDX units are combined with electron microscopy. This combination

is probably the reason why many studies often include EDX results. To name some,
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Zhang et al. studied the transfer film formed by epoxy composites filled nanoscale sil-

ica using SEM/EDX [17, 37]. In their study, the absence of epoxy and the elevated

silicon content in the transfer film lead to the conclusion that polymer degradation hap-

pened. As silica is chemically inert and transfer films were almost exclusively found in

the roughness grooves, the researchers concluded that the epoxy was degraded during

the sliding process and the transfer film is dominated by physical adhesion. Guo et al.

utilized EDX and reported different material compositions for “patchy” and “uniform” dis-

tributed transfer films and concluded different adhesion processes from that [51]. Ma et

al. reported traces of tribo-chemical reactions during the formation of transfer films us-

ing XPS. The authors believe that the formation of new links increases the transfer films’

adhesion strength to the metallic substrate [71]. Similar reports were made by Padenko

et al. using FT-IR in order to prove the increased adhesion capability of transfer films

formed by PTFE composites filled with chemically functionalized graphene sheets [23].

Altogether, chemical analyses identify the existence of certain chemical constituents

and groups of the transfer film. In combination with microscopic information, a general

idea of the primary adhesion mode can be deduced. Although such chemical analy-

ses are also quantitative, the interpretation in terms of transfer film adhesion is often

reported qualitatively. Therefore, qualifiers such as “stronger” or “improved adhesion”

are typically found in those studies [23, 54]. Additionally, the investigation is typically

ex-post except with special types of machinery as used by [43, 44], but with additional

effort, intermittent ex-situ measurements can be realized for most of these concepts.

Another indirect approach is to observe the transfer film persistence against degrada-

tion during sliding. Typically, a sample with a pre-dominated transfer film is manufac-

tured and, afterward, exposed to a new sliding test with a focus on the time needed to

wear down this film. Wang et al. used a reciprocating test configuration to manufacture

such a transfer film formed by a pin made of PTFE and its composite filled with MoS2,

graphite, aluminum, or bronze. Afterward, the slab specimen with the deposited trans-

fer film is tested against a 1.3505 (AISI 52100) hardened steel ball. The point in time at

which the transfer film is worn was identified by the transition point from low to high fric-

tion. The authors reported that films by PTFE composites last significantly longer than

films by unfilled PTFE [73]. A similar study was made by Li et al. with a pin-on-disc con-

figuration [32]. The authors pre-dominated discs at various pressures, velocities, and

initial roughness of the disk with a PTFE/copper pin. Afterward, the discs slid against

a silicon nitride (Si3N4) ball. The authors reported a correlation between the uniformity

of the surface morphology and transfer film adhesion strength. Urueña et al. inves-

tigated transfer films formed by PTFE/alumina composites and estimated the transfer

film’s specific wear rate by including the mean transfer film thickness into their calcula-

tion [74]. Interestingly, they found about a 100x higher specific wear rate for the transfer

film than for the PTFE/alumina composite sample. In a review by Ye et al., the authors
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assume that the wear rate and the load of the transfer film is significantly higher for the

steel ball than for the original polymeric parent [22]. Because of that, Ye et al. partly

recreated the test and made an effort to measure the wear of the transfer film during

sliding by photometric means [65]. A slab with a pre-dominated transfer film manu-

factured by a PTFE/alumina pin was tested in a reciprocating configuration against a

ball made of high-density polyethylene (HDPE). During the test, images were captured

as a time series through an in-situ microscope. Afterward, the images were converted

into grayscale information in order to distinguish between pixels that show transfer films

from pixels without a transfer film deposition, which is similar to the transfer film area

fraction concept. By computing the relative change of each image in reference to the

initial image, a temporally resolved relative transfer film degradation can be computed.

By additionally referencing the mean transfer film thickness to the initial image, each

pixel can be referenced to a specific volume (=voxel), hence, the specific wear rate can

be calculated. Applying this technique, the authors reported relatively high wear for

the first cycles, which were higher than the wear of the HDPE sphere. After about ten

cycles, a steep decrease in transfer film wear occurs, which results in a lower transfer

film wear rate than wear rate of the sphere. This method by Ye et al. was found to be

very interesting as it is the only approach that yields temporally resolved and quanti-

tative data. Additionally, the data is computed from lateral extensive measurements,

although the lateral extensiveness is without further development probably restricted

to reciprocation pin-on-slab configurations. This is because larger wear tracks need to

be either taken from an increased distance or, at close range, stitched together from

multiple images. This process is especially difficult for non-flat samples such as rings.

Despite the undoubtedly advantages of this approach, it has not found widespread use

yet. A possible reason might be that the measurement of transfer film persistence is

tied to significant additional effort in terms of a two-step process: First, a sample needs

to be pre-dominated with a transfer film. Second, the manufactured transfer film is ex-

posed to another tribological test, which is often paired with different material than in

the first step. Therefore, results from these test are seldom close to real applications,

which makes knowledge transfer challenging. In addition, machinery, such as an in-situ

microscope, is not always available in each research group.

Finally, the last indirect attribute is the transfer film stability. Of the mentioned transfer

film attributes within this elaboration, stability is one of the most mentioned and probably

the most misleading attribute at the same time. Typically, researchers refer a transfer

film as “stable” or “tenacious” without clarifying of how exactly the authors reached that

conclusion or what exactly was meant by this qualifier [8, 15, 36, 75, 76]. This lack

of definition is additionally aggravated, because, to date and to the best of the authors

knowledge, no quantitative approach on the determination of transfer film stability, by

which a definition can be deduced, has not been published yet, leaving the term at a
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state of diffusion – although sometimes unrecognized.

Overall, although transfer film adhesion strength was concluded to be of fundamental

importance, literature demonstrates that the measurement of adhesive strength is diffi-

cult due to the thin and discontinuous nature of transfer films. Because of that, indirect

attributes that correlate with adhesive strength are often used as substitutes. The most

popular methods of that family are chemical analyses, which are primary used to deter-

mine chemical elements and bonding types by which the primary adhesion mode can

be identified. However, even with quantitative chemical analyses, results from these

evaluations are still reported qualitatively. Other approaches involve the persistence

and the stability of transfer films. The determination of persistence is an interesting

concept as it yields temporally resolved and quantitative information. However, it is also

bound to the significant additional effort, the use of special machinery, and the chal-

lenging transfer of results to real applications. At last, transfer film stability, although

most frequently mentioned in many publications, was found to be concerning its distinct

definition at a state of diffusion. Therefore, so far, no direct or indirect quantitative, tem-

porally resolved, and lateral extensive method exists to determine transfer film adhesion

without reverting to special machinery or severe limitations in the material combination.

2.2.5. Transfer film formation speed

The formation speed of transfer films is another more intuitive attribute as it refers to

the time needed for the transfer film to be “fully" formed, either dynamically by forming

an equilibrium between transfer film formation and degradation or statically by finishing

a transfer film state at a specific time.

As transfer films potentially affect the progression of friction and wear, information on

the formation speed might be of interest, especially in some critical applications, e.g.

emergency dry running due to the loss of lubricants in piston shafts.

Unfortunately, the formation speed is also one of the more scarcely investigated transfer

film attributes. Some literature mentions the formation speed without further explana-

tion [75, 77]. For instance, Chang et al. reported about transfer films formed by epoxy

resins filled with titanium dioxide, short carbon fibers, graphite and PTFE [75]. They

wrote that “[i]n comparison to the transfer film formed by graphite flakes, the transfer of

PTFE has the advantage of quicker formation of a stable transfer film due to its larger

size and lower binding energy between crystalline slices". However, they do not indicate

how exactly “larger size” and “lower binding energy” would mandate a “quicker forma-

tion” of a transfer film (by PTFE compared to graphite), or how this “quicker formation”

was apprehended.

Some studies use the total running-in time based on evaluation of the steady-state

coefficient of friction as a metric [17, 52, 76]. This approach prerequisites a correlation
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between transfer film formation and friction, which was never numerically or statistically

proven to the author’s knowledge.

Sebastian et al. utilized the electrical resistance as a metric for the extent of the transfer

films and defined the transition point from an increasing to a steady-state progression of

electrical resistance as the time needed for the full formation of the transfer film [36]. Ma

et al. determined the amount of chemical groups on the wear track at various sliding

distances in order to find the point in time at which certain chemical groups are fully

developed and referred this time as transfer film formation speed [71].

Overall, none of the shown approaches are in any widespread use. Numerical quanti-

ties, although in theory collectible by some of these approaches, are often not reported

leaving transfer film formation speed at a vastly underdeveloped state.

2.2.6. Micro-mechanical analysis

Micro-mechanical properties, such as the hardness and elastic modulus of transfer

films, belong to the more scarcely reported attributes. These properties are believed to

contribute to transfer film attributes like adhesion, thickness, and “stability" [75, 78].

Typically, in order to determine these properties, some form of indentation measure-

ments are utilized [79]. For instance, a micro-indentation was performed by Friedrich et

al. to determine the hardness of transfer films formed by PEEK composites filled with

carbon fibers [80]. The authors reported that the orientation of fibers affect the hardness

of the resulting transfer film, but also mentioned severe substrate effects, especially

with thinning transfer films. Chang et al. also experimented with micro-indentations

and reported that with increasing transfer film thickness, the hardness of the surface

decreases, which leads to a reduced abrasiveness of the tribological system [75].

In order to decrease the overall indentation depth and, thus, the substrate effect, some

researchers revert to nano-indentation [81]. Randall reported that harder transfer films

coincide with lower wear rates in their study with hard coatings [82, 83]. Ye studied

the hardness of transfer films formed by alumina-PTFE composites at various sliding

distances and reported a gradual increase of hardness during the tribological exposure

due to particle accumulation and polymer degradation [84]. The authors also reported

a positive correlation between hardness and wear resistance. Both studies pointed out

that even measurements with nano-indentation yield an unknown degree of substrate

effect as a maximum indentation depth of 10 % of the overall transfer film thickness,

which should not be exceeded as a general rule [81], could not be securely avoided.

Further aggravations are that indentation experiments are by nature point-wise mea-

surements, i.e. laterally extensive measurements are tied to significant additional effort.

This effort is further increased as transfer film covered regions need to be locally iden-

tified due to their discontinuous nature. In addition to that, the approaches are ex-post
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and not intermittently ex-situ conductible because, during indentation, a lasting change

is left on the surface.

A possible approach to amend the problem of substrate effects is by Peakforce quan-

titative nanomechanical mapping (QNM), which is an analysis extension to the AFM.

Instead of penetrating the indentation tip into the material, an AFM cantilever tip moves

parallel to the surface with minimal contact to the surface. Zhang et al. utilized this

technique to determine the elastic modulus of transfer films formed by epoxy nanocom-

posites [17], but no correlation with friction or wear was reported. Furthermore, this

technique yields no hardness information as no indentation is made. In terms of lat-

eral extensiveness, although QNM measurements are spatial, the total measurement

area is often within hundred square micrometers, resulting in significantly more effort if

made lateral extensive. Furthermore, QNM measurements are made ex-post, but are

theoretically open to intermittent ex-situ measurement as no surface alteration is made

with this method.

Overall, it is believed that micro-mechanical properties affect transfer film attributes,

such as adhesion, thickness, and stability, which again is involved in the formation of

friction and wear. It is an indirect property of interest, which is scarcely investigated.

The extended effort to localize regions of interest, interpretation difficulties due to un-

known amounts of substrate effect, and arguably representative results due to local

measurement are possible reasons why these approaches have not found widespread

use.

2.3. Summary and concluding remarks

Polymeric transfer films are known since the early 1960s, and the transfer of metallic

particles is known even decades before that. To date, many researchers believe that

a correlation between transfer films or their attributes, e.g. thickness, coverage and

formation speed, and tribological properties, including friction and wear, exist. Because

of that, extensive studies were conducted over the last decades in order to improve

the understanding of transfer films, which results in a yearly growth of tribological tests

including some form of transfer film detection and evaluation. By now, transfer film

detection and evaluation is gradually becoming a standard procedure that is especially

expected by tribological studies involving polymers or polymeric composites.

Even so, evaluations of transfer films are to date mostly done qualitatively that involve

qualitative statements like “thin”, “uniform”, “fast”, and “tenacious”. With many results

resorting to such qualitative methods, statistical correlation analyses between transfer

films and friction or wear can hardly be realized. Consequently, no statistical proof on

the role of transfer films, whether they are the cause or consequence of friction and
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wear, can be established. Therefore, based on the current state of the art, only the

involvement of transfer films in the progression of friction or wear can be assumed,

which agrees with similar conclusions from other research groups [18–22].

Therefore, a selected, but to the author’s opinion, representative overview on how re-

searchers have applied existing transfer film investigation methods in their studies was

given, which lead to conclusions as follows.

• Transfer film thickness measurements were found to be the most developed. A

possible reason for that is that the thickness is an evident and tangible attribute

and, therefore, many independent developments were made. The most common

approaches are determining the average transfer film thickness by profilometry

or local transfer film thickness by cross-sectioning. Both techniques are typically

conducted ex-situ and lateral extensive measurements are tied to additional effort.

Although in-situ approaches do exist, they are not in widespread use. A possible

reason is the need for special machinery and the severe restrictions.

• Transfer film coverage showed mixed results concerning their association with

friction or wear. This is most likely because the metric, namely the area frac-

tion, is indifferent concerning its distribution of deposits on the surface, i.e. some

large transfer film patches, arguably, affect differently on friction and wear in com-

parison to evenly distributed transfer films, although both surfaces possibly yield

similar area fractions. Therefore, uniformity and its so far only metric – the free-

space-length – was found to be a better match to friction and wear. Nevertheless,

although both metrics are easily computable, a widespread use was not found for

either.

• In terms of adhesive strength of transfer films on the substrate, it was shown that

direct measurements, which are typically used for coatings, cannot be directly

applied for thin and discontinuous transfer films. This is probably why indirect

attributes that can be correlated with adhesion are preferably determined. The

most common techniques are by chemical analyses, e.g. EDX, FT-IR, and XPS.

Although quantitative results are available in theory, only qualitative transfer film

results are typically reported. Furthermore, chemical analyses are, without spe-

cial implementation into the tribometer, typically ex-post or intermittently ex-situ

at best. Other indirect approaches involve the determination of the transfer film

persistence. They yield quantitative and temporally resolved results but are also

tied to more effort as pre-dominated transfer films need to be manufactured, and

results from these tests are probably difficult to transfer to real applications. Fi-

nally, although mentioned most frequently in literature, transfer film stability was

identified to be very diffuse in terms of definition and evaluation.
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• Transfer film formation speed is often associated with the total break-in time of the

coefficient of friction under the assumption that the progression of coefficient of

friction and the extent of the transfer film correlate with each other. Furthermore,

although a small collection of other techniques is available, none of them are

significant improvements in terms of temporal resolution, lateral extensiveness,

or ease of use. Additionally, none of the shown methods are widespread, leaving

this attribute in a vastly underdeveloped state.

• Finally, micro-mechanical properties, namely hardness and elastic modulus, are

scarcely determined properties. Typical indentation measurements by means

of micro- or nano-indentation are susceptible to substrate effects, which cannot

be securely avoided as transfer films are very thin and discontinuous. Further-

more, significant effort needs to be spent on the localization of regions of interest

and for lateral extensive and temporally resolved measurements. Alternative ap-

proaches, such as QNM can overcome the problem of the substrate effect and

have a slight advantage in terms of lateral extensiveness and are potentially con-

ductible intermittent ex-situ, but yield no hardness information.

Overall, the presented selection of existing methods for observing and analyzing trans-

fer films has shown some major shortcomings. Many approaches result in qualitative

statements using a set of qualifiers for certain transfer film attributes like uniformity,

speed, and adhesion. Even theoretically quantitative analyses, e.g. as found in chem-

ical analyses, are often reduced to qualitative results in the interpretation. In the end,

only a few metrics, e.g. transfer film area fraction, free-space-length, or electrical re-

sistance, are left beside transfer film thickness. Because of this, the comparison and

transfer of results to other studies are severely aggravated.

Even more problematic is the common practice of investigating transfer films only ex-

post, i.e. at a single point of time, and relate the findings to the temporal progression of

friction and wear. As some temporally resolved techniques do exist, it is known that the

progression of transfer film deposition is not necessarily a linear but a dynamic process.

Therefore, the interpretation risks a generalization error.

These issues, combined with the very diffuse state of transfer film-related terminology

found for stability, lead to an even further decrease of the reliable information on transfer

films. Until today, the visual assessment of transfer films seems to be the unspoken

standard procedure of transfer film evaluation.

Furthermore, the issue of lateral extensiveness is not always adequately addressed,

although transfer films are known to be discontinuous and heterogeneous in their lateral

and height distribution. As a lateral extensive investigation of the wear track is often

cost-intensive, a trade-off at the cost of representativeness of the results is usually

found.
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Nevertheless, some approaches were created to overcome some of these shortcom-

ings. Unfortunately, they come at the cost of other severe restrictions, e.g. non-

sustainability throughout the whole test or the severely restricted selection of pair-

ing materials. Furthermore, the utilized approaches are conducted through special

or even non-commercially available machines, which is a significant hindrance for its

widespread use. Therefore, future comparisons of results between multiple research

groups are unlikely.

To sum it up, existing methods lack at least one of the following significant shortcomings:

1. Temporally resolved data cannot be collected. Therefore, temporal resolution can

only be achieved by intermittent test operation, (potentially) including the tempo-

rary removal of the test specimen from the tribometer.

2. The analysis is highly local, either by principle or due to time and costs restric-

tions.

3. The collected data is non-quantitative by design, or quantitative data is only ob-

tainable through non-trivial and time-consuming calibration. However, even with

quantitative data, it is often challenging to interpret them without resorting to qual-

itative attributes.

4. Attributes, their respective qualifiers, and their conclusion are drawn without fur-

ther explanation leaving room for misinterpretation.

5. The selection of materials and test specimens, to which the method can be ap-

plied to, is restricted, e.g. the material requires transparency or radioactive emis-

sion. Often these restrictions are severe.

6. The required testing equipment is expensive, very special-purpose, requires spe-

cial testing environments (e.g. vacuum), is not commercially available, or requires

highly trained personnel.

7. The approaches never found any widespread use resulting in a lack of compara-

bility.

Because of these points, creating testable data-driven hypotheses based on the re-

spective transfer film attributes and tribological attributes are severely aggravated.

Unfortunately, even recent publications show no significant progress in terms of method-

ology. Instead, many researchers have reverted to combining existing methods to com-

pensate drawbacks of different techniques and in order to investigate transfer films more

extensively resulting in extensive test effort [85–88]. Even so, due to the lack of tempo-

rally resolved and quantitative data, it is questionable that such conclusions would hold

up against an objective statistical hypothesis test.
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3. Objectives

The main objective of this work is to answer the question of the role of transfer films

or specific transfer film attributes in a tribological system, in particular, whether transfer

films are the cause or consequence of friction and wear mechanisms. If this is an-

swered, it will be of great interest what parameters affect the formation of these transfer

film attributes. In short, the main research questions can be summarized as follows:

1. Does friction and wear progression correlate with the progression of the transfer

film extent, and can it be numerically proven?

2. Are there other transfer film attributes that correlate with friction and wear?

3. What are the primary parameters and mechanisms that affect transfer film forma-

tion and specific transfer film attributes?

In order to achieve that, new approaches and tools for the determination and evaluation

of the transfer films and some of their attributes need to be developed that overcome

the mentioned shortcomings, see Chapter 2. The tools developed within this thesis fol-

low a more macroscopic approach, i.e. the acquisition of lateral extensive information

is preferred over highly detailed local information, while a certain degree of information

density needs to be kept as well. Furthermore, in order to omit qualitative statements,

the determination of quantitative data is required, and based on this data, suitable met-

rics are developed. Only this way, comparability between tests can be established.

Finally, the data needs to be temporally resolved. Otherwise, it is impossible to detect

any dynamic effects of transfer film formation during the wear test or perform any corre-

lation tests. These three properties form the mandatory requirements for each tool that

is developed throughout this elaboration.

In addition to that, it is desirable to develop and prepare the tools as sustainably as pos-

sible in order to support their widespread usage. Otherwise, comparisons and transfer

of results between research groups are highly unlikely in future studies. In order to

achieve that, most material combinations need to be accessible by the tools. Other-

wise, they might tend to be only reserved for special research groups. Furthermore,

the effectiveness of the tools, i.e. the invested effort versus the derived results, should

be reasonable. While this proposition for sure leaves room to debate, at the moment,
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almost each transfer film attribute, as shown in Section 2.2 is dedicated to its inde-

pendent experimental procedure. Therefore, for extensive research, significant effort is

needed to derive all wanted information.

Another goal is that the application of the new tools should be as simple as possible

in terms of reproduction and in terms of their daily use in tribological testing routines.

Furthermore, the tools should be generally accessible, i.e. should use commercially

available machinery or at least be reproducible. These requirements also include the

economic viability, i.e. either the use of standard laboratory equipment that are typically

found in most tribology laboratories or economically viable equipment. Finally, if neces-

sary, all computation processes that are not typically found in the ex-factory machines

need to be published. With this in mind, the concept potentially yields a higher chance

to find better acceptance.

Therefore, the following chapters elaborate different work packages that form an com-

prehensive toolset for the analysis of transfer films. Chapter 4 elaborates the basic

transfer film detection and evaluation concept. The photo-optical method utilizes the

temporal change in relative luminance of the wear track as an indirect metric for the

extent of transfer film formation. The resulting data from this so-called transfer film lu-

minance analysis or TLA is temporally resolved, quantitative, and laterally extensive.

It should be noted that the concept is based on collaborative work with Andreas Geb-

hard [89, 90].

Based on the TLA data, Chapters 5-8 elaborate methodologies for specific transfer film

attributes, including transfer film kinetics, spatial uniformity, temporal stability, and av-

erage thickness. Using the TLA data as common data set, transfer film attributes are

computed without additional experimental effort except for the transfer film thickness.

This way, information on transfer films is gained at a reasonable effort. All chapters

include a methodology section that defines the respective terminology and their mathe-

matical description. Additionally, an experimental section on how the methodology was

realized is included and a demonstration in the form of a material composition study.

Each chapter is finalized with a summary section including the achievements of the new

metric and conclusions that were drawn from the results.

With the overall data drawn from the introduced methodologies as well as from stan-

dardized tribology testing, integrated data-driven models are developed in Chapter 9.

Based on such models, variations of friction and wear values can be numerically ex-

plained, relationships can be identified, and predictions can be made.
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4. Transfer film luminance analysis

The following chapter elaborates a concept on the detection and quantification of the ex-

tent of transfer film depositions on the wear track in a quantitative, temporally resolved,

and laterally extensive manner. The concept utilizes photo-optical measurements com-

bined with an automatic evaluation program. The methodology was developed in col-

laborative work with Andreas Gebhard, who transferred all automation programs into

his laboratory information management system. For this methodology, a joint national

patent was granted [90] in Germany, and a full detailed description of the concept was

published in [89].

Therefore, the methodology in Section 4.2 can be referred as a collocation of all nec-

essary fundamentals in order to understand the transfer film detection and evaluation

concept, namely the transfer film luminance analysis or TLA, which is of fundamental

importance as the following chapters are based on this concept.

In the experimental Section 4.3, it is demonstrated how the TLA concept is realized for

an existing ASTM G137 block-on-ring tribometer. Additionally, a study with polypheny-

lene sulfide and its composites is introduced in order to demonstrate findings that can

be drawn from the results (Section 4.4). Finally, a summary and concluding remarks

are stated in Section 4.5.

4.1. Preliminary considerations and assumptions

The method introduced in the following section is generally not tied to any specific

test configuration or substrate. For the sake of demonstration, a simple ASTM G137

block-on-ring configuration is chosen. But with simple adaptions, this concept can be

applied to other model configurations like ASTM G99 pin-on-disc or by additional device

duplication measure two surfaces simultaneously, e.g. in twin-disc configurations.

In general, transfer films can be formed on both sliding partners, especially in self-

mated configurations or if both partners yield similar properties [6, 7]. However, in poly-

mer/metal configuration, transfer films are typically investigated on the metallic counter-

face exclusively as metal particles are often much less found on the polymer surface.

This is especially true for hardened steel [91]. Therefore, the following elaboration will

exclusively focus on the determination and evaluation of polymeric transfer film on the
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metallic surface.

4.2. Methodology

4.2.1. Measurement principle, test setup and data recording

The fundamental principle of the presented method is to measure the change of the

wear track luminance on the metallic test specimen, and use this measure as an indirect

quantity for the extent of transfer film formation. In simple terms, luminance describes

the amount of visible light – about 380-750 nm – that is emitted from, passed through,

or reflected off a body [92–94]. It is assumed that temporal changes in luminance result

from the absorption of light by forming a transfer film during the experiment, according

to Beer’s law [93].

Therefore, the data acquisition is based on capturing photographic images of the wear

track on the metallic counterbody, in this case a steel ring, during the whole test. Typi-

cally, images are taken as time series, i.e. in regular intervals, whose length is chosen

by the experimenter. One of the main requirements for taking the images is keeping the

lighting situation consistent throughout an experiment, i.e. the intensity and the angular

distribution of the incident light do not change. There are two edge cases for the inci-

dent lighting, namely direct and diffuse incident lighting. Direct incident lighting, which

refers to light rays that parallelly hit a surface with the same intensity, is highly sensitive

to the surface geometry. Therefore, changes in the surface topography lead to signif-

icant changes in luminance values, although not necessarily the extent of the transfer

film deposition. This light scattering effect is also utilized for the determination of the

surface roughness [95]. Therefore, to achieve minimum noise due to surface variation,

a (near) perfect diffused light, i.e. light incoming from all directions at the same inten-

sity, is needed. A dome light configuration can achieve such a light situation. Figure 4.1

(left) shows a schematic of the test setup, including the position of the dome light and

the camera with respect to the ring. It is crucial that the center hole of the dome, the

camera lens and the radius of the ring are all aligned.

Figure 4.1(right) shows the exemplary progression of light rays within the lighting dome.

White light is emitted from the light-emitting diodes (LEDs) built onto the dome’s inner

bottom side (A). From here, light rays are emitted at a specific beam angle, which will

not be further discussed, and each ray – here only one light ray B is shown – hits the

inner surface of the dome, which is prepared with a matte white finish. This matte finish

enables a (near) perfect diffuse reflection, indicated by multiple arrows originating from

that point. A subset of these reflected rays D hits the surface of specimen ring E . From

here, depending on the surface finish, incoming light beams are specular reflected,

diffused, or a mixture of both. In the case of a smooth, near-mirror like surface, specular
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Figure 4.1.: Schematics of the experimental setup. The light dome is shown as a longi-
tudinal section (left) and a section through the experimental setup, including
an exemplary ray-trace (right).

reflection is expected as indicated by F . But as the incoming light rays are expected to

come from different angles due to the diffuse lighting, its collected reflection at point E is

expected to be diffuse as well. With increasing surface roughness, diffused reflections

are dominating, and parts of it hit the camera lens G and ultimately the photo-sensor

built inside the camera H, which results in a luminance reading.

