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ABSTRACT

Abstract

Fretting is a common failure, which can be found in many machines where vibration is present.
Since the 1980s, a number of studies have investigated the fretting behavior of metals thoroughly.
However, for polymers, especially sealing materials, their fretting behavior is still not completely
understood. Due to their unique material properties, the methods, which were developed for
metals, cannot be applied directly to polymers. In this thesis, a new test method with a
corresponding analysis approach was developed for thermoplastic polyurethane (TPU). New
calculations for the coefficient of friction (COF) in late cycles of the gross slip regime were
introduced, which took the surface damage and the dynamic influence of the test system into
consideration. Additionally, the influence of contact conditions (i.e. normal load and displacement
amplitude) on fretting behavior was examined. Five different TPUs were tested and their fretting
behaviors were compared. To connect sliding performance with fretting behavior, sliding tests
were conducted using a component-like (ring on disc) set-up on a precision rotary tribometer. Due
to the different test methods and wear mechanisms, the COF in the fretting and ring on disc tests
cannot be compared; however, it can be concluded that the material with better tribological

properties presents the improved fretting behavior.

Because alternating tangential stress superimposed with normal stress can lead to the generation
of microcracks on the surface of TPUs, fretting can cause a severe reduction in fatigue life.
However, the question remains: how does the material’'s fatigue properties correlate with its
tribological performance? To understand this correlation, the fatigue (dumbbell, faint waist pure
shear) and tribological (ball on disc, ring on disc) properties of filled and unfilled TPUs were
characterized through various test configurations. Two wear models were verified for the
tribological tests. One model predicts wear volume based on adhesive and fatigue wear
mechanism, while the other one calculates the abrasive and fatigue wear volume by taking the

surface roughness of the counter surface and surface energy into account.
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The stick-slip effect, which is due to the contact transition between static friction and kinetic friction,
was observed in fretting tests. The real contact area controls the tangential force release at the
interface, and thus, dictates the alternating friction force. Therefore, it is necessary to obtain the
contact area change for a better understanding of this physical process. In-situ techniques were
employed to observe the real contact area during the stick-slip movement. In these tests, stick
and slip regions were observed within the stick phase. By using machine learning, the movement
of the stick region was analyzed. The correlation between friction force and the stick and slip
regions in the stick phase was introduced using the mathematical model. Additionally, instead of
using smooth samples, turned samples were used in this thesis, which represent the real surfaces

of end products.

Material failure, especially in industrial factories, often originates at the surface due to wear, fatigue,
or corrosion. To decrease the frequency of part replacements/repairs, industries have shifted their
focused towards increasing the lifespan of materials through improved surface properties. As a
result, the last thirty years has shown a growing interest in tribology, the study of surface and
contact mechanics, among mechanical engineers. For example, applying coatings is becoming a
more popular approach to improve the tribological properties of bulk materials. In this thesis, the
application of composite coatings on sealing materials under emergency running was studied.
Composites with varying ratios of diamond-like carbon (DLC) a hard coating, and molybdenum
disulfide (MoS), a soft coating were investigated. Four common sealing materials, FKM, HNBR,
NBR, and TPU, were coated using the magnetron sputtering method. Chemical (X-ray
photoelectron spectroscopy, XPS) and physical (thickness, surface energy, microstructure)
methods were applied to characterize the coatings. Tribological tests were performed at first in
model tests under dry and starved lubrication conditions. Subsequently, the best and worst coating
of each substrate was verified in component-like tests. There is no universal coating that is optimal
for all substrates. The topography and rigidity of substrates are essential factors for the selection

of coatings.

VI



KURZFASSUNG

Kurzfassung

Fretting ist ein haufiger Fehler, der bei vielen Maschinen vorkommt, bei denen Vibrationen
auftreten. Seit den 1980er Jahren haben eine Menge Studien das Frettingverhalten von Metallen
grundlich untersucht. Bei Polymeren, insbesondere Dichtungswerkstoffen, ist ihr Frettingverhalten
jedoch noch nicht vollstandig verstanden. Aufgrund ihrer einzigartigen Werkstoffeigenschaften
konnen die fur Metalle entwickelten Methoden nicht direkt auf Polymere angewendet werden. In
dieser Arbeit wurden neue Test- und Analysemethoden fiir thermoplastisches Polyurethan (TPU)
entwickelt. Es wurde eine neue Berechnung des Reibungskoeffizienten (COF) fur spate Zyklen
im Gross Slip Regime eingefihrt, bei der die Oberflachenbeschadigung und der dynamische
Einfluss des Priufsystems berucksichtigt wurden. Auflerdem wurde der Einfluss der
Kontaktbedingungen, namlich der normalen Last, der Verschiebungsamplitude, auf das
Frettingverhalten untersucht. Zusatzlich wurden finf verschiedene TPUs hinsichtlich des
Frettingverhalten verglichen. Um das Gleitverhalten mit dem tribologischen Verhalten zu
vergleichen, wurden Gleittests mit einem komponenten-ahnlichen (Ring-Scheibe) Aufbau mit
einem prazisen Rotationstribometer durchgefuhrt. Aufgrund der unterschiedlichen Testmethoden
und Verschleillmechanismen sind die COF-Werte bei Fretting- und Ring-Scheibe-Tests nicht
vergleichbar. Das Material mit den besten tribologischen Gleiteigenschaften weist jedoch auch

das beste Frettingverhalten auf.

Wechselnde tangentiale Spannungen mit Uberlagerten normalen Spannungen koénnen zu
Mikrorissen auf der Oberflache fiihren. Fretting kann die Lebensdauer erheblich verkirzen. Wie
korrelieren die Ermidungseigenschaften des Materials mit seiner tribologischen Eigenschaften?
Um diesen Zusammenhang zu verstehen, wurden geflllte und ungeflllte TPU untersucht.
Verschiedene Testkonfigurationen wurden angewendet, um die Ermidungs- (Hantel, Faint Waist
Pure Shear) und tribologischen Eigenschaften (Kugel-Scheibe, Ring-Scheibe) zu charakterisieren.
Far die tribologischen Tests wurden zwei Verschleilmodelle verifiziert. Ein Modell prognostiziert

das VerschleiRvolumen basierend auf dem Adhasion- und ErmidungsverschleiBmechanismus,

VI
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wahrend das andere das Volumen des Abrasive- und des Ermiudungsverschleiles unter

Berucksichtigung der Oberflachenrauheit der Gegenflache und der Oberflachenenergie berechnet.

Der Stick-Slip-Effekt wurde in Frettingversuchen beobachtet. Stick-Slip Bewegung ist eine Folge
des Kontaktlibergangs zwischen Haftreibung und kinetischer Reibung. Die reale Kontaktflache
steuert die Auslosung der tangentialen Kraft an der Grenzflache. Somit ist es der entscheidende
Faktor fir den Wechsel der Reibungskraft. Daher ist es notwendig, die Kontaktflachendnderung
zu beobachten, um diesen physikalischen Prozess besser zu verstehen. Die In-situ Techniken
wurden verwendet, um die reale Kontaktfliche wahrend der Stick-Slip Bewegung zu beobachten.
Der Stick- und Slip Bereich wurden innerhalb der Stickphase beobachtet. Durch maschinelles
Lernen wurde die Bewegung des Stickbereichs analysiert. Die Korrelation zwischen der
Reibungskraft und dem Stick- und Slip Bereich in der Stickphase wurde unter Verwendung des
mathematischen Modells eingeflhrt. Anstatt glatte Proben zu verwenden, wurden in dieser Arbeit

gedrehte Proben verwendet, die die realen Oberflachen von Endprodukten darstellen.

Die Bedeutung der Oberflache im Maschinenbau, insbesondere der Tribologie, wurde in den
letzten dreiBig Jahren erkannt. Tribologische Ausfalle entstehen an der Oberflache durch
Verschleil3, Ermidung oder Korrosion. Mit der Entwicklung der Beschichtungstechnologie werden
Beschichtungen zu einem praktischen Ansatz zur Verbesserung der tribologischen Eigenschaften
von Schattgitern. In dieser Arbeit wurde das Potenzial von Beschichtungen, insbesondere Hybrid-
Beschichtungen, auf Dichtungsmaterialien, insbesondere unter Notlaufbedingungen, untersucht.
,Diamond-like carbon“ (DLC) kann als harte Beschichtung angesehen werden, wahrend
Molybdandisulfid (MoS;) eine weiche Beschichtung ist. Sowohl die beiden Materialien als auch
deren Komposite mit verschiedenen DLC/MoSz-Verhaltnissen wurden untersucht. Vier Ubliche
Dichtungsmaterialien, nadmlich FKM, HNBR, NBR und TPU, wurden unter Verwendung des
Magnetron-Sputter-Verfahrens beschichtet. Zur Charakterisierung der Beschichtungen wurden
chemische (Rdntgenphotoelektronenspektroskopie, XPS), physikalische (Dicke, Oberflachen-
energie, Mikrostrukturen) Methoden angewendet. Tribologische Untersuchungen wurden
zunachst in Modellversuchen unter Trocken- und Mangelschmierbedingungen durchgefihrt.
AnschlieRend wurde die beste und schlechteste Beschichtung jedes Substrats in bauteilahnlichen
Tests Uberprift. Es gibt keine universelle Beschichtung, die fur alle Substrate optimal ist. Die
Topografie und Steifigkeit des Substrats sind wesentliche Einflussfaktoren fiir die Auswahl der

Beschichtungen.

VI



SCIENTIFIC HIGHLIGHTS

Scientific highlights

The present work extends the state of science by the following points:

1. Atest method was developed for thermoplastic elastomers. Apart from the analysis of various
wear mechanisms and their influence on fretting behavior, a new method was introduced to
calculate the coefficient of friction in the gross slip regime, which takes the surface damage

and the dynamic influence of the test system into consideration.

2. Five types of thermoplastic polyurethanes (TPU) were investigated in terms of their fretting
behaviors. The tribological performance was characterized with sliding tests. Based on the
wear scar analysis, the wear processes were revealed for the three fretting regimes
respectively. At large amplitude, the scars vary considerably, while at small amplitude, their

differences are difficult to identify. +

3. The correlation between tribological and fatigue properties was investigated. The impact of
fillers on physical and mechanical properties of TPUs was studied with tensile tests and
dynamic mechanical analysis (DMA). Two wear models were applied to correlate fatigue and

tribological properties.

4. The stick-slip behavior of an elastomer was investigated using the in-situ technique. The real
contact area was calculated from in situ videos, which were thresholded using Otsu’s method
for defining the contact area. During the stick phase, stick and slip regions were observed, and
their alternation was investigated. The movement of the stick region was analyzed using
machine learning. The influence of sliding velocity on stick-slip behaviors was studied over a
range of speeds from 1 um/s to 100 um/s. The correlation between the real contact area and
friction force provided a better understanding of the stick-slip process. A critical velocity was

found, which is the transition from “micro” stick-slip to “macro” stick-slip.
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5. The potential of hybrid coatings on elastomers was approved in terms of tribological
performance. Pure diamond-like carbon (DLC), a hard coating, and molybdenum disulfide
(MoS:,), a soft coating, as well as composite coatings of these two materials were deposited
on four elastomeric substrates utilizing the magnetron sputtering method. The coatings were
characterized by physical, chemical, and tribological tests. Various coatings were tested in
model and component-like tests. Based on the material properties and surface structures of

substrate, a better tribological performance was achieved for each elastomer through coating.
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INTRODUCTION

Part I: Introduction and background

1. Introduction

Seals are small material components designed to prevent leakage, contain pressure, or exclude
contamination. They can be found in a variety of applications, ranging from domestic appliances
such as water faucets and pressure cookers to large vehicles such as automobiles and space
shuttle. Despite the ubiquitous use of seals, their importance is often underestimated. With the
growth and expansion of technology, there is a greater demand on seals, in particular dynamic
seals, which can tolerate a variable environment such as steadily rising temperatures, pressures,
and sliding speeds. A failure of a seal may lead to a fatal catastrophe of the corresponding
instrument. The shocking disaster of the Challenger space shuttle can be traced back to the failure
of an O-ring, which was incapable of preventing leakage due to the low temperature at night before
launch [1,2].

Fretting occurs between two contacting surfaces that are reciprocating at small amplitudes for a
large number of cycles. It may occur in any assembly of engineering components if a source of
vibration is present. For seals in dynamic applications, fretting is one of the most common types
of failure. Researchers have dedicated considerable effort into understanding the fretting behavior
of metallic materials; however, the fretting behavior of polymeric sealing materials has not been
deeply explored. Due to the unique material properties of metals, the fretting behavior of polymers
may result from different mechanisms. In addition, the viscoelasticity and temperature-dependent
properties make the study of polymers more complicated than metals. Therefore, new tests, as

well as analysis methods, are needed.

Fretting occurs after a large number of cycles of alternating stresses, fretting fatigue becomes
pronounced, leading to a reduction in fatigue life. Fretting wear is the loss of material due to fretting.
The wear debris generated are often retained within the contact area because of the small
amplitude movement. In sealing applications, fretting can lead to loss of clearance. The fretting
behavior can be affected by many factors. Besides amplitude, frequency and cycle number, the
contact temperature can be crucial, especially for polymeric seals. The sealing material itself is
also decisive in the fretting behavior. Its visco-elastic property impacts the contact condition and
subsequently the seals performance. The bulk fatigue properties, which are associated with crack
initiation, determine the degree of fatigue [3,4]. Considering the significance of fretting on the
lifespan of polymers, there is an urgent need to understand the correlation between the tribological

performance and the bulk fatigue properties. Also, few studies have examined the effects of fillers
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on the performance of sealing materials. To clarify these correlations, fatigue and tribological tests

should be conducted separately.

The stick-slip effect can be identified not only in fretting tests, but also in the running condition of
seals, especially at low speeds. Stick-slip can cause disturbing vibrations or noise, which can
disrupt vibration-sensitive applications. The real contact area is of great importance for stick-slip
movements because it controls the tangential force release. Many researchers have used smooth
samples to investigate this phenomenon; however, the experimental samples had different
surface features from the end products. Therefore, there is a need to utilize samples with similar
surfaces as machined seals to study this physical process. In addition, in situ techniques facilitate
the observation of the contact area during stick-slip movements. However, the conventional video
post-processing method is not able to obtain the movement of the stick region during the stick
phase, which plays a crucial role in understanding the correlation between stick-slip and friction

force. Hence, an alternative approach is necessary to accomplish this task.

Coatings have been used to enhance the tribological properties of metals for a long time; however,
there have been only a few experiments of applying coatings to polymers, especially soft
elastomers. In contrast to single material coatings, composite coatings combine the advantages
of its components. This thesis takes steps towards determining if sealing materials also benefit
from composite components. There remains a need to verify this approach to improve the

tribological performance of sealing materials.

Overall, fretting is only one of the failure mechanisms of seals. Often, failure results from a
cumulative effect of several failure mechanisms. Therefore, to improve the performance of seals,
apart from mechanical properties of sealing materials, other factors, such as manufacturing and

installation, must be taken into consideration.
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2. State of the art

2.1 Sealing materials

Mechanical seals are of great importance in industry. They can be found in a wide range of
applications, from domestic equipment to aircraft gas turbines [5]. They prevent leakage of
machines; however, zero leakage is theoretically impossible. Attempting to avoid leakage entirely
can lead to high seal costs if slight leakage can be tolerated [6]. Seals prevent contaminants from
entering the internal parts of a machine, which can have catastrophic consequences on the
machine system. Contaminants accelerate the wear process of a sealing edge which would cause
severe leakage of the sealed fluid that can ultimately lead to environmental pollution [7]. However,
with the development of technology, the speed of the mechanical system is increasing, and the

pressure is getting higher. Thus, the demand for sealing materials is increasing [8].

Among the many sealing materials, this work focuses on the thermoplastic polyurethane (TPU),
which is a fully thermoplastic elastomer. Due to these unique properties, TPU compensates for
the material gap between rubbers and thermoplastics. TPU is a linear segmented block copolymer
consisting of hard (isocyanates and chain extenders) and soft (polyol) segments [9]. By varying
the ratio and types of these segments, TPU has exceptional flexible properties, which makes it an
ideal polymer in a wide range of applications. Because of its high strength and excellent abrasion
and tearing resistance, TPU is becoming a more popular choice for mechanical seals. As a sealing
material, TPU was investigated in different aspects, including i.e. nanostructure [10], tribological

properties [11], fatigue properties [12] and other aspects [13—-15].

Soft segment Hard segment

+—— Hydrogen bond

Fig. 1: Schematic structure of TPU composed of hard and soft segments [13].

Fluoroelastomers (FKM) were introduced in 1957 by the company DuPont [16]. They are
commonly used as sealing materials in severe environments that require resistance to high
temperatures (up to 200°C) or chemicals and oils [17]. Fig. 3 shows a comparison of a retained
sealing force of four common sealing materials at 150°C. After 10000 hours, FKM still has more

than 80% of the original sealing force. With increasing mechanical demands and more stringent
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regulations, FKM is becoming more popular in industry [16]. Additionally, because of its high

compressive strength, FKM is extensively used in O-rings and gaskets.

Fig. 2: Chemical structure of FKM [16].
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Retained sealing force — % of original

Hours at 150°C

Fig. 3: Comparison of retained sealing force of common sealing materials [16].

Nitrile rubber (NBR) (Fig. 4) is one of the dominant material in rubber products [18]. It is widely
used as general-purpose sealing material, with excellent mechanical, wear properties, and
resistance to most mineral-based oils and greases [5]. Depending on its acrylonitrile content, NBR

has a wide range of properties making it suitable for a number of applications.

CH22(|)H+CH2:CH-CH'—‘CH2—- [( CH;CIIH ) ( CHZ-CH:CH-CHZ%*
X y
CN CN "

Fig. 4: Structure of NBR [19].

Through a hydrogenation process, NBR is processed into HNBR, which has an improved chemical
and temperature resistance. Because of its high strength and fluid resistance, it fulfills the

demands of the gas and oil industry, chemical industry, and diesel engines [5].
2.2 Tribology of elastomeric sealing material

2.2.1 Mechanisms of friction and wear of elastomer

Two friction mechanisms are primarily responsible for the friction between elastomers and hard

surfaces: adhesion and deformation [20-22].
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Fig. 5: Two main parts of elastomer friction: adhesion and deformation [22].

Adhesion involves the making and breaking of molecular bonds between the interfacing surfaces
[23—28]. The low elasticity of elastomers leads to large deformation under normal stress, which
results in energy loss associated with internal damping effects within a viscoelastic body. The lost
dynamic energy is transformed into thermal energy. Depending upon the material properties,
under unlubricated conditions, adhesion is generally the dominant source of friction [29-31]. The
contribution of deformation/hysteresis to friction is deemed negligible. However, under lubricated
conditions, the degree of adhesion is significantly reduced, and hysteresis remains nearly constant.
Thus, hysteresis plays an essential role under lubricated conditions. At the microscale, as shown
in Fig. 6, asperities on the countersurface exert pulsating forces onto the sliding elastomer. As a

consequence, energy is dissipated into the elastomer in the form of internal friction [32].

Fig. 6: Hysteretic friction of a rubber block on a rough road surface [32].

Schallamach made considerable progress in the understanding of rubber friction behavior. He
observed the contact area of a hard material sliding against a rubber surface and found the “wave
of detachment”, which is known as “Schallamach waves” [33]. Fukahori et al. further explored the

formation of Schallamach waves using experimental observations and finite element analysis [34].
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The results of those experiments explained the mechanism of the initiation and propagation of the
wave of detachment. First, the stress distribution at the contact zone with different coefficients of
friction (COF) was simulated. It was found that the maximum tensile stress always appeared at
the trailing edge of contact. Thus, the maximum tensile stress is responsible for the initiation of

the meniscus, and the stick-slip motion is responsible for the propagation of the waves.

Fig. 7: Schallamach waves on rubber, sliding speed at 0.43 mm/s, 32 fps [33].

In the study of Johnson et al. [35], it was revealed that the area of contact between a rigid sphere
and a flat rubber surface was larger than the value estimated from the Hertzian contact theory.
The authors of that work proposed that the molecular attraction of van der Waals forces acting

between the sphere and rubber surface increases the contact area.

Abrasive, adhesive and fatigue wear are the three main wear mechanisms for elastomers [24].
Abrasive wear is caused by hard particles or sharp asperities of a hard countersurface tearing the
sliding surface of the elastomer [36]. It was found that rubber abrasion is composed of two kinds

of periodic motions, stick-slip motion and micro vibration [37-39].

Adhesive wear occurs when two surfaces are brought together and then are separated, either
normally or tangentially [40]. Various theories have been developed to explain this phenomenon
[25,41]. Molecular-kinetic theories are one of the most comprehensive theories that describe

adhesion as a thermally activated molecular stick-slip process [42,43].

Fatigue wear causes crack formation at the surface of a sliding elastomer due to repeated
alternating stresses, which results in progressive fracture [31]. It is characterized by the
accumulation of irreversible changes that lead to the generation and further development of cracks.
The loss of material from solid surfaces due to frictional fatigue is referred to as fatigue wear.

Cracks can form at or below the stressed surface.

Hausberger et al. investigated the adhesive- and deformation- contribution to the friction and wear
behavior of TPUs [44]. He found that the ratio between the two frictional mechanisms is strongly
influenced by the load, surface roughness, viscoelastic material behavior, and ambient conditions.
Based on the in-situ observation and failure analysis, Grun et al. developed a functional tribological
material model of TPU, which describes the formation of wear [45]. As shown in Fig. 8, in the first

stage, the contact area is small, which results in high local adhesive bonding. Further movement
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severely lengthens the surface feature initiating crack formation and propagation, which is
characteristic of stage 2. In the third stage, the propagation of cracks removes surface material
that begins to roll between the two surfaces due to the tangential movement. Finally, with further

movement, the material becomes separated from the sample [45].

SEM images of surfaces

Stage | Stage 2 Stage 3 Stage 4
Local adhesion Elongation + Peeling + Roll up Separation +

precracking Rolling motion

Fig. 8: Functional tribological material model of TPU [45].

In practice, a combination of three forms of wear occurs, and it is difficult to separate the

contribution of each mechanism to the overall wear [22].

2.2.2 Influential factors

Tribological phenomena are complex physical processes that are related to a number of factors.
The fact that friction and wear are essentially dynamic processes results in the interdependence
between experiment and theory in tribology [46,47]. For sliding tests between an elastomer and a

metal surface, the following main factors may impact the tribological behavior significantly:

— Surface roughness
— Sliding velocity

— Normal load

— Material properties

— Temperature

Surface roughness

Surface roughness is an important aspect of tribology. Due to the much lower surface stiffness of
elastomers compared to metals, the roughness of the countersurface has a significant effect on
the elastomer’s sliding behavior. Persson investigated the contact between a rubber and a hard

surface in sliding tests [48]. As shown in Fig. 9, he found that rubber can fill in the long wavelength

7
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roughness. However, the microroughness, small-sized “cavities,” are still unoccupied [48]. In
addition, due to the high local contact pressure at the peak of large positive asperities, the “micro
cavities” are more easily filled than the large negative valleys. Therefore, the small “cavities” also

contribute to the sliding friction.

rubber

hard solid

R

Fig. 9: Counter surface shows roughness in two length scale. Rubber is able to fill the “waviness” in
long-wavelength, but, it is not able to fill the microroughness [48].

A strong correlation between tribological properties and the roughness of the countersurface has
been provided by a number of studies [49-59]. A general thinking about surface roughness is that,
the smoother the countersurface, the lower the wear rate and friction. However, that is not correct.
As we know, a rough countersurface leads to high abrasive wear and vice versa. However, a lower
roughness may lead to an increase in adhesive wear and fatigue wear. Dowson found an optimum
countersurface roughness, which generates a minimum wear rate under dry condition (Fig. 10)
[58]. During the wear process, the polymer properties of the surface layer, which is relevant to
fatigue properties, may be changed drastically during sliding [60]. With a roughness (Ra) between
0.1 ym and 1 ym, fatigue cracks perpendicular to the sliding direction were observed on worn
POM pins, which indicate that fatigue wear is the dominant wear mechanisms [61]. In addition,
static friction of elastomers against a rough countersurface is higher than a relatively smooth
surface [56]. The surface roughness affects the formation and modification of transfer film during
sliding. The running-in phase is longer when the material slides over a smoother countersurface
[56].
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Fig. 10: Wear factor as a function of countersurface roughness (Ra) under dry condition [58].

For seals, surface roughness is an important factor that influences the rate of leakage [62]. For
radial lip seals, its performance is dependent on the roughness. However, the actual mechanisms
of roughness induced leakage are still not well understood [63,64]. Due to the viscoelasticity of
elastomers, the real contact area increases continuously as the elastomer is pressed with a
constant force against a rough surface [32]. Accordingly, the average space between the surfaces

decreases with increasing time. This effect is beneficial for sealing applications.
Sliding velocity

The sliding velocity shows a strong influence on the tribological performance of the polymer by
influencing the interface temperature [53,65,66]. At high sliding speeds, when the interfacial
temperature is close to the softening point of the polymer, the wear rate increases rapidly, and

friction decreases slightly [53]. At low temperatures, no significant dependence can be identified.
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Fig. 11: Friction and wear coefficient of UHMWPE sliding against a counterface with a roughness of
0.13-0.14 um vs interfacial contact temperature [53].
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Normal load

Normal load influences not only the contact pressure but also the friction and wear mechanisms.
The quantitative increase in normal load can result in a qualitative change. With increasing load,
the asperities on the countersurface penetrate deeper into the polymer surface, leading to higher
abrasive wear [67]. Generally, higher loads lead to higher energy dissipation, which result in a
temperature rise. Consequently, the storage modulus of polymers decreases. With high loads, the
increased thermal energy can cause an abrupt increase in wear rate, which can be attributed to

softening or melting of the sliding polymer surface [65,67].
Material properties and temperature

The viscoelastic nature of elastomers is demonstrated in sliding friction through hysteresis friction.
A number of theories have attempted to explain hysteresis friction in various aspects [29,30]. The
sliding velocity and topography of a countersurface are the decisive factors of the applied
excitation frequency. Grosch found that the velocity of maximum friction agrees excellently with
the frequencies at which the maximum loss modulus occurs [20]. As shown in Fig. 12, all four

rubbers follow this rule very well.

log,, E”

logy, arf

Fig. 12: Comparison of the master curve of the coefficient of friction (above) and loss modulus (below) of
four rubbers [20].

The mechanical properties of polymers are susceptible to temperature. In dry sliding, due to their

poor thermal conductivity and low specific heat, the interfacial temperature can increase quickly.
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Correspondingly, the real contact area increases with increasing temperature. Based on the WLF
shift, the different friction properties of a tire can be classified to certain frequency regions [68]. As
shown in Fig. 13, with increasing temperature, the dominant friction mechanisms change from
adhesive friction to hysteresis friction. At high frequency, e.g. in case of wet-braking friction, the
material is dominant by maximum energy loss. For tires, they are deformed cyclically due to the
rolling motion. However, this frequency is much lower than the frequency of surface vibration
during wet braking. According to the time-temperature superposition, the material should have
similar properties at high temperature as at low frequency. Hence, the high temperature in Fig. 13

represents rolling resistance.
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Fig. 13: Schematic relationship between loss modulus and temperature using WLF shift [68].

2.3 Fretting of polymers

Fretting occurs between two contacting surfaces that are reciprocating sliding at small amplitude
for a large number of cycles. For seals in dynamic applications, fretting is one of the most common
types of failure [69]. Since 1950, fretting was thoroughly investigated for metal-metal contact [70].
Different methods were developed to characterize fretting behavior. A classical approach is the
load—displacement fretting map [71], which divides the fretting map into three regimes, namely
partial slip regime (PSR), mixed fretting regime (MFR), and gross slip regime (GSR). Later,
Vincent et al. developed the running condition fretting maps (RCFM) that describe the fretting
behavior through the whole test [72,73]. As shown in Fig. 14, in PSR, the middle area is the stick
region, and slip occurs only in the area of the outer ring. In MFR, the stick region shrinks to a point
in the middle, whereas in GSR, no stick region exists. However, there is no clear criterion to divide

these three regimes precisely.
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Fig. 14: Running condition fretting map (RCFM) [74].

Based on the methods developed for metals, research has focused on various polymers over the
past two decades, including PMMA [75-77], PEEK [78], PTFE [78,79], PA11 [80], PC [77,81,82],
thermoplastic elastomer [83], and NBR [84]. Due to the comparatively high compliance of polymer,
the displacement amplitude required to cause fretting is usually larger for polymers than for metals
[77]. Stick-slip motion was also identified under fretting condition [74,85,86]. The fretting regime
can be characterized by the phase difference between friction force and relative displacement. In
Fig. 15, the relationship between friction force and relative slip is shown. If the phase difference is
close to 90°, then the fretting regime is in gross slip regime. When the phase difference is close

to 0°, then it is mixed or partial slip regime [74].

Relative slip Friction force Relative slip Friction force
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Fig. 15: Relationship between friction force and relative slip in fretting:
(a, b, ¢) gross-slip, (d, e, f) mixed-slip or partial-slip

2.4 Stick-slip behavior of elastomer

Stick-slip is generally a dynamic cyclic process where two mating surfaces oscillate between a
stick phase and a slip phase [87]. It is a widely observed phenomenon, ranging from the atomic

to macroscopic scale, and from delicate instrumentation to daily life. In the stick phase, the two
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surfaces stick together, and no relative motion occurs at the interface. In the slip phase, finite
relative motion occurs (Fig. 16). Stick-slip motion in seals can degrade performance significantly,
cause vibration and damages, such as cracks and wear [88]. Stick-slip problems can be caused

by insufficient lubrication at low speeds and high pressures, e.g., the running-in phase.
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Fig. 16: Typical stick-slip behavior [89]. Fig. 17: Relationship between stick-slip behavior
and sliding speed [90].

Bengisu et al. investigated the dynamic of friction and the effect of surface roughness on stick-slip
behavior utilizing mathematical models [91]. The group found that friction depends on both the
interface properties of the surfaces and on the dynamic response of the system. For polymers,
material properties such as tensile strength, modulus, and surface energy influence the stick-slip
behavior [92]. They investigated PMMA, PC, PTFE, and PVC and found that stick-slip behavior
frequency is more dependent on the polar part of surface energy rather than the cohesive strength
of polymers. The deformation and stick-slip behavior show a distinct relationship [93]. With a larger
deformation, the stick-slip behavior is more obvious, the fluctuation amplitudes and COF are
higher. There is a critical speed in which if the sliding speed exceeds this speed, the stick-slip

phenomenon will vanish [90,94,95].

Liao et al. studied the stick-slip friction of reciprocating O-ring seals using acoustic emission
techniques [96]. In that investigation, it was found that both the AE RMS voltage and the friction

coefficient vary with the stroke length are consistent.
2.5 In-situ tribology

The tribological phenomenon is a result of two contacting surfaces in relative motion. Asperities
are irregularly shaped protuberances that exist on all engineering surfaces [97]. Hence, when two
surfaces come into contact, deformation of asperities occurs prior to other parts. Between the
buried surfaces, the real contact area cannot be observed and thus the physical processes at the

interface remains unknown. To gain a deeper understanding of the interaction, in situ observation
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is of great interest for tribological analysis. In situ tribology method provides detailed
measurements of the surface of the sample within the environment, but without any contact [98].
The surface topography, e.g., transfer film and wear particles, can be observed thoroughly
between contacts. It enables a correlation between measured friction and normal force with
observed surface topography alteration. In situ observation can be conducted at different scales,
with optical observation at the macro- and microscales [45,98—103], scanning electron microscope
(SEM) at the microscale [104], and transmission electron microscopy (TEM) at the nanoscale
[105-110]. As shown in Fig. 18, optical in situ observation can be performed through a transparent
countersurface from above, below or side. However, for such approaches, some compromises
have to be made, e.g., material and geometry of the countersurface and test environment [98].
For example, a transparent countersurface is necessary for optical observation; however, these

materials are in most cases not the countersurface used in practical applications.

in situ approaches
within the contact in situ approaches
within the environment

real area of
Fi

contact specified

pin/counterbody environment

tribofilm

wear track
and debris

solid lubricant
coatings or bulk
materials

Fig. 18: Different optical in situ approaches in tribological studies [98].

Using the in situ technique, various polymers sliding against glass were tribologically studied. By
testing resin sliding against glass, it was found that at high contact pressures, the wear rate was
higher and the debris was larger, which facilitated the transformation of the motion from sliding to
rolling [111]. The dynamic viscoelastic process of friction is divided into four stages: adhesion
stage, transition stage between the adhering and sliding, full slip stage and recovery stage. Krick
et al. studied a hemispherical NBR sliding against glass using an optical micro tribometer [99]. As
shown in Fig. 19, there is a nearly linear increase in the contact area with increasing force over
the range of tests, which indicates the average pressure of the real contact area is nearly constant.
Sahli et al. investigated the evolution of real contact area under shear and the value of static
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friction of cross-linked polydimethylsiloxane (PDMS) [112]. That study found that the real contact
area is proportional to the normal load. Furthermore, the real contact area decreases under shear

stress, decreasing up to 30% prior to macroscopic sliding.
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Fig. 19: Real contact area versus applied normal load. (a) contact area images for loads of
1, 5, 10, 25, 40, and 50 mN; (b) contact area plotted against applied normal load.

Within the real contact area, stick and slip regions were identified (Fig. 20). They have a significant
influence on frictional behavior, especially the stick-slip behavior. To map the stick and slip regions
in the real contact area, analysis was performed using particle image velocimetry (PIV), which

uses the real contact points as chase markers for the interference images [101].
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Fig. 20: Stick and slip region within the real Fig. 21: Loading curve of a sliding stick-slip test
contact area [101]. [113].

In the sliding tests with PMMA block against PMMA block, small drops (1-2% of the mean value
of friction force) were identified, which occurred before the shear force reached the maximum
static friction force (Fig. 21) [113]. It was determined that the rapid fracture process and shear

cracks are responsible for these cracklike precursor events [114]. Bennewitz et al. observed this
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phenomenon by PDMS/glass tests and explained this with compressive strain, which progressed

in the form of step-like increases [115].
2.6 Coatings on polymer

Tribology is a science of contacting surfaces in relative motion. Friction and wear processes occur
at the interface. Coatings are used in tribology to prevent the surfaces from direct contact.
Generally, coatings can be classified as either soft or hard [116]. Soft coatings, including polymers
(e.g., PTFE, PI), soft metals (e.g., lead, indium), and lamellar solids (e.g., graphite and
molybdenum disulfide (MoS.)), provide excellent shearing characteristics and thus result in a
reduction of friction. Hard coatings (e.g., diamond-like carbon (DLC), titanium nitride (TiN)) can

improve protection against wear and present low wear rates.

Coating design can be optimized with the understanding of the mechanisms of friction and wear
at different scales [117,118]. At the microscale, researches focus on asperity contacts, fracture,
deformation, formation of transfer film and debris, and roughness influence [117]. Fig. 22 shows
the essential properties in the five aspects of a coating system. Any change of a parameter may
lead to a significant alteration of tribological performance. Therefore, it is challenging to define a

general rule for choosing an optimal coating.
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Fig. 22: Important properties from the perspective of tribology
in different zones of the coated surface [119].

Since 2000, Nakahigashi and Takikawa et al. tried to increase the properties of O-rings by
depositing DLC film on various rubbers, e.g., EPDM and FKM [120-122]. Later, researchers
studied this subject thoroughly in terms of deposition methods [123—128], the microstructure of
DLC film [129,130], physical and chemical characterization [125,131], substrates effects [132],
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and tribological experiments [129,133]. The coefficient of friction decreased on NBR [134-136],
HNBR [123,125,130,134,137], ACM [137-140], FKM [133,137,141], TPU [142], PDMS [143] with
a DLC coating [134].

Fig. 23: Surface morphology of W-DLC coated (a) FKM; (b) HNBR; (c) ACM [137].

The coefficient of thermal expansion has a significant influence on the surface morphology of
various rubbers. As can be seen in Fig. 23, the random crack networks opening is much larger on
HNBR than on FKM and ACM. In addition, surface roughness can affect the coating morphology.
A rougher substrate surface facilitates the shadowing effect, and thus more defects nucleate and

grow in a coating [137].

For a coating system, the adhesion strength between the substrate and coating is of great
importance. A low adhesion strength leads to fewer cracks but larger openings (Fig. 24a, c), while
the adhesion is strong, initiation and opening of cracks are the only mechanisms responsible for
releasing the stress applied on the whole system (Fig. 24b, d) [131]. As a consequence, the
density of the crack network affects the flexibility and ultimately tribological properties of the
coating system. Lower density of crack networks have a higher coefficient of friction [131]. This
can be attributed to the larger segments of DLC film being more susceptible to breaking under
normal and tangential stresses than smaller segments. Consequently, this can result in the

formation of wear debris [131].
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Fig. 24: Schematic sketch of the deformation of DLC film coated HNBR with (a) strong adhesion; (b) weak
adhesion under tension. (c) Crack patterns of DLC film on HNBR, plasma cleaned for 20 mins;
(d) for 40 mins and stretched to 50% strain along the direction indicated by yellow arrow [131].
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STRUCTURE AND CONTENT

Part Il: Structure and collection of papers

1. Structure and content

Vibration is a common phenomenon in machines, which can be found in almost every aspect of
our daily life, from the washing machine to automotive vehicles to industrial machinery. The seals
in these machines, experience small amplitude reciprocating movements due to the vibration of
the system. For a large number of cycles, fretting behavior can be observed in seals, which can

lead to a failure of seals and ultimately the machinery system.

Fretting is one of the most common failures for seals in dynamic applications. With the
advancement of technology, the demand for seals is increasing. Even though considerable
research has been conducted on the fretting behavior of metals, there is still little understanding
of this behavior in polymers, in particular, sealing materials. Due to the viscoelastic material
properties and low elasticity modulus of elastomers, the experimental method of studying fretting
behavior of metals, which were developed in the last decades, cannot be directly applied to
elastomers. In addition, to understand the fretting behavior of elastomers, the dynamic mechanical
properties, tribological properties, and fatigue properties, etc., must all be taken into consideration.
Therefore, there is a critical need to investigate the fretting behavior of sealing materials with a

newly developed method.

Fretting is a multidisciplinary theme, which includes contact mechanics, tribology, fatigue and
physical phenomenon (e.g., stick-slip motion). In this work, several topics, which can be identified
in the fretting behavior of elastomers, are studied separately. Therefore, the following topics were

thoroughly studied in this work:

¢ Fretting behavior of elastomers: development of a fretting test method for
elastomers; analysis based on material properties; hysteresis behavior;
fractographic and wear mechanism; new method to calculate the coefficient of
friction; comparison of the fretting behavior of different TPUs.

o Correlation between fatigue and tribological properties of TPU: validation of
two analytical models of wear for unfilled and filled TPUs; fatigue tests with
dumbbell and faint-waist-pure-shear tests; considering the asperities on
countersurface in one of the models; abrasive, adhesive and fatigue wear
mechanism.

o Stick-slip behavior using the in-situ technique: observation of the real

contact area during sliding and creep tests; a correlation between friction and
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real contact area; the influence of sliding velocity on stick-slip behavior; analysis
of the stick region during stick phase using machine learning; alteration of stick-
slip behavior with cycles.

o Coatings on elastomers: optimization of the tribological properties of
elastomers using coatings; deposition of DLC and MoS; and combined coatings
of MoS; and DLC on four sealing materials; tribological model and component-
like tests under dry and lubricated conditions; analysis of the friction and wear

mechanism; selection of the best coating for each material.

In this study, TPU was chosen for most of the experiments. In the fretting tests, five different TPUs
were investigated. Furthermore, the effect of fillers on the fatigue and tribological properties of
TPU were studied. For the stick-slip sliding tests, five elastomers were investigated. However, due
to the limited space, only the behavior of FKM was reported in the paper. To get a general

application potential of coatings on sealing materials, four elastomers were investigated.

In this section, a collection of five papers, regarding the topics mentioned above, was introduced.
The topics of the papers, the name of the scientific journals and publishing re are listed below.

The original papers with their formats from each journal are listed in the fourth part of this section.

Paper 1: An investigation of fretting behavior of thermoplastic polyurethane for mechanical
seal application. (Polymer Testing, Elsevier)

e Paper 2: Fretting behavior of thermoplastic polyurethanes. (Lubricants, MDPI)

o Paper 3: Correlation between tribological behavior and fatigue properties of filled and
unfilled TPU. (Lubricants, MDPI)

e Paper 4: Precise correlation of friction force and contact area during stick-slip by in situ
microscopy with microtribometry in an elastomer-glass contact.
(Tribology International, Elsevier)

o Paper 5: The Potential of Tribological Application of DLC/MoS, Coated Sealing Materials.

(Coatings, MDPI)
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2. Outline of papers

Although fretting is a common failure in seals, few studies have been done to investigate the
fretting behavior of sealing materials. Significant research has been conducted to study the fretting
behavior of metals; however, the conclusions developed for metals cannot be applied directly to
elastomers and thermoplastic elastomers. Elastomers have a much lower elasticity modulus than
metals, and their mechanical properties depend strongly on the dynamic conditions. The other
significant difference is the temperature dependence of the properties of polymers. Because of
their viscoelasticity and temperature-dependence, polymers exhibit starkly different fretting
behavior from metals. For elastomers, the test conditions, wear mechanism, calculation of the

coefficient of friction, and other analysis must be studied and newly defined.