As any incoming light that reaches the camera lens contribute to the luminance mea-

surement – and not only from the light source – it is essential to prevent the camera

from recording any other incoming light except the dedicated light source. Otherwise,

possible inconsistent lighting situations lead to wrong measurements of the wear track.

Therefore, it is necessary to isolate the experimental setup from ambient stray light at

all times during the test. Such isolation can be realized by any means possible, includ-

ing leaving the tribometer in a dark and isolated room during test runs, enclosing the

measurement area with opaque materials, or filtering ambient stray light as explained

in Section 4.3.

Photographic images are obviously more macroscopic than microscopic images. Thus,

it is more suitable to cover larger areas of the wear track, which agrees to the mandatory

requirements of lateral extensive measurement (Section 3). By doing so, magnifications

of single transfer film patches, as known from SEM micrographs, are not achievable by

photographic equipment. Furthermore, local transfer film patches are in reality dis-

cretized by the finite pixel size of the photo-sensor inside the camera, see Figure 4.2.

It should be noted that it is not reasonable to maximize the resolution for the sake of

resolving the transfer film more clearly. The photo sensor of a camera consists of an

array of pixels. These pixels each act as their own photo sensor and deliver a value

for its lateral position. Therefore, the number of pixels correlates with the resolution.

As the camera body typically restrains the sensor size, an increased resolution is also
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Figure 4.2.: Imaging and discretization of wear debris patches located on the wear track
to the camera sensor.

tied to reduced pixel size. Due to the correlation between pixel sensitivity to photons

and pixel size [96, 97], signal-to-noise ratios is reduced with increasing overall image

resolution. Therefore, the image resolution should be decided on other aspects like

signal-to-noise ratio, overall data size, processing time, and bandwidth constraints for

the image transfer instead of the number of pixels exclusively.

The measurement of luminance by photographic means is extensively elaborated by

Hiscocks [98]. In the following work, the compounded camera sensor is referred as

“photo sensor” and a single sensor built within a pixel as “pixel (sensor)”. Throughout

this thesis, it is assumed that each pixel has a position (a, b) given by its center, where

a ∈ {a0, . . . , af} and b ∈ {b0, . . . , bg} are discrete equidistant values on the wear track in

horizontal, respectively vertical direction (cf. Figure 4.2). Therefore, each pixel sensor

registers incoming photons and converts their amount at each pixel position (a, b) into

a numeric N according to the following relation

N(a, b) = K ·
texp · S

f 2
· L(a, b), (4.1)

where K is a calibration constant of the camera sensor, texp is the exposure time, S

is the ISO sensitivity, f is the aperture number, and L(a, b) is the luminance of the

area on the ring that the camera’s lens (system) projects onto the sensor at a position

that corresponds to image position (a, b) [98]. Note that in the color mode, it would be

converted into three numerics (red, green, blue), but as luminance only needs grayscale

values, only one numeric is used throughout this elaboration. Therefore, a digital image

can be interpreted as a pictorial representation of luminance results that originates from

a collocated and arranged readings of pixel-sensors.

While photographs yield the capability to cover a larger area of the wear track com-

pared to most other concepts, it is not guaranteed to capture the whole wear track in
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Figure 4.3.: Schematic of the transition from short exposure image to circumferentially
averaged image by exposure time matching.

a single, short exposed shot. “Short exposed” refers to an image taken with a short

enough exposure time that each object’s position is captured and represented by a sin-

gle pixel in the image. Such images can be made for exclusively flat surfaces that fit

into the frame of the photo sensor, but rings like in this demonstration would not work

unless, for instance, synchronously captured from different positions of the ring sample

simultaneously and stitched together in post-processing. A more accessible and cost-

efficient method is to match the exposure time texp of the camera to a multiple of the

time needed for a complete rotation of the ring trot

texp = n · trot, (4.2)

where n is an integral number to be defined by the user. This way, each position of the

wear track passes the photo sensor n times. This exposure time matching process en-

ables easy access to lateral extensive information but at the cost of losing information

density in the rotational direction. Hence, images captured this way are circumferen-

tially averaged (Figure 4.3), but still retain their lateral resolution along with the wear

track width position a.

4.2.2. Image processing and data extraction

Figure 4.4 shows an exemplary image captured by the method described in Sec-

tion 4.2.1. Within this image, two different selections are made, one for the region

of interest referring to the wear track area, which will be denoted throughout this thesis

as roi, and one for a non-tribologically exposed reference area denoted as ref. The

width range (a-axis) of the roi should include the complete width of wear track minus a

little buffer towards the edges while the range of the vertical b-axis already yields cir-

cumferential averaged values and is only processed spatially in order to compensate
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Figure 4.4.: Exemplary definition of the region of interest (roi) and reference area (ref)
in a circumferentially averaged photograph.

vertical graduations and possible artifacts. Therefore, it can be chosen relatively arbi-

trary, but from the center of the image. The width range of the ref is selected at close

vicinity to the roi range without overlapping. This way, possible lateral luminance gradi-

ents are minimized. In the following, the discrete equidistant pixel positions of the width

is denoted as aroi,0, . . . , aroi,f and of the height as broi,0, . . . , broi,g for the roi. Respec-

tively, aref,0, . . . , aref,f and bref,0, . . . , bref,g are the corresponding pixel position of the ref.

Note, that for simplification, this notation assumes without loss of generality that roi and

ref have the same width, which might not be the case in experiments. Furthermore,

the vertical ranges of the roi and ref selections are chosen identical in order to include

the same amount luminance deviation resulting from the curvature of the ring and the

general vertical luminance gradient, i.e. b0 = broi,0 = bref,0, . . . , bg = broi,g = bref,g.

For the computation of the relative luminance, the average pixel values Nroi and Nref of

the roi and ref selections are computed. For the roi selection, all values along with the

wear track width positions are vertically averaged, i.e. all pixel positions with the same

width position as are aggregated into one arithmetic mean value according to

Nroi(as) = n−1
b

bg∑
b=b0

N(as, b) ∀ as ∈ {aroi,0, . . . , aroi,f} (4.3)

while nb refers to the number of measurement points within the selection in b-direction.

For the ref selection, the arithmetic mean pixel value Nref is calculated from all pixel

values within the ref selection, i.e.

Nref = (nref,a · nb)
−1

aref,f∑
a=aref,0

bg∑
b=b0

N(a, b) (4.4)

while nref,a refers to the number of measurement points along the a-axis within the
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selection, nb refers to the number of measurement points along the b-axis, i.e. nref,a ·nb

refers to the total number of pixels in the selection.

Based on Equation (4.3) and (4.4), the relative luminance Lrel is calculated for each

as ∈ {aroi,0, . . . , aroi,f} according to

Lrel(as) =
Nroi(as)

Nref

=
K · texp·S

f2 · n−1
b

∑bg
b=b0

L(as, b)

K · texp·S
f2 · (nref,a · nb)−1

∑aref,f
a=aref,0

∑bg
b=b0

L(a, b)
.

(4.5)

Under the prerequisite that all camera settings texp, S, and f are kept constant, which

is obviously the case as Nroi and Nref are derived from the same image, Lrel can be

computed from the selected roi and ref pixel values. This means that

Lrel(as) =
nref,a

∑bg
b=b0

L(as, b)∑aref,f
a=aref,0

∑bg
b=b0

L(a, b)
∀ as ∈ {aroi,0, . . . , aroi,f}. (4.6)

The resulting Lrel refers to the relative change in luminance of one pixel position as on

the a-axis of the roi selection in relation to Nref . A significant advantage of computing

relative values is that it needs no further acquisition of the calibration constant K, which

is a challenging and not obvious task as described by Hiscocks [98]. Additionally, Lrel

also omits the necessity to calibrate the lamps before each start, as gradual lamp degra-

dation over time deviates the absolute luminance readings. Finally, the signal-to-noise

ratio is improved since minor, insignificant degradation of the lamp is compensated

through the normalization process.

Once both selections for roi and ref are defined, they are applied to each image of the

time series. As the camera placement is fixed, the wear track position is also constant

for every time series image. Therefore, the selected coordinates can be reused in an

automatic evaluation program for all images.

For the ease of interpretation, it is proposed to offset as by aroi,0 and b by b0 according

to

xs = x(as) = as − aroi,0 ∀ s ∈ {0, . . . , f} (4.7)

ys = y(bs) = bs − b0 ∀ s ∈ {0, . . . , g} (4.8)

This way, the new wear track width position (x, y) is more tangible as it starts at the left

bottom rim of the wear track. The resulting data set yields the relative luminance as a

discrete function of time t and x, denoted as Lrel(x, t). By offsetting Lrel(x, t) by the
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initial start Lrel(x, t = 0) results in the change in relative luminance

ΔLrel(x, t) = Lrel(x, t)− Lrel(x, 0) ∀ x ∈ {x0, . . . , xf}. (4.9)

This metric starts at 0 and yields negative values for darkening and positive values for

brightening of the wear track, which is considered to be a more tangible metric.

Furthermore, it is additionally proposed to aggregate the results of ΔLrel(x, t) over x in

order to create one representative value per time step according to

ΔLrel(t) = n−1
x

xf∑
x=x0

ΔLrel(x, t) (4.10)

while nx = nroi,a refers to the total number of measurement points of width positions.

The final data sets ΔLrel(x, t) and ΔLrel(t) can be plotted for further interpretation,

see Section 4.4 or be subjected to further analysis to compute additional transfer film

attributes, see Chapter 5-8. Note that by definition ΔLrel · 100 specifies the change in

relative luminance from Nref in percent. For further reference, if ΔLrel is not further

specified, then it refers universally to ΔLrel(x, t) and ΔLrel(t).

4.2.3. Polishing detection

The complete TLA approach also includes a polish detection method, i.e., identifying

areas that yield a very smooth surface roughness with no transfer film on it. Due to this

smooth surface, majorly specular reflections happen within these areas, which signifi-

cantly affects the readings of the pixel values N , see Figure 4.5.

Polishing detection is one of the more advanced developments that were created in

a collaborative work together with Andreas Gebhard. As the extent of that subject

Figure 4.5.: Exemplary image of the wear track without (left) and with (right) partially
polished areas.
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could be dedicated a chapter of its own and the full introduction is out of scope within

this elaboration, further explanations on the matter are skipped. However, it should

be noted that all results, that were created within this work, are polish corrected by a

threshold of 125 % as thoroughly explained in the joint publication [89].

4.2.4. Limitations and known issues

Based on the measurement principle and the described evaluation process, the follow-

ing limitations and issues were identified:

• Tarnishing: Starting at temperatures as low as 200 ◦C, steel surfaces are sub-

ject to thermally induced oxygenation, which yields a thin and transparent iron

oxide layer. Its transparency enables constructive interference of specific, height-

specific wavelengths in the visible range, which causes visible tarnish. Tarnish

also changes the absolute luminance of the surface. It is currently unclear whether

uniform tarnish will also affect relative luminance and, therefore, should be avoided

until clarification. If the tarnish is caused by frictional heat, there is a high chance

that tarnishes exhibit a lateral gradient. In this case, tarnish will falsify the calcu-

lation of relative luminance, as it affects the region of interest and reference area

differently. Therefore, when planning experiments for photo-optical luminance,

test specimen, and tribometer geometry with an excellent thermal conductivity

should be preferred, oxidation resistant materials should be used, and good cool-

ing should be provided.

• Thermal light emission: Significantly above the onset of tarnishing, starting

at about 500 ◦C, metals start to emit visible light, which potentially affects the

recorded pixel readings in an undefined way and, thus, the computation of ΔLrel

is falsified. Although the referencing process according to Equation (4.5) might

compensate for that, it needs to be investigated in future studies. While this is out

of scope for most polymer/metal-slide pairings, this limitation should be minded

when applying the method to high-temperature sliding of more temperature resis-

tant materials, e.g. ceramic/metal pairings.

• Thermally induced changes of geometry: Thermal expansion and contraction

due to temperature changes also affect tribometer components. This is an is-

sue if the observed test specimen, in this case, the ring, changes position within

the recorded images. This can happen if the sample mount expands thermally

when the temperature changes significantly throughout the experiment. There

are three strategies to prevent this issue: 1.) compensation of thermal expansion

by shifting the camera’s position in sync with any thermal shifting of the test speci-

men position (challenging), 2.) computational compensation of thermal shift or 3.)
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Figure 4.6.: Edge cases of possible original discrete wear track surfaces that result
in the same circumferentially averaged ΔLrel value: a) from a local dark
(=thick) deposition and b) from a set of uniformly over the circumference
distributed brighter(=thinner) depositions.

avoiding thermal expansion, e.g. by pre-heating the test setup or by not changing

the mount’s and specimen’s temperature excessively. With the utilized tribometer,

50 ◦C were the limit beyond which thermal shifting becomes noticeable.

• Minimum roughness limit: Due to the description in Section 4.2.3, photo-optical

luminance analysis requires a minimum surface roughness. The exact value de-

pends on the material and the geometry of the photographed test specimen, on

the type of surface finish (ground twist-free, ground twisted, sandblasted, etc.) as

well as potentially on the used lamps and camera equipment. Within this elabo-

ration, the minimum average roughness Ra was about 0.10 μm.

• Upper absorption limit: Photo-optical transfer film analysis is based on mea-

suring the luminance of the test specimen on which the wear track is formed.

Therefore, this test specimen should not absorb too much light as otherwise the

signal-to-noise ratio might deteriorate. At present, a threshold for the upper ab-

sorption limit was not further specified. For sure, it depends on similar factors like

the minimum roughness limit.

• Reduced lateral resolution: As already mentioned in the methodology section

(cf. Figure 4.3), in order to capture the whole wear track in a single image, the ex-

posure time is matched to a multiple of the ring rotation time for a single rotation,

see Equation (4.2), resulting in circumferentially averaged values in each image

at each wear track width position. Therefore, in the most extreme case, it cannot

be distinguished if a ΔLrel(x, t) value from a lateral position results from one thick

particle or a set of thin particles distributed along the perimeter of the wear track,

see Figure 4.6.
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4.3. Experimental

4.3.1. Tribometer

Block-on-ring friction and wear tests following ASTM G137 were conducted on an “At-

las Block on Ring-TriboTester” (Tribologic GmbH, Germany). This tribometer features

four test positions, on each of which a separate block/ring test specimen pair can be

mounted and tested in parallel. The equipped sensors are used for the time-resolved

recording of friction force FF (S2 1000N, Hottinger Baldwin Messtechnik GmbH, Ger-

many), counterbody temperature ϑcb (CT-SF02-C3, Micro-Epsilon Messtechnik GmbH,

Germany) and test specimen height h (optoNCDT 1402, Micro-Epsilon Messtechnik

GmbH, Germany).

The implementation of the TLA method was designed for this already existing block-

on-ring tribometer in a manner that it can be installed as a module if needed, but si-

multaneously in a non-disturbing way that for non-TLA measurements, the module can

be left installed without disturbing the tribological measurements. The ease of instal-

lation (cf. Figure 4.7), the undisturbed operation of non-TLA tests without unmounting

the module combined with highly automated evaluations are parts of the strategy to

increase its accessibility of TLA and possibly its more widespread use.

The light source and the camera, including its lens, are arranged in a way as described

in Section 4.2. Specifically, four UI-5040FA-C-HQ industrial-grade cameras (IDS Imag-

ing Development Systems GmbH, Germany) were used in combination with 25 mm

F/1.6 M118FM25 lenses (Tamron USA, Inc). The cameras feature a global shutter,

i.e. all pixel readings happen simultaneously, which are necessary to safely prevent

distortion effects, also known as rolling shutter from fast-moving objects. This is an

advanced feature over the typical line-wise pixel reading. Inside the cameras are 1/3"

Sony IMX273 CMOS sensors with a total resolution of 1.57 Megapixel. The resulting,

relative large pixel size of 3.45 μm was chosen in order to increase the signal-to-noise

ratio of each pixel as more photons per pixel can be detected with increasing pixel size.

The aim was to enclose a standard wear track width of 4 mm with about 100-125 pixels

per millimeter, which refers to a pixel resolution of 8-10 μm. Furthermore, the photo-

sensor features a color depth of 12 bits, which can resolve luminances from 0-100 %

in 4096 equidistant graduations. Combined with a 25 mm lens positioned 100 mm from

the ring surface, which was restricted by the available room for an undisturbed installa-

tion into the tribometer, images of the whole wear track, including a sufficient amount of

reference area, can be securely captured. Finally, the cameras yield an IP 67 protec-

tion to safely prevent dust from entering the camera housing during the test and create

artifacts by depositing dust particles on the photo sensor. Further dust depositions are

prevented by a vertical ventilation unit build in front of the dome light that blows dust
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Figure 4.7.: Schematic of the experiment setup with TLA implementation as CAD de-
sign (left, with heating unit) and photography (right, with ventilation unit).

away from the camera unit.

Additionally, a neutral density or ND filter (Ni120, Midwest optical systems, Inc.) was

mounted onto the lens. The ND filter evenly absorbs wavelengths from 400-2000 nm

with a transmission rate of 6.25 %. This way, ambient stray light originating from ceiling

lights, windows, or any other source is filtered, resulting in pitch black images without

additional lighting.

This stray light filtering technique was preferred over an isolation concept, either real-

ized by keeping the whole laboratory room in the dark or by enclosing the testing area.

Both isolation concepts yield challenges and restrictions. Keeping a whole room dark,

although technically very simple, is often not very practicable in the daily lab routine,

especially if the testing machine is not dedicated to its own laboratory, which was here

the case as well. An enclosure severely restricts the access to the testing area. There-

fore, visual assessment during the test is aggravated. Additionally, without additional

ventilation, the climate within the enclosure changes significantly, and possibly compro-

mises the results. Furthermore, the mounting and unmounting process before and after

each test severely increases effort. Finally, enclosures can be a substantial hindrance

for the test setup and aggravate the concept to be more widely accepted.

Lighting for the TLA was provided by SAW3 2102 dome lights (Polytec GmbH, Ger-

many) equipped with white LEDs that ensure a (near) perfect diffuse illumination of the

ring specimen. The dome has an outer diameter of 102 mm and an inner diameter of

54 mm. As the distance to the wear track is around 10-15 mm, the total illumination

area is not much larger than the dome’s inner diameter. With a standard block size

of 4x4 mm and a similar size reference area, the dimensions of roi and ref are small

compared to the opening of the light dome with a ratio of approximately 1:7. This way,

luminance gradients are minimized.

The camera system is positioned in a way that roi and ref are in the center of each image
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in order to further minimize lateral and vertical luminance gradients. Furthermore, it is

ensured that the position of the camera to the surface of the ring specimen is normally

positioned towards the ring surface.

4.3.2. Investigated materials and test specimen preparation

Dry sliding imposes high demands on the utilized materials concerning low friction, high

wear resistance and high-temperature resistance. The latter is required since the lack

of lubrication typically significantly increases friction while at the same time reducing

heat deduction, which results in higher contact temperatures than in lubricated sliding.

If not addressed properly, thermal over-stressing results in increased wear, material

softening, and deformation of the components [99]. Therefore, polymers with higher

thermal stability than technical polymers, so-called high-performance polymers, are

well-established in such applications. Among others, PPS is such a high-performance

polymer. As the objective in this elaboration is to examine the temporal progression

of transfer film formation and its impact on friction and wear until it reaches its steady-

state, a thermally more stable polymer was chosen for this study. PPS yields these

good thermal properties, and due to its low costs compared to other high-performance

polymers, e.g. PEEK or polyamide imide, it has high economic relevance. Therefore,

results from this study might also directly impact applications of future PPS composites.

For this study, block materials made of neat PPS and a selection of PPS composites

filled with carbon fibers (CF), graphite (GF), and PTFE in varying compositions were se-

lected, as shown in Table 4.1. All materials were chosen to be black, which, therefore,

yield a high contrast and ease the detection of any formation of transfer films on the

silver-gray metallic substrate by the photo sensor. All materials are commercially avail-

able products for actual application purposes. Therefore, the exact type of fillers and

potentially processing additives are not declared as part of the manufacturer intellectual

property.

All material grades were delivered as ISO 527-2 Type 1A test specimens, also known as

dog bones. As some materials were filled with CF and these injection molded materials

grades typically yield preferential orientation of the fibers, the block can be prepared in

normal, parallel, or orthogonal to the sliding direction. Within this study, all test spec-

imen blocks were prepared parallel in orientation. All test specimens were milled into

4.0 by 4.0 mm2 blocks, which results in a nominal cross-section of 16±0.2 mm2. After-

wards, all finished block test specimens were stored in a HPP 108 (Memmert GmbH,

Germany) constant climate chamber according to ASTM D618 at 23 ◦C and 50 % rela-

tive humidity for at least 40 h.

The utilized ring specimens were commercially available needle-bearing inner rings

(IN 50x80x28, Schaeffler KG, Germany). Nominally, they have an inner diameter of
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50 mm, an outer diameter of 60 mm, and a width of 28 mm. They are made of 1.3505

(SAE 52100, 100Cr6) steel and exhibited a hardness of 60-62 HRc. They were ground

to be twist-free and to possess a surface roughness of Ra = 0.14-0.19 μm and Rz = 1.5-

1.9 μm, respectively. Thus, the surface finish was matte and allowed a majorly diffuse

reflection to take place, which is the preferred situation for TLA measurements as de-

scribed in Section 4.2.

4.3.3. Testing procedure

After mounting the block and the ring to the tribometer, silicon carbide sandpaper with

an average grain size of 18 μm was inserted between the block and the ring (at a load-

ing of approx. 0.3 MPa) and was moved slightly back and forth. This procedure resulted

in a conformal contact between block and ring right from the beginning of the test, and

a Hertzian line contact was safely prevented. This is especially important, as the tran-

sition from Hertzian line contact to complete conformal contact can take several hours.

Ensuring conformal contact right from the start excluded transient normal pressure as

a potential reason for any observed non-linearities in the early stage of the experiment

and it also reduced the risk of edge loading a block, which would have restricted the

formation of a transfer film to the regions of the wear track where contact would already

be established. After grinding and directly before starting the test, all test specimens

were thoroughly cleaned and degreased with petrol ether.

All tests were conducted at 2 MPa, 0.5 m/s, in dry sliding and lasted 20 h each, cor-

responding to a total sliding distance of 36,000 m. Ambient temperature and relative

humidity were actively regulated to 21-23 ◦C and 40-60 %, respectively, according to

ASTM D618, class 2.

The following equations can be found or transferred from [99, 100]. During each test,

the combined height h(t) of the block and the ring specimen was measured in time-

resolved manner with a quasi-static resolution of about 0.05 μm. The height loss is

calculated according to

Δh(t) = h(0)− h(t), (4.11)

where h(0) refers to the initial height. From Δh(t), the time-related linear wear rate

wt =
∂

∂t
Δh(t) (4.12)

was computed by linearly fitting height loss and elapsed time data. The regression

range was chosen only to include data from the steady-state phase of each experiment.

Thus, data from the breaking-in phase of an experiment would not falsify the calculation,

e.g. by introducing non-wear-related phenomena like thermal expansion into the height
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loss data.

From wt the specific wear rate ws was computed according to

ws =
1

pv
· wt (4.13)

using the nominal contact pressure p and the sliding speed v.

As profilometric post-test inspections of the steel rings did not exhibit any significant

damage (less than 0.5 μm in all cases), the observed height losses were fully attributed

to the block specimens and, therefore, the computed wear rates were also fully at-

tributed to the polymeric materials. Tests were ended prematurely if a Δh of 800 μm

was exceeded in order to ensure a safe machine operation.

The coefficient of friction μ can be computed from the recorded friction force FF and

the applied normal force FN for every data point t according to

μ(t) =
FF(t)

FN

. (4.14)

The time-resolved ring temperature ϑcb(t) and μ(t) were then averaged in a selected

steady-state interval tss = {tss,0, . . . , tss,f}, which typically was the same as for the wear

rate calculation. The accuracy of the recorded friction force was about 0.05 N. At a

loading of 2 MPa and a cross-section of 16 mm2, this corresponds to an accuracy of the

μ-signal of about 0.0016 (= max. linearity error and standard deviation of repeatability).

Similarly, the average change in relative luminance ΔLrel,ss was calculated from tss

according to

ΔLrel,ss = n−1
ss

tss,f∑
t=tss,0

ΔLrel(t), (4.15)

where nss is the number of recorded images found in tss.

4.3.4. Data aggregation and statistical analysis

For all materials, twelve individual tests were conducted. For numerical analysis, se-

lected time-resolved data were reduced to arithmetic means, as described above for

wt, ws, μ, ϑcb and the change in relative luminance (ΔLrel,ss). Twelve individual val-

ues for linear wear rate as well as the steady-state means for the coefficient of friction,

counterbody temperature, and change in relative luminance were subjected to statisti-

cal analysis: First, outlying observations were identified and eliminated using Nalimov’s

test according to ASTM E178. Then, from these sanitized statistical samples, arithmetic

means, standard deviations, and confidence intervals were computed. Whenever differ-

ences between numerical data are referred to as “(statistically) significant” throughout



44 Transfer film luminance analysis

Table
4.1.:Investigated

block
m

aterials.

C
F

G
R

P
T

F
E

M
aterialnam

e
M

anufacturer
/S

upplier
(w

t.-%
)

(w
t.-%

)
(w

t.-%
)

A
bbreviation

C
olor

Luvocom
1301-8772

Lehm
ann

&
V

oss
&

C
o.

K
G

0
0

0
P

P
S

neat
black

Luvocom
1301-8349

Lehm
ann

&
V

oss
&

C
o.

K
G

0
0

20
P

P
S

/P
T

F
E

20
black

T
E

C
A

C
O

M
P

P
P

S
T

C
black

4084
E

nsinger
G

m
bH

0
40

0
P

P
S

/G
R

40
black

Luvocom
1301-0824

Lehm
ann

&
V

oss
&

C
o.

K
G

30
0

0
P

P
S

/C
F

30
black

Luvocom
1301-7896

Lehm
ann

&
V

oss
&

C
o.

K
G

20
15

0
P

P
S

/C
F

20/G
R

15
black

Luvocom
1301-0915

Lehm
ann

&
V

oss
&

C
o.

K
G

10
10

10
P

P
S

/10/10/10
black

Table
4.2.:A

ggregated
num

eric
results

ofsliding
w

ear
tests

including
Δ
L
rel,ss

M
aterial

w
t

w
s

μ
ϑ
cb

Δ
L
rel,ss

abbreviation
[μm

/h]
[10

−
6m

m
3/N

m
]

[1]
[
◦C

]
[%

]

P
P

S
neat

275
±

59
76
±

16
0.33

±
0.05

32
±

1
-9
±

1
P

P
S

/P
T

F
E

20
29
±

4
8
±

1
0.23

±
0.02

30
±

1
-7
±

4
P

P
S

/G
R

40
1.5

±
0.3

0.41
±

0.07
0.32

±
0.01

30.3
±

0.6
-30

±
5

P
P

S
/C

F
30

2.1
±

0.2
0.59

±
0.06

0.47
±

0.02
32.4

±
0.9

-26
±

2
P

P
S

/C
F

20/G
R

15
1.5

±
0.1

0.41
±

0.03
0.34

±
0.02

31.0
±

0.6
-14.2

±
3.5

P
P

S
/10/10/10

0.6
±

0.1
0.17

±
0.04

0.34
±

0.01
31.6

±
0.3

-18
±

2



Transfer film luminance analysis 45

this study, the result of a corresponding two-sided t-test is meant. All statistical compu-

tations were done on a 95 % level of significance.