In Paper 1, a method of characterization of the fretting behavior of TPU was introduced. The
method includes the experimental tests and analysis of the results. In the experimental part, new
test parameters were defined based on the pretests. According to the transition criterion, a
calculation was performed to guaranty that the tests performed fall under the definition of fretting.
The criterion is based on the oscillatory amplitude, Hertzian radius of contact, and set a transition
line between fretting and sliding. To study the influence of normal loads and displacement
amplitudes on fretting behavior, four different displacement amplitudes (0.1 mm, 0.25 mm, 0.5
mm, 1.0 mm) and three normal loads (20 N, 28 N, 48 N) were applied. The total number of cycles
was 8 x 10° because the fretting phenomena can only be observed after 10* — 10° cycles. In
addition, several tests were repeated and ran until some given cycles, in which their hysteresis
form changed significantly. Using this method, the development of the wear scar can be carefully
studied and correlated to the hysteresis. All three fretting regimes were identified. Based on the
two-dimensional tangential force—displacement (F—D) curve and three-dimensional hysteresis,
the change in tangential force with cycles was analyzed. The analysis of the wear scar was
performed with an optical microscopy and a scanning electron microscopy (SEM). For partial slip
regime (PSR) and mixed fretting regime (MFR), the diameter of the whole contact area and stick
region were measured, and their coefficients of friction were calculated based on the wear scar.
For gross slip regime (GSR), due to its large wear scar, the topography of the wear scar and the
mass of the test system cannot be neglected. In the end, the running condition fretting map (RCFM)
was presented. Even though no accurate border among the three regimes can be defined, the
map shows how the test parameters influence the fretting behavior. The newly developed method

can also be used to test other elastomers and thermoplastic elastomers.
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Using the method developed in Paper 1, five different TPUs were compared with respect to their
fretting behavior. The results were presented in Paper 2. The dynamic mechanical properties of
materials were characterized using dynamic mechanical analysis (DMA). To study the difference
in the thermal properties of the materials, thermal conductivity was measured. The chemical
structures were characterized with a Fourier-transform infrared spectroscopy (FTIR). As we know,
temperature dictates the properties of polymers. However, due to the limited space near the
contact area, the specimen temperature is difficult to measure. Therefore, an indirect method was
applied, the temperature of the counterpart was measured using an infrared sensor with a
resolution of 0.1 K. Dissipated energy was calculated for each test and presented approximately
how temperature changed during the tests. In addition, to compare the sliding performance and
fretting behavior of the five TPUs, tribological tests were conducted using a component-like (ring
on disc) configuration. However, due to the different test methods and wear mechanisms, the COF
from tribological and fretting tests are not comparable. Wear scars and counterparts were
analyzed using microscopy. It was found, in PSR, materials were adherent to the counterpart,
which can be attributed to the large stick region and the cyclic shear stress. Compared to PSR,
the amount of adherent material is less in MFR. In GSR, slight abrasive wear and third body wear

were identified. TPU_4 shows the best tribological performance and the best fretting behavior.

Fretting is a long-term physical process, in which fatigue plays an essential role. Generally, seals
are designed for long service life in machines. Their functions, e.g., avoiding leakage and excellent
tribological performance, should be guaranteed during the service life. Therefore, the fatigue
properties and their relations with tribological properties were investigated. In Paper 3, two
analytical wear models were verified for filled and unfilled TPUs. Fatigue properties and crack
growth rate were characterized with dumbbell and faint waist pure shear tests, respectively. The
influence of temperature on fatigue properties was identified at 23°C and 80°C. To compare the
tribological properties, various tests were conducted using different experimental configurations.
SEM was applied to analyze the fracture and worn surfaces after fatigue and tribological tests,
respectively. Dynamic mechanical analysis (DMA) was conducted in temperature sweep mode,
which was correlated with the fatigue performance at 23°C and 80°C. The Panda model describes
abrasive and fatigue wear mechanisms, which are consequences of plastic and elastic
deformation of materials, respectively. The asperities on the countersurface are assumed to be
rigid, and their heights follow a probability distribution. Each asperity has the same spherical tip,
and its radius is the average measured radius of the whole surface. This model is modified by
introducing a factor for abrasive wear. In tribological tests, a transfer film was generated after the

space among the asperities were filled. Thus, polymeric samples did not slide against the same

33



OUTLINE OF PAPERS

countersurface as at the beginning. A correction factor, which is based on each tribological test,
helps to reflect the real wear process. The Atkins model was developed for adhesive wear and
fatigue wear mechanisms. It aims to correlate the tribological performance with crack growth. The
comparisons of the experimental results and analytical wear models show that the Panda model
is better for rough countersurfaces, while the Atkins model is more suitable for smooth

countersurfaces.

Paper 4 focuses on the stick-slip behavior of elastomers, which is observed in the fretting tests.
In addition to fretting behavior, stick-slip motion is also a common phenomenon that can be
observed in our daily life. For seals, stick-slip causes vibrations that lead to crack initiation and
wear. Insufficient lubrication at low speeds and high pressures can induce stick-slip. To
understand the stick-slip motion, the real contact area is of great importance. Using the in-situ
technique, the real contact area was observed during the sliding tests. Otsu’s method was applied
to threshold the video and define the contact area. In the stick phase, the specimen moved with
the countersurface until the tangential force reached a maximum. However, partial slip was
observed in the outer part of the contact area. Machine learning was employed to analyze the
stick region. By using the coordinates obtained from manually marking the stick region in about
300 single frames, a convolutional neural network (CNN) was trained to predict the stick region of
the remaining 61000 images accurately. The results show a good correlation between the
movement of the stick region and the change in friction force. The contact area changed within
the stick phase, and it decreased from the outer area. Prior to slip, only the middle region was still
adherent on the countersurface. The size of the stick region was calculated through subtraction of
two frames, which was adjusted according to the movement of the countersurface at that time.
The overlapped region is the stick region. The stick area decreased from the beginning to the end
of the stick phase. In the beginning, due to the low elasticity of FKM, the whole contact area moved
with the countersurface. Therefore, no slip took place. With further movement, the tangential force
increased with increasing deformation of the sample. Consequently, part of the adhesive bonds
began to break, and these areas transformed into the slip region. The stick process was analyzed
using differential equations, which includes a stick term and a slip term. In addition, the influence
of sliding speeds on stick-slip behavior was studied. In the low-speed regime (between 1 pm/s
and 5 ym/s), a critical sliding speed was identified as a transition between “micro” and “macro”
stick-slip. It differs from the critical speed in literature, which describes a transition between stick-
slip and sliding motion. The change in the stick region and whole contact region with cycles were
studied. Depending on the sliding velocity, stick-slip behavior disappeared gradually after a certain

number of cycles. Creep tests were performed to study the change in contact area with time. Due
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to the viscoelasticity of the material, the creep effect was observed in sliding tests. The contact
area increased with cycles. The frequencies of stick-slip behavior and change in contact area were
analyzed with Fast Fourier Transition (FFT). It showed a strong correlation between friction force
and contact area. This study on the sliding behavior of the viscoelastic sealing material will be of

value to understanding its friction and stick-slip behavior.

To improve the tribological performance of sealing materials, several coatings were investigated.
Coatings improve the surface properties by controlling friction and wear without changing the
substrate material. In Paper 5, both hard and soft coatings were investigated on four sealing
materials, including FKM, NBR, HNBR, and TPU. Due to its high hardness and low coefficient of
friction, diamond-like carbon (DLC) was studied as the hard coating on elastomers. DLC film was
coated with CoH» and Ar, and thus it existed in the form of a-c: H film. Molybdenum disulfide (MoS>)
allows two bodies to slide against each other with low friction, which can be attributed to its lamellar
structure and consequently a reduction of adhesive resistance and excellent shear characteristics.
Besides pure DLC and MoS,, composite coatings of these two materials with various DLC/ MoS;
ratios were investigated in terms of their tribological performance. To improve the adhesion of the
coatings, a pre-treatment process was carried out before deposition. The pulsed DC magnetron
sputtering method was applied for deposition. To avoid the thermal influence of substrates, the
pre-treatment and deposition processes were performed under constant ambient temperature
(23°C). The deposited coatings were chemically, physically, and mechanically characterized. X-
ray photoelectron spectroscopy (XPS) was employed to check the chemical compositions.
Thickness and surface roughness were characterized to check their quality. In addition, the
coefficient of thermal expansion and thermal conductivity were measured to analyze the
differences in thermal properties of four substrates. Microscopic analysis was conducted before
and after the coating process. The different material properties, in particular, elasticity and
viscosity, affect the material behavior in the molding process and ultimately their surface
microstructure. Even though all substrates show similar structures at the macroscale, an entirely
different structure was identified at the microscale. The coating roughness was influenced by the
substrate properties and the composition of the coating. Scaly microstructures were observed on
the DLC coated samples, while the MoS; coatings appeared to be much finer and more adaptable
to the substrate roughness. For the hybrid coatings, MoS. lowered the average coating hardness.
Due to the low wettability of FKM, the coatings on it were porous and loose. Model tests were
conducted using the ball on disc setup under dry and lubricated conditions. Under the lubricated
condition, the adhesion part of friction was decreased significantly. Thus, the difference of COF
among various coatings was not evident as they were in dry tests. Based on the tribological
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performance in model tests, the best coating for each substrate material was chosen and verified
in the component-like (ring on disc) experiments. Overall, the concept to improve the tribological
performance of rubbers, especially under starved lubrication condition, was verified. It was found
that there is no single coating is the optimal one for all substrates. Depending on the substrate
properties, the best coating can be selected individually. Soft coatings like MoS, showed the best
tribological performance for rubbers with low rigidity, while hard coatings are better for rubbers

with high rigidity. Hybrid coatings are the best choice for rubbers with medium stiffness.
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3. Outlook

The scope of the thesis was, to a certain extent, subject to the availability of materials provided by
industrial partners. The sealing materials studied in this thesis were TPU, HNBR, NBR, and FKM.
Only TPUs were characterized in fretting tests. It is suggested to test the other types of sealing
materials using the developed fretting test method. It would also be beneficial if the surface
temperature of samples can be measured during fretting tests. It will enable an exact correlation
between material properties and fretting behavior. With a smaller interval of displacement
amplitude, clear transitions can be identified between partial slip, mixed fretting, and gross slip

regimes in the Running Condition Fretting Map (RCFM).

The wear models verified in Paper 2 possess several limitations, because they do not reflect the
environment of real situations. For example, all of the surface asperities in the experiments have
a spherical tip and their heights follow a probability distribution, which would not be found in a real-
world environment. Additionally, the transfer films generated during the sliding tests were not taken
into consideration. The two models describe adhesive and abrasive wear separately. A model that

considers all of the wear mechanisms is needed.

The stick-slip effect was observed in fretting tests. To understand the physical process, sliding
tests were conducted with turned samples. The movement of the stick region in the stick phase
was analyzed utilizing machine learning. However, the size of the stick region was not
characterized. The size of the stick region has an essential meaning in tangential force. It is
suggested to characterize the size of the stick region and correlate with the tangential force.
Additionally, it is beneficial to employ an optical observing system with a higher frame rate (higher
than 20 FPS). The reason for this is that the slip phase occurs merely in a few milliseconds. To

capture the slip moments, cameras with a higher frame rate is necessary.

The improved performance of mechanical seals with coatings was verified. DLC and MoS, were
chosen as the hard and soft coatings in this thesis, respectively. However, many other coating
materials should also be investigated. The combinations of different materials may present a better
performance than individually. The deposition method can influence the coating performance
significantly. The best deposition process enables a homogenous composite distribution in the

coating, excellent adhesion with the substrate and consequently, long service life.

Overall, fretting is only one of the many factors that can lead to the failure of polymeric seals.

Failure is a consequence of many factors and mechanisms. To guarantee better performance of
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mechanical seals, other forms of failure, e.g., incorrect starting procedure, fitting errors, and

incorrect setting, should also be considered.
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ARTICLE INFO ABSTRACT

Keywords: For seals in dynamic applications, fretting is one of the most common types of failure. In this study, the fretting
Fretting behavior of thermoplastic polyurethane (TPU) was investigated. The hysteresis behavior, wear scar and coef-
We?r ficient of friction were analyzed in detail. Various wear mechanisms and their influences on the fretting behavior
Fatigue were examined. A new method was introduced to calculate the coefficient of friction for late cycles in gross slip
gzgﬂon regime. It takes the surface damage and the dynamic influence of the test system into consideration. Besides, the

dependency of fretting behavior on displacement amplitudes, normal loads were investigated.

1. Introduction

TPU is an elastomer, which is fully thermoplastic. Hence, it offers
elasticity and also processing flexibility at the same time. These unique
properties make TPU an ideal polymer in a large variety of applications
and markets. These range from footwear, mobile electronic devices to
the automotive industry, and seals. The latter are subjected to in-
vestigations in the industry. In spite of the vital importance for the
industrial applications, there is still lack of scientific studies of seals [1].

Fretting occurs between two contacting surfaces that are re-
ciprocating sliding in short amplitude for a large number of cycles. For
seals in dynamic applications, fretting is one of the most common types
of failure. Plenty of effort has been done on fretting in metallic mate-
rials. Christiner et al. [2] have developed a calculation model that al-
lows an assessment of the fretting fatigue endurance limit. Instead of
the classical normal load - displacement fretting map approach, Fourvy
et al. [3] have developed a new method to quantify the fretting damage,
which is based on the normalized representations. Varenberg et al. [4]
have introduced a slip index to determine the different fretting regimes.
In addition, the crack initiation for fretting fatigue was also widely
investigated. Kubiak et al. [5] have studied the influence of roughness
of the contact interfaces on fretting behavior, and they mentioned the
importance of the initial surface roughness on the coefficient of friction
at the transition from partial slip to the gross slip regime. Some research
has focused on polymers during the past two decades. Briscoe et al. [6]
have studied the fretting wear behavior of polymethylmethacrylate

” Corresponding author. Roseggerstrafe 12, 8700, Leoben, Austria.
E-mail address: chao.wang@pccl.at (C. Wang).
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(PMMA) under linear and torsional motions by using an in-situ method.
It reveals the effect of contact kinematics on debris accumulation and
elimination. Chateauminois et al. [7] have investigated the fretting
wear behavior of epoxy and PMMA by using fretting maps and finite
element method (FEM) simulation. Recently, Tan et al. [8] have studied
the fretting behaviors of several unfilled thermoplastics and pointed out
the correlation of fretting wear amount and glass transition temperature
(T,), melting point (T,,) and dielectric constant (). Shen et al. [9] have
studied the fretting behaviors of Nitrile Butadiene Rubber (NBR) and
analyzed the relation among fretting wear behavior, the coefficient of
friction, wear mechanisms, displacement amplitude, and normal load.
Wang et al. [10] have compared the fretting behavior of six polymers.
However, for thermoplastic elastomer, there is an urgent need to reveal
its fretting behavior and damage mechanisms.

In this research, the fretting behavior of TPU was experimentally
investigated by varying the displacement amplitudes and normal loads
between the contact surfaces. Moreover, the fretting hysteresis, wear
scar, and coefficient of friction were analyzed in detail. The study aims
to shed light on the fretting behavior and damage mechanisms of
thermoplastic elastomer-to-metal contact.

2. Experimental details
2.1. Material and specimen

The TPU specimens used in this study were produced by injection
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Table 1
Material properties of the TPU used in this study.

Material Density
[g/cm3]

Hardness Dynamic Mechanical Analysis

Shore-D Frequency E'[MPa] E” [MPa] Tan$

TPU 1.192 47 10Hz 93.8 12.3 0.131

E" storage Modulus.
E”: loss Modulus.

molding at SKF Sealing Solutions Austria GmbH. Before the tests, they
were cut into 36 mm X 22 mm plates with a thickness of 6.2 mm. For
the basic mechanical characterization, the hardness was measured
using Shore-D method, and the dynamic mechanical properties were
analyzed by using Dynamic Mechanical Analysis (DMA) by means of
temperature scan method (EPLEXOR 100N, NETZSCH GABO
Instruments GmbH, Germany). The DMA values at 25°C and other
properties of the material are given in Table 1.

2.2. Test setup and methods

In this research, the fretting behavior of TPU was experimentally
investigated by varying displacement amplitudes and normal loads
acting on the contact surfaces. As counterpart commercial stainless
steel balls (1.4301 steel, polished, unhardened, ¢ = 15mm,
Ra = 0.05 pm, HSI-Solutions GmbH, Austria) were used.

The fretting tests were performed on a servo-hydraulic MTS 858
Horizontal (MTS Systems Corporation, USA) with a self-made setup
(Fig. 1a). The top view of this fretting wear test setup is illustrated in
Fig. 1b.

The whole setup was conducted by a hydraulic system, which was
regulated by a digital servo controller. The specimen holder was con-
nected to the hydraulic system through a load cell. Thus the tangential
force (Fp could be measured. Two specimens, come at each side, were
fixed on the specimen holder by lids. The counterparts, which were
fixed on cylinders, pressed on the specimens through holes on these
lids. The normal loads (F,) were measured by one load cell on each side.
The normal loads, specimens, and counterparts for both sides were
identical. Thus an unbalanced running condition for the servo-hy-
draulic system can be avoided.

There are three fretting regimes, namely partial slip regime (PSR),
mixed fretting regime (MFR), and gross slip regime (GSR) [11-13]. In
PSR, the middle area of the contact sticks to the counterpart. Hence,
there is no relative motion in the middle area. Partial slip occurs only
on the edge part. Due to the large displacement in GSR, the whole
contact area slips over counterpart. MFR is a transition regime, in which
only the middle point sticks to the counterpart, the majority of the area
slips.

The test parameters are listed in Table 2. In order to cover the three
fretting regimes, namely partial slip regime (PSR), mixed fretting re-
gime (MFR), and gross slip regime (GSR) [11,12], the displacement
amplitudes (D) range from *+ 0.1mm to + 1.0mm. Due to the
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comparatively high compliance of polymer, the displacement ampli-
tude required to cause fretting is usually larger for polymers than for
metals. For the latter, the amplitude is approximately 10-50 um [14].
Because of their elasticity, the displacement amplitudes for thermo-
plastic elastomers were expected to be above those for normal glass
polymers. According to the transition criteria, which was proposed by
Fouvry et al. [13], when the ratio of D (oscillatory amplitude) to a
(Hertzian radius of contact), D/a < 1, it is still fretting. For the test with
1 mm amplitude and 28 N load, the radius of the Hertzian contact ra-
dius (a) is 1.062. Hence, the ratio of D/a is 0.942, still smaller than 1.
So, it is still fretting, but almost reached the limit.

Three different load levels were used to investigate the dependence
of TPUs' fretting behavior on normal loads. The tests were carried out in
the displacement controlled mode with a sinusoidal signal and one
fixed frequency. The total number of cycles was 8 x 10°, because the
fretting phenomena can be observed only after 10* - 10° cycles [15].
Several tests were repeated and ran until some given cycles, in which
their hystereses form changed greatly. By means of this method, the
alteration process of the wear scar can be investigated and correlated to
their hystereses.

All the experiments were performed at a temperature of 23 * 2°C
and under a relative humidity of 50 + 10%. The wear scars were
characterized by a scanning electron microscope (SEM, VEGA-II,
TESCAN, Czech Republic). The quantification of the wear scars was
conducted with an optical microscope (InfiniteFocus, Alicona Imaging
GmbH, Austria).

3. Results & discussion

In the following part, results were discussed for each fretting regime
separately. On the basis of the fretting maps, which were introduced by
Vinsbo and Soderberg [11], the fretting hysteresis (3D) and F.-D curves
(2D) will be discussed. They provide valuable information about the
running conditions of the contact surfaces [12]. From Fig. 1b it is no-
ticed that the tangential force includes not only the friction force but
also a force F,, which is responsible for the acceleration of the speci-
mens and specimen holder (Eq. (1)).

F = F measured — Fo = F, measurea — m*a (@)

Where m - mass, including specimen holder, lids and specimens, a —
acceleration.

The tangential force (F,) for partial slip and mixed fretting regimes
was already compensated using Eq. (1). In order to observe the change
of the tangential force more clearly, the hystereses are projected on the
cycle — tangential force plane (green) in Figs. 2-10.

With the combination of hystereses and SEM micrographs, the wear
scars were analyzed and correlated with fretting hystereses to disclose
the damage mechanism. Due to the various sizes of debris, different
magnifications had to be used for SEM micrographs. For partial slip and
mixed fretting regimes, the width of the inner (2c, stick region) and
outer ring (2a, slip region) was characterized with a three-dimensional
micro coordinate microscope and showed here in the SEM micrographs.

!

Speclmen Counterpart

-

Hydraulic pump

Specimen
t t holder

Load cell ' Normal Load

Fig. 1. a) MTS 858 horizontal test system; b) Schematic diagram of fretting wear test setup.
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Table 2
Test parameters selected for the fretting tests.

Displacement amplitudes Normal loads  Frequency Total number of
(D, mm) (Fp, N) (f, Hz) cycles (N, -)
+ 0.1, £ 0.25, £ 0.5, = 1.0 20, 28, 48 10 8 x 10°

The total dissipated energy, which was mainly transformed into heat
during the test, was calculated by using a Matlab script. Besides, the
coefficients of friction were calculated for partial slip and gross slip
regimes separately. In the end, the running condition fretting map was
generated for TPU.

3.1. Hysteresis & wear scar analysis

3.1.1. Partial slip regime (PSR)

In partial slip regime, two comparisons were carried out from three
different tests. The first comparison shows the influence of normal load
on fretting behavior, while the second one reveals the impact of dis-
placement amplitude on fretting behavior. As shown in Fig. 2, during
the first 4 x 10° cycles the fretting hysteresis was consistent and the
maximum tangential force kept at approximately 24 N. However, after
4 x 10° cycles the F,— D curves changed from a parallelogram to a more
linear shape. This indicates that the morphology of the surface, in
particular at the edge of the stick region, began to be damaged gra-
dually. After 2 x 10* cycles, the form of the hysteresis kept unchanged.

In the partial slip regime an annular ring was formed, which sepa-
rated the central area from the rest of the polymer sample (Fig. 3a). The
middle area is a stick region (2a) and at the edge of the ring the material
underwent micro slip. As shown in Fig. 3b, several pieces of debris are
delaminated from the surface. However, the stripe-like debris were
generated in the upper area (Fig. 3c) and transferred on the counter-
part. As indicated in Fig. 2, after approximately 5 x 10° cycles, obvious
changes can be identified in the fretting hysteresis. It should be noted
that the relation between tangential force and displacement depends on
the state of the two surfaces and their contact conditions. That means
that during the first 5 x 10® cycles very small debris was generated
from the surface at the edge of the ring. After approximately 5 x 10>
cycles the affected surface morphology changed in a way that the debris
did not break into small pieces anymore, instead they were rolled into
long stripes under the reciprocating micro slips. A similar phenomenon
was also be found in some previous studies [16,17]. Surface fatigue
wear was found on both sides (Fig. 3d). It was caused by the repeated

TPU, 10Hz, e
28N, 0.1mm : T
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stresses [18]. The lower arrow in Fig. 3d shows the wear scar, where the
debris was removed.

Compared with the test with 28 N normal load, the changes are
more obvious for the test with 48 N normal load (Fig. 4). They began at
a similar cycle number (after approximately 3 x 10* cycles). The hys-
teresis first kept its shape, but the maximum tangential force tended to
grow (above 60 N).

Generally, the contact area increases with increasing normal load,
so the inner and outer diameters of the ring became larger (Fig. 5a).
However, the c/a ratio stays at the similar level in partial slip regime
(Fig. 17). The stick region of the sample with 48 N normal load was
slightly larger. However, its scar depth is slightly smaller. With 48 N
normal load, the deformation is larger than under 28 N. At the right
edge small debris were found, which were rolled because of the re-
ciprocating micro slip (Fig. 5b). In the top area, similar wear scar was
observed, whereas in the stick region no change is visible after the test
(Fig. 5¢). From Fig. 5a it is also evident that less material was removed
from the surface and less debris was gathered at the edges in compar-
ison with Fig. 3a.

When the displacement amplitude was increased to + 0.25 mm, the
tangential force was almost constant from D= —0.2mm to
D = 0.2mm in the first 10° cycles (Fig. 6). It was similar to the test
with + 0.1 mm displacement amplitude. However, it began to change a
bit earlier after approximately 2.5 x 10° cycles and remained un-
changed at circa 3 x 10* cycles. The maximum tangential force was
78 N.

As the displacement amplitude increases from 0.1 mm to 0.25 mm,
the diameter of the outer ring (2a) becomes larger, whereas the stick
region (2c) decreases. The c/a ratio decreases from 0.88 (by
D= #=0.1mm,F, =28N) to 0.58 (by D = * 0.25mm, F,, = 28N). It
is noticeable that the sample shows a butterfly-like wear scar. Large
pieces of debris were generated around the inner edge (Fig. 7a). In
Fig. 7b the debris looks similar to the one observed in Fig. 3c. However,
in this case the debris particles left on the surface is much larger. It is
assumed that during the test, several small stripe-like debris were rolled
into a large piece of debris. Small pieces of debris were generated due to
the shear force on right and left areas (Fig. 7d). In Fig. 7c, connections
between debris and stick region can be observed. They were rolled
together at first and then pressed on the substrate. With increasing
cycles, this butterfly-like scar was created.

3.1.2. Mixed fretting regime

The results of a test conducted in the mixed fretting regime are
shown in Fig. 8, the tangential force increased slightly in the first
1 x 103 cycles. From 10° to 10 cycles the tangential force doubled. It

TPU, 10Hz,

Fi(N) ]
28N, 0.1mm s

40

Fig. 2. Material response during the test in PSR (F, = 28N, D = * 0.1mm, f = 10Hz, N = 8 X 10°%): a) Fretting hysteresis; b) F,-D curve.
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Fig. 3. SEM micrographs of wear scar determined for the following parameters: F, = 28 N, D = =+ 0.1 mm, f = 10Hz, N = 8 X 10°. Related areas are marked and

shown with larger magnifications.

should be noted that the tangential force decreased gradually from
109N to 95N between 2 x 10* and 10° cycles. However, it increased
again since 10° cycle. As shown in Fig. 9, for this regime cracks are
visible in the stick region. Cracks can reduce the slip displacement [19],
which is expected to be responsible for the interim decrease of the
tangential force. Moreover, the elimination of small cracks due to ma-
terial loss [15,19] and the filling of large cracks with small wear debris
[20] let the tangential force rise again after 10° cycles.

7E+v00

With the increase of the displacement amplitude to = 0.5 mm, the
wear width (2a) of the damage scar was enlarged to over 5mm.
Meanwhile, the stick region (2c) shrunk (Fig. 9a). In the latter region
due to the repeated shear stress, cracks were nucleated below and on
the surface. With the further repeated stress cycles, cracks were ex-
tended and propagated [18]. Cracks below the surface led to fatigue
wear, while the cracks on the surface propagated perpendicularly to the
sliding direction (Fig. 9b). Moreover, wave formation was observed on

TPU, 10Hz,
48N, 0.1mm

FN) o

0.10
D (mm)

1.0xE2
1. 0XE3

~1.0xE4
s 1 OXES
8.0xE5

60

Fig. 4. Material response during the test in PSR (F, = 48N, D = * 0.1mm, f = 10Hz, N = 8 X 10°%): a) Fretting hysteresis; b) F,-D curve.
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Fig. 5. SEM micrographs of wear scar determined for the following parameters: F,, = 48N, D = * 0.1 mm, f = 10Hz, N = 8 x 10°. Related areas are marked and

shown with larger magnifications.

the worn surface (Fig. 9c and d), which can be attributed to additional
fatigue mechanisms [21,22]. At the beginning, which is called in-
cubation period by Vincent [19], “Schallamach waves” [22-24] were
formed due to the shear stress. With further cyclic sliding motions, the
waves were rolled into larger debris until they were moved away from
the surface. In Fig. 9d, a large piece of debris can be observed.

TPU, 10Hz,
28N, 0.25mm ;_7_,,»7—7-**””'

>
7E+00

3.1.3. Gross slip regime

Different to the tests in partial slip and mixed fretting regimes,
which show a stable phase of tangential force after the increasing
phase, the tests in gross slip regime showed a stepwise increasing ten-
dency of tangential force with the number of, from 10 to 10> cycles the
tangential force increased slightly. After 10 cycles the tangential force
increased until 7 X 10° cycle and then kept almost constant until 10*
cycle. Subsequently, the tangential force increased again before it

100 -
TPU, 10Hz, F; (N)

28N, 0.25mm

0.3
D (mm)

g § OXE2
w—— 1 0XE3

-1.0xE4
w1, 0xXES5
e 8 OXES

-100 -

Fig. 6. Material response during the test in PSR (F, = 28N, D = + 0.25mm, f = 10Hz, N = 8 X 10%): a) Fretting hysteresis; b) F,-D curve.
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Fig. 7. SEM micrographs of wear scar determined for the following parameters: F, = 28N, D = + 0.25mm, f = 10 Hz, N = 8 x 10°. Related areas are marked and

shown with larger magnifications.

reached a relatively stable phase, which was from 2 x 10* to 7 x 10*
cycles. Afterward, the tangential force increased rapidly. This can be
attributed to the contact conditions. After the incubation period, mi-
crocracks were generated. With increasing cycles more wear debris will
be created, so that the contact geometry changed continuously.

In gross slip regime, there is no stick region between the two con-
tacting surfaces. This means that the elasticity of TPU is not high

TPU, 10Hz, —
28N, 0.5mm = TR T q e

Ft (N)

enough to deform with the counterpart when it slides over. After
8 x 10° cycles, small waves were observed in the middle area
(Fig. 11b). Meanwhile, much larger waves can be identified in the right
and left areas in Fig. 11c and d. These waves were generated due to the
great shear stresses. In Fig. 10 it can be seen that the maximum tan-
gential force appeared at approximately D = =+ 0.75mm. This corre-
lates very well with the position of the large waves. The large waves

TPU, 10Hz,
28N, 0.5mm

Fe(N) 1507

100

e— 1 OXE2
e 1 0XE3
1.0xE4
e 1.0XE5

8.0xE5
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Fig. 8. Material response during the test in MFR (F, = 28N, D = * 0.5mm, f = 10Hz, N = 8 X 10%): a) Fretting hysteresis; b) F, -D curve.
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Fig. 9. SEM micrographs of wear scar determined for the following parameters: F, = 28N, D = = 0.5mm, f = 10Hz, N = 8 x 10°. Related areas are marked and

shown with larger magnifications.

locate at approximately 75% of the horizontal radius from the center.
Also, this phenomenon is in good agreement with previous studies
[25,26]. In addition, as evident from Fig. 11d, the wave crest was
partially rolled and torn away from the surface.

In addition, the topography of the surface after 10* cycles was also
investigated. As shown in Fig. 12a, large cracks were nucleated and
propagated perpendicularly to the sliding direction. According to
Fig.10b, 10* cycles is the transitional phase, in which the hysteresis
changed significantly. At 10% cycles the tangential force stayed at

TPU, 10Hz, s
28N, 1.0mm; T 1] e ——— 300

~200
100
0

100
200

TeEcos

around 25N, and it was almost not dependent on the displacement.
However, at 10° cycles, it was partially above 100 N, and the hysteresis
form changed. At 10* cycles the maximum tangential force was almost
constant, between the displacement of +0.3 mm to - 1.0 mm. Rolled
debris was also observed in the middle area (Fig. 12b). Furthermore,
with higher magnification microcracks can be identified (Fig. 12c). At
the edge of the slip zone, flow-like waves were generated by shear
stress.

Through the above comparisons, it can be concluded that in partial

Ft (N)

TPU, 10Hz, F, (N) s o
28N, 1.0mm 1
Ao F
z f‘ s R, S, G, T T T T
x| = 1.0

/ ]
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Fig. 10. Material response during the test in GSR (F, = 28N, D = = 1.0mm, f = 10Hz, N = 8 X 10%): a) Fretting hysteresis; b) F,-D curve.
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Fig. 11. SEM micrographs of wear scar determined for the following parameters: F,,

shown with larger magnifications.

slip regime the tests with different normal loads were similar, in par-
ticular in the first 10° cycles. It is noticeable that the tangential force
increased slightly with the normal load. In addition, in mixed fretting
and gross slip regimes the incubation time for the formation of waves
was shorter than in partial slip regime. Due to their greater tangential
forces and larger displacements, the fretting hysteresis of mixed fretting
and gross slip regimes changed earlier. The fretting behavior shows a
strong dependence on the displacement amplitudes, which in fact also
strongly influence the fretting regimes of the tests.

3.2. Observation of counterparts

The counterparts were observed under microscopy. Slight wear
trace and elastomer transfer are identified. High material transfer is to
observe, especially in the tests with high load (48 N) or high amplitude
( £ 1.0mm). The higher normal pressure combined with cyclic shear
stress leads to a larger material transfer to the counterpart. In addition,
under large amplitude, the tangential force and the dissipated energy is
higher. Thus, relatively larger amount of material was transferred to the
steel balls (Table 3).

3.3. Analysis of wear scar size

Fig. 13 shows the influence of normal load on the wear scar size.
With increasing loads, both the outer and inner edges become larger. In
addition, the diameter of contact area after Hertzian contact theory is
shown.

As shown in Fig. 13, the diameter (d) of Hertzian contact area,
which represents the contact size at the beginning of the fretting tests,

Polymer Testing 72 (2018) 271-284

WD: 15.00 mm VEGAW\ TESCAN
Det: SE :..s.:"”
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SEM MAG: 1.00
SEM HV: 5.00 kv

=28N,D = + 1.0mm, f = 10Hz, N = 8 x 10°. Related areas are marked and

increases with a higher normal load. Also, as can be seen from the left
figure, the outer edge of wear scar (2a), which is the last state of wear
scar, increases with a higher amplitude. Hence, the last state (wear scar
size, 2a) are proportional to both the start state (diameter of Hertzian
contact area, d) and the test parameter (amplitude, D). In Fig. 14, their
relation is shown, which is

2a = kDd

Where k is a constant. The outer edge (2a) is almost linear proportional
to the results of amplitude multiply the diameter of Hertzian contact
area.

3.4. Dissipated energy

The dissipated energy was calculated by integration of the F, — D
curves over all cycles. It was determined for each test. As shown in
Fig. 15, the dissipated energy depends strongly on the displacement
amplitudes. The larger the displacement is, the more energy will be
dissipated.

When the displacement amplitude is = 0.1 mm or * 0.25 mm, all of
the tests are in partial slip regime and the dissipated energies for the
tests with same displacement and different normal loads are nearly the
same. Hence, no noticeable dependence between dissipated energy and
normal loads is observed in partial slip regime. However, when the
displacement amplitude is + 0.5 mm, the difference is more visible. The
test with 48 N normal load consumed the minimal energy among the
three tests. The dissipated energy for the tests with 20N and 28 N
normal loads are a bit higher. For an overview of the differences among
fretting regimes and their corresponding test parameters please refer to
Fig. 22. Whereas, the test with 48 N normal load is still in partial slip
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Table 3

Micrographics of counterparts after tests.
Amplitude (mm) +0.1
Load (N) 28 48
Graphic

*+0.25

28 28

regime. In MFR more material was removed after tests comparing to
PSR. Therefore, more energy was consumed.

For the tests with = 1.0 mm displacement amplitude, a clear re-
lationship between normal load and dissipated energy can be identified
(all tests are in the gross slip regimes). The dissipated energy grows
with increasing normal load. This correlates well with the wear volume
(Fig. 19b). In gross slip regime, larger normal loads lead to more ma-
terial loss. Hence, more energy is dissipated.

From Fig. 15, it can be concluded for the tested material in this
study, when the dissipated energy is around 10° J, the test is in partial
slip regime. 10° J is an approximate boundary between mixed fretting
and gross slip regimes. The transition from PSR to MFR result in a
dissipated energy between 10° to 10°J.

In addition, a proportional relation between wear volume and dis-
sipated energy is identified. However, it is inconsistent with the results
in Ref. [27], in which dissipated energy is linear proportional to wear
volume of TiN coating. For the tests in this study, dissipated energy and
wear volume shows a power law relation (Fig. 16).

3.5. Coefficient of friction

3.5.1. Partial slip and mixed fretting regimes

In the partial slip regime, the coefficient of friction (COF) cannot be
calculated by using Coulomb's law, which was generally applied to
calculate the COF for static and also kinetic friction. However, under
partial slip conditions, micro slip occurred at the edge of the ring (ra-
dius = a) with a stick region in the middle (radius = c). Based on the
work of Cattaneo and Mindlin, Johnson has introduced a method to
calculate the COF for the partial slip in the contacts of spheres [28]. The
“stick region” can be calculated with tangential force as follows:

1/3
£=(1_£)
a HE,

Where a - radius of the outer ring;

(2)

¢ — radius of the inner ring;

F, - tangential force;

F,, — normal load;

u- coefficient of friction in sliding region.



C. Wang et al.

7 7
e 23, A=0.1 MM w=@u=2¢, A=0.1 MM w=ikw= Diameter of Hertzian
— =& +23, A=0.25mm =@ +2c, A=0.25 mm contact area
£ 6 edee 22, A=0.5 mm colee 2¢, A=0.5 mm 1l =
E £
® Ry e R L ST £
D5 deerrtt 15 8
[ -h -
— ---- - Tha ©
[&] B
g k- e - 1a “g
§ - £
c - o
£ 3] guertTrL ] o
. Ml omertt <]
2 e GuhREREET o 5
© 2] bt ]
S 2 [ b 2 E
g et s
- 14 3 or® -1 (=]
(o] L
0 T T T T T T T o
20 25 30 35 40 45 50

Normal load (N)

Fig. 13. Diameter of Hertzian contact area and wear
normal loads.

scar size by different

3.0

N
o
1

N
o
1

1.5

Amplitude (D) *Diameter
of Hertzian contact area (d)

0.0 T T T T T
6 7

Outer edge (2a, mm)

10

Fig. 14. Relation of outer edge, amplitude and diameter of Hertzian contact
area.

From equation (1) we can get

1 F
- (e) “F
a

In Fig. 14, the coefficients of friction, which were calculated by
using equation (3) and the ratios of c/a for the tests in the partial slip
and mixed fretting regimes are illustrated. From the figure, it can be
seen that only for a displacement amplitude (D) of = 0.1 mm the c/a
ratio is approximately constant at a value of 0.9. This means that in
partial slip regime, the c/a ratio stayed at a relatively constant value
when the normal load increased. On the contrary, in mixed fretting
regime (D = * 0.5mm), the c/a ratio grew with increasing normal
loads. The comparison of the c/a ratios with three displacement am-
plitudes examined indicates that the greater the displacement ampli-
tude is, the larger the c/a ratio with the normal load increases. In other
words, the smaller the displacement is, the less dependence is the al-
teration of the morphology on normal load. In PSR and MFR, the COF
decreased with increasing normal load. Nevertheless, this effect has a
strong dependence on the different displacement amplitudes examined.

M =
3
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Fig. 18. Coefficient of friction (COF) as a function of the displacement (D) from
the last cycle in gross slip regime with Eq. (4).

Noteworthy, the coefficient of friction decreased when the displace-
ment amplitude increased from = 0.1 mm to * 0.25 mm. It increased,
however, when the displacement increased further from *+ 0.25mm
to £ 0.5 mm.

3.5.2. Gross slip regime

Polymer Testing 72 (2018) 271-284

28 N. With a normal load of 48 N, however, the shape of the curve
changes in the middle area. Fig. 19 illustrates the profiles of the wear
scars in gross slip regime under the three different normal loads ex-
amined. The wear depth and width increase with the normal load.
Generally, for the 20N and 48 N normal loads, asperities can be ob-
served in the profiles in Fig. 19b, which implies that several wave-
formed cracks were on both edges of the wear scars.

The Eq. (4) is, however, applicable for the gross slip regime. Only,
when the surface is not damaged and the mass of the system can be
neglected. These factors depend on the materials tested and construc-
tion of the test system, respectively. The large wear depth in Fig. 19
plays an essential role in the calculation of the COF. Moreover, for the
test system used in this research, the specimen holder was connected to
the load cell (Fig. 1b). Hence part of the tangential force measured was
used to move the specimens and the specimen holder parts
(m = 1.536 kg), which has to be included in the considerations.

To facilitate the analysis, three assumptions are made:

. The contour of the wear scar is a part of a circle with a radius of a.
. The surface of the wear scar is continuous and smooth.
. No deformation occurs on substrate and no debris.

N

Fig. 20 shows the general situation in the wear scar, which is the
basis for the calculation of the COF. Position A is the start position.
When the specimen moves to position B, the force situation is illustrated
in Fig. 20b. From this situation, the following forces in X- and Y-di-
rections are deduced.

X: E(t) + Ex(t) = N(t)*sin(a(t)) + Fr(t)*cos(a(t))
The coefficient of friction in gross slip regime was at first calculated ' ¢ @ () + E (eos( )
with Y: F(0) + F()sina(0) = N (OFcos(@ () + Fy(0) ®)
_k
E, @ Fe(® = ma,(0) @
which was widely applied in several studies [13,29-31]. In the coeffi-
cient of friction was calculated with the tangential force from the last By (1) = may (1) (€)
cycle. The COF - D curves were elliptical for the normal load of 20 N and .
Where F, (t) - tangential force;
¥ sl
b of 7~ - e
200 - ——Fn=20N
< Lo — - =Fn=28N
G £ A ---- Fn=48N
T -600 S 2
O N T N o o T =
; 800 \“~‘ - “,'-
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Fig. 19. a). 3D/2D image of the wear scar (Fn = 20 N); b). Profiles of the wear scars in gross slip regime (D = = 1.0 mm).
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Fig. 20. a). Three different positions of counterpart; b). Force analysis of position B.
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Fig. 22. Running condition fretting map (RCFM) of TPU samples.

Fax (1), Fgy (t) — net force in X and Y-direction;
F, (t) — normal load;

Ff (t) — friction force;

N (t) - support force of the surface.

Since the normal load (F,) is constant, from equations (4)—(7) we
can get
r(t)
_ Ex(®)Fcos(a(t)) + Fi()*cos(a(t)) — F, *sin(a(f)) + Fy (£)*sin(a (1))
By *eos(a() + Fu (6)*sin(a(t)) + F(t)sin(a (1)) — Ey(t)*cos(a(t))
)
Because the displacement is applied as a sinusoidal wave, the dis-
placement in x-direction is

D, (t) = D*sin(wt) (10)

—47%f?mD*sin(27ft ) cos(a (t)) + F(t)*cos(a(t)) — F,
*sin (et (t)) — 16732 mh*sin (47ft)*sin(a (£))
W) = F, *cos(a(t)) — 4n*)f*mD*sin(27ft)*sin (e (t)) + F (t)*sin (e (t))
+ 167%f 2mh*sin (47fty*cos(a (t))

a1e)

From Fig. 20a we get
s
a(t) = arcsin(%) = arcsin(Ds+(2ﬂﬁ)).

R can be calculated by using the depth (h) and width (2a) of the
wear scar, as shown in Fig. 20a,

a7

R?=a%>+ (R - h)> (18)
This gives
h? + a?
R=
2h 19)

The COFs were recalculated for the last cycle of gross slip regime
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using equation (16) and compared with the results of Eq. (4) (Fig. 21).