4.4. Results and discussion

Table 4.2 states the aggregated numeric results of the conducted block-on-ring tests in

the form of confidence intervals.

Of all investigated materials, neat PPS has by far the highest ws and μ. However,

adding 20 wt.-% PTFE reduces wear by about one order of magnitude (from 70 to

8 · 10-6 mm3/Nm, on average) while at the same time reducing μ by nearly 50 % (from

0.43 to 0.23, on average). While the absolute numbers are slightly different, the relative

changes are in excellent agreement with the findings of Bahadur et al. [55]. Further

significant reductions in ws, by about another order of magnitude, are reached when

additionally incorporating CF and GR into PPS. Actually, with only 0.17 · 10-6 mm/Nm,

PPS/10/10/10 exhibits the lowest specific wear rate of all investigated materials. In-

terestingly, all GR- and CF-containing composites, i.e. PPS/GR40, PPS/CF30, and

PPS/CF20/GR15, are all very similar concerning friction and wear, i.e. they exhibit

little to no significant differences concerning ws and μ. Together, they form an inter-

mediate performance level between the PPS/10/10/10 composite and the PTFE-only

PPS/PTFE20. Overall, the four composites containing CF or GR are exhibiting very

similar ws-values. This is consistent with the very low pv product that was applied dur-

ing the test. At a higher pv product, more pronounced differences would be expected.

However, the aim of this work was not to rank the investigated materials according

to their wear resistance, but to investigate the transfer films they produce at low, and

therefore sustainable pv.

Before that, another point of interest is that the PPS/10/10/10 material, despite being

obviously the most wear resistant formulation, does – by far – not reach the low μ of

PPS/PTFE20 (0.34 vs 0.23, on average). Overall, in terms of friction and wear, our

results are consistent with other researchers’ findings [55, 72, 101, 102]. Specifically,

Lhymn et al. found a μ of about 0.43 for a 40 vol.-% PPS/CF (which roughly equals

PPS/CF30 of this study, by weight) under very similar test conditions [103] and is in

very good agreement with the 0.47 in this study.

In terms of ring temperature, there is no significant difference between the tested ma-

terials. Again, this is due to the low applied pv-product, which – in combination with

the low nominal contact area of only 16 mm2 – results in a very low dissipated frictional

power of only 2.7 W for PPS/10/10/10 to 6.9 W for neat PPS. Therefore, ring temper-

ature was mainly governed by the heat that was dissipated by the tribometer’s drive

and gearbox, which was roughly the same in all cases and which exceeded the power
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Figure 4.8.: Exemplary plot of Nroi and Nref (top) and of ΔLrel(t) (bottom) as a function
of time t and sliding distance s.

dissipated by the test specimen by approximately two orders of magnitude.

Before moving into the detailed luminance discussion, Figure 4.8 shows an exemplary

plot of Nroi and Nref as a function of t and sliding distance s. The constant, non-

wavering Nref-line, which was found for all TLA measurements, indicates that the light-

ing conditions were very constant over the whole duration of the experiment. If any

significant deviation is detected on the Nref progression, the whole test would have

been excluded from the study, but no such measure was necessary. The validity of the

TLA measurement results is the prime purpose of this kind of data set and plot. At the

same time, from the Nroi-line a first overview can be gained concerning overall transfer

film formation, the speed at which any transfer film has formed, and whether a steady-

state in terms of luminance change due to transfer film formation has been reached

during the testing time. If a steady-state has been reached, ΔLrel,ss was calculated

according to Equation (4.15).

The highest ΔLrel,ss was observed for neat PPS and for PPS/PTFE20, which yield only

-9 % and -7 % on average. Still, as indicated by the confidence intervals, both are

significantly different from 0 %, i.e. “no change”. This is in good agreement with post-

test SEM images of wear tracks from tests on neat PPS and PPS/PTFE20 (Figure 4.9),

which show distinct, but minimal transfer film formation on the wear track.

The other four composites exhibit more distinct ΔLrel,ss, ranging from -14.2 % to -30 %
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(a) PPS neat (b) PPS/PTFE20

(c) PPS/GR40 (d) PPS/CF30

(e) PPS/CF20/GR15 (f) PPS/10/10/10

Figure 4.9.: Exemplary post-test SEM images of wear tracks of all six investigated ma-
terials. Magnification is x100 in all cases. “Exemplary” means that the
individual test from whose wear track the image was taken exhibited an in-
dividual change in relative luminance that was close to the arithmetic mean
of all tests on the respective material.
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Figure 4.10.: Top: Exemplary single-test results of ΔLrel(x, t) of neat PPS as a function
of wear track lateral position x and testing time t (“xt-plot”). 0 mm repre-
sents the left and 4 mm the right side-edge of the wear track. Bottom:
ΔLrel(t) and μ as a function of t and s. Tests were aborted after approx.
4 h due to excessive wear (> 800 μm). For better comparability, the same
plotting range was used for all tests.

on average. Of those four, PPS/GR30 and PPS/CF30 show no significant differences.

The same is true for PPS/CF20/GR15 and PPS/10/10/10. Therefore, there seems to be

no direct correlation between the total filler content and the ΔLrel,ss as all four materials

exhibit a total filler content of approximately 30-35 wt-%. If there is some commonality, it

seems that single filler composites with CF and GR exhibit darker transfer films on aver-

age than mixed filler composites like PPS/CF20/GR15 and PPS/10/10/10. Whether this

is generally valid or only a random observation due to the limited selection of material

compositions must be clarified in future investigations.

Figures 4.10 to 4.16 show “representative” xt-plots (Equation (4.9)) as well as combined

plots of μ and the (wear track-averaged) ΔLrel(t) for all six investigated materials. A

plot is considered to be representative when the individual value of the shown property

is close to the reported arithmetic mean in Table 4.2 and if it contains all qualitative

“motifs”, like fluctuations and breaking-in phase, that are typical for the quantity and

material in question.

Figure 4.10 shows the thus selected sample plots for neat PPS. As the wear for neat

PPS was very high, the test could not run for 20 h as planned but had to be stopped
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Figure 4.11.: xt-plot of ΔLrel(x, t) (top), and μ and ΔLrel(t) as a function of t and s
(bottom) for PPS/PTFE20.

shortly after 4 h when reaching the wear limit of 800 μm. Still, the xt-plot and the

ΔLrel(t) plot show that the formation of a transfer film is not a steady process. After

the first phase of rapid transfer film formation from ΔLrel(t) ranging from 0 to -5 %, it

stagnates for several hours before it is formed again at a much lower rate.

Figure 4.11 shows the same plot types for PPS/PTFE20. With a much lower wear,

all tests on PPS/PTFE20 could run for the full 20 h. Again, ΔLrel(t) drops quasi-

spontaneously at the start of the test to approximately -4 %, then a first steady-state

of about 1 h follows before transfer film formation continues. After about 13 h, ΔLrel(t)

reaches a steady-state-level of about -7 %. Lateral distribution of the formed transfer

films, visible from the variation of xt-plots’ grayscale values, shows that films formed by

PPS/PTFE20 are more uniform than those of neat PPS.

Figure 4.12 shows the selected plot for PPS/GR40. As shown by the ΔLrel(t), the wear

track darkened very fast initially. Already after a few minutes, a change of -10 % was

reached. The speed at which the transfer film is formed then declined significantly,

and the next -10 %-increment took about 2 hours. In comparison, after about the same

time PPS/PTFE20 needed for its steady-state, PPS/GR40 also reached its steady-state

of ΔLrel(t) of about -29 %. Again, the xt-plot shows that transfer film formation was

not homogeneous across the wear track width: while at x ≈ 2 – 4 mm the change in

luminance happened right from the beginning of the experiment, at x ≈ 0 mm there
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Figure 4.12.: xt-plot of ΔLrel(x, t) (top), and μ and ΔLrel(t) as a function of t and s
(bottom) for PPS/GR40.

was a latency of several hours before a transfer film was formed. Actually, such a

spatial non-uniformity is clearly visible at each stage of the experiment.

Figure 4.13 shows the representative plots for PPS/CF30. Ignoring the spikes for a mo-

ment, the trend of the ΔLrel(t)-curve is similar to the corresponding plot of PPS/GR40:

after a fast initial transfer film formation, the curve flattens out progressively and reaches

a steady-state of -29 % after about 10 h. Concerning the ΔLrel(t) spikes, two distinct

points are marked, between which a significant quasi-instantaneous change of ΔLrel(t)

and of μ took place. Figure 4.14 shows the captured images right before (top) and 60 s

after the event (bottom). They show that the reason for the drop of ΔLrel(t) is a par-

tial degradation of the transfer film at multiple lateral locations of the wear track. The

removal of transfer film then resulted in a reduction of light absorption and thus in an

increase of ΔLrel(t). This degradation can also be found in the corresponding xt-plot

in the form of a horizontal line that separates a dark, transfer film-rich region on its left

(i.e. before the event) from a brighter, transfer film-deprived region on its right side (i.e.

after the event). Having recognized this, it becomes clear from both the xt-plot and the

ΔLrel(t)-plot, that spontaneous partial transfer film degradation was not an occasional

but a frequent event. The observed processes are referred as “events” because the

degradation happens much faster than transfer film formation, i.e. within seconds to

minutes instead of hours. It is also interesting that these breakdown processes seem
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Figure 4.13.: xt-plot of ΔLrel(x, t) (top), and μ and ΔLrel(t) as a function of t and s
(bottom) for PPS/CF30. Points 1, 2 and the ellipse highlight a selected
transfer film degradation event.

Figure 4.14.: Circumferentially averaged photograph before (top, point 1 shown in figure
4.13) and after (bottom, point 2 shown in Figure 4.13) the degradation
event.
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Figure 4.15.: xt-plot of ΔLrel(x, t) (top), and μ and ΔLrel(t) as a function of t and s
(bottom) for PPS/CF20/GR15.

not to happen independently at any random position of the wear track, but in a common

space, i.e. within a lateral range of neighboring wear track positions, the transfer film

breakdown events happen synchronously. Therefore, these breakdown events seem

to originate from some unknown collaborative action. This is an interesting subject for

future investigations.

Another highly interesting aspect of quasi-spontaneous partial film degradation is that

it is perfectly synchronous with the observed fluctuations of μ. The reason for this be-

comes evident when considering the friction to be a direct result of the micro-mechanical

interactions in the sliding contact zone. Assuming that the interaction, and thus the

resulting contribution to friction force, between blank steel and the PPS block to be dif-

ferent from the interaction between steel covered with transfer film and the block, the

synchronicity of μ and ΔLrel(t)-fluctuations become understandable.

Figure 4.15 shows the representative plots of PPS/CF20/GR15. In many aspects, it is

comparable to the plots of PPS/CF30, i.e. the progression of ΔLrel shows a contin-

uous decrease, and after about 12 h the steady-state is reached at around -15 %. It

also shows quasi-spontaneous degradation events as found with PPS/CF30. The main

difference is the average steady-state level, which is significantly higher, and it seems

that the addition of GR reduces the extent of each degradation event as well as the

collaborative degradation action as found in PPS/CF30. Furthermore, the frequency of
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Figure 4.16.: xt-plot of ΔLrel(x, t) (top), and μ and ΔLrel(t) as a function of t and s
(bottom) for PPS/10/10/10.

these breakdown events is significantly increased. Therefore, the xt-plot is covered by

white spots that indicate these events. By visual assessment, this material yield the

lowest temporal stability in this test series. For numerical values, see Chapter 7.

The additional incorporation of PTFE, as shown by Figure 4.16, also shows similar

plots as PPS/CF30, and PPS/CF20/GR15. Despite the similar progression of ΔLrel(t),

which reaches a steady-state at around -20 % after 10-12 h, the extent of the transfer

film breakdown events is significantly lower than that of PPS/CF30. Therefore, similar

to GR, PTFE also inhibits the extent of the transfer film breakdown event. However, the

breakdown frequency does not seem the be altered as with PPS/CF20/GR15. Also,

the lateral, collaborative action of the breakdown events is recognizable. Overall, PTFE

seems to affect transfer film formation more subtly by reducing only the extent of the

transfer film breakdown without affecting most of the other feature found for PPS/CF30.

Moreover, the xt-plot of Figures 4.13, 4.15, and 4.16 indicate that the fluctuations of

μ are not only synchronous, but also that the lateral extent of the partial transfer film

degradation seems to correlate with the magnitude of change of μ. Therefore, Pear-

son’s correlation coefficient qp between μ(t) and ΔLrel(t) was computed [104]. This

was done only in tss of each experiment in order to exclude the effect of breaking-in and

transient temperatures on μ. As neat PPS wore so fast that no steady-state could be

safely identified concerning transfer film formation, it was excluded from this analysis.
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Table 4.3.: Pearson correlation coefficients qp.

qp
Material (ΔLrel(t), μ) (ΔLrel(t), ϑcb) (ΔLrel(t), Δh)

PPS neat n.a n.a n.a.
PPS/PTFE20 -0.02 ± 0.17 +0.07 ± 0.18 +0.01 ± 0.25
PPS/GR40 -0.09 ± 0.19 -0.08 ± 0.31 -0.24 ± 0.32
PPS/CF30 -0.68 ± 0.04 -0.65 ± 0.16 +0.40 ± 0.23
PPS/CF20/GR15 -0.55 ± 0.12 -0.53 ± 0.19 +0.13 ± 0.32
PPS/10/10/10 -0.55 ± 0.15 -0.39 ± 0.18 +0.21 ± 0.20

The computation was done for each wear test individually, and after outlying observa-

tions had been removed according to the described procedure in Section 4.3, arith-

metic means and confidence intervals were computed. The results of this procedure

are shown in Table 4.3.

Although PPS/GR40 exhibits extensive transfer film formation, the Pearson coefficient

is low because there was only a minimal temporal fluctuation in ΔLrel(t) and μ. There-

fore, no significant in-situ correlation between the two quantities was detected. For the

three materials, for which the correlation between luminance change and friction is al-

ready obvious from the exemplary ΔLrel(t)/μ plots, i.e. for PPS/CF30, PPS/CF20/CF15

and PPS/10/10/10, the correlation between ΔLrel(t) and μ is not only pronounced (qp

of -0.55 to -0.68), but also statistically significant. In all three cases, the sign of qp is

negative. This means that whenever transfer film is formed, the μ increases, and when-

ever transfer film degradation happens, μ is reduced. Furthermore, it is evident from

the shown plots that whenever the transfer film began to build up again after a degra-

dation event, the friction increased again in near-perfect synchronicity. The interaction

between blank steel and the polymer block produced less friction than the interaction

between transfer film (or transfer film covered steel) and the polymer block.

The findings indicate that the observed fluctuations of μ are a direct result of transfer

film instabilities. This theory has been formulated previously by other researchers as

well. For instance, Sebastian et al. [36] used electrical resistance as a metric for the

extend of transfer film formation – a similar technique had been used before by Belin et

al. [45, 46] – and they found in pin-on-disc experiments that high fluctuations of μ coin-

cided with high fluctuations of the dynamic electric resistance of the frictional interface.

Specifically, they wrote that “[w]hen comparing electrical resistance and the friction co-

efficients during test runs, a direct correlation can be found”. Furthermore, they found

that PPS filled with 3 vol.-% carbon nano tubes “shows a high friction coefficient and

also a very bumpy characteristic which could be caused by a non-stable transfer film

[...]”. However, they did not formalize this finding by any numerical analysis. Prob-

ably because of this, they were not able to answer the question of what exact effect
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the fluctuation of dynamic electric resistance would have had on friction, at least not

without reverting to qualitative statements that “[t]he close correlation between [electric

resistance], thickness of the transfer films, wear rates and friction coefficients” would

be evident from a plot that only showed exemplary data from selected individual wear

tests.

Even earlier, in 2003, Scharf and Singer found from in-situ Raman spectroscopy that

there was a correlation between friction and transfer film thickness, as computed from

Raman scattering signals. By applying their technique in-situ, they found that “the thin-

ning of a transfer film [...] led to spikes in the friction coefficient”. In their case, thinning

the transfer film below a certain threshold led to a short-time increase (“spike”) of μ.

Already in 2002, both authors used Newtonian ring analysis to correlate transfer film

formation with friction data in a time-resolved manner [20]. They found that “[d]uring

buildup of the transfer film, the coefficient of friction dropped” and that the observed

“low friction attributed to the [...] coatings was really due to interfacial sliding between

the worn [...] surface and the transfer film”. Furthermore, they found that “[d]uring fric-

tion spikes, transfer films detached and recirculated between the hemisphere and the

track”. Overall, the explanation of μ-fluctuations with instabilities has been reported

before. Interestingly, Scharf and Singer have found an increase in friction when trans-

fer film instabilities occurred. Despite being in contrast to the findings, this may be

perfectly valid as they investigated a different material selection under different testing

conditions.

Beside μ, there are two more recorded physical quantities for which the results imply

a correlation with ΔLrel: ϑcb and Δh from which wt and ws is calculated. As an exam-

ple, Figure 4.17 shows a stacked plot of the four quantities in question for PPS/CF30.

Computation of the Pearson coefficient showed that qp between ΔLrel(t) and ϑcb is

significant for those materials that already exhibit a significant qp between ΔLrel(t) and

μ, see Table 4.3. This is due to the impact of friction on the production of dissipated

frictional heat, which in turn impacts ring temperature. However, this is also subjected

to a time shift as heat conduction is a non-instantaneous process. Still, it seems to be

fast enough to exhibit a temporal correlation with ΔLrel(t).

In contrast to this, no substantial evidence has been found for the suspected correlation

between ΔLrel(t) and Δh except for PPS/CF30. The most probable reason is that the

time delay between luminance change and height change is too significant to be de-

tectable by the Pearson correlation algorithm. An exception was found for PPS/CF30,

where the drop events were especially high, and the Pearson algorithm was still able to

detect a correlation, see Figure 4.17. For the other materials, cross-correlation analysis

would have been able to determine this delay. However, with an image capturing fre-

quency of 0.1 Hz (one image per ten seconds), no offset was detectable within the

studied data. This most probably means that the offset is lower than the temporal res-
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Figure 4.17.: Example of the temporal coincidence of the fluctuations of Δh, μ, ΔLrel(t)
and ϑcb for an individual test of PPS/CF30.

olution of ΔLrel(t), i.e. smaller than ten seconds. Therefore, for more precise results,

future studies may resort to higher image capturing frequencies.

Overall, the main result of the statistical analysis of the data is that major portions of

the fluctuations of μ that have been observed for PPS/CF30, PPS/CF20/GR15, and

PPS/10/10/10 are closely correlated to the phenomenon of recurrent partial transfer

film degradation and subsequent reformation. Furthermore, the negative sign of the

computed qp indicates that transfer film formation increases friction. This is in contrast

to what is often reported for the steady-state μ. While for neat PPS an average μ of 0.43

is found, only 0.34 is found for PPS/10/10/10. Therefore, without doubt, the addition of

10 wt.-% of CF, GR and PTFE respectively reduces friction.

In many works on transfer films, the observed reduction of friction when adding solid

lubricants is attributed to a modification of the transfer film’s ability to reduce friction.

Bahadur [55], in citing Briscoe [105], gave a classic formulation of this assumption:

“The effectiveness of solid lubricants in reducing friction has been attributed to their

ability to form a transfer film of low shear strength on the counterface”. Given the

overall findings that adding CF and solid lubricants to PPS reduces friction significantly,

citing this interpretation as an explanation for this finding would most likely not have

been challenged by most tribologists. However, it would not explain the finding of the

TLA data that partial degradation of the transfer film reduces friction while its slow
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reformation increases the friction (which, again, is the ultimate reason for the negative

qp between μ and ΔLrel(t)).

This “non-classical” action of the observed transfer films, which were all “thin” and “ho-

mogeneous” and, therefore, should have resulted in reduced friction, but the opposite

was the case. Only by observing the TLA data, the contribution of the transfer films

to friction can be distinguished from the overall change of μ due to the addition of

fillers, which is a decrease for all composites except for PPS/CF30. Transfer films were

found to be increasing friction significantly in three out of five cases, see Table 4.3.

Therefore, the overall decrease of μ seems to originate from other mechanisms than

the interaction between polymer block and transfer film. Furthermore, the contributions

from these “other contributions” must be able to overcompensate the friction increasing

effect of transfer film formation.

A possible candidate for such a mechanism is the (also classical) interpretation of PTFE

and GR being able to reduce friction due to their low intrinsic shear strength. This is

basically the same interpretation as the one of Bahadur and Briscoe. However, the

action cannot originate from the transfer film itself, or more specifically, from solid lubri-

cants (or their degradation products) that have been incorporated into the transferred

material. Excluding other sophisticated explanations, like work hardening, reduction

of abrasive action or inhomogeneous load distribution, the friction lowering action can

basically originate from solid lubricant particles that are still part of the polymer block’s

non-worn material structure or from solid lubricants that have been removed from the

polymer but do not (yet) adhere to the metal, i.e. from solid lubricants in the form of a

loose wear debris.

A possible explanation why transfer films are increasing friction would be adhesion. As-

suming that the composition of the transfer films is similar to their original polymer block

so that basically, a self-mated configuration is formed between the polymer block and

the transfer film. For this scenario, multiple studies have shown that polymer-polymer-

configuration often exhibits high friction (and wear) due to high adhesion properties

[106–108]. Especially self-mated polymer configurations are often reported as criti-

cal [7, 109, 110]. Moreover, with increasing transfer film depositions, the contact area

between transfer film and block specimen increases and, therefore, its overall adhesive

action and resulting friction.

4.5. Summary and conclusion

A new concept for the spatio-temporal quantification of transfer film formation, namely

the transfer film luminance analysis (TLA), was developed and implemented into an

existing ASTM G137 block-on-ring tribometer. Afterward, TLA was applied to a se-
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ries of tests using PPS and PPS based composites filled with a variation of CF, GR,

and PTFE. Despite showing that the material composition obviously affects friction and

wear, it was also shown that material composition significantly impacts the extent of

transfer film formation as well as the temporal stability of transfer films. While CF-

free materials exhibited temporally stable transfer films, which will be further explained

in Chapter 7, transfer films formed by CF-containing materials show recurring quasi-

spontaneous partial degradation and reformation during the experiments.

These degradations coincided with significant changes of μ and, thus, a significant

correlation between ΔLrel and μ was found. As a reason for this, the elimination of

adhesion between film and block is considered to overcompensate any other friction-

reducing mechanism of the transfer film (like the reduction of plowing action). While

there have been reports on the theory that fluctuations of μ are the result of transfer

film instabilities, they were only weakly supported by experimental and even less by nu-

merical evidence. It should be noted that research in these directions are tied to highly

advanced measurement techniques, which not only seriously restrict the material se-

lection, e.g. in terms of electric conductivity and optical transparency, but also results in

a high ratio of experimental effort to the amount of gained data and insight. In compar-

ison, TLA is much more efficient, and, therefore, it was possible to base the numerical

analysis on data obtained from twelve individual tests per material grade. Moreover,

the results can provide substantial data in support of this hypothesis (fluctuations of μ

resulting from transfer film instabilities) and clarify the nature of this correlation for the

materials investigated in this study (friction increases when transfer films are formed).

Based on the presented results, it is expected that the insights that can be gained by

TLA will be of significant benefit in the future development of polymeric composites for

tribological applications. Specifically, by clearly demonstrating the significant impact of

material composition on the extent of transfer film formation and transfer film stability, it

is a valuable tool for developing materials with low fluctuating μ.

Now, with a technology that can detect transfer film build-up and degradation at this

level of spatio-temporal accuracy, further effort is invested, as shown in the following

chapters, into the development of suitable metrics for specific transfer film attributes

in order to improve the comparability further and, therefore, the transfer of results and

conclusions in future results.
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5. Transfer film kinetics

Kinetics is the area of science that deals with the understanding, conceptualization,

and mathematical description of rates at which numerical quantities change. For ex-

ample, in technical mechanics, the change of displacement, velocity, and acceleration

as a function of time and forces are investigated. Unfortunately, the scientific literature

on the kinetics of transfer film formation is not only highly scarce, as shown in Sec-

tion 2.2.5, but what is available is also relatively diffuse when it comes to terminology,

conceptualization, or theoretical modeling.

Overall, no theoretical model and no mathematical description for the kinetics of trans-

fer film formation have been developed to this date. Therefore, the following chapter

develops such a kinetic model in Section 5.1.1, including its mathematical description,

the introduction of tools needed to apply the model on TLA data (Sections 5.1.2-5.1.4)

and, finally, a demonstration of the concept on the TLA data from the material study in

Chapter 4. The results are shown and discussed in Section 5.3. Finally, a summary

and concluding remarks are given in Section 5.4.

5.1. Methodology

5.1.1. Kinetic model

This section introduces a model for the formation of “thin” transfer films, and from this,

a mathematical description for the time-dependent process of transfer film formation is

derived.

A transfer film is considered thin if the transferred material is only deposited into the

valleys of the surface profile, see Figure 5.1. Therefore, it is assumed that a max-

imum deposition height is given by the profile height. This assumption is based on

the observation that high-performance polymers sliding against hardened steel often

show such features [17, 32]. For instance, Sebastian et al. explicitly reported that no

transfer film thickness on metallic surfaces was detectable by a profilometric approach

after reaching the steady-state of μ. The authors argued that their transfer film, made

from a tribological optimized polymer composite, is thinner than the average profile

height [36]. Within this model, the deposition process can happen by any means, also

see Section 2.2.4.
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Figure 5.1.: Schematics of a surface profile: initially blank surface (top), valleys locally
and partially filled with wear debris (center) and fully formed thin transfer
film (bottom).

Furthermore, it assumes that available material particles do not vary significantly in

their size and number. In addition, each surface groove yields a probability to be filled

by such a particle which decreases with an increasing number of already deposited

particles. Finally, it is assumed that the change rate of this probability is proportional to

the amount of material that has already been deposited.

In the following, ΔLrel from TLA (Chapter 4) is utilized as a numerical quantity to repre-

sent the extent of transfer film formation. For simplicity, computations are derived from

ΔLrel(t), but can generally be applied to ΔLrel(x, t). Based on this defined thin-film

model, the following mathematical description can be derived.

• At the beginning of the experiment, when the steel’s surface profile is still void

of any deposition, the transfer film formation rate, and therefore the temporal

derivative of ΔLrel(t) must be at its maximum, i.e.

∂+
∂t

ΔLrel(0) = sup
t>0

(
∂

∂t
ΔLrel(t)

)
, (5.1)

where ∂+
∂t

denotes the right derivative.

• With the progression of material deposition, i.e. decreasing ΔLrel(t), the rate at

which the transfer film is formed decreases proportionally. Note that the offset of

ΔLrel(t) is compensated in the following mathematical description

∂

∂t
ΔLrel(t) = −k · (ΔLrel(t) + L1) (5.2)

with k being the (positive) rate constant of transfer film formation and L1 the

offset. This definition is similar to the one of the half-life decay function, with the
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difference that ΔLrel(t) has an offset as indicated by the constant L1.