When taking the geometry of the wear scar and the acceleration of
the test system into consideration, substantial differences are observed
in the COF - D curves. Especially when the displacement is in the vi-
cinity of D = # 0.7 mm, where the maximum tangential force occurs.
Overall, the hysteresis gets smaller with an increasing normal load. This
means that the observed relation of the coefficient of friction and the
normal load for the partial slip and mixed fretting regimes (Fig. 14), is
also present in the gross slip regime. This is different to the result from
Fig. 18, which were calculated with Eq. (4). Furthermore, as shown in
Fig. 21, when the normal load increases, the form of the hysteresis
becomes more parallelogrammic.

3.6. Running condition fretting map (RCFM)

Running condition fretting map represents the transition from one
regime to the other approximately [32,33]. Based on the hysteresis and
wear scar analysis, a running condition fretting map was generated for
TPU. Fig. 22 shows that only the tests with + 0.1 mm displacement
amplitude, whose c/a ratios were approximately 0.9. As the amplitude
increased to = 0.25mm, the c/a ratio reduced to 0.7 (48 N normal
load) and 0.57 (20 and 28 N), respectively. These tests can be regarded
as the transition phase between partial slip (PSR) and mixed fretting
regimes (MFR). Moreover, the test with 48 N normal load and *+ 0.5
mm displacement amplitude was found to belong to this area. In mixed
fretting regime, the c/a ratio for the tests with + 0.5 mm displacement
amplitude and normal load 20N and 28 N was 0.14 and 0.26, respec-
tively. In order to find out the trend, how the test parameters influence
the fretting behavior of TPU, no accurate borders can be acquired be-
tween the three regimes from the used parameters. However, the trends
can be deduced from the tests. The larger the normal load is, the milder
the surface gets damaged with the same displacement amplitude and
frequency. Meanwhile, the larger the amplitude, the more material is
removed from the surface under the same normal load and frequency.

4. Conclusion

In this study, the fretting behavior of thermoplastic polyurethane
was investigated. Because of its high elasticity, the applied amplitudes
are much larger than those in fretting tests on metals. The hystereses,
wear scars and coefficients of friction were analyzed in detail.

1) Three kinds of fretting regimes were found. Their fretting hystereses

were compared and related to the wear scars.

In partial slip and mixed fretting regimes, for the tests with the same

displacement amplitude, the coefficient of friction decreases with

increasing normal loads. For the tests with = 0.1 mm displacement
amplitude, its c/a ratio kept almost constant when the normal load

increased. However, for the tests with = 0.25mm and = 0.5 mm

displacement amplitudes, their ratios of c/a increased with the

normal loads. It increased faster for + 0.5 mm displacement ampli-

tude than for + 0.25 mm.

3) A new method to calculate the coefficient of friction for the late
cycles in gross slip regime was introduced, which takes the wear
scar and acceleration of the test system into consideration.

4) The running condition fretting map was generated. It represents the
fretting behavior in relation with normal load and displacement
amplitude.

5) The larger the normal load was, the milder the surface got damaged
with the same amplitude and frequency. Also, the larger the dis-
placement amplitude was, the more material was removed from the
surface for the same normal loads and frequency.

2

—
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Further tests will be continued for different types of TPU. This test
method can also be extended to test the fretting behavior of other
elastomeric materials.
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Abstract: Fretting tests were conducted with five different thermoplastic polyurethanes against a
steel ball. Their fretting behaviors were investigated under various test parameters, such as normal
load and displacement amplitude. In order to test the sliding performances, tribological tests were
conducted using a ring-on-disc setup. The results show that their fretting behaviors can be related
to the dynamic mechanical properties, which were characterized by dynamic mechanical analysis
(DMA). The three fretting regimes were identified by means of hysteresis and wear scar analysis.
In addition, investigations were carried out until the transition regimes occurred. Different wear
processes were revealed for each of the three regimes. Differences were identified using dissipated
energy. The profiles of wear scars and the counterparts were analyzed using a microscope. The
coefficient of friction was calculated separately for the partial slip and gross slip regimes. In the mixed
fretting regime, the coefficient of friction is almost at the same level among the five materials. In the
partial slip regime, however, it can be distinguished. Temperature measurements were conducted on
the counterparts during the tests. Overall, the material that showed the best tribological properties
also performed the best in the fretting tests.

Keywords: fretting; wear; fatigue; coefficient of friction; TPU

1. Introduction

Thermoplastic polyurethane elastomers (TPUs) are multiblock copolymers with hard and soft
segments. Due to their unique structure, they have high tensile strength and the ability to be
processed with thermoplastic methods. These unique properties make TPUs useful in a great variety
of applications. TPUs can be applied as a substitution for vulcanized rubber, for example [1]. Due to
their excellent mechanical properties, seals made of TPU can maintain an effective dynamic sealing
geometry at high pressure for extended periods [2]. The physical and tribological properties of TPUs
have been extensively investigated by several researchers. Anisimov investigated the influence of
chemical structure on the mechanical and abrasive properties of TPUs [3]. It was found that the hard
segment is the determining structure for their properties. The mechanical properties of TPUs have been
investigated in various aspects. Qi researched the stress—strain behavior of TPUs and a constitutive
model was introduced, which can reflect their nonlinear, time-dependent, and softening behaviors [4].
Sui [5] provided one clarification for the physical deformation mechanisms of TPUs using in situ
observation of the morphological changes during deformation and the finite element method. Da Silva
discovered the delamination wear on TPUs [6]. Hausberger [7] studied the adhesive and deformation
contribution to the friction and wear behaviors of TPUs. Elleuch [8] studied the tribological property
of TPUs in sliding contact with indentation and friction tests. Martinez [9] characterized the wear

Lubricants 2019, 7, 73; doi:10.3390/lubricants7090073 www.mdpi.com/journal/lubricants
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property of TPUs by means of sliding reciprocating tests using a long stroke tribometer. The effects of
contact pressure and temperature alteration on tribological properties has been analyzed. Yahiaoui [10]
found that the friction and wear of TPU-steel hybrids follow Coulomb and Archard’s laws at room
temperature, respectively. The dominant wear mechanisms are abrasive and adhesive wear.

For seals in dynamic applications, fretting is one of the most common types of failures [11].
Numerous studies have been conducted on the fretting behaviors of metals. The fretting behavior,
fatigue properties, and damage mechanisms of thermoplastic elastomer-to-metal were discussed in
our previous work [12,13]. However, the impact of material properties on their fretting behaviors is
still not understood well. Besides, excellent sliding performance is one of the key characteristics that
dynamic seals should have. Unanswered questions remain regarding whether a material which has
an outstanding sliding performance also shows excellent resistance to fretting, and how these factors
associate with each other.

In this research, five different TPUs were investigated with respect to their fretting behaviors.
The test method was reported in previous work [12]. The differences among the five materials are
discussed regarding various aspects. This study aims to reveal the correlation between the material
properties of TPUs and their fretting behaviors. In addition, the sliding performance of each TPU was
correlated with their fretting behaviors.

2. Experimental Details

2.1. Test Material

The TPU specimens were produced by injection molding at SKF Sealing Solutions Austria GmbH
(Judenburg, Austria). Before the test, they were cut into 36 X 22 mm plates with a thickness of
6.2 mm. The hardness was measured using the Shore-D method according to DIN ISO 7619-1 and
the dynamic mechanical properties were analyzed by means of dynamic mechanical analysis (DMA)
with the temperature scan method at 25 °C (EPLEXOR 100 N, NETZSCH GABO Instruments, Ahlden,
Germany). The DMA tests were conducted with tension geometry. Concerning the thermal influence
of the samples, thermal conductivity was measured with a guarded heat flow meter (DTC 300, TA
Instruments, New Castle, DE, USA) at 25 °C. The properties of the materials used are shown in Table 1.
As counterparts, commercial stainless-steel balls (diameter = 15 mm, EN 1.4301, HRC 25-39, polished,
unhardened, HSI-Solutions GmbH, Vienna, Austria) were employed. An optical microscope (Stereo
Microscope SZX 12, Olympus, Tokyo, Japan) was used to analyze the wear scars of the counterparts.

Table 1. Material properties of the five thermoplastic polyurethane elastomers (TPUs).

) Density Hardness Thermal Dynamic Mechanical Analysis (10 Hz)
Material @em®  ereony Conductivity A b

Shore-D (W/(m-K)) E’ @ (MPa) E (MPa) Tan &
TPU_1 1.192 47 0.199 93.8 12.3 0.131
TPU_2 1.182 41 0.194 51.7 5.6 0.108
TPU_3 1.193 44 0.206 64.4 10.5 0.163
TPU_4 1.176 40 0.194 48.0 4.0 0.083
TPU_5 1.135 40 0.198 56.3 7.0 0.124

2 storage modulus; b Joss modulus.

The Fourier transformed infrared spectroscope (FTIR) was applied to characterize the chemical
structures of the five used TPUs. As shown in Figure 1, all materials are similar polyester-based TPUs.
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Figure 1. Absorption spectrum of the studied TPUs by FTIR: transmittance vs. wave number.

2.2. Fretting Test Setup and Procedures

Fretting tests were performed on a MTS 858 (MTS Systems Corporation, Eden Prairie, MN, USA)
with an in-house design setup, which had been introduced in previous work [12]. Due to the small
amplitudes and narrow space in the vicinity of the contact area, the specimen temperature in the
contact area was challenging to measure. For that reason, an indirect method was applied in which the
temperature of the counterpart was measured using an infrared sensor with a temperature resolution
of 0.1 K (CTlaser LT, Optris GmbH, Berlin, Germany).

The applied parameters are listed in Table 2. In order to cover the three fretting regimes, namely
partial slip, mixed fretting, and gross slip [14], the displacement amplitude ranges from 0.1 to 1.0 mm.
Due to the high compliance of polymers, the displacement amplitudes for polymers are usually larger
than for metals, which are approximately 10-50 um [15]. Three normal loads and two frequencies
were applied to investigate the dependency of the fretting behavior of TPUs on normal load and
frequency. The total number of cycles was set to 8 X 10° cycles. Some cycles were chosen based on
three-dimensional fretting hysteresis, in which the form changed substantially, so that the alteration
process of wear scars could be investigated and correlated to fretting hysteresis.

Table 2. Test parameters for fretting.

Displacement
Amplitude (mm) Normal Load (N) Frequency (Hz) Number of Cycles
0.1,0.25,0.5,1.0 20, 28, 48 10 8 x 10°

All of the experiments were performed at 23 + 2 °C with a relative humidity of 50 + 10%. The
wear scars were characterized by a scanning electron microscope (SEM) (Tescan VEGA-II, Brno, Czech
Republic). Quantifications of the wear scars were conducted with a three-dimensional micro coordinate
microscope (Alicona InfiniteFocus, Raaba, Austria).

2.3. Ring-on-Disc Tests

To compare the sliding performance with fretting behavior, tests were conducted using a
component-like (ring-on-disc) setup on a precision rotary tribometer (TE-93, Phoenix Tribology Ltd.,
Kingsclere, UK). The setup and specimen geometry were introduced in [16]. All tests were conducted
at 150 mm/s under a normal load of 1 MPa for 4 h. Each test was repeated four times. Ring-shaped
counterparts of 34CrNiMo6 were used, with a roughness of 0.03 um. After the tests, the surfaces of the
specimen and counterparts were analyzed with a light microscope.

3. Results and Discussion

For the ring-on-disc tests, the coefficient of friction (COF) and wear rate were compared and
discussed. The worn surfaces were analyzed and correlated with the COF and wear rate.
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The fretting hysteresis and F;-D curves are shown and compared with each other. With the help
of the micrographics of wear scars, it is possible to understand the hysteresis change during the tests.
Based on the geometry of the wear scars, the coefficients of friction are calculated for the partial slip
and mixed fretting regimes. For the gross slip regime, a select calculation is used, which also takes the
geometry of the wear scars and construction of the test system into consideration [12]. As reported
in [17], the surface in the contact area changed continuously during the tests. The calculation of the
COF is only based on the worn surface after the last cycle. Hence, the calculated COF can only represent
the COF value at the last cycle.

3.1. Ring-on-Disc Tests

The results are shown in Figure 2. Compared with the other four materials, TPU_4 shows the best
tribological performance. Both COF and wear rate values are significantly lower than for the other
materials. Its COF is 0.61, around 40% lower than others, which is over 1. More importantly, nearly no
wear debris was identified with TPU_4. Its wear rate is only 0.4 cm®/Nm, making it 110-times lower
than that of TPU_3. From the DMA results in Table 1, we can see that its low storage modulus and low
loss factor indicate that TPU_4 is the softest and most elastic material among the five TPUs. Hence,
its deformation contribution of friction is larger than in the other materials. As can be seen in [7],
deformation contribution is the dominant contribution of friction for TPUs. In spite of this, TPU_4
shows the lowest COF and best wear resistance. It is worth mentioning that the COF shown here is the
average COF throughout all of the tests. The wear debris, surface alteration, and temperature affect the
COF significantly.

-
H

| » COF »  Wear rate

- -
N w
PR S|

-
-
1
.
>

104 * }
0.9

0.8 4

0.7 4

Coefficient of friction (-)

0.6 1

0.54

o4+
TPU_1 TPU_2 TPU_3 TPU_4 TPU_5

Material

Figure 2. Results from tribological tests.

The difference in wear rate can also be identified from the wear scars. As shown in Figure 3,
adhesive wear is the dominant wear mechanism for TPUs_1, 2, and 3. However, no noticeable wear
can be identified on TPU_4. For TPU_5, its high COF leads to a higher temperature (over 100 °C) at the
interface, which is about 70 °C for TPU_4. As a consequence, TPU_5 experienced a larger deformation,
especially in the microtexture area on the surface.
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Figure 3. Micrographs of wear scars after tribological tests.

3.2. Fretting Tests

3.2.1. Fretting Hysteresis and Wear Scar Analysis

The hysteresis and F;-D curves are discussed. TPU_1 was discussed in our previous work [12],
but in order to compare it with the other TPUs, its results are also shown here.

Each material was observed with a light microscope. Additionally, several samples representing
the typical wear tracks were chosen to have a more accurate scar analysis using scanning electron
microscopy (SEM). The diameters of the inner (2c) and outer rings (2a) were characterized with a
three-dimensional, micro-coordinate microscope (Figure 4), and are shown here in the SEM micrographs.
It should be noted that TPU_5 is transparent, so the marks we made on the back of the samples as
distinctions can be seen in the micrographs.

»

Outer ring ¢=2a

[
Figure 4. Inner and outer rings of the wear scar.
Partial Slip Regime

Figure 5 shows the hysteresis and F;-D curves of the five TPUs. In order to observe the change of
the tangential force more clearly, the hystereses are projected on the cycle-tangential force plane (green)
in Figure 5. In the partial slip regime after approximately 10° cycles, the hystereses of all five TPUs are
very similar. For TPUs_2, 3, and 4, their hystereses are almost linear, whereas for TPU_1 and TPU_5,
they were parallelogrammical in the first 10 cycles and then gradually changed to linear.
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Figure 5. Hysteresis and F-D curves of the five TPUs in the partial slip regime.

In the partial slip regime, ring-like wear scars were generated. As illustrated in Figure 6, all five
TPUs show similar wear scars. The middle area is the stick region, while a micro slip occurs at the
edge of the ring.
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Material TPU_1 TPU_2 TPU_3 TPU_4 TPU_5

28 N
1.0 mm
8 x 10°
cycles

Running s

direction
>

Figure 6. Micrographs of wear scars of the five TPUs (D = 0.1 mm, F,, = 28 N).

The damage scar of TPU_1 with 0.1 mm displacement amplitude was outlined in our previous
work [12]. The damage began with the drop of small debris from the ring area. As the test ran further,
debris was rolled into stripe-like particles. This can be attributed to the small amplitude, which is not
large enough to separate the particles from the surface.

Comparing Figures 6 and 7, it is evident that more debris was generated when the displacement
amplitude increased from 0.1 to 0.25 mm. A butterfly-like scar can be identified on TPUs_1 and 2.
The ring-like scar on TPUs_3, 4, and 5 with 0.25 mm displacement amplitude is larger than that with
0.1 mm. Small, stripe-like debris can also be observed in the top and bottom areas of the inner ring on
TPU_1 and TPU_3, whereas on the other samples, these areas are much smoother.

Material TPU_1 TPU_ 2

28 N
0.25 mm
8 x 10° cycles

Runnlng‘
direction
e

Figure 7. Micrographs of wear scars of the five TPUs (D = 0.25 mm, F, = 28 N).

Figure 8 shows the wear scar of TPU_4 after 10* cycles. The test was conducted under 28 N
normal load with 0.25 mm displacement amplitude. As shown in Figure 8a, small amounts of wear
debris can be seen at the edge of the ring. Small wear particles were generated during the micro-slip.
They can be identified in Figure 8c,d.

Mixed Fretting Regime

Compared to the hystereses in the partial slip regime, more alterations of the hystereses can
be observed in the mixed fretting regime (Figure 9). Among the five TPUs, the hysteresis of TPU_1
changed differently, while the other TPUs behaved similarly in the mixed fretting regime. For TPU_1,
the tangential force remained almost constant in the first 10% cycles when the samples were between
-0.3 mm and +0.3 mm. As can be seen from the hysteresis, after approximately 10° cycles, its form
began to change. The tangential force became larger with the increased displacement. It should be
mentioned that the tangential force at the displacement (D) = +0.5 mm reduced at first and then
increased again when the cycle number increased from 10* to 10°, whereas it increased continually at
D = 0 mm. This phenomenon can be attributed to the wear generating process. As examined in [12],
delamination wear and cracks can be found in the stick region after the test. After approximately 103
cycles, the damage began to appear on the edge of the ring. More wear debris was generated with
increasing cycles because of the partial slip between the sample and the counterpart. Hence, the stick
region became smaller and the tangential force at the maximum displacement decreased slightly. Due
to the repeated shear stress, delamination and cracks can occur in the stick region. As a consequence,
the tangential force can be altered.
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SEMMAG: 500x  WD: 16.46 mm

SEM MAG: 50 x WD: 17.23 mm VEGAW TESCAN
SEM HV: 5.00 kV Det: SE 1mm [T semmv: s00 Det: SE

1%

SEMMAG: 200 ke WD: 16.46 mm
e SEM HV: 5.00 KV Det: SE

SEM MAG: 500X nm
SEMHV:5.00 k¥ Det SE 100 ym

Figure 8. (a) SEM micrograph of wear scars determined for the following parameters: TPU_4, F,, =
28 N, D = 0.25 mm, f = 10 Hz, N = 10*. Related areas are marked and shown with larger magnifications
(b-d).

TPU_2 and TPU_3 show similar hystereses. From 102 to 10° cycles, the hysteresis narrows, which
means the tangential force reduces at D = 0 mm and increases at D = £0.5 mm. For TPU_4 this change
occurred later, after 10° cycles. However, for TPU_5 the maximum tangential force becomes slightly
smaller with the increasing number of cycles. From the 2 X 10° cycle, it begins to increase. It is also
noticeable that the tangential force does not change linearly, but rather with an inflection point at
approximately D = +0.15 mm for the movement from D = +0.5 to —0.5 mm, and vice versa. Due to the
repeated shear stress, the left and right sides of the stick region can be folded (Figure 9). This can lead
to an inflection in the tangential force.

The mixed fretting regime, as its name suggests, is the transition field between the partial slip and
gross slip regimes. As seen in Figure 9, the stick regions are much smaller than those in the partial slip
regimes. Due to its larger amplitude, the stick region becomes smaller with increasing cycle numbers.
Butterfly-like wear scars can be identified distinctly on TPU_3. On both sides of the stick regions, folds
can be observed on TPUs_2, 3, 4, and 5. As explained in [12], repeated normal and shear stresses induce
cracks and delamination wear on TPU_1. Figure 10 shows the profiles of the wear scars. TPUs_1
and 5 have the smallest stick regions and the deepest scars in the slip regions. In the stick regions of
TPU_2 and TPU_5, slight surface alteration can be observed on the edges. Especially on TPU_5, the
deformation of the surface decreases from the edge to the middle (Figure 11). This can be explained by
the shear stress distribution. For this circular contact under a steady normal force and an oscillating
tangential load, the maximum shear stress is located at the edge of the stick region (Figure 12) [18].
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Figure 9. Hystereses and F-D curves of the five TPUs in the mixed fretting regime.
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Figure 11. Magnification of the stick region of TPU_5.
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Figure 12. Shear stress distribution under a steady normal force and an oscillating tangential load of
amplitude F; [18].

The hysteresis of TPU_1 shows a distinct transitional phase by approximately 5 x 103 cycles
(Figure 9). The wear scar after 5 x 10% cycles is shown in Figure 13. Rolled stripe-like debris can be
observed around the stick region (Figure 13a). Similar but much smaller debris can also be found in
the partial slip regions. Additionally, micro pitting is identified at the edge of the outer ring. Due to
surface fatigue, micro pitting can occur after the incubation period in fretting tests [19,20]. At the edge
of the inner ring, the rolled debris was pressed into the surface and flattened due to plastic deformation.
The contact was changed to three-body contact, which can lead to debris formation, and hence an
alteration in the hysteresis form. Due to the debris between the contact surfaces, the tangential force
was reduced slightly. The alteration in the hysteresis form is in good agreement with the previous
studies [21]. However, a similar steady phase after the alteration cannot be identified, similar to in
Godet’s experiments with steel alloys [21]. After a short steady phase, the tangential force began to
increase because the surface morphology changed with the increasing number of cycles. Though
the hardness of the debris is similar to the substrate, it can also affect the contact situation. The real
contact area decreases, which leads to higher local contact stress and contact temperatures [22,23]. For
polymers, all of these changes can affect the contact states, and thus accelerate the wear process. The
profiles of wear scars show the depth of each scars (Figure 14).
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Figure 13. (a) SEM micrograph of wear scars determined for the following parameters: F, = 28N, D =
0.5 mm, f = 10 Hz, N = 5 x 10%. Related areas are marked and shown with larger magnifications (b-d).

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 8.0
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Figure 14. Profiles of wear scars of the five TPUs (D = 0.5 mm, F, =28 N, 8 x 10° cycles).

Compared to TPU_1, no apparent debris can be observed on TPU_4 after 5 x 10° cycles (Figure 15).
However, delamination wear, which is attributed to cyclic shear and normal stresses [24,25], can be
found in particular in the region where the maximum shear stress occurred, according to the hystereses
in Figure 9.

MAG, WD 33,33 m Lot o] 'VEGAN TESCAN QO WO 33,44 mm
SEMMV.500KY et SE mE mE

SEMHV: 500KV MET seumv 500wy mE

Figure 15. (a) SEM micrograph of wear scars determined for the following parameters: TPU_4, F, =
28N, D =0.5mm, f = 10 Hz, N =5 X 103. Related areas are marked and shown with larger magnifications
(b—d).
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According to the hystereses, the transitional phase occurred slightly later. Its wear scar after
5 x 10* cycles is shown in Figure 16. Various kinds of wear debris can be identified on the surface.
On the whole, its debris is considerably larger than that of other materials. Larger block-like debris
can be found on both sides, while stripe-like debris can be seen in the top and bottom regions. The
stripe-like debris was rolled together due to the repeated movement, which was also observed using
the in situ method [26]. Small stripe-like debris can be found in the middle area (Figure 16b,c), which
was partially pressed into the surface (Figure 16d). Due to the larger block-like debris, the tangential
force changed continuously. At the edge of the ring, layer-like debris can be found, which can be
attributed to repeated stresses. Meanwhile, debris particles were observed at the edge of the outer ring,
where according to the microstructures of the substrate, no contact occurs (Figure 16g,h). Therefore,
the wear particles could be generated in the early phase and were removed at that point.

VEGANTESCAN  SEMMAG. 2,00 kx o " VEGA\ TESCAN SEM MAG: 500X WO 1676 mm
M seuhv 500w IMIEE" seumv scoww Ot sE

VEGAN TESCAN  SEM MAG 200 kx
TS SsMHv 50w

Figure 16. (a) SEM micrograph of wear scars determined for the following parameters: TPU_5, F,
=28 N, D =0.5mm, f =10 Hz, N = 5 x 10*. Related areas are marked and shown with larger
magnifications (b-h).

Gross Slip Regime

For the behaviors in the gross slip regime, each material shows its differences (Figure 17). For
TPU_1, in the first 10° cycles, its tangential force remained almost constant with a slight increase during
the movements, but still at a very low level of approximately 30 N, which is much smaller than other
materials. The beginning behavior depends very much on the TPU surface. All surfaces were cleaned
before the tests, even though their surfaces were slightly different. After 10 cycles its form began
to change. When the sample moved from the furthest point (D = +1.0 mm) to the central position
(D = 0 mm), the tangential force reduced at first and then increased. After reaching the middle point,
the tangential force remained almost constant until the furthest point. After approximately 2 x 10°

cycles, the hysteresis form changed again. This was caused by severe wear, which altered the geometry
of the sample.
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Figure 17. Hysteresis and F;-D curves of the five TPUs in the gross slip regime.

TPU_2’s tangential force increased gradually with the number of cycles and stayed in a similar
form. From approximately 10° cycles, server wear was generated on both sides of the contact area
(Figure 18). This explains the hysteresis form in the 8 X 10° cycle. In the middle area, the surface is
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much smoother than other regions, so the tangential force changed when the sample moved in the
central area.

Material

28 N
1.0 mm
8 x10°
cycles

Figure 18. Micrographs of wear scars of the five TPUs (D = 1.0 mm, Fn = 28 N).

For TPU_3, its tangential force increases slowly with the number of cycles until 10° cycles. Similar
hysteresis to TPU_1 can be observed after 10° cycles. However, its maximum tangential force is slightly
smaller than that of TPU_1.

The hysteresis of TPU_4 can be described with three parallelograms, the first of which describes
the first 10° cycles. The second one shows the hysteresis from 10° cycles. Between 10 and 10°, the
hysteresis is illustrated with the third parallelogram, which can be treated as a transition phase. Both
its height and width are between the first two parallelograms.

For TPU_5, its hysteresis looks very similar to the first 10° cycles. However, the maximum
tangential force was not constant. It increased for the first 100 cycles and then decreased. From 5 x 10
cycles, it increased again. After 4 x 10° cycles, the tangential force grew faster after passing over the
middle point.

In the gross slip regime, the counterpart slips over the contact area. As can be observed in
Figure 18, the wear scars of TPU_1, 4, and 5 show a definite similarity, and materials were removed
because of the slip movements. However, severe wear can be seen on both sides of the scars in TPUs_2
and 3. This phenomenon can also be identified in the hysteresis. The evidence points to the substantial
likelihood that these two materials behaved differently under cyclic normal and shear stresses, in
particular at a relatively high temperature, which is related to fatigue mechanisms. Additionally, this
can also be initiated by third body wear; the liberated debris stays in the contact zone and acts as a
third body, which can lead to an acceleration of the wear process.

In comparison to the mixed fretting regime, wear scars in the gross slip regime are considerably
broader and deeper. Among the five materials, the most severe wear was identified in TPU_5, which
corresponds to the mixed fretting regime. For TPU_5, rolled debris on the bottom of the wear scar
facilitated the slip movement of the counterpart, which resulted in a reduction of tangential force in
the middle area (Figure 17). TPU_4 shows the best wear resistance, which is consistent with the results
in tribological tests. The scar depth of TPU_4 is about 500 um, which is only one-third of the depth in
TPU_5 and half of that in TPU_3 (Figure 19).
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Figure 19. Profiles of wear scars of the five TPUs (D = 1.0 mm, F, =28 N, 8 X 10° cycles).

On both sides of the contact area, severe wear can be found on TPUs_2 and 3 after 8 x 10° cycles.
Larger cracks can be observed in Figure 20d. At the end of the test, its tangential force increased to
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over 300N on both sides (Figure 17). Flake-like sections can be identified in Figure 20b,d. On the
one hand, the glass transition temperature increases with increasing frequency. Thus, the material
becomes slightly more brittle under 10 Hz than in a static situation. On the other hand, due to the
large amplitude, debris can be easily torn away from the surface. Small wave-like debris was found in
the middle area, which was generated as a result of repeated shear stress (Figure 20e,f). This kind of
debris was also found in TPU_1 [12]. Moreover, the smooth wave surface was observed in the topside
region (Figure 20h), which looks different to Figure 20b. This can be ascribed to the contact state. In
Figure 20a, due to the spherical counterpart, the normal and shear stresses in region g are considerably
smaller than those in region b. Hence, cracks in region g are smaller. Small wave-like debris was
rolled together into larger debris (Figure 20g) when the ball slid over the region. After this process, the
surface, which was full of small wave-like debris, looked smooth. Microcracks are generated with
further movement.

WD: 1162 mm T VEGANTESCAN  SEMNAG 200k WD 1178 mm
[MIEE"  sewHv.sook  Detse

SEMIMAG 200x
" SEWHV:500KV  Det SE

Figure 20. (a) SEM micrograph of wear scars determined for the following parameters: TPU_2, F,
=28 N,D = 1.0 mm, f = 10 Hz, N = 8 x 10°. Related areas are marked and shown with larger
magnifications (b-h).

Compared with TPU_2, the wear on TPU_4 is not as severe. The tangential force of its last cycle,
approximately 120N, is significantly smaller than that of the other materials. On the one hand, it is
the softest material in both static and dynamic states (Table 1). On the other hand, no severe wear,
such as was seen for TPU_2, can be found for TPU_4 (Figure 19). As shown in Figure 21a, wave-like
debris can be found on both sides, whereas the middle region is relatively smooth but with a lot of
stripe-like debris. As evident in Figure 21c,g, several grooves are visible, which can be attributed to
third-body abrasive wear. Particles can also be found in Figure 21g. Generally, the abrasive material
must be harder than the surface [27]. These particles can be wear particles from the counterpart or
external contamination. Both matter types are harder than the substrate. The particles might be tiny
at the beginning, however they can be wrapped up in TPU debris. Compared to the other materials,
except for TPU_S5, the height of the wave-like debris is much smaller, so the sides are smoother. In
addition, due to its lower hardness, the waves seem to be flattened when the counterpart slides over
them. Both of these phenomena facilitate the moment of the counterpart.
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Figure 21. (a) SEM micrograph of wear scars determined for the following parameters: TPU_4, F, =

28N, D = 1.0mm, f = 10 Hz, N = 8 x 10°. Related areas are marked and shown with larger magnifications
(b-h).

Consequently, the tangential force of TPU_4 remains almost constant or even reduces with the
counterpart’s movement from the middle to the side (Figure 17). The wear debris at the edge of the
contact area and in the middle of the area is shown in Figure 21d.f, respectively. They look different
from TPU_1 [12] and TPU_2. As shown in Figure 21d, owing to surface fatigue, the wear debris seems
to be either delaminated from the surface or pressed into the surface. The debris clearly appears to be
looser. The wear scars of the middle region can be affected by the interfacial debris, making the rolled
wear debris look less neat than TPUs_1 and 2.

The wear scars of TPU_4 seem to be smoother than those of TPU_5. As shown in Figure 22b, a
slight trough can be found on the surface. Images with high magnification for the trough are shown in
Figure 22¢,d. By using the method from our previous work [12], the friction force and normal force
were calculated and are shown in Figure 23 with tangential force. As can be observed, the friction
force is slightly smaller than the tangential force. The normal force is 28 N at D = 0 mm and increases
with displacement. The maximal normal force reaches approximately 46 N at approximately D =
0.8-0.9 mm. In the reverse direction, the normal force decreases to 28 N. The trough could be the result
of the coaction of small debris with large stripe-like debris under high normal load.

As shown in Figure 17 and discussed previously, the 10 cycle is the approximate transition field
for all five TPUs in hysteresis. In order to investigate the alteration process of the wear scars and
correlate the hysteresis with the wear scars, tests were conducted until 104 cycles. Figure 24 shows the
micrographs of the wear scars. In TPUs_1, 2, and 5, similar wear scars can be observed on the surface
after 10% cycles. Large cracks were nucleated and propagated perpendicular to the sliding direction,
while on TPU_3 the cracks are focused in the middle area and both sides are relatively smooth. For
TPU_4, its wear scars after 10* cycles look similar to those seen after 8 x 10° cycles in the mixed fretting
regime. The middle area seems to be stuck on the counterpart. This can be ascribed to its distinctly
lower storage modulus under 10 Hz load compared with the other materials. For this reason, TPU_4
can deform even under 1.0 mm displacement amplitude, so that no slip can occur between the middle
area of the sample and the counterpart. Stripe-like wear debris can be seen on the surface, which was
rolled because of the slip movements on both sides.
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Figure 22. (a) SEM micrograph of wear scars determined for the following parameters: TPU_5, F,
=28N,D =10 mm, f = 10 Hz, N = 8 x 10°. Related areas are marked and shown with larger
magnifications (b—j).
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Figure 23. Tangential force, normal force, and friction at the 8 x 10° cycle of TPU_5 (28 N, 1.0 mm,
10 Hz).
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Figure 24. Micrographs of wear scars of the five TPUs (D =1.0 mm, F, =28 N, 104 cycles).
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Figure 25 shows the profiles of the wear scars after 104 cycles. Almost no change can be identified
for TPU_4. However, severe wear can be observed in other materials to varying degrees. This reveals
the formation process of the wear scars.
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Figure 25. Profiles of wear scars of the five TPUs (D = 1.0 mm, F, =28 N, 10* cycles).

After 10* cycles, severe wear can be observed in the middle part of the contact area in TPU_3
(Figure 26a). Sizeable stripe-like debris was generated on both sides, which is perpendicular to the
sliding direction. However, small debris can be found at the edge of the sliding area (Figure 26¢,d).
This debris was not rolled together as large debris and was partially removed to the edge and partially
pressed on the surface (Figure 26d). In addition, abrasive wear can also be identified (Figure 26e).
Meanwhile, flake-like debris is visible (Figure 26f), which can be attributed to surface fatigue. At
the edge of the middle scar, the embryonic form of the sizeable stripe-like debris can be observed
(Figure 26g). As shown in Figure 26h, because of the cracks, the debris was separated from the
substrate and began to connect to form large pieces of debris. With further cycles, more debris would
be rolled together.

Figure 26. (a) SEM micrograph of wear scars determined for the following parameters: TPU_3, F, =

28 N, D = 1.0 mm, f = 10 Hz, N = 10%. Related areas are marked and shown with larger magnifications
(b-h).

3.2.2. Counterpart

Besides the wear scars, the counterpart surfaces were also analyzed with a microscope. In
Figure 27, the micrographics of counterparts are shown. The micrographics were taken with a ring
illuminator. Two extreme examples, TPU_4 and TPU_5, were chosen. They represent the best and
worst fretting behavior, respectively. In the partial slip regime (PSR), due to the large stick region
and the cyclic shear stress, the materials adhered to the counterpart. This phenomenon can also
be identified in the mixed fretting regime. However, the amount is less and size is smaller than in
the partial slip regime. In the gross slip regime, slight abrasive wear scars can be observed on the
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counterpart. For TPU_5, visible wear marks are found on the counterpart. It is evident that the wear
debris, which is on the bottom of the wear scar (Figures 19 and 22), worked as a third body [21] in the
interface. Under normal and shear stresses, it can be attached to the counterpart.

Partial slip Mixed fretting

Materials Gross slip

TPU_4

TPU_5

Figure 27. Micrographics of counterparts of TPU_4 and 5.

3.2.3. Dissipated Energy

Dissipated energy is an integration of the tangential force with the displacement for a full test. It
is also the energy converted from kinetic energy to heat because of friction. As can be observed in
Figure 28 with all four displacement amplitudes, TPU_1, 3, and 5 have dissipated more energy than
TPU_2 and 4.
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Figure 28. Dissipated energy during the fretting tests with four different displacement amplitudes.

Several factors can affect the dissipated energy. One crucial factor is the mechanical properties of
the material under dynamic stresses, which can be determined by dynamic mechanical analysis tests.
The other factor is the time during a fretting test when the contact surface begins to be worn. Once the
contact surface is worn, the tangential force can be changed significantly. The thermal effect would also
be considered as a significant influence factor for the dissipated energy. As we know, polymers are
materials whose mechanical properties change dramatically with temperature. During the fretting test,
the temperature of the contact area changes with dissipated energy. This can result in an alteration of
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the mechanical properties of the TPU. Hence, the tangential force changes, conversely affecting the
dissipated energy.

3.2.4. Temperature Development

The temperature was measured with infrared sensors. However, due to the narrow and small
structure, there is not enough room to measure the in situ temperature in the contact area. As we know,
steel is an excellent thermal conductor (A = 80 W/(m-K)), which is around 400-times more effective
than TPU (Table 1). For this reason, the temperature of the counterpart was measured. Generally,
the temperature increases at the beginning of the test and after a while it becomes balanced. The
rise in temperature can be roughly correlated to the dissipated energy. Nevertheless, the heat can
also be taken away by debris, convection, and thermal radiation in the air. In the partial slip regime,
the increase is smaller than 1 °C. In the mixed fretting and gross regimes, it is approximately 5 and
11 °C, respectively.

3.2.5. Coefficient of Friction

Partial Slip and Mixed Fretting Regimes

In the partial slip regime, the coefficient of friction (COF) cannot be calculated by using Coulomb’s
law, which is generally applied to calculate the COF for static and kinetic friction. However, under
partial slip conditions, micro-slips occurred at the edge of the ring (radius = a) with a stick region
in the middle (radius = c). In addition, in Coulomb’s law, the dependence of the contact area is not
considered. Based on the work of Cattaneo and Mindlin, Johnson introduced a method to calculate
the COF of partial slip for contacts between spheres [24]. The stick region can be calculated through

tangential force.
¢ . F 1/3 @
a uFy

where a is the radius of the outer ring, c is the radius of the inner ring; F; is the tangential force; and F,
is the normal load.
From Equation (1) we can get Equation (2):

1 xﬂ
=)

In Figure 29, the coefficients of friction, which were calculated by using Equation (2) and the
ratio of c/a for the tests in the partial slip and mixed fretting regimes, were illustrated. It should be
emphasized that the coefficient of friction and the ratio of c¢/a, which have been discussed in this
research, are merely for the final state of the tests. For this reason, there is no direct correlation between
the coefficient of friction and dissipated energy.

When D = 0.1 mm, significant differences can be identified, as seen in Figure 29. For TPU_1, the
COF is approximately 2.5, whereas for TPUs_3, 4, and 5 it is substantially higher than 4. As discussed
in [12], debris was found in the middle region of the TPU_1 sample after the test, which was conducted
with a normal 28 N load and 0.1 mm displacement amplitude. The debris was not generated in
the stick region, but rather from the top area. It was accumulated outside the ring and fell onto the
counterpart over time. This can affect the generation of wear debris in the slip region, which influences
the calculation of COF. However, when the displacement amplitude increases to 0.25 mm or 0.5 mm,
the frictional behaviors are approximate; their COFs are around 2. The ratio of c/a at D = 0.1 mm is
approximately 0.9 among all five TPUs, whereas more substantial differences can be found when the
displacement amplitude increases to 0.25 mm or 0.5 mm. As can be seen in Figure 7 and 10 some
samples do not show the typical ring-like scars after tests, but rather show butterfly-like scars. This
phenomenon affects the c-value, which acts upon the ratio of c/a and the coefficient of friction directly.

= @)
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Figure 29. Comparison of coefficient of friction and c/a in partial slip and mixed fretting regimes (F, =
28 N, N = 10%).

Gross Slip Regime

The coefficient of friction in the gross slip regime was calculated based on the analysis of the force,
wear scars, and acceleration of the samples, which were considered in previous work [12]. The COF
displacement is shown in Figure 30. For the five TPUs, their COF can be classified into two categories.
For TPUs_1, 4, and 5, their COF is approximately 3, and there is no obvious turning point on the curves.
However, for TPU_2 and 3, distinct turning points can be observed, and their curves look similar to a
parallelogram, which is composed of polylines. This can be traced back to the wear scar. As shown in
Figure 18 and 24, severe wear can be found on both sides of the scars. Due to these phenomena, their
COF changed significantly with the movement.
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Figure 30. Comparison of the COF in the gross slip regime ((Fn = 28 N, N = 10°).
3.2.6. Running Condition Fretting Map (RCFM)

Based on the hysteresis and wear scar analysis, a running condition fretting map could be obtained.
This represents the transition from one zone to the other [28,29]. However, a clear boundary between
MFR and GSR can only be achieved with a large number of experiments. In Figure 31 the normal force
is plotted versus effective displacement, which should indicate a more accurate running condition
fretting map. Due to different effective displacements, the location of points has a slight deviation.
Overall, the three regimes of the five TPUs show no significant differences and can be described
adequately with one RCFM.
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Figure 31. Running condition fretting map of TPUs.

4. Conclusions

Our prior study defined the method of investigation for the fretting behavior of polymeric
materials [12]. It is notable that the fretting behavior of TPUs was related to the dynamic mechanical
properties, which is different from metals. In this study, we have identified the differences in fretting
behaviors among the five TPUs.

(1) Fretting tests were conducted for the five TPUs. In order to compare the fretting behavior and
sliding performance, tribological tests were performed. The three fretting regimes were identified by
using hysteresis and wear scar analysis.

(2) Based on the wear scar analysis, the wear processes were revealed for the three different
regimes. However, this can depend on material properties and test parameters. In the partial slip
regime, the scars seem to be quite similar, while with larger amplitude, the scars vary considerably
among materials. In the mixed fretting regime, cracks and delamination could be identified, and in the
gross slip regime, severe wear was observed.

(3) The dissipated energy also shows differences. Generally, TPUs_1, 3, and 5 have higher energy
dissipation than the other two materials. This is induced by the differences in material properties and
the moment at which the transition occurs.

(4) The coefficient of friction was calculated separately for the partial slip and gross slip regimes.
They are correlated to the wear scar well. In the mixed fretting regime (D = 0.25 mm and 0.5 mm),
the coefficient of friction is almost at the same level for the five materials. In the partial slip regime,
however, it can be distinguished. The material properties and the contact conditions are responsible
for this phenomenon.

(5) Due to the different test methods and wear mechanisms, the COF values in fretting and
ring-on-disc tests are not comparable. However, TPU_4 shows the best tribological properties and the
best fretting behavior.