• When no mechanism exists to remove deposited material, after a substantial pe-

riod of time tss,0 (cf. Figure 5.1), all of the steel’s surface valleys have been filled

completely (static equilibrium). If such a mechanism exists, the continually de-

creasing rate of transfer film formation may eventually be matched by the removal

rate. In this case, a dynamic equilibrium (steady-state) of deposition and removal

of debris is reached. In both cases, albeit at different values of ΔLrel(t), the rate

of transfer film formation must converge to zero

∂

∂t
ΔLrel(t)→ 0 for t ≥ tss,0. (5.3)

Integration of Equation (5.2) yields a function of the form

ΔLrel(t) = L0 · e
−kt − L1 (5.4)

with L0 being the initial relative luminance of the exponential part of the function, and L1

being the convergence level. L1 is very close to the experimental steady-state ΔLrel,ss.

Moreover, in this case, L0 = L1 since ΔLrel(0) = 0 due to the offset operation of the

ordinate according to Equation (4.9).

Equation (5.4) fulfills all three formulated requirements of the mathematical description.

Its first derivative is at a maximum at the beginning of the test (first requirement, Equa-

tion (5.1)), and it reaches a steady-state after a time that is significantly longer than 1/k

(third requirement, Equation (5.3)). It fulfills the second requirement because it is an

integral of Equation (5.2).

5.1.2. Algorithmic approximation

After establishing a kinetic model, the recorded luminance data needs to be approx-

imated by Equation (5.4) (=model function) in order to determine k. Fit algorithms

can realize this. However, although many programmatic approximation algorithms ex-

ist for this kind of fit function, standard implementation found for scientific computing

tools, e.g. SciPy3 or Matlab4, comes with two challenges. First, most approximation

algorithms are iterative or recursive, i.e. they repeatedly call a function step-wise to

improve the goodness of fit (gof), which can be any metric used to describe how well

the mathematical model fits a set of measured data, until a threshold is reached. This

process can be pretty extensive, up to hundreds to thousands of recalls for one fit. As

demonstrated in the follow-up section, a single measurement of ΔLrel(x, t) might re-

3SciPy version 1.1.0
4Matlab version 9.3
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Figure 5.2.: Exemplary result of fitting recorded relative ΔLrel(t) to Equation (5.4) using
Jacquelin’s algorithm with an gof of around 95 %.

quire segmentation in both dimensions x and t. Consequently, a complete fit process

for a single test possibly consists of millions of individual function recalls. Thus, this can

result in intensive processing times, or in computer science terms, it is computationally

expensive.

Second, most algorithms require an initial guess that serves as a starting point for

the iteration process. Therefore, if the initial guess is already relatively close to the

measured data and yields a high gof, fewer iteration steps are needed. The initial guess

can be either entered manually, which is not recommended as it significantly increases

the effort, or through computed estimates from a different process. Therefore, one

solution for both problems would be developing an optimized estimation process that

yields a good initial gof and, therefore, significantly reduces processing times, i.e. it is

computationally cheaper.

Another solution is to utilize a different algorithm outside of standard scientific libraries

found for Python or Matlab. One relatively new algorithm was presented by Jacque-

lin [111]. It is an optimized process explicitly to generate exponential fit functions in one

iteration without initial guessing. The outcome was demonstrated to be similar to the

results computed by the available standard algorithms, although no quantitative metric

was used to prove this assumption statistically [112]. Additionally, pre-tests have shown

(not included) that the algorithm seems to be very robust against single outliers and still

quite robust against even groups of outliers. Therefore, no pre-processing of the test

data is necessary. Altogether, applying this algorithm, significantly fewer iteration steps

– precisely one – are needed to generate one fit with high gof, under the assumption

that the measured data is suitable. Therefore, it improves processing times significantly.

Figure 5.2 shows the results of such a fit applied to an excerpt of ΔLrel(t)-data that has

been recorded during a block on ring-test in which PPS/GR40 slid dry against hardened

1.3505 (Chapter 4). The gof refers to the coefficient of determination [113], which is
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Figure 5.3.: Exemplary progression of ΔLrel(t) with recurring degradations.

typically denoted as R2. It is a common metric used to qualify the fit of observed values

to a mathematical model and calculated according to

R2 = 1−
SQR

SQT
= 1−

∑
t(Ot − Et)

2∑
t(Ot − Ōt)2

(5.5)

where SQR refers to the sum of squares of residuals, SQT to the total sum of squares,

O to the observed values, Ō to the mean of all observed values, and E to the expected

values computed from the fit function at time t. The upper bound of R2 is 100 %,

which refers to a perfect fit, and with increasing deviations, R2 decreases and can even

become negative if the fit does not match the observed data. The example shows a gof

of 95 %, which can be considered very high as R2 is relatively sensitive to fluctuations

due to the squaring operation in its equation.

As Jaqueline’s algorithm is not implemented in any public library known by the author,

a Python implementation was made for this work. A more detailed explanation on the

fit algorithm and information on the fully working Python implementation can be found

in Appendix A.

5.1.3. Tempo-spatial segmentation

However, not all ΔLrel(t) curves are smooth and steady. Figure 5.3 shows such a curve

for a test of PPS/10/10/10.

As explained in detail in Section 4.4, the reason for these fluctuations occurs due to

partial transfer film removal and reformation processes on the wear track during the

test. In this case, “partial” refers to removing the transfer film at certain lateral positions

of the wear track. With “lateral”, the direction that is perpendicular to the sliding direc-

tion is meant. Frequently, these “positions” form a continuous range within the lateral

boundaries of the wear track. This can be seen from the upper plot of Figure 5.4, which
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Figure 5.4.: ΔLrel(x, t) (top) and an exemplary t-slice resulting x=3.0 mm (bottom).

is the xt-plot of Figure 5.3. From this, it becomes understandable that the data range

for fitting Equation (5.4) must not include such discontinuities caused by transfer film

breakdowns. This can be achieved by not fitting the complete x-averaged ΔLrel(t) at

once but by fitting individual t-slices of ΔLrel(x, t) at each x-position. Within any such a

t-slice, transfer film breakdown-induced discontinuities at other lateral positions do not

influence the luminance data within the slice in question. Figure 5.4 (bottom) shows an

exemplary t-slice at x=3.0 mm.

Still, luminance discontinuities within any given t-slice need to be accounted for. This is

done by segmenting such a slice in t-direction. The main idea of the algorithm is to find

large connected time slices where ΔLrel(x, t) exceeds a certain gof threshold. Details

on a working Python implementation can be found in Appendix B. Fully segmenting the

xt-resolved data set in spatial and temporal direction yields a set of discontinuity-free

data slices to which Equation (5.4) can be fitted individually. To calculate and compare

L0 and L1, each segment was offset such that the initial coordinate starts at the origin

before it was subjected to the fit operation. Figure 5.5 shows the exemplary result of the

temporal segmentation and fitting process for the exemplary t-slice shown in Figure 5.4.

For all plots in Figure 5.5, the offset of each segment was reset to the origin.
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Figure 5.5.: Exemplary segmentation and fitting process for a selected t-slice of
ΔLrel(x, t) of PPS/10/10/10, which found an optimum with four segments.

5.1.4. Data aggregation

After fitting Equation (5.4) to all segments, a set of individual data for each equation

parameter L0, k, and L1 is obtained. Statistically, each of these parameters can be

considered a random variable. After choosing a suitable box width, each set can be

transformed into a discrete frequency distribution typically plotted as a histogram. From

this, a kernel density estimation is used to reduce each distribution to a single represen-

tative value. In this study, a Gaussian distribution is assumed. Therefore, a Gaussian

kernel density estimation was used in all cases, and the parameter where the estimate

reached its maximum was chosen to represent the distribution. This can differ signifi-

cantly from the box with the maximum number of occurrences, making the representa-

tive value much more robust against random fluctuations of the distribution. Figure 5.6

shows the result of this process of L0, k, and L1 for the exemplary test data shown in

Figure 5.4. Based on k, the time constant τ is computed, which refers to the inverse

rate constant, i.e. τ = k−1. τ is believed to be the more tangible metric. It refers to the

time needed for the exponential part of the fitting function to be reduced to 1/e ≈ 36.8%

of its original value.
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Figure 5.6.: Exemplary histogram of L0, k and L1 computed from a single experiment
including their respective density plot, each with 654 data points. The cross
marks the highest density, which is chosen as representative of each dis-
tribution.

5.2. Experimental

As all kinetic results are completely computed from the obtained TLA results of Chap-

ter 4, no additional experiments are needed. The process was followed with a gof

threshold of 92.5 %, and for each TLA data set, one aggregated value for L0, k, and

L1 was obtained. All twelve individual TLA data sets per material combination were

processed this way and sub-sequentially subjected to statistical analyses as described

in Section 4.3.4.

5.3. Results and discussion

Table 5.1 states the aggregated numeric results for L0, τ , and L1 in the form of confi-

dence intervals.

Interestingly, the results of τ , ranging from 3.4-5.6 h on average, show no significant

differences for all tested material combinations. The filler combination seems to have

only an effect on the confidence interval range, but not on τ on average. Revisiting the

progression of ΔLrel(t) in Figures 4.10-4.13 and 4.15-4.16, a visual inspection comes

to a similar conclusion. One reason for the absence of a difference might be that under
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Table 5.1.: Aggregated numeric results of L0, τ and L1 including their respective 95 %
confidence intervals derived from gof values higher than 92.5 %.

Material L0 [%] τ [h] L1 [%]

PPS neat - ± - - ± - - ± -
PPS/PTFE20 6 ± 2 3.4 ± 1.03 7 ± 2
PPS/GR40 30 ± 6 5.6 ± 2.70 34 ± 6
PPS/CF30 28 ± 2 3.4 ± 1.12 31 ± 1
PPS/CF20/GR15 17 ± 3 3.4 ± 3.21 17 ± 2
PPS/10/10/10 21.3 ± 0.9 3.5 ± 1.72 22 ± 2

the relatively low pv=2 MPa·0.5 m/s, specific fillers’ full potential did not affect transfer

film formation. It is, therefore, possible that tests at elevated pv yield more significantly

different results. Another possibility might be that transfer film formation kinetics corre-

late with pv. Hence a proportional relation might exist in the form of pv = cτ · τ , where

cτ is a proportionality constant. However, the existence and the impact of a relation

between τ and pv or τ and cτ need to be confirmed by future research propositions that

include a pv variation study.

It is interesting to note that the values of L1 and L0 of each respective material combina-

tion are indistinguishable as expected according to Section 5.1.1. Therefore, their good

match can be used to indicate that the combination of fit and segmentation algorithms

is working correctly.

The aggregated results in Table 5.1 were computed from the found fit parameters that

surpass the gof threshold of 92.5 %. Interestingly, selected gofs lower than the thresh-

old were often found in the first segments that included the start of the experiment.

These segments often yield quasi-spontaneous drops in ΔLrel(x, t), which were found

in Figures 4.11-4.13 as well. Such a steep drop could not be fitted with an exponential

function without excluding the remaining test segment or falling below the gof threshold.

Nevertheless, by omitting the first or the first few temporal values of ΔLrel(x, t), gof re-

sults improve significantly and are above the gof threshold (cf. Figure 5.7). Two possible

explanations were found for this recurring effect. The first refers to an experimental er-

ror. By insufficiently cleaning all debris from specimens after the initial grinding process,

see Section 4.3.3, loose wear particles serve as a supply for an immediate transfer film

formation right after the start of the test.

Assuming that the experiments were conducted correctly, another explanation would

be that the kinetic model is incomplete. It fits major parts of ΔLrel(x, t), but repeatedly

fails within the first data points of t. Therefore, at least another mechanism or feature is

involved in the deposition process that has not been addressed yet. A possible expla-

nation would be that due to an elevated abrasiveness of the neat metallic surface at the

beginning of the test, larger debris particles of the polymer are released and deposited

onto the metallic wear track. As a consequence, due to the increased volumetric trans-
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Figure 5.7.: Fit examples using the whole measurement range and with truncated start
section.

fer of debris, a steep decrease of ΔLrel(x, t) is caused. The high abrasiveness can be

explained by the geometric features of the neat metallic surface as they are related to

cutting technologies [114]. Roughness peaks and grooves together form some sort of

a sawtooth. The tooth height – the distance between a roughness peak and the neigh-

boring roughness groove in the sliding direction – correlates with the produced chip

size or, in tribological terms, debris size and, therefore, also correlates with wear. The

abrasive action of roughness peaks followed by debris deposition is a known process

reported before, for instance, in [8, 57, 58].

In literature, debris size effects are discussed as one of the most crucial factors in

forming wear-resistant transfer films. For instance, Bahadur and Tabor reported that

“[t]he extent of film deposition on the steel surface as well as the wear rate seem to be

governed by the shape and size of the wear fragments.” [56]. Ye et al. came to simi-

lar results and stated that “the size of the exposed regions [not covered by a transfer

film...] dictate[s] the debris size” [3]. As the size of “exposed regions” is at its maximum

right at the beginning of the test, the resulting debris size is also the largest. In a later

publication, Ye et al. reported that during the beginning of the test, the wear rate at the

first cycles were orders of magnitudes higher than at steady-state [65]. Therefore, a

possible temporal decrease of the debris size during tribological exposure can be con-

cluded. As the grooves are filling up with debris, a reduction of the overall tooth height

is caused. As a consequence, the abrasiveness is decreasing and, thus, the debris

size as well. At some point in time during the test, the released wear debris does not

vary significantly concerning their size anymore. From this point on, the kinetic model

covers the rest of the transfer film deposition process neatly. Overall, the hypothesis of

the temporal debris size reduction would be an explanation that is in good agreement

with the observation of the quasi-spontaneous drop of ΔLrel. Note that a selection of

exemplary kinetic fits can be found in Appendix C.
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5.4. Summary and conclusion

A methodology for the temporally and laterally resolved quantification of transfer film

kinetics was developed and applied to TLA results from a series of block-on-ring tests

tested in Chapter 4. This way, numeric values for the kinetic features of transfer film for-

mation were formed. These results were computed without any additional experimental

effort. Furthermore, due to the utilization of automation programs, kinetic data can be

acquired very effectively, i.e. at very reasonable additional effort.

The results of τ at pv=2 MPa·m/s were indistinguishable concerning their material com-

bination. It was hypothesized that filler combinations did not come to an effect at such

low pv. Additionally, the impact of pv might correlate with τ and compensated effects

from fillers. As a final decision without conducting additional pv-variation studies can-

not be formed, the answer to this question needs to be postponed to future research

prepositions.

Another interesting aspect is the hypothesis of temporal debris size changes during the

experiment, which was formulated to explain the quasi-spontaneous drops at the be-

ginning of some experiments. It is hypothesized that elevated abrasiveness of the neat

metallic surface at the beginning of the experiment generates large-sized polymeric

debris that are transferred to the metallic counterface. During the rest of the experi-

ment, the abrasiveness of the surface is receding as transfer films cover the surface. At

this point, the debris size vary insignificantly, and the developed kinetic model fits the

remaining progression with a gof of higher than 92.5 %.

Overall, new metrics for kinetic features of the transfer film were developed and demon-

strated. The new metric significantly increases the information of transfer films within

this exemplary PPS study and additionally arose parametric candidates that might cor-

relate with transfer film kinetic attributes. Additionally, a hypothesis of different transfer

film deposition modes was formulated. With the help of kinetic analyses, substantial

information can not only be acquired for research purposes but also condition monitor-

ing.
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6. Transfer film spatial uniformity

In general, uniformity is a term that refers to a quality or state of the indifference of a

particular attribute. However, in most fields of science, the term needs to be further

specified to create a distinct attribute. For instance, distribution uniformity in botany

refers to a measure of how evenly water is applied across an area during irrigation [115,

116].

In the field of transfer film research, the general understanding of uniformity is rela-

tively diffuse. Due to the majorly use of qualitative attributes without exact clarification,

researchers are challenged to transfer results from one study to another but risk com-

paring results with mismatched definitions. Nevertheless, even with only qualitative

statements, the general attribute refers to specific features concerning the lateral distri-

bution of the transfer film. Within this field, two metrics were found during the research:

(1) the transfer film area fraction and (2) the free-space-length, see Section 2.2.3. The

determination of both metrics is based on image post-processing which yields some

advantages, including retrospective, fast, and almost effortless computation. Neverthe-

less, so far, the image capturing process is often based on SEM micro-graphs and is,

therefore, typically ex-post and non-laterally extensive.

Therefore, in the following chapter, a new metric for the lateral distribution of transfer

films, namely the transfer film (spatial) uniformity, is introduced. The concept is also

based on image post-processing, but utilizes TLA data as input. Thus, it exhibits the

same advantages as transfer film area fraction and free-space-length, but yields tempo-

rally and laterally resolved data. Unfortunately, due to some specific design decisions of

the TLA concept, the computation of the metrics above is not possible. Consequently, a

new suitable metric for uniformity, including its definition and its mathematical descrip-

tion, needs to be developed and introduced in Section 6.1. Afterward, the methodology

is demonstrated on TLA data derived from Chapter 4 (Section 6.2). Next, the results are

discussed in Section 6.3. Finally, summary and achievements are given in Section 6.4.
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6.1. Methodology

6.1.1. Spatial uniformity model

In general, uniformity can be defined as the absence of variation of a particular physical

measure that describes an attribute of interest. Within this chapter, the physical attribute

of interest refers to the uniformity – or evenness – of the spatial distribution of transfer

film particles on the wear track, hereafter designated as transfer film spatial uniformity

or just uniformity.

Therefore, the following generalized definition is suggested and used throughout this

elaboration: Transfer film spatial uniformity is the absence of variation of the physical

quantity used to quantify the extent of transfer film formation as a function of lateral

surface position.

This definition is still universal for any type of transfer film metric and open to partial or

laterally-extensive surface measurements, but at the same time improves the distinction

significantly compared to any declarations known by the author.

Transfer film spatial uniformity is defined for a fixed point in time and is, therefore, sub-

ject to possible temporal changes as the transfer film evolves over time. For TLA, the

physical quantity is ΔLrel(x, t), which is averaged in the sliding direction. Consequently,

there is no variation of ΔLrel(x, t) in sliding direction, and “lateral variation” is reduced

to variation along the direction of the wear track width by design.

In order to create a mathematical description of the spatial uniformity, edge cases and

other requirements need to be defined, which are listed as follows:

(1) The spatial uniformity reaches its maximum at a fixed point in time ts if each

luminance value ΔLrel(x, ts) along the wear track width x is constant, i.e. yield no

deviation. Therefore,

ΔLrel(xi, ts) = ΔLrel(xi+1, ts) ∀ i ∈ {0, . . . , f − 1}. (6.1)

(2) With increasing numbers of deviation events, i.e. the sum of all events where

ΔLrel(x, t) deviate from its respective reference – which is to be defined – at t,

the spatial uniformity decreases.

(3) The uniformity decreases with the increasing extent of fluctuation, i.e. an increas-

ing deviation of ΔLrel(x, t) from its respective reference at t.

In order to fulfill these requirements, the use of two metrics is suggested while one

metric highlight the number of deviations (2) and the other highlights the maximum

amplitude of the deviations (3), but both need to satisfy requirement (1). The first met-

ric, La,u(t), concerns the average deviation of ΔLrel(x, t) from the arithmetic mean
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(=reference) along the x-positions at each t.

ΔLrel,avg,x(t) = n−1
x ·

xf∑
x=x0

ΔLrel(x, t) (6.2)

where nx is the total number of x-positions. Then La,u(t) can be calculated as follows

La,u(t) = n−1
x ·

xf∑
x′=x0

|ΔLrel(x
′, t)−ΔLrel,avg,x(t)|. (6.3)

Afterward, La,u(t) is further processed according to the following cases

Ua(t) =

⎧⎨
⎩∞, if La,u(t) = 0

La,u(t)
−1, if La,u(t) > 0.

(6.4)

The resulting average uniformity Ua is believed to be a more tangible metric than La,u,

as Ua increases with increasing spatial uniformity. It obviously agrees with the first re-

quirement as with decreasing average deviation La,u, its reciprocal value Ua increases

until it reaches its supremum (=∞) if no deviation exists. Furthermore, as each devi-

ating event from Lrel,avg,x is included in the calculation of Ua, the second requirement

is fulfilled as well. Nevertheless, La,u gives a good indication of the overall distribution

of luminance values and should be kept as additional information. Furthermore, La,u is

due to the averaging process relatively robust to some outlying values.

The second metric, Ls,r, addresses the extent of the deviations as mentioned in the

third requirement. The most straightforward approach would be to calculate the peak-

to-peak amplitude of ΔLrel(x, t) at each point in time. As this approach is very prone to

outlying values, it is suggested to divide each wear track width range into equal sized

sections, denoted by Xj, and aggregate the peak-to-peak amplitude of each section

into arithmetic mean, i.e.

Ls,r(t) = n−1
j ·

nj∑
j=1

∣∣ΔLmax
rel (Xj, t)−ΔLmin

rel (Xj, t)
∣∣ (6.5)

with 0 < r ≤ xf being the segment-size of Xj, i.e. the range from which the peak-to-

peak amplitude is determined, and nj being the number of segments which refers to

the floor division of the wear track width xf by r, i.e. nj = 	xf/r
. The peak-to-peak

amplitude is calculated as the difference of the maximum (ΔLmax
rel ) from the minimum

(ΔLmin
rel ) of ΔLrel(x, t) in a segment j. As the extent of the peak-to-peak amplitude is

highly dependent on the segment size r, it is suggested to add a notion of r into the

metric for the sake of comparison with future results. However, it should be noted that

with r chosen too small, it is possible that all Xj containing not more than one point,
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which results in Ls,r = 0, or an undefined state. Therefore, it should not be chosen too

small. Pre-tests have shown that a size of r=0.5 mm is sufficient. Altogether, Ls,r(t) is

more sensitive to the third requirement as the transfer film’s extent is included in the

equation. Its reciprocal value also fulfills requirement (1), see Equation (6.6). As the

peak-to-peak amplitude is computed from only two values and only compensated by nj,

this metric is more sensitive to fluctuation compared to La,u.

Us,r(t) =

⎧⎨
⎩∞, if Ls,r(t) = 0

Ls,r(t)
−1, if Ls,r(t) > 0.

(6.6)

All shown metrics were originally inspired by surface metrological analysis methods,

namely the computation of the average roughness Ra and ten-point measurement Rz,

and were adapted to the uniformity requirements. In theory, ΔLrel is due to its time-

resolved and quantitative nature, available to many surface metrological and other an-

alytical methods. Of these various methods, it should be mentioned that the skewness

and kurtosis of distributions are promising additional information to the introduced met-

rics [117]. In future investigations, these two metrics can increase the information den-

sity on spatial uniformity further, but as of now, the remaining elaboration is focused on

the introduced, more fundamental metrics.

It should be noted that the introduced metrics per se can be computed from different

progressions of ΔLrel(x, t), but still yield the same value. For instance, the order of

ΔLrel(x, t) values along x does not affect the calculation of La,u at all as this metric,

similar to area fraction, is independent of the lateral position. In contrast, due to the

segment-wise computation used for Ls,r, the value also includes lateral information.

Nevertheless, without La,u, Ls,r values cannot distinguish distributions that only yield

two deviations from the arithmetic mean from a distribution that yields many similar

deviations in the most extreme case. Therefore, combining both metrics to get a good

amount of laterally resolved information on the spatial uniformity of ΔLrel(x, t) will be

investigated.

Finally, the use of the introduced metrics is discussed. In natural language, an in-

creased uniformity is typically referred to a decrease of lateral deviation of transfer films.

Therefore, it feels more natural to use Ua and Us,r for ranking uniformity results, but for

more detailed information, La,u and Ls,r yield more immediate information as these met-

rics can be easily interpreted in terms of transfer film distribution states. Therefore, it

is suggested to use Ua as a primary metric for ranking the uniformity results and La,u

and Ls,r as a secondary metric for describing uniformity distributions. Us,r is omitted as

it is represented by Ls,r and is also included in parts in Ua. Therefore, only one primary

metric and two secondary metrics are used in the following elaboration.
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6.1.2. Data pre-processing

The following chapter discusses the necessity of pre-processing the TLA data before

applying the spatial uniformity method as described in Section 6.1.1 and how it is real-

ized.

Figure 6.1 shows two exemplary composed “lateral” distributions of ΔLrel(x, t) at an

arbitrary point in time ts as a function of x. The only difference between both plots

is their arithmetic mean, i.e. the plots were offset by an arbitrary constant. As the

spatial uniformity is only determined by the deviation of the curves from their arithmetic

mean, both plots yield the same uniformity results, i.e. their Ua, La,u, and Ls,r are equal.

In theory, luminance readings, here realized by a photo sensor within a camera, of

different materials can yield the same luminance value while the extent of depositions

can be different. This is due to possible different optical absorption properties of the

deposited material. Therefore, it is not guaranteed that the determined metrics Ua, La,u

and Lr,s are comparable to the same metrics using different materials.

In this example, the left plot possibly belongs to a wear track that shows partially, i.e.

at some lateral positions, a complete absence of transfer films during the wear test,

while the right plot belongs to a near fully with transfer film covered wear track, but with

deviation in the deposition height.

Comparing these results from the introduced methodology to a visual evaluation would

end up with mismatched conclusions because visual evaluation – and the results from

the determination of the transfer film area fraction and free-space-length – would have

referred to the second wear track to be more spatially uniform than the first one.

Considering for a moment that the arithmetic means of both curves refer to the same

average thickness of the transfer film, which is certainly possible if the absorption co-

efficient of the transfer film of the right example is higher than the one on the left, the

calculated spatial uniformity has an error resulting from the difference in the absorption

coefficient.

Unfortunately, the absorption coefficient is unknown. Therefore, in order to compensate

large parts of the uncertainty of different absorption coefficients of the transfer film, it

is proposed to normalize the TLA data by the arithmetic mean before subjecting them

to the spatial uniformity computation in Section 6.1.1. This way, more comparable re-

sults are expected. The resulting corrected change in relative luminance is calculated

according to

ΔLrel,corr,u(x, t) =
ΔLrel(x, t)

ΔLrel,avg,x(t)
. (6.7)

Therefore, results by applying the uniformity methodology as shown in Section 6.1.1

without data pre-processing are relabeled as Uabs
a , Labs

a,u , and Labs
r,s . By substituting

ΔLrel,corr,u(x, t) in Equations (6.1)-(6.4) in place of ΔLrel(x, t), results in the relative

uniformity metrics U rel
a , Lrel

a,u, and Lrel
r,s.
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Figure 6.1.: Composed exemplary progression of ΔLrel(x, t) as a function x and an
arbitrary t. Both progressions yield the same absolute deviation from their
arithmetic mean, but the arithmetic mean is offset.

Finally, for the purpose of improving the visual interpretation of the uniformity results, an

additional data set is created that shows deviations of ΔLrel(x, t) from the ΔLrel,avg,x(t)

at any t. The resulting relative error represents the input data of ΔLrel,corr,u in a visually

more enhanced way and is calculated according to

Lerr,u(x, t) =

∣∣∣∣ΔLrel(x, t)−ΔLrel,avg,x(t)

ΔLrel,avg,x(t)

∣∣∣∣ =
∣∣∣∣ ΔLrel(x, t)

ΔLrel,avg,x(t)
− 1

∣∣∣∣ . (6.8)

Lerr,u(x, t) can be plotted as a map where lower values at (x, t) refer to lower deviations

from ΔLrel,avg,x(t) at a point in time t and therefore to higher uniformity. Consequently,

higher values of Lerr,u(x, t) refer to lower uniformity.

6.2. Experimental

As all spatial uniformity results are completely computed from the obtained TLA results

in Chapter 4, no additional experiments are needed. For the sake of demonstration, all

uniformity metrics are computed using the unprocessed and pre-processed TLA data.

Therefore, for each experiment, a total of six metrics is computed. For the computation

of Ls,r, a segment size of r=0.5 mm was used for all tests. This way, the 4 mm wide wear

track minus a buffer of 0.25 mm towards the rims was divided into seven equal parts.

All twelve individual TLA data sets per material combination were processed this way,

and all individual values per metric were subjected to statistical analyses as described

in Section 4.3.4.
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6.3. Results and discussion

Table 6.1 states the aggregated numeric results of Uabs
a , Labs

a,u , and Labs
s,0.5mm in the form

of confidence intervals. Table 6.2 states their relative counterpart using ΔLrel,corr,u(x, t)

as input data instead of ΔLrel(x, t).

As no steady-state progression was reached with neat PPS material due to the pre-

mature stop of the test, no aggregated results were computed. From the remaining

tests, PPS/CF30 and PPS/10/10/10 yield the highest U rel
a = 6.48 for PPS/CF30 and

U rel
a = 6.20 for PPS/10/10/10. Those materials are, concerning their results, indistin-

guishable from each other in all three uniformity metrics, i.e. their relative spatial unifor-

mity can be considered the same. The score is probably quite surprising for PPS/CF30

as CF is typically added to improve wear resistance and not explicitly as transfer film

enhancer. It is assumed that due to the abrasive effect of CF, transfer film deposition

processes are mostly limited to the depth of the roughness valleys, i.e. protrusions

exceeding the roughness grooves are removed by the fibers. Therefore, the extent

of depositions per lateral position is pre-defined by the roughness of the metallic sub-

strate. Additionally, although removing the protruding debris depositions, CF still seems

to evenly distribute the wear debris into most roughness valleys of the whole wear track.

Revisiting the exemplary SEM image (Figure 4.9 in Chapter 4) might lead to a similar

explanation. Altogether, the limited deposition capability of particles due to the depth

of the roughness valleys and the even distribution of particles into each valley seem to

lead to high uniformity scores.

In the case of PPS/10/10/10, the progression of ΔLrel(t) in Figure 4.16 shows similar

features as with PPS/CF30, i.e. it also yields transfer film breakdown events, but these

events are significantly lower concerning their extent. Therefore, it is assumed that the

combination of relatively low extent of degradation events and a similar surface action

of CF as found for PPS/CF30 results in a similar relative uniformity.

Significantly lower U rel
a scores, by about 35 % on average, are reached by PPS/GR40

and PPS/CF20/GR15 compared to PPS/CF30 and PPS/10/10/10. They form the lower

bound of the uniformity analysis. This is also unexpected as GR, as shown by ΔLrel(t)

curve in Figure 4.12, shows a very smooth and continuous progression of ΔLrel(t)

with almost no noteworthy breakdown events. This means, in order to reach such a low

score, the lateral deviation must be heterogeneous, which is indicated by Lrel
s,0.5mm rang-

ing from 0.76 for PPS/GR40 to 0.95 for PPS/CF20/GR15. Therefore, their lateral distri-

butions show little but high deviations from the ΔLrel,avg,x(t). Later in this section, more

details are given on the matter with the help of additional plots. Nevertheless, through

the high variance in the extent of local deposition, U rel
a is significantly lowered. This is

a great example that without laterally and temporally resolved data, the determination

of such motifs in the transfer film formation would be most likely left unnoticed. In this
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Table 6.1.: Absolute uniformity results.

Material
Uabs
a

[1]

Labs
a,u

[1]

Labs
s,0.5mm

[1]

PPS neat - ± - - ± - - ± -
PPS/PTFE20 0.64 ± 0.36 2.90 ± 2.06 6.60 ± 2.83
PPS/GR40 0.16 ± 0.02 6.30 ± 0.63 19.96 ± 1.57
PPS/CF30 0.23 ± 0.04 4.38 ± 0.82 14.27 ± 2.54
PPS/CF20/GR15 0.28 ± 0.03 3.47 ± 0.32 13.45 ± 1.16
PPS/10/10/10 0.33 ± 0.03 3.00 ± 0.32 11.01 ± 1.32

Table 6.2.: Relative uniformity results.

Material
U rel
a

[1]

Lrel
a,u

[1]

Lrel
s,0.5mm

[1]

PPS neat - ± - - ± - - ± -
PPS/PTFE20 3.35 ± 2.20 0.31 ± 0.17 0.82 ± 0.38
PPS/GR40 4.32 ± 1.03 0.25 ± 0.06 0.76 ± 0.18
PPS/CF30 6.48 ± 1.35 0.17 ± 0.04 0.54 ± 0.13
PPS/CF20/GR15 4.08 ± 0.47 0.25 ± 0.03 0.95 ± 0.13
PPS/10/10/10 6.20 ± 0.64 0.16 ± 0.02 0.56 ± 0.05

case, GR seems to form a continuously growing transfer film without many noticeable

breakdown events, but these formation processes also yield some heterogeneously

distributed formation processes over the wear track.

Quite different is the progression of ΔLrel(t) for PPS/CF20/GR15. The progression is

featured by high frequent transfer film breakdown events so that, at most time positions,

a breakdown event can be found (Figure 4.15). Therefore, the uniformity at these time

position yield higher heterogeneous distribution and therefore lower U rel
a .

Finally, due to the large confidence interval of U rel
a of PPS/PTFE20, results from that

material are indistinguishable from results from PPS/GR40 and PPS/CF20/GR15. There-

fore, more details are given in a later part of this section.

Comparing the relative to the absolute uniformity results shows that trends and overall

interpretation are significantly different. The highest Uabs
a was found for PPS/PTFE20

with 0.98, and it is significantly higher than the remaining results. This is the opposite

result of U rel
a . The reason PPS/PTFE20 reaches the highest score is that it yields sig-

nificantly lower ΔLrel,ss with just -7 % than the other composites ranging from -14.2 % to

-30 %. The change by the normalization process of PPS/PTFE20 is significantly higher

compared to the results from the remaining material pairings. As PTFE particles ap-

pear white under visible light and assuming that transfer films formed by PPS/PTFE20

include parts of PTFE, the overall lower ΔLrel,ss and its deviation from the arithmetic

mean can be explained. Physically, the cause of the higher ΔLrel,ss is due to the sig-
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nificantly lower absorption coefficient of the transfer film formed by PPS/PTFE20 com-

pared to the other films formed by composites that possibly yield black GR or CF – both

with a significantly higher absorption coefficient. The unequal absorption coefficient

leads to an unequal comparison that can eventually lead to wrong interpretations. This

is a great example that it is essential to understand the utilized statistical tools as most

of them will give some form of results, but the inputted and outputted data always need

to be understood and verified by the experimenter.

Another example for the unequal comparison can be found between PPS/CF30 and

PPS/CF20/GR15. Both yield no significant difference concerning their Uabs
a value, i.e.

their absolute deviation from the arithmetic mean is indistinguishable. Nevertheless,

ΔLrel,ss for PPS/CF30 is -26 % and for PPS/CF20/GR15 is -14.2 %. Assuming that the

deviations are caused by the number of deviation events only, the mean Labs
a,u of both

materials of approximately 3.9 % translates to around 27 % of the total wear track area

that was deviating from the arithmetic mean in the case of PPS/CF20/GR15 while it

was significantly lower at around 15 % of the total wear track area is in the case of

PPS/CF30. Therefore, relative uniformity serves more comparable results and should

be used for the interpretation unless other metrics for the extent of the transfer film

formation are utilized that yield a more common and distinct reference, e.g. average

transfer film thickness.

Figure 6.2-6.7 show representative progressions of Lerr,u as xt-plot as well as U rel
a , Lrel

a,u,

Lrel
s,0.5mm, and their respective ΔLrel(t) as a function of t and s for all six investigated

PPS and PPS composites. It should be noted that the range of ΔLrel(t) was inverted

in order to fit two curves in one plot better. Additionally, at perfect relative uniformity,

Lerr,u(x, t) = 0 and, thus, the position appears as white in the xt-plot. Note that values

higher than the shown range of the xt-plot (100 %) are displayed as 100 %, i.e. pitch

black. Last, a plot is considered to be “representative” when the individual value of the

shown property is close to the reported arithmetic mean in Table 6.2 and if it contains

all qualitative “motifs”, like fluctuations and breaking-in phase, that are typical for the

quantity and material in question.

Figure 6.2 shows the representative progressions of neat PPS. As the test was aborted

prematurely and all ranges were kept the same for all plots for easier visual access,

only a part of the progressions can be shown. Lerr,u shows very pronounced deviations

from ΔLrel,avg,x(t), which is why most part of the xt-plot is displayed dark. Actually,

Lerr,u values are above the set 100 % range, which is why no Lrel
s,0.5mm curve can be

plotted within the set range. The progression of Lrel
a,u is around 1 at the end of the test,

which is significantly above the means of all shown tests (Table 6.2). All indicators

clearly indicate that the relative uniformity is very low, but it should be noted that no

steady-state was reached and, thus, comparisons with the arithmetic means should be

made with caution.
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Figure 6.2.: Exemplary xt-plot of Lerr,u (top). U rel
a , Lrel

a,u, Lrel
s,0.5mm and ΔLrel(t) as a

function of t and s (bottom) of neat PPS. Lrel
s,0.5mm was out of range.

Figure 6.3 shows the selected sample for PPS/PTFE20. The xt-plot of Lerr,u looks a

bit noisy and yields a level of 20-40 % throughout the test with some spots that are sig-

nificantly higher than 80 %, e.g. between 8-20 h at around x = 2 mm. The combination

of the elevated Lerr,u level throughout the experiment and some high deviating spots

resulted in the lowest mean score in this study for U rel
a . The progression of ΔLrel(t)

shows a quasi-spontaneous drop after just some rotations of the ring, which can be

hardly seen in the figure, but can be assessed as ΔLrel(t) starts at zero. Therefore,

U rel
a also starts at a lowered level and fluctuates for about 5 h. After that, the progres-

sion stabilizes until it reaches steady-state after around 7 h. In a similar, but inverted

manner, Lrel
a,u and Lrel

s,0.5mm start at an elevated level, start to stabilize at around 5 h, and

reach a steady-state around 7 h. Interestingly, the break-in phase of ΔLrel(t) is signif-

icantly longer at around 10 h compared to U rel
a . That probably means that the spatial

distribution of transfer films was finished after around 7 h and, until the steady-state of

ΔLrel(t) transfer film depositions is reached, were mainly increased concerning their

local extent, i.e. in thickness. This interpretation is generally supported by the xt-plot

of ΔLrel(x, t) in Figure 4.11 as it shows a continuous darkening of the surface while the

general lateral deviations seem to be relatively stable after 10 h.

Figure 6.4 shows the selected example for PPS/GR40. The initial part of the xt-plot

shows a very pronounced deviation, which is indicated by dark spots. This leads to a
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Figure 6.3.: Exemplary xt-plot of Lerr,u (top). U rel
a , Lrel

a,u, Lrel
s,0.5mm and ΔLrel(t) as a

function of t and s (bottom) of PPS/PTFE20.

Figure 6.4.: Exemplary xt-plot of Lerr,u (top). U rel
a , Lrel

a,u, Lrel
s,0.5mm and ΔLrel(t) as a

function of t and s (bottom) of PPS/GR40.
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Figure 6.5.: Exemplary xt-plot of Lerr,u (top). U rel
a , Lrel

a,u, Lrel
s,0.5mm and ΔLrel(t) as a

function of t and s (bottom) of PPS/CF30.

low start of U rel
a and a high start for Lrel

a,u and Lrel
s,0.5mm. In conclusion, at the beginning of

the test, transfer film formation happens very heterogeneously at some lateral positions

first before other lateral positions start with the formation of transfer films. The xt-plot

starts to lighten up and become more homogeneous after around 8 h. U rel
a continuously

increases until a steady-state is reached at around 8 h. Again, Lrel
s,0.5mm and ΔLrel(t)

progress in a similar but inverted manner to U rel
a , and all uniformity curves reach their

steady-state at around 8 h. During steady-state, Lerr,u yields an average relative error of

around 20-40 % with some lateral positions that yield values higher than 60 %. Because

of this, a relatively low uniformity score was reached by this material.

Very interesting is again the progression to ΔLrel(t). It starts low and continuously in-

creases until a steady-state is reached after around 12 h, which is significantly slower

than the progression of the uniformity curves. From these two observations, it is as-

sumed that two deposition modes form transfer films: first spatially over the whole wear

track and afterward in thickness. This theory also complies with the introduced kinetic

transfer film model in Section 5.1.1.

Figure 6.5 shows the representative plot of PPS/CF30. The xt-plot of Lerr,u shows

a similar beginning as for PPS/GR40, i.e. transfer film formation happens heteroge-

neously at some lateral positions until it starts to become more spatially distributed. In

comparison to PPS/GR40, the xt-plot yields disruptions of the transfer film, i.e. lateral



Transfer film spatial uniformity 83

Figure 6.6.: Exemplary xt-plot of Lerr,u (top). U rel
a , Lrel

a,u, Lrel
s,0.5mm and ΔLrel(t) as a

function of t and s (bottom) of PPS/CF20/GR15.

positions that progress from white to dark. This also explains the general volatile pro-

gression of the Lrel
a,u and Lrel

s,0.5mm curves. Again, the significantly faster steady-state

formation of the uniformity curves in comparison to the ΔLrel(t) curve can be observed

and, therefore, further confirms the hypothesis of two deposition modes. As shown in

Chapter 4, these quasi-spontaneous breakdown events in ΔLrel refer to local transfer

film degradation, i.e. a partial removal of transfer film from the wear track. Therefore,

it makes sense that uniformity peaks seem to correlate with ΔLrel(t), which is statisti-

cally investigated later in the section. Although ΔLrel(t) shows the degradation events,

the high average uniformity score is caused by the points in time where no breakdown

event occurred. As seen by the xt-plot of Lerr,u, most of the area is relatively bright and

refers to uniform transfer film distribution. Therefore, the majority of the time that yields

higher relative uniformity overcompensates the lower relative uniformity results from the

less frequent transfer film breakdown events.

Figure 6.6 shows the exemplary progression of PPS/CF20/GR15. In many aspects, the

figure is similar to Figure 6.5 of PPS/CF30. Hence, the initial heterogeneous transfer

film formation and the transfer film degradation events can be observed. Furthermore,

the steady-state formation of the uniformity curves is compared to the ΔLrel(t) curve

again faster. The extent of the degradation events seem to be partly inhibited by the

incorporation of GR, but simultaneously, the frequency of breakdown events is signifi-
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Figure 6.7.: Exemplary xt-plot of Lerr,u (top). U rel
a , Lrel

a,u, Lrel
s,0.5mm and ΔLrel(t) as a

function of t and s (bottom) of PPS/10/10/10.

cantly spatio-temporally increased, i.e. breakdown events happen at different locations

and points in time at elevated frequency. Therefore, it is not surprising that this mate-

rial and PPS/GR40 scored the lowest relative average uniformity, but in comparison to

PPS/GR40, the low score is not caused by few higher deviations but by more frequent

medium-high deviations.

Finally, Figure 6.7 shows the exemplary progression of PPS/10/10/10. As with all CF-

containing materials, PPS/10/10/10 also starts with a heterogeneous formation of trans-

fer films as shown by xt-plot of Lerr,u. Additionally, it shows transfer film degradation

events, and the uniformity curves reach their steady-state faster than ΔLrel(t). Never-

theless, the additional incorporation of PTFE seems to reduce the frequency of break-

down events while keeping their extent at a relatively low level. Because of this, Lerr,u,

in general is a relatively bright map ranging from 0-20 % in steady-state and, therefore,

scores with PPS/CF30 the highest relative uniformity results in this study.

As Figures 6.5-6.7 suggest possible correlations between the shown progressions,

correlation tests were conducted for U rel
a , μ and ΔLrel(t). The correlation tests were

made from tss only in order to omit effects resulting from the break-in phase. Ta-

ble 6.3 shows the test results in the form of Pearson (qp) and Spearman (qs) coeffi-

cients, including their respective 95 % confidence interval. A correlation between U rel
a

and ΔLrel(t) is indicated by a moderate qp of around 0.37 for PPS/PTFE20, PPS/GR40,
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Table 6.3.: Correlation coefficients between U rel
a and ΔLrel and between U rel

a and μ
as confidence intervals from Pearson’s (qp) and Spearman’s (qs) correlation
analyses.

qp qs
Material (U rel

a , ΔLrel(t)) (U rel
a , μ) (U rel

a , ΔLrel(t)) (U rel
a , μ)

neat PPS - - - -
PTFE20 0.45 ± 0.50 0.01 ± 0.32 0.48 ± 0.48 0.00 ± 0.30
PPS/GR40 0.37 ± 0.29 -0.14 ± 0.18 0.36 ± 0.29 -0.17 ± 0.19
PPS/CF30 0.70 ± 0.11 0.61 ± 0.03 0.75 ± 0.09 0.68 ± 0.08
PPS/CF20/GR15 0.01 ± 0.25 -0.12 ± 0.10 0.02 ± 0.24 -0.13 ± 0.09
PPS/10/10/10 0.29 ± 0.21 0.35 ± 0.13 0.32 ± 0.18 0.37 ± 0.12

and PPS/10/10/10. PPS/CF30 reached a qp of 0.7, which is significantly higher than

the other materials, while PPS/CF20/GR15 shows no correlation. From only these re-

sults, it is difficult to conclude if a general correlation between U rel
a and ΔLrel(t) exists

or if this is an effect of fillers. In general, possible reasons for a low correlation are that

the correlations between the attributes are not linear as the Pearson test only proves

linear correlations, the impact between two parameters is temporally offset, or the cor-

relations are indeed low, which means that a different, not addressed (set of) attributes

might have a higher impact on uniformity. Therefore, in order to clarify the possible

non-linearity effects, Spearman’s rank-order correlation test was conducted. As these

results of qs show no improvement (Table 6.3), a non-linear correlation can be excluded.

Furthermore, a cross-correlation analysis (not shown) indicates that no temporal shift

exists between the analyzed attributes. However, this result is, again, questionable, as

explained in Chapter 4, because due to the relatively low temporal resolution of 0.1 Hz,

it can only be concluded that possible temporal offsets are lower than 10 seconds. As-

suming that no offset exists, the extent of correlation between U rel
a and ΔLrel(t) is then

also affected by other parameters, such as by the filler composition, which PPS/CF30

indicates. Results from neat PPS, which are missing in this study due to the prema-

ture test abortion, would also help with the interpretation. For future research, it should

be noted that the wear test of the neat polymer should be included, if necessary, at

decreased pv loading.

The low qp of PPS/CF20/GR15 is most probably caused by the frequent fluctuations

during “steady-state”. Although some prominent breakdown events of ΔLrel(t) coin-

cide with U rel
a , the remaining section also shows deviating progressions, i.e. increasing

ΔLrel(t) are matched against decreasing U rel
a . This is most likely caused by some

lateral position that yields detectable, but less distinct breakdown events, which is ac-

counted for in U rel
a , but mostly compensated in ΔLrel(t). This would also explain the

spiky progression of Lrel
s,0.5mm, which highlights such fluctuations.

Interestingly, the results show that there is no correlation between U rel
a and μ except
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for PPS/CF30 and PPS/10/10/10. Additional cross-correlation and Spearman’s anal-

yses show no further indication of non-linear relations. It is assumed that only CF

included material yields a correlation, but in the case of PPS/CF30/GR15, there is an

error caused by the combination of two aspects. The first refers to the progression of

ΔLrel(t) that yields high frequent transfer film breakdown events. The second aspect

refers to the low temporal resolution of ΔLrel(t). As μ is recorded at a higher tempo-

ral resolution, they need to be matched either by increasing the resolution of ΔLrel(t)

to μ by interpolation or by reducing the resolution of μ to ΔLrel(t). Either way, if a

breakdown process happens within the 10 s of a ΔLrel(t) measurement, neither an in-

terpolation nor a reduction process can correctly account for this event, which leads to

possible wrong ΔLrel(t)/μ value pairs. If this happens only some times, the correlation

analysis can compensate for that, but with increasing occurrence of that error which

likely correlates with the increasing frequency of the breakdown events, qp converges

to zero, which probably happened with PPS/CF30/GR15.

6.4. Summary and conclusion

A methodology for the temporally and laterally resolved quantification of transfer film

spatial uniformity was developed and applied to TLA results from a series of block-on-

ring tests tested in Chapter 4. As a result, these uniformity results could be computed

without any additional experimental effort. Furthermore, due to the utilization of au-

tomation programs, spatial uniformity data can be acquired very efficiently, i.e. at very

reasonable effort, especially if compared to other extensive transfer film methodolo-

gies [85–88].

Aggregated absolute and relative results for spatial uniformity were presented and dis-

cussed. The comparison of both results showed very distinct differences concerning

their peak values and trend between each test. It was discussed that the relative met-

rics represent transfer film spatial uniformity better and showed that the best results

were achieved by PPS/CF30 and PPS/10/10/10 while PPS/GR40 and PPS/CF20/GR15

formed the lower bound. This was quite surprising because CF is not typically listed as

benevolent transfer film filler, and GR, as a dry lubricant, is more expected to improve

transfer film formation.

The analysis of relative uniformity progressions revealed some interesting insights. The

beginning of a wear test often shows heterogeneous transfer film formation, i.e. forma-

tion processes happen at some local positions first and afterward get more uniform. It

was observed, that most uniformity progressions reach their steady-state significantly

faster than the general transfer film formation, which is represented by ΔLrel(t). It was

hypothesized that during transfer film formation two phases exist. In the first phase,
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which ranges from the beginning of the test to the steady-state of the uniformity curves,

the dominating transfer film formation process is the lateral distribution and deposition

of wear debris into the roughness valleys. The second phase, which refers to the re-

maining section, is dominated by particle agglomeration, i.e. the increase of transfer

film thickness. This happens mainly at the same rate at every lateral position. This

would explain the temporally steady progression of U rel
a while ΔLrel(t) is still increas-

ing.

Another interesting aspect is that a correlation between U rel
a and ΔLrel(t) was found.

Especially the breakdown events have a significant effect on spatial uniformity. CF

distinctively caused the breakdown events as filler. GR and PTFE were not exhibiting

such breakdown events and yield the capability to inhibit parts of the breakdown action,

as shown by the composite filled with CF combined with GR or PTFE. During correlation

analyses, possible errors caused by the low temporal resolution of ΔLrel were also

discussed. For future research, it is recommended to increase the temporal resolution.

Altogether, the combined information of U rel
a , Lrel

a,u, and Lrel
s,r yield new information on

possible transfer film formation mechanisms and possible motifs of specific fillers. Ad-

ditionally, with the help of Lerr,u plots, visual evaluations of the relative uniformity are

improved.
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7. Transfer film temporal stability

Stability as a general term refers to the quality, state, or degree of resistance of a partic-

ular attribute of interest to change [118]. Therefore, as a metric, it could be defined as

the invariance of any numerical quantity representing the extent of a particular attribute

of interest as a function of a (set of) parameter. From this definition, it becomes evident

that the use of the term stability always requires two defined components, that is the

attribute of interest and a counterpart parameter which itself can consist of a single or

multiple parameters to describe the external influence.

Knowing this, in the field of transfer film stability, the term is at quite a diffuse state due

to – to the best of the author’s knowledge – the exclusive use of qualitative statements

without clear definitions or further explanations on how the statements were formed,

see Chapter 2.

The following chapter elaborates a methodology on the temporally resolved and lat-

eral extensive quantification of the temporal stability of transfer films. This includes a

definition and a mathematical description of temporal stability (Section 7.1) and its ap-

plication on TLA data derived from Chapter 4 (Section 7.2). The results are discussed

in Section 7.3, and a summary is given in Section 7.4.

7.1. Methodology

7.1.1. Temporal stability model

Revisiting the definition of stability as given in the introduction, the attribute of interest

is obviously the transfer film stability. The explanatory parameter in the field of tribology

can be anything from loading, ambient temperature, ambient humidity, sliding speed

to surface roughness and lubrication condition, among others, and a combination of

those.

This chapter aims to determine the temporal stability of transfer films which refers to

the resistance of the transfer film to be removed from the wear track substrate over

of time, i.e during the course of the tribological test. Therefore, it can be defined as

follows: transfer film temporal stability is the invariance of any numerical quantity that

represents the extent of transfer film formation over time, given that all other internal

and external parameters remain constant.
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Figure 7.1.: Exemplary stable (gray curve) and unstable (black curve) of progressions
of ΔLrel(t) as a function of s and t including the steady-state range as
dotted line on the abscissa.

This definition clearly states the metric of interest, the explanatory parameter, and the

conditions of how it needs to be conducted. As the metric of interest is the influence of

time, other dynamic parameters such as temperature, coefficient of friction, and wear

rate are excluded, i.e. these parameters need to remain constant. Furthermore, the

definition was designed to leave enough room for any metric that refers to the extent

of transfer films that might occur now or in future developments in order to make this

definition more universal and, therefore, more future-proof. For the same reason, it

does not explicitly enclose the extensiveness of the wear track area, i.e. if a method is

applied to the transfer film as a whole or spatially resolved.

In the following, ΔLrel as numerical quantity for the extent of transfer film formation is

utilized. Besides this, other potential numeric quantities are the area fraction, electric

resistance, or transfer film thickness, see Section 2.2. However, it becomes clear that

in order to be able to determine transfer film stability, the numerical quantity that is used

to represent the extent of transfer film formation needs to be temporally resolved, as the

detection of a stationary set of parameters is otherwise not possible. Therefore, as the

determination of other mentioned metrics does not necessarily fulfill this prerequisite, it

is bound to significant additional effort in order to fulfill the requirement. In the case of

the electrical resistance measurement, the material selection is severely restricted, and

it is not clear, as it was not tested if the materials of the study meet the requirement.

Figure 7.1 shows two exemplary ΔLrel(t) progressions as a function t and s. By visual

inspection, the black curve is temporally more stable than the gray curve because the

gray curve exhibits distinct recurring deviations in progress in the form of peaks. In

order to eliminate the need for such subjective classification of transfer films temporal

stability, especially if the difference is not as distinct as demonstrated, the following

paragraphs develop a suitable quantitative approach for transfer film temporal stability.
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Before moving to the mathematical description, all ΔLrel(t) are pre-processed for the

same reason as explained in the uniformity Section 6.1.2. In this case, the data is

normalized by ΔLrel,ss and additionally offset by -1 for the ease of distinguishing positive

from negative deviating values according to

ΔLrel,corr,s(t) =
ΔLrel(t)

ΔLrel,ss

− 1. (7.1)

On the base of ΔLrel,corr,s, further developments of temporal stability metrics are devel-

oped. Results derived from ΔLrel,corr,s are expected to be more comparable between

different material pairings. Recalling that due to the normalization of the data, the result-

ing metrics also refer to the relative (temporal) stability, which is denoted as “stability”

in the following work.