In the future, attention should be paid to the in situ temperature in the contact area, which can
have a significant effect on the material properties, especially for polymeric materials.
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Abstract: For a long service time, fatigue has been a typical problem that mechanical sealing materials
face. How does it relate to tribological performance? In this study, filled and unfilled thermoplastic
polyurethanes (TPUs) were investigated. Dumbbell and faint wait pure shear (FWPS) specimens were
used to characterize the fatigue properties and crack growth rate of TPUs, respectively. Additionally,
to identify the impact of temperature on fatigue tests, the tests were conducted at room temperature
and 80 °C. Different tribological tests were conducted to investigate their tribological properties.
Fracture surfaces from fatigue tests and worn surfaces from tribological tests were analyzed using a
scanning electron microscope (SEM). Two wear models were verified to correlate between fatigue
and tribological properties; one of the models is better for rough counter surfaces, while the other is
advantageous if the counter surface is smooth.

Keywords: fatigue; filler; TPU; tribology; crack

1. Introduction

Thermoplastic polyurethane (TPU) is an elastomer that is also fully thermoplastic. Due to these
unique properties, TPU compensates for the material gap between rubbers and plastics. As a linear
segmented block copolymer, TPU consists of hard and soft segments [1]. By varying the ratio and types
of these segments, TPU can provide exceptional flexibility in its properties, making it an ideal polymer
in many applications. With good strength, excellent abrasion, and tearing resistance, TPU has also
been applied recently as a mechanical seal. When mixed with fillers, its properties can be enhanced [2].
Nguyen et al. [3] investigated the functionalized graphene sheet as a filler in TPU, showing that the
TPU matrix was efficiently reinforced, especially in the temperature region above the soft segment
melt. A multiwalled carbon nanotube-graphene hybrid as a filler in TPU was studied by Roy et al. [4].
More than 200% improvement of storage modulus in the rubber state can be achieved. Suresha [5]
researched the friction and dry sliding wear of short glass fiber (SGF) reinforced TPU. He found that
the coefficient of friction decreases with increasing SGF content in TPU, and 40 wt% of SGF in TPU
shows the best tribological performance for a bearing application. Mineral fillers have also been
investigated. Barick et al. [6] studied the effect of organoclay nanocomposites on TPU’s thermal and
dynamic mechanical properties and found that storage modulus, loss modulus, and glass transition
temperature are significantly increased with increasing nanoclay content to 9 wt%. The effect of mica
and aluminum trihydrate as fillers in TPU were studied by Pinto et al. [7]. With 20 phr of mica, the best
reinforcement effect was achieved regarding tensile strength, whereas a high amount of aluminum
trihydrate provides good flame resistance, but causes a pronounced decrease in tensile strength,
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abrasion resistance, and hardness. However, few researchers have addressed the effect of fillers on
fatigue or tribological properties in TPU.

In this work, we try to bridge this gap and present a possible correlation between fatigue and
tribological properties for graphite-filled and unfilled TPUs. To characterize the basic mechanical
properties, tensile tests and a dynamic mechanical analysis were performed. Notched dumbbell
samples were applied to investigate the fatigue properties, and notched pure shear specimens were used
to analyze the crack growth behavior. The tribological properties were studied through component-like
tests. The influence of the load was determined by load ramp tests and the influence of counterpart
roughness by different ground steel discs. Both fracture surfaces of fatigue tests and worn surfaces
from tribological tests were analyzed with scanning electron microscopy (SEM).

2. Experimental Details

2.1. Material

The TPU specimens were produced by injection molding at SKF Sealing Solutions Austria
GmbH. Two kinds of TPUs were studied, namely unfilled TPU (TPU_A) and graphite-filled TPU
(TPU_B). The hardness was measured using the Shore D method, according to the standard DIN ISO
7619-1 [8]. The density was measured using a level balance (Mettler-Toledo, Columbus, OH, USA)
using the buoyancy method—Archimedes’ principle. The tensile tests were conducted with ISO 527-2
standard [9] test specimens (52) with 200 mm/min on a Zwick Z010 (Zwick GmbH, Ulm, Germany).
In order to get a wide range of temperature dependence of material properties, two temperatures (23 °C,
80 °C) were chosen for the tensile and fatigue tests. 23 °C is the room temperature and 80 °C is the
average contact temperature in the tribological experiments. Due to the friction heat, the temperature in
the contact interface increased significantly, while in the fatigue test the temperature increase was less
than 5 °C. Therefore, the fatigue tests at 80 °C were conducted to obtain the fatigue behavior at a high
temperature and a better understanding and correlation between fatigue and tribological properties.
The dynamic mechanical properties were analyzed by means of dynamic mechanical analysis (DMA)
utilizing the temperature scan method (EPLEXOR 100 N, NETZSCH GABO Instruments GmbH,
Ahlden, Germany). Concerning the thermal influence on the samples, thermal conductivity was
measured with a guarded heat flow meter (DTC 300, TA Instruments, New Castle, DE, USA) at 25 °C.
Hardness measurements were repeated five times, and other experiments were repeated three times
with similar results. The material properties are shown in Table 1.

Table 1. Material properties of the thermoplastic polyurethanes (TPUs) used in this study.

Densit Thermal Dynamic Mechanical Analysis (2Hz)
ensity ..
Shore D [g/cm?] Conductivity  Temperature Storage Loss Modulus Loss Factor
[W/mK] [°C] Modulus [MPa] [MPal
23 10007+ 687  17.68+210  0.1763 + 0.009
TPUA  46+071 1196+0001  0.209 +0.001 80 4208+ 0.36 174009  0.0413 +0.0018
23 11097 +7.37 1970237  0.1771 % 0.0095
TPUB  49+158 1225+0001 0229 +0.001 80 4757 + 0.34 195+0.10  0.0410 + 0.0018

2.2. Wear Prediction Model

In this study, two wear models were applied to correlate the wear behavior and fatigue properties.
The first model, developed by Panda [10], is based on abrasive and fatigue wear mechanisms. In Panda’s
model, the surface roughness of the counter surface is taken into consideration. It is possible to predict
the influence of roughness on wear. The second model was developed by Atkins et al. [11]; it is based
on the adhesive and fatigue wear mechanisms and is able to correlate the wear rate with the number of
cycles until failure.
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2.2.1. Panda’s Model

Description of Model

In Panda’s model, wear is partly due to the fatigue wear mechanism, which is purely caused by
elastic contacts, while the other part is from the abrasive mechanism under plastic contacts [10,12].
The model is based on the micro-mechanistic deformation at the asperity scale. Therefore, it is
assumed that the interface consists of an ideally smooth polymer surface and a random rough counter
surface. The asperities on a rough surface are rigid and show a spherical tip; they follow a probability
distribution. In addition, abrasive wear only results from plastic contacts of asperities, while only
elastic contacts lead to fatigue wear [10]. The filler effect, specimen roughness, and thermal influence
are beyond the scope of this model.

The abrasive wear can be described as

2 H2§204 0
Va =~ Ns H—z f (fA)BQ(h + A)dA (1)
Kic A
A 2
fa=20%3 - = s = NAs @)

where:

e Njg: Total number of asperities encountered during sliding;
e m: Average asperity density per unit area in pm2;

e A Total area covered during the tribological test in um?;
e w: Coefficient of friction;

e H:Hardness in MPa, coverted from Shore D;

e R:Average radius of curvature at asperity tip in um;

e 0 : Standard deviation of asperity heights in pm;

e K¢ : Fracture toughness MPa- m??3;

e : Normalized mean separation in pm;
e A :Normalized deformation in um;

e A Critical normalized deformation;

e A:Ho/y[13];

e  y:Surface energy per unit area J]-m~>

The fatigue wear can be calculated with

1.5CY¥
v~ N(SE) [ v o+ sy ®
4
C:%Mm_b)/g,w:(g)w/—am )

fr=VA- Q- = (67/0) VR/o (5)

The volume of deformation under elastic contact can be described as
Vo = n{RA? = (A%/3)}0°, A < A (6)

where:

e v: Poisson’s ratio;
e K:Combined Young’s modulus of two surfaces in MPa;
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e {: Fatigue ratio;

The total wear volume is a summary of both parts:
VxaV,+ Vs )

where: a: Factor for abrasive wear.

A factor was introduced for abrasive wear. It is assumed in the model that the ideal smooth
polymer surface slides against a rough counter surface all through the tests. However, in real tribological
tests, a transfer film is formed after the running-in phase [14-16]. Hence, the interface changes and
the abrasive wear are not the dominant wear mechanisms. Especially for filled polymers, fillers can
significantly affect the wear rate through the transfer film [14]. The factor « is defined as a ratio of the
duration of the running-in phase and whole test duration, obtained from tribological tests.

Parameter Generation

The hardness was measured with a Shore D hardness tester. The fracture toughness and fatigue
ratio were obtained from dumbbell tests. In terms of surface parameters, the counter surfaces were
characterized according to the standard [17] with a 3D optical microscope (InfiniteFocus, Alicona
Imaging GmbH, Raaba, Austria). Based on the surface measurements, the surface parameters were
calculated using MATLAB programs (ver. 2018b). The determination of surface energy was carried out
in a self-developed contact angle device. The methods of Owens et al. [18], Rabel [19], and Kaelble [20]
were employed to calculate the surface energy.

Experimental Deatils

The fatigue tests were conducted with dumbbell specimens on a dynamic mechanical analyzer
(ElectroForce 3450, TA Instruments, New Castle, DE, USA). The tests were carried out in the
load-controlled mode with a sinusoidal signal. The frequency used was 3 Hz, which is a compromise
of test duration and thermal influence. The specimen geometry is shown in Figure 1. In the middle of
the specimen, a sharp circumferential initial notch (depth ~ 1 mm) was introduced using a razor blade
(thickness = 0.1 mm, tip radius <5 mm), which was mounted on a lathe. After the tests, the area of the
fracture surfaces was measured with optical microscopy (Stereo Microscope SZX 12, Olympus, Tokyo,
Japan). The calculation of the stress was based on the fracture surface measured. To investigate the
influence of the temperature on the fatigue property of unfilled and filled TPUs, tests were conducted
at room temperature (23 °C, 50% RH) and 80 °C.

razor blade notch

15
925

\
30 +10
50

T (

Figure 1. The geometry of a specimen used for fatigue [21].

Distilled water and diiodomethane were applied as liquids to determine the polar and dispersive
parts of the surface energy, respectively. For each measurement, a drop with 2.5 uL. volume was used.
Each measurement was repeated three times.

A pin on disc configuration was used to investigate the influence of the counterpart roughness.
The tests were conducted on a Universal Mechanical Tester (UMT-2, Bruker Nano Surfaces Division,
Campell, CA, USA) with a rotating steel disc as the counterpart, made of 100Cr6 with a roughness
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(Rg) of 0.3 um or 0.03 um. The roughness was characterized, according to the standard [17], with a
3D optical microscope (InfiniteFocus, Alicona Imaging GmbH, Raaba, Austria). The sample slid on a
counter surface at 150 mm/s for 4 h. The total track length for each test was 2.16 km. All experiments
were repeated three times with similar results.

2.2.2. Atkins Model

Based on a publication of Omar, Atkins, and Lancaster [9], the model aims to find a mathematical
correlation of tribological values and fatigue values.

Description of Model

Atkins et al.’s [11] idea to correlate the wear and crack growth behaviors of the same material was
revived and adapted for TPU [22]. Atkins investigated the correlation of different thermoplastics in a
dry or wet state. The basic equation (Equation (1)) is the Paris—-Erdogan law, which sets the correlation
between the stress intensity factor and the crack growth rate. The Paris-Erdogan law is solved based
on the cycle number. Atkins’ idea was to correlate the wear rate with the inverse value of the number
of cycles until failure, as demonstrated in Equation (9).

j—;\Z]:A*K” (8)
1 n \/_n 3-1 (n
Wear rate oc T oc AxAo" * N xa] *(5—1 9)

f

where:

e a: Crack length (ag initial crack length);
e N:Cycle number;

e  A:Material constant;

e  K:Stress intensity factor;

e n: Slope of the straight;

e Ao: Difference in applied stress.

For the calculation of a theoretical wear rate, there is the need for some values, which can be
calculated using the data from the experiments. Ny is the fatigue cycle number at which the specimen
breaks. The value gy can be correlated to the wear particle thickness. For Equation (9), the stress
intensity factor K is substituted by Ac(ma)/?. All these assumptions were put in the Paris-Erdogan law,
integrated, and then solved to the fatigue cycle number.

Since the model was made with polyethersulphone (PES) and polymethylmethacrylate (PMMA),
it was tested with single edge notched specimens. Due to the elasticity of TPUs, it is not recommended
that the same geometry be used, because of the deformation in front of the crack tip [23]. To use this
geometry, a J-integral would be necessary to calculate the required values. Another way of calculating
them is to use a pure shear specimen. This geometry allows the energy release rate to be substituted
with the tearing energy [21]. Because of the proportionality of the energy release rate and stress
intensity factor, including the E-modulus and Poisson’s ratio, it is valid to substitute the stress intensity
factor with
au u

— = Why=T (10)

G: _— =
dA tx-(L—dll)

where:

G: Energy release rate in J/m?;

e  U: Energy required for crack growth (area under o-¢ curve) in J;

e  A:Uncracked surface of specimen in mm?;

t: Thickness of specimen in mm;
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e  [:Initial length of uncracked area in mm;

e a: Crack length in mm;

e W: Work of cracking in N/mm?;

e . Constant height of the testing area in mm;
e T Tearing energy in J/m?.

The tearing energy T or energy release rate G describes the required energy to provoke an ongoing
crack. G represents the released energy U by the newly-formed area A, which can be written as the
thickness t of the specimen and the ongoing crack length da. For elastomers, the Paris-Erdogan law is
valid for a stable crack growth region and can be written as Equation (11). For a calculated wear rate
based on the mechanical fracture values, the tearing energy is calculated by the energy U divided by
the remaining area of the surface. This term is put into the Paris—Erdogan law and solved after the
crack length with the following, Equation (12).

da

oo =BT (1)
m
a0 = L— "’*{/N*B*(mﬂ)*(%) (12)

where:

° B: Material constant in mm/cycle;
e m: Slope of the straight [-];
e 4, Initial crack length at which wear particles start to detach in mm.

To get a minimal crack length, the values were used after the first 1000 cycles. This crack length
was taken to calculate a fatigue cycle number by solving the Paris-Erdogan law. An assumption here
is a continually growing crack, which means it always cracks at the same length.

Parameter Generation

To set up the Atkins model, tribological and fracture mechanical tests were conducted to generate
the necessary values.

Tribological Values

For the correlation, two different kinds of test setup were used; a Ring on Disc (RoD) with
different load levels and a Pin on Disc (PoD) with different counterpart roughness. These investigations
generated the necessary wear rate, which will be correlated with a calculated wear rate. These values
are calculated with the weight loss, applied load, and test distance.

Crack Growth Tests

The necessary parameters can be measured from the crack growth tests, which provide all values
to calculate an initial crack length. This crack length can be taken to calculate a fatigue cycle number if
a crack is growing equidistantly. L and t are just geometrical values, N is the fatigue cycle number of
a certain load level, and B and m are determined by the curves of the tearing energy over the crack
growth rate. U is the integrated force displacement or stress-strain curve.

Experimental Details

Tribological Investigation

To determine the wear rates, a Universal Mechanical Tester (UMT-2) (Bruker Nano Surface
Division, Campell, CA, USA) and a TE93 Precision Rotary Tribometer (Phoenix Tribology Ltd.,
Berkshire, England) were utilized. An investigation of roughness influence was performed on the
UMT-2, whereas the load ramp tests were done on the TE93. For each test setup, the counterparts were
made of 100Cr6 steel and the roughness was controlled according to [17].



Lubricants 2019, 7, 60 7 of 18

The PoD tests were conducted with a rotating speed of 150 mm/s at a load of 1 MPa for 4 h,
later shortened by UMT-2 rot. To compre between both test setups, the RoD tests were conducted at
150 mm/s and 4 h of testing. To gain some information about the influence of the load, two different
load levels were chosen, namely 1 MPa and 1.5 MPa. These load ramp tests were developed by Jolly for
TPU materials [24]. The results of the load ramp were shortened by TE LR. For lower loads, the filler
cannot evolve its lubricating potential [25]. Therefore, higher loads were chosen.

Crack Growth Investigations

To investigate the crack growth behavior, pure shear tests were conducted. To ensure a horizontally
growing crack, faint waist pure shear (FWPS) specimens were tested. When using these slightly curved
specimens, Equation (3) (Why = T) is not valid. However, the thickness was assumed to be constant,
thus justifying that it should only provide information on the conductibility and a possible trend.
The geometry of an FWPS specimen is illustrated in Figure 2.

Faint Waist Pure
Shear Specimen
|

$17.00

53.50

Figure 2. Geometry of a faint waist pure shear (FWPS) specimen for crack growth investigations.

The tests were conducted on an MTS 858 tabletop system (MTS Systems Corporation, Eden Prairie,
MN, USA) and run in a load-controlled mode with a testing frequency of 3 Hz. The specimens were
notched with a razor blade. The initial crack length was 25 mm, and the specimens were sprayed with a
developer (Nord-test developer U89, Helling GmbH, Heidgraben, Germany) before testing for a higher
contrast in photos, which facilitates the crack observability. To observe the crack growth, a camera
system was employed, which took a picture every 1000 cycles. The crack growth was analyzed with a
Tracker (version 5.0, comPADRE). The tests were performed with a stress ratio of 0.1 (Fj,/Fmax) at
room temperature. These tests were conducted at an Fy;;, of 2700 N and 3000 N. Lower loads took
too long to crack, whereas higher loads led to too fast failure. The specimens were tested until they
ripped completely apart in two halves, but for the evaluation only the first half of the cracking was
considered, due to the undefined stress situation of a further cracked specimen [26,27].

3. Results & Discussion

Firstly, the results of the fatigue tests are discussed. The evaluation is based on the stress-cycle
(S-N) curve, stress intensity factor, and dissipated energy. As one of the basic mechanical properties
of materials, tensile tests at room temperature and 80 °C correlate well with fatigue tests. Secondly,
crack growth tests are shown and correlated with the fatigue tests. The fracture surfaces show the crack
growth processes. For tribological tests, the coefficient of friction (COF) and wear rate are discussed.
The surfaces after the tests are analyzed and discussed.

3.1. Comparison of Two Materials
3.1.1. Fatigue Tests

Stress—Cycle (S-N) Curve

The S-N curve is shown in Figure 3. In order to achieve a better correlation with tensile tests,
maximum stress oy is plotted as the y-axis (logarithmic) against the number of cycles to failure
(logarithmic).
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Figure 3. The stress—cycle (5-N) curve of the tested materials.

In this study, the cycles to failure follow a power law

k
N = (“—) (13)

00

where N is cycles to failure, o, is the maximum stress, and op and k are constant. As shown in Figure 3,
the curves of both materials at room temperature are parallel, indicating that fillers in TPU_B are
beneficial for these kinds of fatigue tests at room temperature. However, the reinforcement effect of the
filler against fatigue is not because fillers strengthen the crack growth resistance of TPU_B, but rather
because they increase the E-modulus. Under the same conditions, TPU_B experienced approximately
double the time to fail as TPU_A.

For the tests at room temperature, at low load, the S-N curve corresponds very well with the
stress-strain curve. There is evidence to indicate that in the S-N curve, the stresses at the same cycles
to the failure can be traced back to the same strain in the tensile test. This implies that at the low load,
the key factor that influences the cycles to failure is the strain. Even though TPU_B is filled, it has the
same lifetime as TPU_A when the tests are conducted with the same strain. At the high load, due to
the stronger nonlinearity of the tensile curve, the correspondence is not as good as at the low load.
However, the trend can still be identified.

At elevated temperature, the slope of the curves becomes slight. There is a cross point of the
curve at room temperature and 80 °C for each material. It indicates that, compared to the tests
at room temperature, the fatigue properties of the two materials are more sensitive to the load at
elevated temperature. The cross point for TPU_A is about 7.4 MPa, while for TPU_B it is 8.8 MPa.
At cross points, the positive and negative effects of elevated temperature on fatigue properties balanced
out. For both materials, when the maximum stress is higher than the cross-point stress, elevated
temperature represents an adverse effect on the fatigue property. At lower stress, a high temperature
brings advantages to fatigue properties.

Stress Intensity Factor

The stress intensity factor AK; was calculated according to Benthem and Koiter [28]. Both materials
show a linear trend at room temperature, while at elevated temperature the linear trend shows a more
significant deviation compared to the trend at room temperature (Figure 4). In general, the trends
correspond well with those in the S-N curve. This indicates that in the tests, the total maximum stress
is more relevant to predict the lifetime of the samples.
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Figure 4. Stress intensity factor of the tested materials.

3.1.2. Crack Growth Tests

Tearing Energy Over Cycles

90f18

In Figure 5a, the tearing crack growth rate is plotted against the tearing energy. This kind of
plotting provides information about the crack growth resistance by analyzing the slope of the graphs.
A higher slope means a lower resistance against crack growth. It is visible that TPU_B has a lower crack
growth rate than TPU_A, which can be traced back to the higher stiffness due to the filler. The high
scattering of the values at the beginning of the curves is due to the barely recognizable crack growth in

the evaluation of the pictures. After a certain crack length, the curves separate clearly.
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Figure 5. (a) Tearing energy plotted against the crack growth rate of unfilled TPU (TPU_A) and
graphite-filled TPU (TPU_B) for 270-2700 N and 300-3000 N; (b) the average crack length after every
1000th cycle for the same loads.