The mechanism causing these luminance fluctuations, as shown in Figure 7.1, are due

to (partial) transfer film degradation and subsequent reformation, which was explained

in Section 4.4. The receding amount of deposited transfer films during the degrada-

tion processes are detected as luminance increases, and reformation processes are

detected as luminance decreases.

Based on these insights, a mathematical description should fulfill the following require-

ments:

• The temporal stability reaches its maximum if the temporal progression of tss

shows no fluctuation, i.e.

ΔLrel,corr,s(t) = 0 ∀ t ∈ tss. (7.2)

• With an increasing number of deviation events, i.e. the sum of events where

ΔLrel,corr,s(t) �= 0, the temporal stability decreases.

• The temporal stability decreases with the increasing extent of a fluctuation event,

i.e. with increasing ΔLrel,corr,s(t).

It should be noted that the resemblance between the requirements for the mathematical

description of the temporal stability and the spatial uniformity is high. The algorithms to

compute the metrics for quantifying the temporal stability and the spatial uniformity are

indeed the same but differ by their data pre-processing and, therefore, their input data

and results. While the input data for the computation of the relative uniformity metrics

is ΔLrel,corr,u(x, t) as a function of x for each t-slice, the computation of the temporal

stability ingests ΔLrel,corr,s(t) as a function of time (and at each x which will be explained

later in the following section). Thus, the following paragraphs on the methodology are

kept shorter concerning their explanation.
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The fulfillment of the requirements is also solved by two metrics, similar to spatial uni-

formity. Both metrics fulfill requirement one and highlight one of the remaining require-

ments. The first metric refers to the overall average relative temporal stability Srel
a , which

is calculated from the average relative luminance deviation Lrel
a,s according to

Lrel
a,s = n−1

ss

tss,f∑
t=tss,0

|ΔLrel,corr,s(t)| (7.3)

and

Srel
a (Lrel

a,s) =

⎧⎨
⎩∞, if Lrel

a,s = 0

(Lrel
a,s)

−1, if Lrel
a,s > 0

(7.4)

while nss refers to the number of measurement point in tss. Srel
a fulfills the first two

requirements, as Srel
a reaches its maximum if all corrected luminance values are zero,

i.e. if ΔLrel,corr,s(t) = 0 ∀ t ∈ tss. Moreover, with an increasing number of deviation

events, the resulting Srel
a is decreasing. The metric itself is due to the inclusion of

all data along the evaluation range relatively robust against some outlying values, i.e.

higher fluctuations that happen only at some occurrences.

The second metric refers to the segment-wised averaged peak-to-peak relative lumi-

nance Lrel
s,v, which is calculated according to

Lrel
s,v = n−1

k ·

nk∑
j=1

∣∣ΔLmax
rel,corr,s(tss(j))−ΔLmin

rel,corr,s(tss(j))
∣∣ (7.5)

while nk refers to the number of equidistant time segments, v to the segment size of

the time segment tss(j) and ΔLmax
rel,corr,s to the maximum, and ΔLmin

rel,corr,s to the minimum

value of ΔLrel,corr,s in the respective time-segment tss(j). As testing time in the field of

tribology can vary substantially depending on the test configuration and Lrel
s,v is highly

dependent on v, comparisons should be made from the same v only. Because of this, v

needs to be given for each application of the method. Based on Lrel
s,v, the segment-wise

average relative stability Srel
s,v can be computed according to

Srel
s,v =

⎧⎨
⎩∞, if Ls,v = 0

L−1
s,v , if Lrel

s,v > 0
(7.6)

This metric fulfills the first and highlights the third requirement as Ss,v is maximized

if Ls,v is minimized, i.e. ΔLmin
rel,corr and ΔLmax

rel,corr are equal, which can only happen

with decreasing fluctuation. At a sufficiently large v, the metric is compared to Srel
a

more sensitive to fluctuation and is also affected by the order of fluctuation due to the
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segment-wise evaluation.

For the same reason as mentioned in Section 6.1.1, it is suggested to use multiple

metrics for the evaluation of stability in order to achieve a sufficient amount of informa-

tion. Therefore, similar to uniformity, Srel
a serves as a primary stability metric mainly

for ranking results, while Lrel
a,s and Lrel

s,v serve as secondary metrics for interpretation

purposes.

7.1.2. Spatial segmentation and data aggregation

Due to possible partial transfer film formation and degradation processes as shown in

Section 4.4, the wear track width averaged Lrel,corr,ss(t) data is possibly affected by com-

pensation effects, resulting in a lower fluctuation and higher temporal stability, see Fig-

ure 7.2. This can be prevented by not computing the stability values of the x-averaged

data but by computing individual t-slices at each given x-position, which is similar to in

the kinetics chapter (Section 5.1.3).

The steady-state range tss is determined from the temporal progression of ΔLrel,corr,s(t),

which is about the last third or less of the total wear test duration and applied to each

t-slice.

Next, Equation (7.1) is adapted for the xt-data in order to create normalized t-slices for

each lateral position x = x0, . . . , xf according to

ΔLrel,corr,s(x, t) =
ΔLrel(x, t)

ΔLrel,ss(x)
− 1 (7.7)

while ΔLrel,ss(x) refers to

ΔLrel,ss(x) = n−1
ss ·

tss,f∑
t=tss,0

ΔLrel(x, t), (7.8)

and nss to the number of measurements in tss.

Additionally, for the same purpose as Lerr,u from Equation (6.8), an Lerr,s is created for

the purpose of improving the visual interpretation of the input data according to

Lerr,s(x, t) = |ΔLrel,corr,s(x, t)| . (7.9)

It represents the relative error of ΔLrel(x, t) to ΔLrel,ss(x) and can be plotted as a

xt-plot.

From these t-slices, individual results for Srel
a (x), Lrel

a,s(x), and Lrel
s,v(x) at each lateral

position x are computed. From these sets of results, a histogram for each metric com-

bined with a Gaussian kernel density estimation is plotted. The maximum of each
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Figure 7.2.: Exemplary ΔLrel(x, t) progressions at different x as a function of t and s
(top three) . The bottom plot shows the corresponding ΔLrel(t).

Figure 7.3.: Exemplary histograms of Srel
a , Lrel

a,s and Lrel
s,v of a single experiment. The

cross marks the highest density, which is chosen as representative of each
distribution.
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density curve is determined and used as representative for each respective distribu-

tion. Figure 7.3 shows an exemplary histogram computed from such a single wear

experiment. Following this procedure, representative results for all twelve experiments

per material combination grades are computed.

7.2. Experimental

As all transfer film temporal stability metrics, namely Srel
a , Lrel

a,s, and Lrel
s,v, can be com-

pletely computed from the TLA data derived from Chapter 4, no additional experimental

tests are necessary. For the computation of Lrel
s,v, a segment size v = 0.5 h was cho-

sen, which refers to around 10-13 segments depending on the size of the individually

chosen tss of each test.

All twelve individual TLA data sets per material combination were processed this way

and sub-sequentially subjected to statistical analyses as described in Section 4.3.4.

7.3. Results and discussion

Table 7.1 states the aggregated numeric results of Srel
a , Lrel

a,s, and Lrel
s,0.5h in the form of

confidence intervals.

Of all investigated tests, PPS/PTFE20, PPS/GR40, and PPS/10/10/10 yield the highest

relative stability, which agrees with the observation from Chapter 4 as those ΔLrel(t)

curves show the lowest amount of fluctuations compared to the remaining material pair-

ings. With an average Srel
a ranging from 9.06 to 11.76 and an average Lrel

a,s ranging from

0.09-0.11, no significant differences were found between these material pairings. In-

terestingly, the average Lrel
s,0.5 h of PPS/GR40 is significantly lower than of PPS/PTFE20

and of PPS/10/10/10. From this combination of stability metrics, it can be concluded

that PPS/PTFE20 and PPS/10/10/10 yield spatially less frequent, but more distinct

(=higher extent) deviation events of ΔLrel(x, t) from ΔLrel,ss(x) while PPS/GR40, which

has an Lrel
s,0.5 h that is close to its Lrel

a,s, yields more frequent, but lower deviation events

over the whole wear track. Otherwise, a statistically insignificant Srel
a cannot be ex-

plained for all three material pairings.

Lower relative stabilities were found for PPS/CF30 and PPS/CF20/GR15. Both results

are significantly different from the remaining results and to each other. PPS/CF20/GR15

yields the lowest relative stability in the test, while PPS/CF30 is somewhere between

the highest and lowest stability. Their relatively low stabilities are caused by the repeti-

tive transfer film degradation and reformation processes observed throughout this the-

sis. The cause of these repetitive processes was identified to be CF. Although inhibiting

properties of GR and PTFE were observed, only the stability of PPS/10/10/10 was sig-
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Table 7.1.: Aggregated results of Sa, La,s and Ss,0.5 h derived from the steady-state range
tss.

Material Srel
a Lrel

a,s Lrel
s,0.5 h

PPS neat - - -
PPS/PTFE20 11.76 ± 4.55 0.11 ± 0.06 0.32 ± 0.15
PPS/GR40 9.63 ± 1.97 0.09 ± 0.02 0.14 ± 0.02
PPS/CF30 6.92 ± 0.92 0.14 ± 0.02 0.26 ± 0.04
PPS/CF20/GR15 4.45 ± 0.86 0.21 ± 0.05 0.46 ± 0.08
PPS/10/10/10 9.06 ± 1.12 0.11 ± 0.01 0.27 ± 0.05

nificantly increased, while the additional incorporation of only GR was not enough, as

demonstrated by the results of PPS/CF20/GR15.

Figures 7.4-7.8 show representative xt-plots of Lerr,s as well as curves of Srel
a , Lrel

a,s, and

Lrel
s,0.5 h as a function of x. It should be noted that the axes of the xt-plots of Lerr,s were

inverted compared to previous xt-plots, i.e. x and t axes were switched, in order to

match the axes of the Lrel
a,s and Lrel

s,0.5 h plots in the figures. Furthermore, the xt-plots

only show the tss range, which was about 14-20 h, i.e. a little less than a third of the

total measurement duration. Similar to Lerr,u, a spot refers as white in Lerr,s if ΔLrel(x, t)

matches ΔLrel,ss(x), which is referred as stable, and gets darker with increasing devia-

tion. Again, deviations higher than 100 % were plotted as 100 %. With the help of these

plots, the interpretation of the aggregated results can be further refined.

Figure 7.4.: Exemplary xt-plot of Lerr,s (top). Srel
a , Lrel

a,s and Lrel
s,0.5 h as a function of x

(bottom) of PPS/PTFE20.
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Figure 7.5.: Exemplary xt-plot of Lerr,s (top). Srel
a , Lrel

a,s and Lrel
s,0.5 h as a function of x

(bottom) of PPS/GR40.

Figure 7.6.: Exemplary xt-plot of Lerr,s (top). Srel
a , Lrel

a,s and Lrel
s,0.5 h as a function of x

(bottom) of PPS/CF30.
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Figure 7.7.: Exemplary xt-plot of Lerr,s (top). Srel
a , Lrel

a,s and Lrel
s,0.5 h as a function of x

(bottom) of PPS/CF20/GR15.

Figure 7.8.: Exemplary xt-plot of Lerr,s (top). Srel
a , Lrel

a,s and Lrel
s,0.5 h as a function of x

(bottom) of PPS/10/10/10.
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Figures 7.4, 7.5, and 7.8 clearly show the highest overall brightness of Lerr,s in a spatial

manner, i.e. how deviations are distributed over the wear track area. While transfer film

breakdown events of PPS/10/10/10 are clearly recognizable in Figure 7.8 by horizontal

lines, the extent of these breakdowns, i.e. the temporal quasi-spontaneous fluctuations,

are significantly lower if compared to Figures 7.6 and 7.7. From the significantly lower

Srel
s,0.5 h of PPS/GR40 compared to PPS/PTFE20 and PPS/10/10/10, it can be concluded

that the lateral distribution of deviations of PPS/GR40 is more evenly distributed, and

the overall extent is lower. This is reflected not only by the xt-plot of Lerr,s, which shows

the most evenly distribution of deviations in this study, but also by the curves of Lrel
a,s and

Lrel
s,0.5 h of PPS/GR40, which show much fewer fluctuations compared to the curves of

the other two material pairings. Furthermore, Lrel
a,s and Lrel

s,0.5 h of PPS/GR40 are almost

on top of each other while the curves of the other two materials are clearly offset.

Figures 7.6 and 7.7 show distinct darker regions in the xt-plots of Lerr,s of PPS/CF30

and PPS/CF20/GR15. These regions are majorly caused by degradation events. While

both materials show such properties, PPS/CF20/GR15 yields a significantly higher fre-

quency. Although the additional incorporation of only GR to a CF-filled PPS material

seems to lower the overall extent of the breakdown events, it also seems to lower some

kind of a threshold that leads to an increased number of these events. This hypothesis

cannot be statistically proven by the current results at the moment but could be invested

in future propositions. The combined effects of GR and CF seem to lead to the lowest

Srel
a within this study. These properties are also clearly reflected by the low progression

of Srel
a (compared to the other materials) and the elevated volatile progressions of Lrel

a,s

and Lrel
s,0.5 h. Interestingly, as PPS/10/10/10 yields significantly higher stability results, it

concludes that stability does not necessarily follow a mixture rule of the fillers.

It should be noted that histograms on the stability metrics – derived from all individual

results of each respective material pairings – were plotted and can be found in Ap-

pendix G. They clearly show that all stability metrics yield a general local peak density

around a specific value. Therefore, it can be concluded that stability metrics are not

a random distribution but material or system-specific property. Last can be clarified in

future propositions by varying the material compositions of the sliding partner.

7.4. Summary and conclusion

The chapter introduced a newly developed methodology to quantify the temporal sta-

bility of transfer films based on TLA data. All results were computed without additional

experimental effort and were combined with newly developed automation programs.

This way, to the best of the author’s knowledge, transfer film stability metrics were com-

puted for the very first time.
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With the help of these newly developed stability metrics, a good overall impression and

understanding of the relative stability of transfer films formed on PPS material composi-

tion study were gained. As all results are numerical, they can be easily compared and

ranked to future results using the same methodology. Furthermore, numerical results

could be explained with the help of xt-plots of Lerr,s as a visual aid of the input data,

which further increased the understanding of transfer films and the motifs of certain

fillers. It was shown that specific single-filler composites seem to increase the relative

stability, e.g. PPS/PTFE20 or PPS/GR40, while other composites, e.g. PPS/CF30 and

PPS/CF20/GR15, caused a significant decrease in temporal stability. The combination

of CF and GR in PPS was found to yield even lower stability than PPS/CF30, although

GR in a single-filler composite yields high stability. Finally, PPS filled with all investi-

gated fillers could score similar stability scores as PPS/PTFE20 and PPS/GR40, which

scored the highest relative stability in this study. Therefore, it is concluded that relative

stability is not the sole function of the mixture of fillers.
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8. Transfer film thickness

Transfer film thickness is one of the most tangible and most approached metrics in

transfer films. However, despite the existence of various acquisition techniques (see

Section 2.2.2), the determination of laterally extensive and temporally resolved transfer

film thickness values using existing techniques is either severely restricted by the selec-

tion of material combination, or limited through the use of highly specialized machinery

that is not typically found in tribology laboratory, see Section 2.2.

Therefore, this chapter aims to introduce a new concept for the determination of transfer

film thickness that overcomes these shortcomings, i.e. a concept that is universally

applicable to most material combinations and that is economically viable and simple to

reproduce.

The main idea is to compute the transfer film thickness as a function of ΔLrel(t). There-

fore, in Section 8.1.1 a physical relationship between both physical quantities is estab-

lished, and, based on that, a suitable mathematical model developed. Then, in Sec-

tion 8.2, all necessary experiments are introduced to enable the mathematical compu-

tation. Next, the overall concept is applied to a set of TLA data derived from Chapter 4,

and the results are discussed in Section 8.3. Finally, a summary and a conclusion are

given in Section 8.4.

8.1. Methodology

8.1.1. Transfer film thickness model

In general, the local thickness of the transfer film refers to the height of a stack of parti-

cles on top of each other at a specific location on the wear track, see Figure 8.1(left). In

photometric terms, it refers to the height of the stacked voxels (three-dimensional pix-

els) at a specific lateral (pixel) position. Therefore, incoming light needs to pass through

that material stack at which it is partly or entirely absorbed.

The extent of how much of the incoming light or in optical terms incoming luminous flux

Φ0 is absorbed by the transfer film is given by Beer’s law [93]

Φ(d) = Φ0 · e
−ε·d (8.1)
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Figure 8.1.: Schematics of the possible particle deposition modes – particles are repre-
sented by cubes: a new particle is deposited on top of (left) or next (right)
to an existing particle.

where Φ(d) refers to the transmitted luminous flux as a function of the matters’ thickness

d – here of the transfer film – and ε refers to the absorption coefficient of the matter.

Under the assumption of perfectly diffused reflection, also known as Lambertian reflec-

tion, which was realized by diffused incident lighting and a minimum substrate surface

roughness (Section 4.3), luminance is isotropic per Lambert’s cosine law [93], which

results in a relationship between luminance L and illuminance E = Φ0

A
as follows

L =
E ∗R

π
=

Φ0 ·R

π · A
, (8.2)

where R refers to the reflectance, i.e. the percentage fraction of Φ0 that is reflected of

the surface, and A to the illuminated surface area. Therefore, a relationship between

L and Φ0 exists, and, thus, there is a relationship between L and d of the transfer film

through Beer’s law.

By combining Equation (8.1) and Equation (8.2) with the TLA methodology in Chapter 4,

a relation between ΔLrel(t) and d can be established, which contains an exponential

signature, also see Section 8.3.4.

It should be noted that this physical relationship applies to the luminance measured

on a single-pixel sensor. As ΔLrel(t) consists of aggregated values representing the

change in relative luminance of the whole wear track area per time step t, it is assumed

that the average of a collection of luminance values refers to an aggregated average

thickness. Please also note, that even the laterally resolved ΔLrel(x, t) data yields

by design aggregated values in sliding direction and, therefore, require the same as-

sumption. Consequently, the quantity of interest is the average transfer film thickness

denoted as davg.

Assuming that ΔLrel(t) can be written as a function of davg, and, consequently, the

same davg at two distinct points in times will result in the same ΔLrel(t), then ΔLrel(t)

(which depends on the time) can be “compressed” to get a function depending on davg,
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Figure 8.2.: Exemplary ΔLrel(t) as a function of time t (top) and its “compressed” func-
tion of ΔLrel as a function of davg (bottom).

see Figure 8.2.

Under this assumption, ΔLrel(t) can be written as a function of davg, and since davg

changes over time due to the wear process, it can be wrapped as a function of time.

Thus,

ΔLrel(t) = f(davg(t)),

where f is an unknown function describing the relation between the thickness and

the luminance, and davg changes over time due to the wear process. Assuming f is

invertible, then

davg(t) = f−1(ΔLrel(t))

and, thus, the thickness from the measured luminance values can be calculated. How-

ever, since Beer’s law include an exponential signature in f(davg(t)), the origin of the

exponential progression cannot be distinguished as it can be from f or davg. Since, in

this scenario, ΔLrel(t) is a function of thickness rather than time, the relation between

those two is written as

ΔLrel(davg) = f(davg),

davg(t) = g(t),
(8.3)

where g(t) describes the transfer film thickness progression over time.
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Figure 8.3.: Hypothetical relationships between ΔLrel and davg:
Case one (top): f is exponential to davg and g is linear to t.
Case two (bottom): f is linear to davg and g is exponential to t.

As davg, in theory, comprises of two fundamental deposition processes in which a new

particle is deposited on top of or next to an existing particle (Figure 8.1), two edge cases

are examined. In the first case, it is assumed that only particle stacking is happening

and, therefore, f(davg) is an exponential function and that davg(t) increases linearly as

a function of time, see Figure 8.3 (top). Thus, Equation (8.3) can be written as

ΔLrel(davg) = L0 · e
−εdavg + L1, davg ∈ [0,∞). (8.4)

Note that the maximum value of the thickness d′ during the experiment might not nec-

essarily be achieved at the end of the experiment (cf. Figure 8.2). To minimize errors

during the measurement, L0, L1 and ε are calculated as follows. From Jacquelin’s al-

gorithm introduced in Section 5.1.2, the values of L0, L1 and ε′ can be calculated after

compressing the function as shown in Figure 8.2 (bottom).

Assuming the average transfer film thickness df at the end of the experiment at time

step tf is known, davg-axis can be scaled with

davg = t · df ·
−ε′

log
(

ΔL(tf)−L1

L0

)
︸ ︷︷ ︸

=:1/α

. (8.5)
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Note that α is derived by solving equation

ΔLrel(tf) = L0 · e
−ε′α + L1

for α. Afterward, L0, L1, and ε can be either recalculated for the scaled axis using

Jacquelin’s algorithm, or it can be set as ε = ε′ · α/df .

Finally, davg can be written as a function of ΔLrel(t), which is

d(ΔLrel(t)) = −1/ε · log

(
ΔLrel(t)− L1

L0

)
. (8.6)

Recalling that ΔLrel(t) is a function of t, gives a mathematical description of davg over t

davg,exp(t) = −1/ε log

(
ΔLrel(t)− L1

L0

)
. (8.7)

This approach has two disadvantages:

• The logarithm is very sensitive to values close to 0. Thus, small changes at the

end of the experiment, mainly where ΔLrel(t) is close to the steady-state, result

in a big difference in davg-values.

• The logarithm is not defined for negative values, i.e. when the raw data measured

in the experiment is utilized, some values might cause an error since ΔLrel(t)−L1

might become less than 0. They either need to be excluded, or a small offset is

used in a way that ΔLrel(t)− L1 does not become negative. Within the study, the

offset method was used as it resulted in only minor changes.

Due to these two disadvantages, a second case is additionally considered, which does

not have these disadvantages. Assuming that transfer film formation is dominated by

the increase of area coverage, see Figure 8.1 (right), and therefore, ΔLrel(d) = f(d) is

considered as a linear function. However, the increase in davg happens in an exponen-

tial way, meaning that at the beginning, more transfer film is built up, and the thicker it

gets, the slower it grows (cf. Figure 8.3 (bottom)). This also coincides with the argu-

mentation in Section 5.1.1. In this case, Equation (8.3) can be written for the process

of transfer film composition as

ΔLrel(d) = m · d+ n

d(t) = D0 · e
εt +D1

(8.8)

where m,n,D0, D1 ∈ R are unknown constants and coefficients. Note that this de-

scription of davg does not include the degradation processes that happen at specific

time steps. However, this does not change the correctness of the following theory.
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d(ΔLrel(t)) = (ΔLrel(t)−n)/m can be derived, and as there is no transfer film at the be-

ginning, it can be concluded that n = 0 since ΔLrel(0) = 0. Again, assuming that df is

known, m = ΔLrel(tf)/df .

Finally, the following equation can be derived:

davg(ΔLrel(t)) =
df ·ΔLrel(t)

ΔLrel(tf)
.

Again, since ΔLrel(t) depends on time, davg can be expressed as

davg,lin(t) =
df ·ΔLrel(t)

ΔLrel(tf)
. (8.9)

In both cases, the measured values of ΔLrel(t) can be plugged into the derived equa-

tions (8.7) and (8.9), and approximation methods can be used to fit davg as a function of

time. The second case using Jacquelin’s algorithm will give us the values D0, D1, and

ε of Equation (8.8).

Note that the two cases considered here are extreme cases. The reality most probably

consist of a mixture of these two cases.

8.1.2. Differential profilometry

In order to determine df in order to complete Equation (8.7) and (8.9), one additional

transfer film measurement needs to be conducted. As only one ex-post measurement

is needed, highly specialized machinery or concepts that need trained personnel can

be excluded. Therefore, a profilometric approach was chosen for this task as it is not

restricted in material selection and is found in most research laboratories.

Nevertheless, the original profilometric method suffers from at least two fundamental

aspects that need to be handled to conduct basically unrestricted lateral extensive mea-

surements. The first refers to the measurement of local areas. Due to the discontinuous

and heterogeneous distribution of the transfer films, representative results by just a few

measurements are challenging to interpret, although they are common in the literature.

However, laterally extensive measurements should be preferred. Modern profilometers

often offer automatic measurement and stitching programs. Therefore, the measure-

ment of the whole wear track – even at the cost of extended machine occupancy time –

can be conducted without much additional personnel effort. Nevertheless, these mea-

surements are mainly restricted to flat surfaces, such as specimens from pin-on-disk or

reciprocal configurations. A solution for ASTM G137 ring specimens by an automatic

ring rotatory is introduced in Section 8.2.

The second aspect refers to the restricted measurements of thin transfer films, i.e.

deposition heights that are lower than the overall surface profile variation. The main
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Figure 8.4.: Schematic segmentation of the flatten ring surface into roi, ref1 and ref2)
including their respective evaluation area (dashed horizontal bars).

problem of this original approach lies in the measurement of a single state for the de-

termination of the average transfer film thickness davg. Because of that, two problematic

aspects are created. One is the already mentioned limitation of the measurement of

thin davg. The second aspect is the assumption that the substrate is free of wear. This

is especially critical if composites filled with abrasive fillers, e.g. carbon or glass fibers,

are combined with a relatively soft counterpart – usually lower than 55 HRC, e.g. alu-

minum. Also, in the case of thin transfer films, the magnitude of wear-induced height

loss is possibly in the same range as davg and, thus, significantly affects the measure-

ment of davg. Therefore, the assumption of a wear-free surface needs to be omitted in

this approach.

Both problems can be solved by a two-stage pre-post measurement process. There-

fore, the wear track profile needs to be measured at two different stages – one with

and without the transfer film deposition. As the wear of the substrate can not be ig-

nored, measurements before and after the wear test would not suffice. Therefore, mea-

surements need to be conducted after the wear test and after a thorough transfer film

removal process. Transfer film removal can be conducted by any chemical or mechan-

ical means as long as the substrate is not altered significantly. A possible approach is

shown by combining chemical dissolution with ultrasonic cleaning in Section 8.2.

Another challenge in this approach is to locate the same profile position after the trans-

fer film removal process as each profile slice is of micron to sub-micron size. This

problem can be solved by not precisely locating each profile position but by lateral ex-

tensively measuring the whole wear track and averaging all profile slices, as shown in

Section 8.2.

Figure 8.4 shows a schematic representation of a whole wear track roi measurement

as flattened surface including a sufficient amount of reference area ref1 and ref2, i.e.

areas without tribological exposure. The use of two reference areas is later used to
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correct the data by a possible tilt. The figure also demonstrates exemplary range se-

lections that include some buffer towards the transition from roi to ref1 or ref2. This is

because of two reasons. First, the precise sub-micron distinction between roi and ref is

difficult, especially in the case of thin transfer films on hardened steel where no profile

variation is visible or detectable. Second, possible artifacts in the transition area, e.g.

collection of loose wear debris due to removal from the wear track, can lead to miscal-

culation. Therefore, a buffer is included in way that the transition area can be safely

omitted. Based on the selection, the arithmetic means of roi with the wear track width

selection xroi = xroi,0, . . . , xroi,f , ref1(i=1) and ref2 (i=2) with xref(i) = xref(i),0, . . . , xref(i),f

are calculated along the circumference of the ring y = y0, . . . , yg according to

href(i),avg = (nx,ref(i) ∗ ny)
−1

xref(i),f∑
x=xref(i),0

yg∑
y=y0

h(x, y) i = 1, 2 (8.10)

hroi,avg = (nx,roi ∗ ny)
−1

xroi,f∑
x=xroi,0

yg∑
y=y0

h(x, y) (8.11)

while nx and ny refer to the number of measurement points in x = xroi,0, . . . , xroi,f

(respective x = xref(i),0, . . . , xref(i),f) and y = y0, . . . , yg direction and h(x, y) to the

measured profile height at coordinate (x,y) of the respective areas roi, ref1 and ref2.

The average profile height of roi hroi,avg,pre before, and hroi,avg,post after the cleaning

process can be calculated according to

hroi,avg,pre = hroi,avg,pre − 0.5(href1,avg,pre + href2,avg,pre) (8.12)

hroi,avg,post = hroi,avg,post − 0.5(href1,avg,post + href2,avg,post) (8.13)

It should be noted that hroi,avg,pre, and hroi,avg,post can range from negative to positive val-

ues. Positive values refer to an average protrusion caused by more volumetric transfer

film deposition than wear volume reduction. Therefore, negative values refer to higher

volumetric wear than volumetric transfer film formation.

The overall average transfer film thickness davg can be calculated according to

davg = droi,avg,pre − droi,avg,post (8.14)

The resulting average thickness davg can also be used to determine the total transfer

film volume Vavg according to:

Vavg = davg ∗ Aroi (8.15)

while Aroi refers to total wear track area.
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Overall, with this improved approach, the accuracy and measurement range of profilo-

metric transfer film thickness measurement can be significantly improved.

8.2. Experimental

Compared to the methodologies developed in Chapter 5-7, the computation of davg

needs additional experimental effort to complete the developed mathematical model

and therefore create a working function of davg as a function of time. In order to realize

that, one reference thickness df at the end of the experiment, i.e. ex-post, needs to

be determined. For this purpose, a new profilometric approach was developed, and its

realization is demonstrated in the following section.

8.2.1. Profilometry

The chosen profilometer is a white light profilometer (Microprof 100, Fries Research

and Technology GmbH, Germany) which utilizes a confocal distance sensor with a total

measurement range of 300 μm, a resolution of less than 1 nm, and a spotlight diameter

of 2 nm.

In order to realize a lateral extensive measurement for ring samples, profile measure-

ments across the wear track need to be conducted around the circumference of the ring

specimen. In order to realize this kind of measurement without resorting to extensive

personnel effort, a ring mount with a rotation feature is combined with an automation

process that automatically alternates between line measurements across the wear track

and precise ring rotation until a full rotation is realized. The placement of the ring spec-

imen needs to be reproducible within 100-200 μm in accuracy, which is necessary to

safely distinguish ref and roi area before and after the cleaning process. Finally, the

overall ring mount unit, including the mounted ring, needs to be within the profilome-

ter’s permitted measurement room and weight limitation. A maximum load of 1000 g

and maximum volume of 210x210x69 mm3 is permitted for the mentioned machine.

The ring holder module with integrated rotation function was designed, manufactured,

and implemented into the profilometer, see Figure 8.5. It features a step motor (PD28-

1-1021, Trinamic Inc.) with up to 25’600 micro-steps, i.e. precise rotations of up to

0.014 degree/step are theoretically possible. Additionally, a reference edge on the ring

holder secures a highly reproducible placement of the ring before and after the cleaning

process of less than 150 μm. Eccentric rotation was calibrated to be not higher than

20 μm. The remaining errors need to be corrected in post-processing.

The automation process consists of three main modules. The first module controls the

ring mount’s rotation function, the second controls the profilometer and supplies the

machine with the necessary parameters in order to conduct controlled measurements,
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Figure 8.5.: Ring rotation module as CAD design (left) and finished implementation into
the profilometer (right).

Figure 8.6.: Grahical user interface for controlling the automated lateral extensive profile
measurement of ring specimens.
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and the third module prepares all measurement data and utilized parameters as a digital

package and transfers it to a central laboratory information management system, where

the data is stored, processed and evaluated.

For the ease of use of the automation program, a graphical user interface (gui) was

developed, see Figure 8.6. The gui governs all mentioned processes and additionally

includes multiple error tests to prevail user and machine safety and prevent false or

redundant inputs. This way, lateral extensive measurements are achievable without

significant additional personnel effort but only additional machine occupancy time.

More details on the automation process, the gui, and the evaluation script can be found

in the Appendix D.

8.2.2. Transfer film removal

In order to conduct post-clean profilometric measurements, the wear track on the ring

specimen needs to be freed from transfer film depositions without altering the topogra-

phy of the substrate significantly. The transfer film removal was realized by a two-step

process: a chemical dissolution and a mechanical cleaning process. The general idea

is that depositions formed by polymer composites partly consist of their original parent

polymer – in this case PPS. By dissolving this polymer in the deposition, the integrity of

the deposited material is weakened and can be removed by a sub-sequential mechan-

ical removal process, e.g. in this case, by ultrasonic cleaning.

Therefore, pre-tests were conducted in order to identify suitable candidates for the dis-

solution of PPS. Their main requirements are the dissolution of a sufficient amount of

the neat polymer within less than 16 h and no reaction with the substrate, resulting

in a change in the substrate topography. In this case, three known solvents for PPS

were pre-tested, namely N-Methyl-2-pyrrolidone (NMP), formic acid, and trifluoroacetic

acid (TFA). Samples of 1.3505 with a sample size of 2x10x6 mm and samples of neat

PPS with a sample size of 4x4x2 mm were each placed in individual vessels (=total of

six). Afterward, each polymer and metal sample was submerged by one of the men-

tioned solvents for 16 h at standard room temperature according to DIN 291, class 2

(23± 2 ◦C, 50± 10 % r.h.). Afterward, all 1.3505 samples were examined by optical

microscopy, and the remaining polymeric sample was measured by a precision caliper.

While NMP and TFA were able to dissolve larger portions of the neat PPS blocks, formic

acid did not show significant change. Microscopic examinations of the 1.3505 surfaces

revealed that the surface submerged by TFA and formic acid exhibit significant oxida-

tion, while no visual change was found for NMP. Therefore, for the dissolution of PPS,

NMP was chosen as solvent.

Therefore, after the wear test, the ring specimens were placed into a ring holder, specif-

ically designed and manufactured for this task, see Figure 8.7. The holder holds up to
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Figure 8.7.: Schematic setup of the transfer film dissolution process.

four rings which refers to the same amount of test specimen rings from the utilized

tribometer in one test. This way, all rings from one test run can be subjected to the

dissolution process at once. The ring holder, including all ring specimens, was placed

into a reactor vessel with a diameter of 100 mm, with rounded bottom, and a capacity

of 1000 ml. Afterward, the reactor was filled with a 99 % solution of NMP until all rings

were submerged. The reactor vessel was heated to 80 ◦C5 in order to accelerate the

dissolution process. The lid of the reactor vessel was connected to a reflux condenser

in order to return any gaseous solvent back into the system. A bar mixer ensures a ho-

mogeneous temperature distribution of the solvent throughout the reactor vessel. The

dissolution process was set for 16 h.

Afterward, a ring specimen was placed in a vessel filled in a 99 % ethyl alcohol solution

in the mechanical cleaning step. The vessel itself is again placed into a cooling solution

in order to keep the vaporization of the ethyl alcohol solution at a minimum. Next, a

high-power ultrasonic emitter (Desintegrator Sonifier PGB210A, Emerson Technologies

GmbH & Co. OHG) is placed into the ethyl alcohol solution next to the ring specimen

and exposed to ultrasonic waves at 800 W for 30 min in order to mechanically remove

the weakened deposits on the surface. Finally, the rings were cleaned and dried with

petrol ether.

8.2.3. Experimental and evaluation procedure

After each sliding wear experiment, the wear track position on each ring specimen

– which holds up to five wear tracks with a width of 4 mm – was determined with a

precision caliper. Afterward, each ring was cleaned with a soft brush and dry pressured

air in order to remove loose wear debris without removing deposited transfer films.

5Although not further mentioned, the increased temperature does not affect the 1.3505 surface in any
increased way than at room temperature.
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Next, the laterally extensive pre-clean measurement of the ring specimen on the pro-

filometer was conducted according to Section 8.1.2. The measurement distance was

set in a way that 1 mm of the surrounding reference area was included. Therefore, at

a wear track width of 4 mm, a total measurement distance of 6 mm was set. The reso-

lution was set to 10 μm per pixel resulting in 600 measurement points per profile scan

line. A full rotation of the ring was divided into 1440 equidistant sections resulting in

one measurement point per 0.5 degrees or about an arc length of about 0.13 mm.

For quality control on the success of the transfer film cleaning process, each ring was

SEM inspected before the profilometric measurement at a random spot on the wear

track at different magnifications ranging from 60-2000. Images were captured of the

center of the wear track and at the transition from the wear track to the unworn reference

area. All SEM inspections were conducted without sputtering or any surface altering

processes.

Afterward, the rings were subjected to the transfer film removal process as described

in Section 8.2.2 followed by another SEM investigation. To validate the removal proce-

dure, the area fraction before and after the cleaning procedure was computed based

on these SEM micrographs. This process was made manually as the contrast between

transfer film and substrate was too low to be detected by an automation process. Af-

terward, the relative change in transfer film area fraction, which is denoted as (transfer

film) cleaning ratio rclean, was calculated according to

rclean =
rtf,post
rtf,pre

· 100% (8.16)

while rtf,post refers to the area fraction after the cleaning process and rtf,pre before

the cleaning process. Finally, as rclean was approved, post-clean measurements were

conducted according to the pre-clean measurement. Overall, eight individual mea-

surements per material combination were tested, and data aggregation was conducted

according to Section 4.3.4.

During the evaluation of the profilometric data, which is conducted on the LIMS sys-

tem, an automated process combines all profile scans into a single data set for the

generation of height data as a function of rotational angle and lateral position. Each

profile measurement was additionally post-processed in order to correct rotational off-

sets. Based on this data, height maps were plotted on which the experimenter selected

evaluation areas for roi, ref1, and ref2 with a buffer of about 500 μm in the transition

area for all experiments, see Figure 8.8. With the selection, davg is calculated according

to Section 8.1.1.
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Figure 8.8.: Exemplary height maps before (left) and after (right) the transfer film clean-
ing process.

8.3. Results and discussion

8.3.1. Evaluation procedure

Figure 8.9 plots the arithmetic means of rclean formed by the tested PPS and PPS

composite as confidence intervals. The highest rclean was found for neat PPS with

around 76±7 %. This score makes sense as the solvents were chosen according to the

solubility of the matrix. The remaining PPS composites yield rclean ranging from -4 to 50

% on average. It demonstrates that the strategy of weakening the wear debris followed

by a mechanical removal process is not working sufficiently. Figure 8.10 shows two

exemplary removal processes from two different material sets and demonstrates the

significant differences in cleaning results. In addition to that, the cleaning ratio is even

within a test set highly volatile, as shown by the large confidence interval, although all

specimens were subjected to the same cleaning process. This is probably the reason

why the results of rclean of the PPS composites are indistinguishable except for the edge

cases, i.e. between PPS/PTFE20 and PPS/GR40.

Negative values were also found, especially for PPS/PTFE20 (Figure 8.9), and can

be explained by multiple reasons. First, as only a selection of the wear tracks were

captured by SEM, only a section of the wear track was analyzed, which could result in

deviating or even non-representative results of rclean. This is another good example of

why lateral extensive measurements are of importance for such discontinuous transfer

film. Based on that, the author would highly recommend instead of computing rclean

based on the transfer film area fraction to utilize the change in ΔLrel(t). This would

need an additional TLA experiment after the cleaning process to compute ΔLrel,post(t)

to the existing ΔLrel,pre = ΔLrel(tf). Therefore, the new cleaning ratio rclean,L can be

computed as rclean,L =
ΔLrel,post

ΔLrel,pre
. By doing this, the results are expected to be more



Transfer film thickness 115

Figure 8.9.: Cleaning ratio rclean of ring samples determined by change of area fraction
before and after the cleaning process including their respective confidence
interval.

Figure 8.10.: Exemplary SEM micrographs showing a good (left, PPS/GR40) and a bad
(right, PPS/10/10/10) cleaning result.
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representative6.

The second error possibly refers to the variation of grayscale threshold that distin-

guished transfer film deposited area from the substrate area. Due to the manual se-

lection, a variation of the resulting rclean is possible. Last, it is possible that parts of

the particle were removed from locally more agglomerated, i.e. thicker, areas and re-

deposited onto the wear track, also see Appendix E. As the transfer film area fraction

only concerns the coverage and not the deposition height, an increase of coverage after

the cleaning process is possible.

Altogether, although the methodology, in theory, is promising, the experimental real-

ization needs further development as the cleaning process needs to be declared as

insufficient.

However, for the sake of demonstration, the following section shows some selected

results that were derived using the introduced methodology.

8.3.2. Exemplary results

Figure 8.11 (top) shows an exemplary progression of ΔLrel(t) as a function of t and s

with specific breakdown events. The bottom plot shows the results of the compression

algorithm without re-computation of the abscissa scale. In general, the curves fit rela-

tively well to each other. The curve of the first section shows the highest deviation of all.

This is most probably caused by a different initial deposition mechanism. As explained

in Section 5.3, the deposition mechanism that follows an exponential signature applies

only if the wear debris is statistically indifferent in its size, which can be assumed after

some revolutions of the ring. As the first segment also includes possible effects from

the first few revolutions, the overall development is possibly different. The following

segments start at significantly lower deposition volume at different ΔLrel(t) levels, but it

is assumed that the main deposition mechanisms are similar. Thus, it is assumed that

the compressed curve is correct and an exponential fit by Jacquelin’s algorithm can be

applied. Additionally, a small offset is added to avoid the disadvantage mentioned in

Section 8.1.1. Based on the coefficients and constants determined by that algorithm,

Equation (8.7) can be completed and thus compute davg as a function of ΔLrel(t).

Based on these processes, two selected transfer film thickness measurement results

with similar cleaning ratios (around 79 %) were taken from different material sets for the

sake of demonstrating possible outcomes. It should be noted that following selected

results are not regarded as representative as the focus was set to high rclean, similar in

their value. Therefore, generalizations from the direct comparison of certain features

and their interpretation need to be treated cautiously.

6At the time of the writing, the access to additional tests was limited, and the author could not conduct
the computation of rclean,L. Therefore, these steps are proposed to be utilized in future propositions.
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Figure 8.11.: Exemplary ΔLrel(t) progression as a function of t with breakdown events
before (top) and after (right) the application of the compression algorithm
with an assumed df=50 nm.

Figure 8.12 shows the progression of davg, Δdavg, which refers to the difference between

davg,lin(t) and davg,exp(t), their respective ΔLrel(t), and Vavg as a function of t and s for an

exemplary PPS/PTFE20 and PPS/CF30 experiment. davg was computed from the linear

and exponential thickness function, see Equation (8.7) and (8.9). The progressions of

davg from both single wear tests show that the deviation between the results of davg de-

rived from davg,exp and davg,lin are ranging from < 1 nm to tens of nanometers, see Δdavg

in Figure 8.12. As the confidence intervals of ΔLrel,ss are ranging from around 10-55 %

(Chapter 4), the thickness results are expected to range similarly. Therefore, the gen-

eration of davg,exp, and davg,lin, although significantly different, can become redundant

as their confidence intervals are significantly higher. However, with a demonstration of

only two exemplary results, the conclusion cannot be considered final.

Furthermore, it can be observed that both davg curves and Vavg are showing an inverse

trend to ΔLrel(t). This is obviously the case as these curves are a function of ΔLrel(t).

Especially the computation from linear approach results solely in the re-computation of

the ordinates.

Nevertheless, it can be observed that the linear computation method is above the ex-

ponential method most of the time. As the deposition process progresses, the term in

the logarithmic operation in Equation (8.9) is getting smaller with increasing deposition

volume. As the slope of the logarithmic function is increasing with decreasing values,
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Figure 8.12.: Average transfer film thickness davg plotted from davg,lin and davg,exp, their
difference Δdavg, ΔLrel(t) and Vavg computed from davg,lin and davg,exp as
a function of t and s of PPS/PTFE20 (left) and PPS/CF30 (right).
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changes at lower ΔLrel(t) level result in higher changes in davg than at higher ΔLrel(t)

level. Although this might resemble reality, it is at the same time very prone to errors and

small deviations. Because of this, davg,exp shows temporal ranges that are significantly

above the davg,lin. Due to the assumed redundancy of two thickness computations and

the fact that davg,exp is more error-prone, it is suggested to use davg,lin until further clar-

ified in a future proposition. It should be noted, it is also possible to use smoothed or

fitted values of ΔLrel(t) before ingesting it to Equation (8.7), see Appendix H.

Another interesting aspect is, although PPS/PTFE20 shows a rather low ΔLrel,ss com-

pared to PPS/CF30, it yields a similar davg. Therefore, motifs arguable observed from

the sole progression of ΔLrel in Chapter 4, are in parts compensated. This is why the

reference of any extent of a metric should always be considered in the interpretation,

i.e. if observed motifs are indeed distinct motifs or overexposed by some biased scale

or relation. Again, the generalization based on just two results needs to be treated with

caution.

Overall, it could be demonstrated how temporally resolved davg can be computed from

TLA results with some additional experimental effort while, unfortunately, the realiza-

tion in the form of the transfer film removal process needs to be further subjected to

development.

8.3.3. Discussion: Re-computation of transfer film metrics

The following section discusses the possibility to retrospectively re-compute all metrics

from Chapter 4-7 based on davg(t) instead of ΔLrel(t). In theory, transfer film thickness

data can be directly applied to all mentioned methodologies. Assuming that the compu-

tation of davg,exp and davg,lin is indeed redundant and davg,lin to be considered sufficiently

precise, then ΔLrel(t) is proportional to davg,lin, i.e. ΔLrel(t) ∝ davg,lin or more generally

expressed as

davg,lin(t) = cd ·ΔLrel(t) (8.17)

while cd refers to the proportionality coefficient and is equal to m from Equation (8.8).

Therefore, the resulting progression of davg,lin is modified by a constant cd.

As the relative uniformity and relative stability both utilize normalized input data, cd is

equalized during the pre-processing step. Therefore, the relative uniformity and sta-

bility results will not change. In the case of the kinetic analyses, k and τ , which are

considered primary metrics, are also not affected by cd. L0 and L1 is certainly affected

by cd, but these quantities are considered as secondary metrics, e.g. for verification

purposes, only.

Therefore, a retrospective conversion of all shown results from ΔLrel(t) to davg,lin serves
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almost no additional purpose except for using a more tangible metric. Furthermore,

possible errors and uncertainties can be back-ported this way. Nevertheless, it should

also be mentioned that transfer film thickness has a natural reference for zero. There-

fore, the application of the methodologies of Chapter 6-7 could skip the pre-processing

step of the input data. The resulting absolute spatial uniformity and absolute temporal

stability can be computed and interpreted without risking a biased scale. However, the

trend of the absolute results can be expected to be similar to relative results. Therefore,

the re-computation of all results based on davg,lin(t) is not considered a mandatory step.

8.3.4. Discussion: Model assumptions

The following section discusses the initial assumptions made in Section 8.1.1 to create

the transfer film thickness model. A theory on possible relationships between davg and

ΔLrel(t) by considering two extreme cases was established, resulting in an exponential

and linear approach to determine davg, also see Figure 8.3. It should be noted that other

relationships, e.g. logarithmic, are possible but not considered in this study. However,

the reality most likely comprises of a mixture of different cases. For instance, based on

the conclusions of Chapter 5, it was assumed that the deposition mode at the beginning

of the test, i.e. during particle distribution, is more likely to follow a linear approach. In

contrast, the remaining test, i.e. during particle agglomeration, follows the exponential

approach. Unfortunately, the data situation is too narrow to prove this assumption fully

and needs to be postponed to future propositions.

Furthermore, in order to determine an accurate thickness model, Lambert’s cosine law

at a Lambertian reflection needs to be considered, which is given by

L =
E ∗R

π
=

Φ0 ·R

π · A
(8.2)

and the attenuation given by Beer’s law

Φ(d) = Φ0 · e
−ε·d. (8.1)

It was assumed during Section 8.1.1 that ΔLrel(t) refers to davg, but in reality, it will look

more complicated than the introduced simplified model, because ΔLrel(t) consists of

aggregated values that represent the whole wear track at a given t. The aggregation

process is defined in Chapter 4 by Equation 4.10, which, in general, consists of a

normalization, averaging, and offsetting operation. Therefore, mathematically spoken,

the result of these operations applied on a set of exponential functions as indicated

by Beer’s Law does not necessarily result in an exponential function. Nevertheless,

as a gof value of more than 92.5 % was derived from the exponential fit algorithms in

Chapter 5, the error can be considered insignificant.
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Moreover, it should be noted that R in Equation (8.2) is most likely a function of t7.

Thus, there is an additional, unknown part R(t) in the mathematical description when

writing davg,exp as a function of ΔLrel(t).

Therefore, it should be considered to investigate how R(t) progresses over time in a

future proposition. Consequently, it might be necessary to adapt or enhance the TLA

setup or evaluation process by some form of an in-situ reflectance measurement or

computation in order to determine transfer film thicknesses values with higher precision

in the future.

Nevertheless, even with the simplified models, Section 8.3 showed that the deviations

between davg,lin and davg,exp might become redundant as the experiment’s confidence

intervals are most likely significantly higher. A significant difference was only found at

the end of the experiment, where the exponential approach was more sensitive to de-

viations of the measured ΔLrel(t). If R(t) can compensate that in reality is another

question to be clarified in the future. As already proposed, this problem of high lo-

cal deviations at the end of the test can also be avoided by smoothing the data in a

pre-processing step before computing davg,exp at the cost of losing information density

(Appendix H).

8.4. Summary and conclusions

The chapter developed and introduced a new concept on quantifying the average trans-

fer film thickness in a temporally resolved manner based on TLA data. Two different

mathematical models were developed based on a linear and exponential approach,

which both need a known transfer film thickness value df at the end of the experiment

in order to determine davg retrospectively as a function of t.

In order to determine df , a new thickness measurement method, namely differential pro-

filometry, was introduced. This two-step measurement method consists of two laterally

extensive profilometric measurements conducted after the tribological experiment and,

afterward, its transfer film removal process. Unfortunately, the experimental realization

was found to be complex as the transfer film removal process yield no more than an

rclean of 50 % on average for the PPS composites. Additionally, computing rclean, based

on the change of the transfer film area fraction, was found to be not very reproducible

as the underlying SEM micro-graphs possibly yield non-representative inspection ar-

eas. Combined with the manual grayscale threshold setting, which is needed for the

computation of the transfer film area fraction, the results yield very large confidence in-

tervals. For future reference, it is suggested to compute rclean based on ΔLrel(t) before

and after the cleaning process.

7At the time of writing, no distinct physical coherence was found that could declare R as constant over t.
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Therefore, the demonstration of the concept was reduced to two exemplary experiments

that yield similar and high rclean. The davg results suggest that the difference between

the linear and exponential models are most likely significantly lower than the confidence

interval of the test set, which would make the dual computation redundant. Therefore,

the linear approach was chosen for further reference as it was found to be more robust

against fluctuations.

Additionally, the possibility of re-computing all metrics shown in this elaboration from

Chapter 5-7 was discussed. In the case of the assumed linear relationship between

ΔLrel(t) and davg, the relative results of all introduced metrics are not affected as dur-

ing data pre-processing proportional effects are equalized. Even so, it should be men-

tioned that by using davg as a reference for the extent of transfer film formation, no data

pre-processing is needed, and the resulting absolute spatial uniformity and temporal

stability can be interpreted without the risk of a biased scale. As the absolute results

most likely share the same trend as the relative, the re-computation process is assumed

optional from the current state of information.

Overall, although the determination of the transfer film thickness is in parts incomplete,

new insight on transfer film thickness as the generic physical relation between lumi-

nance and transfer film thickness was established. Furthermore, an automated lateral

extensive ring profile measurement module was developed and manufactured during

this chapter, which can be used for purposes other than the transfer film thickness

measurement. The use of lateral extensive profilometric information at the cost of only

machine occupancy time can be used to generate conclusions with high statistical va-

lidity.
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9. Development of a data-driven

model

After establishing methodologies for various transfer film properties, as shown in Chap-

ters 5-8, the next fundamental step is to use this information to form an integrated

model. As the derived information is quantitative, it suggested using statistical, i.e.

data-driven, concepts, which are also commonly used in data science. By establishing

such a model, fundamental improvements in understanding transfer films, their depen-

dencies, and their impact (on friction and wear) can be expected. As stated in Chap-

ter 3, one of the leading research questions is how friction and wear are affected by

transfer films. Furthermore, within this elaboration, other properties that are typically

determined in tribological tests are investigated as well.

Therefore, the following chapter introduces such a data-driven model and demonstrates

its application on the derived data from Chapters 5-7.

9.1. Methodology

Data science offers a wide array of different concepts to create data-driven models.

Within this elaboration, a multi-linear regression model according to the ordinary least

square method (OLS) is proposed [104, 119] in the form of

y = a0 + a1x1 + a2x2 + . . .+ anxn + ε. (9.1)

While y refers to the quantity that represents the property of interest, in statistical

terms, the dependent variable, which in this case is a quantity for friction or wear,

xi (i ∈ {1, . . . , n}) refers to the investigated parameter, e.g. pressure, velocity or envi-

ronmental parameters such as ambient humidity. In statistical terms xi is also referred

as explanatory or independent variable while n refers to the number of independent

variables. The constant a0 refers to the ordinate-intercept, ai are the slope coefficients

of xi and ε the model error, also known as residual.

In order to apply such a multi-linear model, assumptions need to be made and secured.

First, the relations between y and any xi need to be linear. The lack of significance of

y to any xi can be either the result of a real lack of significance or a violation of that
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assumption. Next, the variance of the residuals needs to be constant, which is also

termed homoscedastic. Furthermore, the residuals need to be independent, i.e. yield

no auto-correlation8. Additionally, each xi yield a normal distribution, and the results of

any combination of xi also yield a normal distribution. This is also termed multivariate

normality. Finally, while the model aims at identifying high correlations between y and

xi, correlations between xi should be prevented (lack of multicollinearity ). Otherwise,

synergistic effects can lead to non-linear impact on y and, therefore, to very different

results at a minimal change of the data set, e.g. by adding or removing a single mea-

surement. Consequently, multicollinearity severely affects the robustness of the model.

It should be noted that, in reality, not all data perfectly agree with these assumptions

most of the time. Therefore, it should be kept in mind that results from this kind of data

model are affected by some degree of error. Furthermore, it should be noted that to

the author’s knowledge, no distinct rule exists on how to proceed with such an OLS

analysis and which tests are needed to ensure the correctness of all assumptions. As

a variety of tests and approaches can test each assumption, only selections are shown

that are used within this chapter.

First, in order to prevent non-linear relationships between y and xi, a combination of do-

main knowledge and visual inspection of the individual y(xi) line plot is used to identify

possible non-linearities and their mathematical relation. If such a relation was identified,

xi can often be transformed in a way that a linear relation to y is established, e.g. by a

logarithmic, exponential, or reciprocal operation. This way, even non-linear correlations

can be identified by a linear regression model, which is probably one of the reasons

this modeling concept is widespread.

In order to identify and eliminate multicollinearity, two methods are applied in sequence.

First, a correlation matrix of all xi combinations is created and plotted as a table. This

way, all (Pearson) correlation coefficients are identified. Any xi pair with a correlation

coefficient higher than an arbitrarily set threshold can be either eliminated or further

progressed to remove the correlation [104]. Afterwards the variance inflation factor

(V IF ) of each xi is calculated according to

V IF (xi) = 1/(1−R2
i ) (9.2)

while R2
i refers to the coefficient of determination of xi as shown in Equation (5.5). V IF

refers to the severity of multicollinearity in such OLS systems. Typically, a V IF of 10

should not be exceeded [120].

In order to analyze the homoscedasticity of ε, a Breusch–Pagan test is made [121].

Considering the assumptions are valid, significance tests with each xi are made. Typi-

cally, two metrics are used for that. First is the p-value [120], representing the probability

8In simple terms, they do not show any linear or non-linear dependency or recognizable pattern.
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of a null hypothesis – xi and y are from the same set – to be true. If the p-value ex-

cesses a certain arbitrarily set (alpha) threshold, typically 0.1, 1, or 5 %, a relation is

interpreted as insignificant. This strict procedure is combined with the adjusted coeffi-

cient of determination (R2
adj) [120] in order to create a less arbitrary and hard-set alpha

threshold. R2
adj is calculated according to

R2
adj = 1−

(
(1−R2)(m− 1)

m− n− 1

)
(9.3)

where R2 is the coefficient of determination of y and m refers to the sample size. In

comparison to R2, R2
adj does not increase by the number of explanatory variables i as it

also contains a penalty in the denominator of the equation. Therefore, the contribution

of each xi needs to be significant or, otherwise, R2
adj decreases. Because of that, in the

special case that the elimination of a certain xi leads to a lower R2
adj while the p-values

are over the set significance threshold, a property can be still considered to be included

to the model by this second metric.

In the following experimental section, the available properties of interest are introduced

as well as the procedure of the OLS method that is applied within the chapter.

9.2. Experimental

9.2.1. Investigated properties

Within this elaboration, various properties were acquired or computed, and following

properties were fed to the multi-linear regression process:

• Friction (μ)

• Wear (wt)

• Counterbody temperature (ϑcb)

• Extent of transfer film formation (ΔLrel,ss)

• Transfer film time constant (τ )

• Transfer film uniformity (Ua)

• Transfer film stability (Sa)

It should be noted that each property is represented by their arithmetic mean in steady-

state of their respective individual test, i.e. twelve data points per material pairing com-

bination. Furthermore, in order to prevent multicollinearity caused by synergistic effects
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of multiple fillers, test results of PPS/CF20/GR15 and PPS/10/10/10 were excluded.

Also, as neat PPS yields no results for some of the listed properties, it is also excluded

from the test. Therefore, 36 individual test data sets were fed to the data model.

Additionally, in order to investigate the impact of fillers, three additional properties were

created:

• Graphite content wt.% (cGR)

• PTFE content wt.% (cPTFE)

• CF content wt.% (cCF)

9.2.2. Analysis procedure

As two properties – friction and wear – are of interest, two individual analyses were

made with each as the dependent variable. The analyses of both followed the same

procedure, which is a reverse elimination method, i.e. all variables except for the depen-

dent variable were analyzed as explanatory variables and step-wise eliminated until a

combination of explanatory variables is reached, where all variables deliver a significant

contribution to the investigated dependent variable (friction or wear) while agreeing with

the assumptions as pointed out in Section 9.1. As such a reverse elimination method

has no strict procedure, the following guideline was utilized within this elaboration:

1. A correlation matrix is created with all explanatory variables. Combinations with

correlation coefficients higher than 0.4 were eliminated while the experimenters

chose how the elimination process was conducted. Typically, one of the variables

was dropped from the investigation.

2. Afterward, all V IF of the remaining explanatory variables were calculated. An

explanatory variable yielding a V IF higher than 10 was eliminated. Typically,

the variable with the highest V IF is eliminated if the domain knowledge does

not suggest otherwise. Afterward, all V IF were re-computed, and this step was

repeated until no V IF higher than 10 was found.

3. The residuals were plotted as a histogram and visually inspected. If the residuals

are independent and homoscedastic, a normal distribution around zero should

be found. If that was the case, an additional Breusch-Pagan test was made to

validate the homoscedasticity.

4. An OLS analysis was made from the remaining explanatory variables. Explana-

tory variables that yield a p-value significantly higher than 0.05 (= alpha thresh-

old) were subjected to non-linearity tests by squaring, logarithmic and exponen-
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tial transformation, and, afterward, re-digested by the model9. If no improvement

was found, the respective explanatory variable was eliminated. This last step was

repeated until all remaining explanatory variables were significant or R2
adj had

reached its maximum.

It should be noted that even with this relatively strict guideline, variance in the final re-

sult can happen depending on the experimenter as, for instance, they need to decide

on which variable to eliminate and how they want to eliminate it. Additionally, domain

knowledge also affects the order and selection of properties during the elimination pro-

cess.

9.3. Results and Discussion

Table 9.1 shows the modeling results of μ and wt regression models after the reverse

elimination process. The results all pass the previous assumption tests as stated in

Section 9.1. It should be noted that these results represented the state when R2
adj

reached its maximum.

The results of the μ model demonstrate that around 88.4 % of the average μ variation

can be explained by the combination of cCF, ϑcb, ΔLrel,ss, U−1
a , and S−1

a . Therefore,

friction seems to be dependent on various transfer films properties, the counterbody

temperature, and the material composition, with carbon fibers as its significant contrib-

utor. The results of ai show how much μ is changing by the increase of one unit of that

respective xi. For instance, if ΔLrel,ss is increased by 1 %, μ decreases by 0.003 on

average. The sign of ai indicates if the relation between μ and xi is positive or nega-

tive. In this case, ΔLrel,ss and U−1
a have a negative relation to μ, while the remaining

properties yield a positive relation. Interestingly, during the elimination process, the in-

verted version of Ua and Sa correlated better with μ. Furthermore, ϑcb yields a p-value

higher than the set significance threshold. As the elimination of that property lowers

R2
adj and as this property is close to the alpha threshold (around 23 % higher than the

alpha threshold), it is considered to be significant enough to be included in the model.

In contrast, the results of the wt model show that cCF, cGR, ϑcb, U−1
a , and Sa can only

explain around 50.2 % its average wt. Consequently, about half of the development of

wt is left unexplained, i.e. other properties that were not investigated within the elabo-

ration are needed to explain the dependency of wear better. Interestingly, the maximum

R2
adj includes ϑcb, U−1

a , and Sa, which yield significantly higher p-values than the set al-

pha level (>140 % higher than the alpha threshold). Therefore, these properties are not

recommended to be included in the model, and, consequently, a further decrease of R2

will set in. Note, that also transfer film properties were dropped during the elimination

9The original explanatory variable were eliminated
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Table 9.1.: Modeling results from multi-linear regression

y = μ

xi ai p-value

ε -0.024 ± 0.199 0.8037
cCF 0.004 ± 0.001 2.30e-07
ϑcb 0.007 ± 0.007 0.0613

ΔLrel,ss -0.003 ± 0.001 0.0006
U−1
a -0.068 ± 0.060 0.0274

S−1
a 0.310 ± 0.193 0.0025

R2 0.884005
R2

adj 0.865881

y = wt

xi ai p-value

ε -16.00 ± 126.5 0.80
cCF -2.25 ± 0.89 1.14e-05
cGR -1.25 ± 0.56 6.85e-05
ϑcb 3.07 ± 2.22 0.1207
U−1
a -23.03 ± 35.18 0.1920
Sa -1.06 ± 1.45 0.1467

R2 0.501471
R2

adj 0.425936

process. Therefore, wear, based on the current data, is only dependent on the material

composition represented by carbon fibers and graphite as filler components and not by

transfer films properties.

It should be noted that no variance in filler content was studied in this elaboration and,

thus, the parameter of the respective weight contents was static. Without variation of

the property, especially multicollinearity effects are hard to identify or can lead to false-

positives.

9.4. Summary and conclusion

This chapter demonstrated how a data-driven multi-linear regression model could ex-

plain friction and wear variation. The results demonstrated that over 88 % of the friction

variation, represented by μ, can be explained by various transfer film properties, coun-

terbody temperature, and material composition. In contrast, wear, represented by wt,

seems to be independent of transfer film properties and can only be explained by ma-

terial composition by about 50 %. Therefore, some fundamental dependencies for wear

were not identified within this study.

Overall, it was shown how numeric properties derived from TLA data could significantly

support the creation of such a data-driven model. However, as the selection of data

was limited within this elaboration, the derived results are also limited (especially in

the case of wear). It can be assumed that by enriching the model with future results

in terms of more test repetitions and the inclusion of additional properties as well as

property variation, the robustness of the model will be increased and will reveal more

relationships. Ultimately, most of the variation of friction and wear can be explained by

a specific set of properties and, thus, improve the understanding of friction and wear

and their dependencies.
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10. Overall summary, conclusion and

outlook

10.1. Summary and conclusion

In the field of polymer tribology, transfer films, i.e. the deposition of wear debris on

the wear track of the sliding partner, are accepted to be involved in – in some groups

considered responsible for – the progression of friction and wear. Therefore, the detec-

tion and evaluation of transfer films and their attributes are becoming a more common

practice. Nevertheless, to date, qualitative evaluations on the extent and distribution

of transfer film formation are still dominating. Although alternative temporally resolved

and quantitative approaches do exist, most of them are not in widespread use. This is

possibly caused by restrictions in the material selection, e.g. by the use of transpar-

ent or electrically conductive materials, the use of highly advanced and commercially

not available machines, and the need for significant additional effort in test conduction

and evaluation. Similar situations were also found for transfer film related attributes like

transfer film thickness, adhesion, coverage, or formation speed. Additionally, some of

these attributes are not sufficiently defined, leaving room for misinterpretation.

Because of this, proving correlations between friction or wear and transfer film at-

tributes are complex. Consequently, the long-lasting question on the role of transfer

film, whether it is the cause or consequence of friction or wear, although such films

are known since the 1960s, is still not (numerically) proven. Therefore, this elaboration

aims to improve the understanding of transfer films, and prepare the necessary tools for

that, in order to answer this question. One primary reason for this state of information

was identified to be a missing approach to detect the extent of transfer films on the wear

track in a quantitative, lateral extensive, and temporally resolved manner, which is also

basically unrestricted in material selection and relatively easily accessible.

In order to overcome these shortcomings, the transfer film luminance analysis method

(TLA) was developed. For demonstration, the method was implemented into an ASTM

G137 block-on-ring apparatus and tested in a study with PPS and PPS composites in-

corporated with a variation of fillers consisting of graphite (GR), polytetrafluoroethylene

(PTFE), and carbon fibers (CF). The resulting data are due to their quantitative and

temporally resolved nature open to many statistical tools. Furthermore, based on TLA
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data, metrics for the transfer film kinetic properties, spatial uniformity, temporal stability,

and average thickness were developed.

The results from TLA clearly demonstrate the tempo-spatial dynamics of transfer film

formation. The progression of transfer film formation shows distinct motifs, especially in

terms of temporal stability and lateral distribution, that are caused by the incorporated

fillers. Furthermore, using TLA data, a statistical correlation between the coefficient of

friction and the extent of transfer film formation was proven, probably for the first time.

Furthermore, it was observed that certain fillers cause transfer film breakdown events,

i.e. film degradations within a short period of time. Also, these breakdown events

act in a collaborative process, i.e. degradation processes do not happen randomly

distributed over the whole wear track area but within neighboring wear track positions

simultaneously.

During the determination of the kinetic features of transfer films, the theory of dynamic

debris size changes, which already existed in literature, was used to explain two transfer

film formation modes. It was concluded that during the initial time steps, the initial

roughness peaks of the metallic surface penetrate the polymeric surface and transfer

large debris onto the wear track at which it is deposited. This mechanism only lasts

some periods of the rings. Afterward, the fits from the remaining testing time follow an

exponential signature with a goodness of fit of over 92.5 %. Transfer film formation time

constants were determined from these fits and were found primarily indistinguishable.

If this is caused by the low pv-level of 2 MPa·0.5 m/s at which fillers properties could

not show their full potential or if pv is indeed a significant contributor to transfer film

formation time constants, needs to be confirmed in future propositions that include

some form of a pv-variation study.

The analysis of the spatial uniformity showed that the average uniformity reaches its

steady-state faster than the overall transfer film formation. Therefore, during the break-

in phase of the uniformity, transfer films are deposited majorly spatially, leading to an

immediate increase in spatial uniformity. As the transfer film formation is still ongoing

after the steady-state of the uniformity is reached, it is assumed that the transfer film

deposition mode changes from a majorly lateral distribution process to a majorly ag-

glomerating process, i.e. the spatial transfer film thickness is increasing. Furthermore,

it was identified that the uniformity could be significantly affected by the incorporation of

certain fillers. The highest uniformity was reached by PPS filled with CF and PPS filled

with CF, PTFE, and GR, while PS filled with GR and PPS filled with GR and CF scored

the lowest uniformity. It was demonstrated that transfer film breakdown events could

determine the uniformity and the heterogeneous formation of transfer films. Addition-

ally, a correlation between uniformity and the transfer film formation for all CF-included

composites was found.

The computation of transfer film temporal stability showed how especially transfer film



Overall summary, conclusion and outlook 131

breakdown events are reflected by the developed metrics. Furthermore, it clearly shows

that composites incorporated with CF, either as single-filler or multi-filler composite, sig-

nificantly decrease stability. Interestingly, PPS filled with PTFE, GR, and CF scored

indifferent stabilities. Therefore, the wear decreasing properties of CF can be utilized

without the loss of temporal stability by the suitable filler composition. The lowest sta-

bility was found for PPS filled with CF and GR. Although GR can partly inhibit the extent

of degradation events, it seems that the threshold of some kind of an unknown mech-

anism responsible for the start of a degradation event is lowered, which led to more

frequent degradation events and finally to the lowest stability in this study.

The transfer film thickness methodology introduced two different approaches to deter-

mine the thickness retrospectively as a function of testing time. As the mathematical

model needs the average thickness of the film at the end of the test as an input value,

a new measurement concept, namely differential profilometry, was developed. The

realization of the profilometric method was found to be difficult as the necessary trans-

fer film removal process yields a maximum cleaning ratio of 50 % for the composites.

Therefore, only two selected experiments with high cleaning ratios were transformed

into thickness values according to the approaches. The results show that the deviation

between the approaches is within tens of nanometers. Thus, a possible redundancy of

the use of two approaches was discussed. In order to use this concept in future propo-

sitions, the inherent transfer film removal process needs to be refined, or substituted by

a different method.

After establishing various transfer film methodologies, the resulting data was integrated

into a multi-linear regression model. The results demonstrate that friction is significantly

dependent on transfer film attributes and counterbody temperature and carbon fibers

as a filler in the material formulation. On contrary, wear seems to be independent of

transfer film attributes and only dependent on material composition. Revisiting the initial

research question, parts of the relationship between friction or wear to transfer film or

transfer film related attributes became explainable. It is expected that by the addition of

future data to the model, explanations become more robust, new relationships can are

found, and predictions become more accurate.

Overall, the extensiveness of information on transfer films that can be generated from

TLA is compared to its invested effort very reasonable and, if compared to the invested

effort of other extensive research approaches to date, unrivaled. With the help of TLA

and the metrics developed from them, the understanding of transfer film was improved

for the studied PPS materials. Therefore, it could be considered to be more widely used

in future investigations. Consequently, preparations for the widespread use in the form

of software releases and the use of economically viable components were made.



132 Overall summary, conclusion and outlook

10.2. Outlook

It was demonstrated that TLA and its derived metrics could serve as a fundamental tool

to enrich tribological data that can be fed to data-driven investigations of transfer films,

as shown in Chapter 9.

As this data-driven multi-linear model was only fed by a limited amount of data for

demonstration purposes, future prospects could set the goal to further enrich the data

by additional test repetitions, new properties and property variation, e.g. counterbody

temperature, humidity, filler fraction variation in material formulations, etc.

At the time of writing, the Leibnitz Institute for Composite Materials (IVW) was in the

finishing steps of implementing the TLA concept into an ASTM G99 pin-on-disk ma-

chine with a climate chamber. With this, climatic conditions, such as the combination

of relative humidity and temperature, can be investigated on their influence on transfer

film formation and subsequently fed to the data model.

In addition to that, with the help of real-time TLA, which is also currently under develop-

ment at IVW, the quasi-spontaneous breakdown events can be further investigated by

stopping the wear test at these specific events.

Finally, by understanding the relationship between parameters and their effect on trans-

fer film formation, even the development of an actively regulated transfer film formation

and the regulation of friction (and probably wear) can be approached, see Appendix F.

Besides future prospects in transfer film investigation, the TLA method itself and its

methodologies might be worth to subject to further investigations, for instance, con-

cerning

• the further development of the transfer film thickness concept,

• the study of other radiation spectra that might further decrease the impact of wear

track substrate and therefore improve the accuracy of the TLA results,

• the use of high-speed cameras in order to improve transfer film information den-

sity by capturing the whole circumference of the ring surface as a set of multiple

images,

• the further inclusion of information, e.g. the kurtosis and skew of the distribution

mentioned in Chapter 5.
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Appendix

A. Jacquelin’s exponential fit algorithm

In 2009, Jacquelin published a new mathematical approximation method for exponential

functions without an initial guess [111]. Furthermore, the algorithm runs in one iteration

instead of the more typical implemented step-wise approximation algorithms that are

repeated until a certain goodness of fit is found. The method fits the function

y(x) = a · eb·x + c

to some test data x = (x1, . . . , xn) and y = (y1, . . . , yn). This is done by recursively

calculating the following auxiliary values

S1 = 0,

Sk = Sk−1 +
1

2
(yk − yk−1) (xk − xk−1) for k = 2, . . . , n.

Then a, b, c can be calculated by the following system of equations

(
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b
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Jacquelin’s algorithm needs as input two data series. In this case, one series of the

dependent parameter, ΔLrel(t), and one series of the independent parameter, here the

elapsed time t. The algorithm returns the coefficients a, b and c. As the fit function is

relatively robust against outlying values, no additional pre-processing of the input data

is necessary.

As no implementation of this algorithm known to the author was published, a working

implementation for Python was made and can be found on the author’s GitHub page

under the following address https://github.com/jimbc.
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B. Segmentation algorithm for kinetic analysis

The basic idea of the combined segmentation and fit algorithm is an iteration through

the independent variable, in this case, the elapsed time of the experiment, and find

a “big enough” segment that has a small enough error or high enough goodness of

fit (gof) when fitting ΔLrel(x, t) to an exponential function (see Algorithm 1). In each

iteration step, the gof is calculated and compared to a defined gof threshold. If the

threshold is reached, a new segment is started. Otherwise, after a minimal segment

size is reached, the algorithm terminates.

The stated algorithm was further improved as follows:

• In order to improve the accuracy of the segmentation, smaller segments were

penalized, and bigger ones were rewarded. This way, the algorithm returns a

trade-off between gof and segment-size. In this case, it should be noted that in the

second for loop, y iterates from i+segment_size to len(x ) and subtracts a penalty

p(segment_size) from the gof, where p is a monotonic decreasing function.

• To improve the run-time of this procedure, the independent variable t was clus-

tered in equal shares. Instead of iterating through every single t step in the while

and for loop, it is possible to iterate this clusters.

The full implementation of the algorithm – including the above improvements – in a

Python environment can be found on the author’s GitHub page under

https://github.com/jimbc.

Algorithm 1: Segmentation
input : array of x and y, gof_threshold, segment_size

output: array of segments

segments ← [ ]

i ← 0
while i < len(x )− segment_size do

for j ← len(x ) to i + segment_size do
x_selected ← x[i:j]−x[i]

y_measured ← y[i:j]

coefficients ← fit_exponential_function(x_selected, y_measured)
y_expected ← model_function(x_selected, coefficients)
gof ← calculate_gof(y_measured, y_expected)
if gof ≥ gof_threshold then

segments.append(x_selected, gof, coefficients)
i ← j+1
break

return segments
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C. Exemplary kinetic fits

Figures C.1-C.5 show exemplary applications of the kinetic fit and segmentation algo-

rithm. For Figures C.1 and C.2, the algorithm decided to make no segmentation as the

best fit was found for the whole temporal range.
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Figure C.1.: Exemplary kinetic fits for PPS/PTFE20.
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Figure C.2.: Exemplary kinetic fits for PPS/GR40.

Figure C.3 shows four segmentations due to the temporal transfer film degradation. It

should be noted that a range with no fit higher than the set gof threshold of 92.5 % was

found between the first and second fit. Therefore, this range was skipped.

Figure C.4 shows only one fit at the beginning. The remaining test was too volatile,

and as the minimum segment length was set to 3 % of the total test duration, no further

suitable fits were found.

Finally, Figure C.5 shows an exemplary fit algorithm for PPS/10/10/10. This material

demonstrates how neatly the algorithm can work.

It should be noted that all shown figures are slices from a selected wear track position of

a selected single wear test. As one single test exhibits about 400-500 wear track posi-
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Figure C.3.: Exemplary kinetic fits for PPS/CF30.

tions along the wear track width and a total of twelve individual tests were conducted, it

is difficult to guarantee that the shown examples are perfectly representative. However,

it should also be noted that a substantial amount of gof were found with values higher

than 92.5 % and, therefore, demonstrate that the fit function is suitable for this kind of

progression.
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Figure C.4.: Exemplary kinetic fits for PPS/CF20/GR15.
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Figure C.5.: Exemplary kinetic fits for PPS/GR40.

D. Automated lateral extensive ring profilometry

In order to measure transfer film thickness in a lateral extensive manner using profilo-

metric techniques, a multi-mount module for rings and discs was designed and manu-

factured. This mount comes with a graphical user interface (GUI), enabling the experi-

menter to conduct automated lateral extensive ring and disc profilometry. After entering

the necessary data, which went through multiple reviews in order to create a user-

friendly interface, various programs control the profilometer, the mount, the resulting

data preparation, and the transmission of the data to a central laboratory information

system.

The program is structured so that it can be re-used for different profilometers as long

as the profilometer yields the same or higher weight and volume limits. The working

program is published on the author’s GitHub page:

https://github.com/jimbc
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E. Bad examples of transfer film removal processes

Figure E.1 shows SEM micrographs before and after the transfer film removal process.

It clearly shows that after the cleaning process, the transfer film coverage increased.

It is assumed that thicker depositions were dissolved and re-deposited onto the wear

track during the dissolution process.

Figure E.1.: SEM micrographs with increased area fraction after cleaning process.

F. Temperature alternation test

Parallel to the results of the PPS material composition study as shown in this elabora-

tion, initial efforts were made to determine the impact of the counterbody temperature

ϑcb on the formation of transfer films represented by ΔLrel(t). Therefore, a sliding test

was designed with static parameters except for ϑcb. The hardware configuration was

set up as described according to Section 4.3. In order to detect the impact of ϑcb, the

polymer composite in question needs to form a temporally stable transfer film. There-

fore, PPS/GR40 was chosen as block material as it does not exhibit notable transfer

film breakdowns and yield a higher contrast than, for instance, PPS/PTFE20. The total

test duration was set to 128 h. The whole test was divided into eleven test segments.

The first segment was set to a duration of 68 h to ensure a steady-state transfer film

formation, which was determined by pre-tests. The remaining ten segments had a seg-

ment duration of 6 h each. Pressure and velocity were set to 4 MPa and 0.5 m/s. In

the first segment, ϑcb was set to 40 ◦C. Afterward, ϑcb was alternated between 40 and

65 ◦C after each segment. The temperature was realized by external infrared radia-

tors. The lower ϑcb was chosen based on the pre-test and ensures that the set ϑcb

is higher than the reachable ϑcb caused by frictional energy. This way, all remaining

parameters were static, which especially include the laboratory climate (DIN 291, class
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2), pressure, velocity, and transfer film state. Consequently, changes in ΔLrel(t) can be

directed referenced to the ϑcb. All segments were conducted sub-sequentially without

stopping the machine.

Figure F.1 shows the results of that study as progressions of height loss Δh, coefficient

of friction μ, ϑcb and ΔLrel(t) as a function of sliding distance s and elapsed time t. The

progression of ϑcb clearly demonstrates the successful realization of the alternation of

ϑcb. The first segment of ΔLrel curve shows that a steady-state was reached within the

68 h. The follow-up segments show a coincidence between ϑcb and ΔLrel(t), i.e. after

each segment that increases ϑcb, transfer films are degraded, and after a decrease of

ϑcb, more transfer films are formed. It was concluded that a correlation between ϑcb and

transfer film formation exists. Again, also this experiment shows the coincidence of μ

and ΔLrel(t). The progression of Δh clearly shows little offsets in-between segments.

This can be easily explained by the thermal expansion of the block at elevated tem-

peratures and, thus, an offset of block height in the negative direction and vice versa.

The computation of the linear and specific wear rate shows no significance between the

segments.
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Figure F.1.: Exemplary progression of counterbody temperature ϑcb, change in relative
luminance ΔLrel(t), height loss Δh and coefficient of friction μ as a function
of sliding distance s and elapsed time t.

With increasing understanding of transfer film mechanisms, an active manipulation or

regulation of the transfer film and, therefore, μ is theoretically achievable. While ϑcb is

only one possible parameter where an active regulation can be easily achieved, other
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relationships still need to be identified by future investigations.

G. Stability histograms

Figure G.1-G.5 shows the histograms, including a Gaussian density estimation, plotted

from the merged data of all twelve individual tests per material combination.

Figure G.1.: Histograms of Srel
a , Lrel

a,s and Lrel
s,v plotted from all combined individual results

of PPS/GR40. The data need to be freed from artifacts close to zero, which
is why these results are missing.
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Figure G.2.: Histograms of Srel
a , Lrel

a,s and Lrel
s,v plotted from all combined individual results

of PPS/GR40.

Figure G.3.: Histograms of Srel
a , Lrel

a,s and Lrel
s,v plotted from all combined individual results

of PPS/CF30.
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Figure G.4.: Histograms of Srel
a , Lrel

a,s and Lrel
s,v plotted from all combined individual results

of PPS/CF20/GR15.

Figure G.5.: Histograms of Srel
a , Lrel

a,s and Lrel
s,v plotted from all combined individual results

of PPS/10/10/10.
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H. Thickness computation using smooth input data

Figure H.1 shows the re-computation of the data shown in Figure 8.12, but with smoothed

input data. It demonstrates that possible deviation errors at the end of the test can be

prevented but at the cost of information density and accuracy.
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