The higher crack growth resistance is evident if the crack length is examined over the cycles,
as shown in Figure 5b. In this plot it is visible that TPU_A continues to crack earlier than TPU_B. It is
also visible that under tearing energy of approx. 2400 J/m?, no significant separation can be observed.
The values are not usable if the crack reaches the half-length of the specimen, since, theoretically,
under those conditions, the shear is not pure shear anymore [27]. For the FWPS tests, the impact of
temperature was studied by Schieppati et al. [29], which shows that a higher local strain leads to an
increase in temperature at the crack tip.

3.1.3. Tribological Tests

For tribological tests, the real contact stress at the contact point is much higher than the nominal

contact stress.

Load Ramp Tests

The results of load ramp tests are shown in Figure 6. The COF and average contact temperature are
only calculated for each load ramp stage, while the weight loss is determined for all of the previously
experienced stages. Generally, COF decreases with load increments, while a higher load leads to more
weight losses. This result is in good agreement with Schallamach’s research [30], which is based on the
real contact area combined with Hertz’s contact theory. When increasing normal load, more asperities
come into contact. However, COF, which is mainly determined by the contact state between the two
rubbing surfaces, is affected by many other factors, e.g., temperature, wear debris in between, material
properties at elevated temperature, fillers, etc. The contact state changes continuously with cycles.

When the load is 0.5 MPa, both materials behave similarly, which indicates that at a low load,
the beneficial effect of fillers cannot be manifested noticeably. As the tests run further to the next
stage, COFs decrease rapidly; for TPU_A the reduction of COF is ca. 12%, while for TPU_B it is over
35%. The contact temperature of TPU_A increased from 82 °C to 115 °C, whereas the contact surface
of TPU_B experienced a declining temperature from 91 °C to 62 °C as the load increased to 1 MPa.
This can be attributed to two factors. One crucial point is that heat was generated by friction. Since the
COF decreases significantly for TPU_B, the work, which was converted into thermal energy, reduced
consequently. In addition, thermal energy can be taken away from the contact surface by wear debris.
The wear volume increased considerably for TPU_B, while for TPU_A its wear volume remained
almost unchanged. Thermal energy was accumulated to heat the whole system, including the sample,
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counterpart, holders, drive shaft, etc. With increasing time, the system got heated and stayed in a
relatively balanced state.

244 20 150
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Figure 6. Results of load ramp tests of TPU_A and TPU_B.

Both COFs decreased when the load increased to 1 MPa. Significant weight loss was observed
for TPU_B, while it stayed almost unchanged for TPU_A. For TPU_B, this load is an inflection point.
After this stage, its COF and contact temperature kept stable, though its weight loss increased more or
less proportionally to the load. For TPU_A, it seems that its contact temperature reaches a balance at
this stage. It decreases at the next stage as a result of the reduction of COF. A slight increase in wear
can be identified through 1.5 MPa.

Table 2 shows the worn surface of the load ramp tests of TPU_A and TPU_B. After the first
stage (0.5 MPa), the texture from turning marks is still visible in the whole contact area. The peaks of
the turning textures become relatively flat. The height difference between the peak and the middle
of the groove, however, is still visible. By contrast, rolled worm-like debris can be observed on
TPU_B, especially on the peaks of the turning textures. This phenomenon can also be found in [31,32].
This phenomenon occurred in the outer area of TPU_A at higher loads. Due to the effect of time and
higher normal stress, after the second stage, the turning textures could still be identified, but the peaks
were almost worn out. TPU_B experienced serve rolled wear so that the turning textures could not
be observed after the tests. In some places, fillers were uncovered due to wear debris. Fillers were
uncovered after the substrate polymer was “smeared”, due to sliding movement. However, the filler
system starts to show its effect. As can be seen in Figure 6, a significant change occurred for TPU_B
under 1 MPa normal load. The COF and contact temperature decreased with an increase in wear
volume. At this stage, a transfer film was generated. Thus, the interface changed from metal-TPU to
graphite-graphite. The transfer film was not perfect and covered the whole contact area. After this
stage, TPU_B reached a relatively stable stage. When increasing the normal load, its COF stayed at the
same level. The wear volume, however, kept increasing. Under a higher normal load, adhesive wear
dominated in TPU_A.
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Table 2. Scanning electron microscope (SEM) micrographics of load ramp tests of TPU_A and TPU_B.

TPU_A TPU_B

0.5 MPa

1.0 MPa

1.5 MPa

Pin on Disc Tests

To check the influence of counterpart roughness, the steel discs were prepared in a smooth
(Rs = 0.03 pm) and a rough (R; = 0.3 um) way. Besides the roughness, all parameters are kept the
same to have comparability between the two roughnesses without any other influences. In Figure 7,
the coefficient of friction and wear rate for both roughnesses are shown. For TPU_B, due to the filler
effect and stiffness, its average COF is lower than TPU_A for both roughnesses. Its higher stiffness
facilitates a reduction of the deformation part of friction [33,34]. Higher wear rate was identified for
both materials with a rough counter surface. However, probably due to the tribologically advantageous
transfer film of TPU_B, its wear rate does not show a significant difference between rough and smooth
counter surfaces. For TPU_A, its wear rate on the rough counter surface is higher than that with a
smooth counter surface.
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Figure 7. Coefficient of friction and wear rate (K) for TPU_A and TPU_B tested on different
counterpart roughnesses.

3.2. Damage Analysis Proof

Since a comparison of different tests or dimensions needs proof, the damage of the surfaces should
provide equivalency. If the appearance of the damage is comparable, it means the same failure process
took place. In Table 3, all three mechanical tests with damage are summarized for both materials.
The arrows indicate quite similar damage, which looks like waves for the mechanical fracture tests.
This is caused by the cyclic loading, during which the material elongates relaxes relatively. Even though
the tribological surface does not show such characteristic waves, it exhibits the same off ripping damage
as for the fracture mechanical tests. The remaining part on the surface is immediately attached to the
surface because of the contact with the counterpart, therefore no relaxing of the stripes is possible and
no wave structures can be formed.

Table 3. Comparison of the damage equality of tribologically and mechanically fractured
tested specimens.

Tribo Dumbbell

TPU_A

SEMMAG %00x WD 1878mm
SEMMV 600kv  Det SE

TPU_B

SEMMAG 2CORK WD 1810 mm SEMMAG 500% WD 1561 mm
SEMMV.S00N et SE E m SEMMV 500K Dot SE
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3.3. Verifications of Two Models

3.3.1. Panda’s Model

The roughness parameters of two counterparts are shown in Table 4. In addition, the material
properties were obtained through different tests and are shown in Table 5.

Table 4. Roughness parameters of two counterparts.

Surfaces o (um) R (um) 17 (um~=2) Sk Ku Bsk Bxu
Rough ground 0.68 1.211 739 x 1074 0.06719 2988  1.39 0.88
Smooth polished 0.26 2.28 7.60 x 1074 -0.215 3367 199 0.96

e ¢: Standard deviation of asperity heights;

e  R: Average radius of curvature at asperity tip;

e 1: Average asperity density per unit area;

e  Sk: Skewness of

asperity heights;

e  Ku: Kurtosis of asperity heights;

e Bsk: Weibull shape parameter from skewness;

e Bku: Weibull shape parameter from kurtosis.

Table 5. Material properties of TPU_A, TPU_B, and counterpart.

[

Materials E (MPa) H (MPa) Sy (MPa) v Kic (MPa m®3) t y m-2) p (g/em?) ——MM
Rough  Smooth
TPU_A 172+02 3704057 105+01 048 7.8 22 0.033+0001 1.196+0.001 00694  0.1389
TPU_B 19603 4127+1.14 12+02 048 8.9 20 0.037+0001 1.225+0.001 00694  0.1042
100Cr6 steel 2.1 x 10° 710 500 0.28 - - - 7.9

e E:Young’s modulus;
e  H:Hardness, converted from Shore D [35];
° Sy: Yield strength; for TPU, the stress at 50% strain from tensile test was used.

e v: Poisson’s ratio;

e  Kjc: Fracture toughness; the minimum values from dumbbell fatigue tests were used.

e t: Fatigue ratio; based on the empirical research.

e  y: Surface energy;

e  p: Density;

° a: Factor of abrasive wear.

Based on the values in Table 4; Table 5 and our tribological tests under the same conditions,
wear rates were calculated. As shown in Figure 8, TPU_B has a better wear resistance to both
counterpart roughnesses than TPU_A. However, in the experiments, only when it runs against a rough
counterpart is the predicted trend consistent with the experimental results. For tests with a smooth
counter surface, the predicted value is lower than the experimental results. This can be attributed to
adhesive wear, which is included in this model, but for a smooth counter surface, especially when the
transfer film is formed, adhesion turns out to be one of the primary wear mechanisms [12]. With a
transfer film in the interface, abrasive wear can be reduced significantly. Moreover, as the blue line
shows in Figure 8, for the rough counterpart, abrasive wear contributes to more than 96% of the total
wear volume. For the tests with a smooth counter surface, abrasive wear is still dominant, but fatigue

wear is higher than that with a rough counter surface.
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Figure 8. Comparison of wear rates from tests and analytical models.

3.3.2. Atkins Model

150f18

With all required parameters, the Atkins model can be used to compare tribological and mechanical
fracture wear rates or fatigue cycle numbers, due to the correlation of wear rate o 1/Nf. The wear rate
for the FWPS specimen was calculated in two ways; the first was the inverse value of the fatigue cycle

number gained from the crack growth tests, and the second was calculating using the initial crack
length, therefore determining a theoretical fatigue cycle number. The first method only includes the
fatigue cycles, whereas the second also takes the mechanical fracture values into account. To check

if the same trend is given for the dumbbell specimen, their fatigue cycle numbers for medium load
levels were taken. In Figure 9, the comparison of the wear rates between the two investigated materials

is plotted.
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Figure 9. Comparison of the wear rates from the tribological and mechanical fracture tests of TPU_A
and TPU_B for selected loads.
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The depicted wear rates show a clear trend of higher wear rates for higher loads. Except for TE
LR, the wear rate for TPU_A is higher than for TPU_B, the reason being the previously mentioned
running-in wear, which is required to develop a transfer film on the counterpart. This fact can also
be argued with the required tearing energy of 2400 J/m? to see a clear separation in Figure 5. It is
possible that for both stressing types, mechanical and tribological, TPU_B needs a certain amount of
energy or wear to develop its potential. This might be traced back to the filler, which acts to either
stiffen or lubricate, depending on the mode of stressing. Even though TPU_B has a higher wear rate
for the load ramp, the factor between the single loads and the counterpart roughness is smaller than
for TPU_A. This includes the fact that TPU_B is less affected by higher stressing than the unfilled
TPU_A. For mechanical testing, the inverse values of the fatigue cycle numbers were taken. The higher
values of the wear rates calculated from the dumbbell specimen are due to the relatively small area of
the specimen, which is more affected by higher loading. While the pre-notched area for a dumbbell
specimen is around 130 mm?, the area for a pre-cracked FWPS specimen is over three times higher,
with 437.5 mm?2. Furthermore, it has to be mentioned that dumbbell specimens contain different
stressing situations compared to the FWPS specimen.

3.3.3. Scope and Comparison of Both Models

Both models seem to cover one specific aspect of the tribological values. Panda’s model shows a
better fitting for rough surfaces, whereas Atkins” adapted model fits better for the smooth surfaces.
This indicates that abrasive wear behavior should be explained using Panda’s model, considering
the roughness of both bodies. As already mentioned, as soon as a polymer film is developed on the
counter surface, the model is no longer valid. On the other hand, a more adhesive wear mechanism
can be described with Atkins” model, but only as a trend and not as a precise prediction.

4. Conclusions

In this study, a possible correlation between fatigue and tribological performance of unfilled und
filled TPUs was found. This study also provides insight into the influence of filler on the fatigue and
tribological properties of TPUs.

(1) Two models were verified to predict wear volume of filled and unfilled TPUs.

(2) The fatigue properties were identified with dumbbell tests. Fillers show a beneficial effect on the
fatigue property at both temperatures. However, inverse impacts of temperature on low and
high stresses were identified. The crack growth rate was characterized by means of faint waist
pure shear tests. Filled TPU shows a better crack growth resistance.

(3) The tribological performance was characterized by various test configurations. An incubation
period is necessary to generate a transfer film in the interface. Additionally, the influence of
roughness of counterparts was identified.

(4) Similar failure mechanisms were identified in dumbbell, FWPS, and tribological tests.

(5) Panda’s model shows a better prediction for the tests with a rough counter surface, while the
Atkins model is advantageous to predict the results of the tests with a smooth counter surface.
For the tests with a rough counter surface, abrasive wear contributes to more than 96% of the
total wear, whereas for a smooth counter surface, abrasive wear is still the primary wear origin,
but fatigue wear is about 20% of the total wear. Therefore, for a test, which model is better
depends mainly on which wear mechanism is dominant. However, a lot of work still needs to be
done to predict the wear precisely. Several factors, e.g., transfer film, temperature, etc., which are
essential to wear generation, are not taken into consideration in this study.

Future work should focus on the temperature distribution and its effect on fatigue tests,
and tribological tests have yet to be determined.
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Abstract

Stick-slip friction of elastomers arises due to adhesion, high local strains, surface
features, and viscous dissipation. In situ techniques connecting the real contact area
to interfacial forces can reveal the contact evolution of a rough elastomer surface
leading up to gross slip, as well as provide high-resolution dynamic contact areas for
improving current slip models. Samples with rough surfaces were produced by the
same manufacturing processes as machined seals. In this work a machined
fluoroelastomer (FKM) hemisphere was slid against glass, and the stick-slip behavior
was captured optically in situ. The influence of sliding velocity on sliding behavior was
studied over a range of speeds from 1 ym/s to 100 um/s. The real contact area was
measured from image sequences thresholded using Otsu’s method. The motion of the
pinned region was delineated with a machine learning scheme. The first result is that
within the macroscale sticking, or pinned phase, local pinned and partial slip regions
were observed, and were modeled as a combined contact with contributions to friction
by both regions. As a second result, we identified a critical velocity below which the
stick-slip motion converted from high frequency with low amplitude to low frequency

with high amplitude. This study on the sliding behavior of a viscoelastic machined



elastomer demonstrates a multi-technique approach which reveals precise changes in

contact area before and during pinning and slip.

Key words: elastomer stick-slip; In-situ microtribometry; machined seals



1. Introduction

Machined seals are also called customized seals, offering specifically manufacturing
according to the demands of end-users. The customizability, time-saving and cost-
saving for a small amount enable machined seals a better solution than the traditional
molded part. Its market grows fast and will reach a revenue of over USD 2.5 billion by
2021 [1]. Real rough elastomeric surfaces deviate from smooth surfaces in that they
could more edges of contact and retain features like asperities or ridges which will
deform more readily than a smooth surface. While ideal sliding is smooth, stick-slip
problems can be caused by insufficient lubrication at low speeds and high pressures.
Stick-slip motion in seals can degrade performance significantly by causing vibrations
that lead to cracks and wear [2]. Mitigation of unstable friction includes increasing
movement speed or changing the surface roughness and lubricant. However, the
motion profiles are typically fixed, and machining marks are inevitable in reducing
finishing operations, which minimizes cost. Thus, there is a need to understand stick-
slip motions between elastomers and hard surfaces, and especially the effects of

surface features on contact area evolution during unstable events.

Stick-slip is generally a dynamic cyclic process where an interface driven in shear
dissipates energy in a succession of quick slip events separated by phases of pinning
[3]. In the pinned phase, the two surfaces stick together and no gross relative motion
occurs; in the slip phase, finite relative motion occurs. Elastomers are particularly
susceptible to stick-slip friction due to their compliance and increased surface energy.
Under a lateral load, the compliant contacts pin together until internal cohesion reaches
its limit, at which time the pinning is released by interfacial slip. The competition
between interfacial adhesion and strain energy results in repeated stick and slip events
[3, 4]. Elastomers are well-suited as seal materials due to the same compliance and
high failure strain, as they can sustain large deformations and conform to mating

surface features without fracture or yield.

In elastomer-flat contacts, the contact area is a controlling parameter. In compliant
contacts, the real area of contact can approach the real of contact because roughness
is small compared to the deformation of the elastomer. Ludema and Tabor proposed
that, the rubber friction can be described with contact area and shear strength [4]. They
measured the sliding friction between polymers and hard surface at various speeds

and temperatures. They suggested that the contact area and shear strength are low



frequency and high frequency process during the deformation process, respectively.
In 1971, Schallamach directly observed the contact area between rubber sliders and a
hard counter surface, finding that the contact broke not in single large slip events, but
rather local slip waves associated with the tangential compressive stress gradient [5].
For actuation of a hard surface against an elastomeric seal, we focus on incipient slip
and the low-speed conditions. Bartenev et al [6] found that contact area remained
almost constant at low speed, while at high speeds, the slip speeds are faster than the
rates of recoil, so rubber properties play a larger role. In the flipped configuration of a
hard hemisphere against an elastomer plate using an optical microscope, Barquins [7]
defined the movement as a competition between adhesive dragging and relaxation at
low speeds. These studies provide the theoretical background for the extreme case of

conformal contact, but their application to rough elastomeric surfaces is limited.

Following the foundational work, Arnolds [9] and Roberts [10] included the
consideration of roughness and surface energy on rubber friction when conducting
experiments between a roughened rubber and a flat glass [8,9]. For roughened rubber,
the friction coefficient increased with speed stably. At high speeds, the mechanisms
are better understood, such as the stress relief through Schallamach waves relieved
stress [10]. Above a critical sliding velocity, the behavior transitions from stick-slip
motion to steady sliding [11-13]. Scaling laws and mean field theories [14] have
provided guidance for the slip cascades depending upon the description of the
interface as shear-weakening or shear-strengthening. From this, we see an open
question as to the specific connections between contact area of a rough elastomer
against glass and the shear forces as slip is initiated. We hypothesize that contact area
changes dynamically under the application of shear forces before slip and during slip,
and that modern in situ sliding techniques can capture these dynamic changes.
Specifically, based on the theory of junction growth of adhesive asperities [15], we
predict that the contact area grows on the application of a shear force. However, there
must also be cascading decrease of contact area for gross slip to occur. Thus, we
propose it is the competition between adhesive surface forces and cohesive forces
which not only predict the speed transition as reported by prior researchers [7-8], but

also predicts an increase and decrease in contact area before gross slip occurs.

In this study, we test the hypothesis by systematic slip experiments between a
machined elastomeric hemisphere and a glass slide, which are simultaneously

observed in bright field microscopy to identify the real area of contact. We mapped the



evolving real contact area upon the application of shear and found that both pinned
and slipping regions are present. A machine learning strategy was used in the image
analysis to accurately follow the lateral position of the pinned region. The influence of
sliding velocity on stick-slip behaviors was studied over a range of speeds from 1 ym/s
to 100 uym/s. The correlation between real contact area and friction force, together with
the movement of the stick region achieved with machine learning, revealed the stick-
slip process of a machined seal material against glass. In addition, we identified a
critical velocity threshold between “micro” stick-slip and “macro” stick-slip. Finally, the
time evolution of the stick-slip was roughly correlated to the creep relaxation of the
rubber. This research provides a more comprehensive understanding of the conditions
and modes of stick-slip which can occur during the operation of machined seals, and
can benefit the design of elastomeric seal surfaces to prevent unstable friction modes,
thereby improving the sealing performance.

2. Materials and Methods

2.1 Microscopy in situ Microtribometry

The in-situ microtribometer consists of two parts, the tribometer and the optical system.
With this setup it is possible to perform various tests while observing the contact area,
e.g. indentation, creep, and friction tests. Prior groups have primarily used one of two
experimental set-ups for optical in-situ tests: sliding a hard, transparent hemisphere
against a flat specimen [10,16,17], or, sliding a hard, transparent flat surface against a
hemispherical or flat sample [18-22]. The setup for this work is similar to the latter, in

that a 1-mm thick microscope slide is slid under an instrumented probe tip.

The entire instrument is located atop the stage of an inverted microscope (Fig. 1). The
test specimen is mounted directly to the end of a cantilevered 4-bar flexure. Two
capacitance probes mounted orthogonally detect micro-motions of the probe in the
normal and lateral orientations, which are then translated to forces through the
calibrated flexure stiffness. The flexure assembly is translated downward by a linear
piezoelectric stage to establish and maintain contact between the test specimen and
the glass slide. The glass countersurface was mounted on and reciprocated by a lateral
piezoelectric stage of maximum stroke 1.5 mm. The probe approach, load monitoring,



lateral motion inputs, and data acquisition were done simultaneously through custom
software (LabVIEW, National Instruments, Austin TX USA).

Capacitive sensor for
normal force

Head of
cantilever

Capacitive sensor for
friction force

! specimen
glass

<>
I microscope

Fig. 1: Sketch of the optical in situ microtribometer

The 4X objective was aligned with the probe specimen. Because the motion of the
glass slide was controlled independently between the probe specimen and objective,
the contact was maintained in the field of view. The sample contact was illuminated
through an LED ring illuminator (64 LEDs). Images were acquired using the
microscope camera and software at ~20 frames per second (NIS-Elements 4.0 and Tl

Eclipse. Nikon, Japan).

2.2 Materials

A fluoroelastomer, specifically FKM (provided by SKF Sealing solutions Austria GmbH,
Judenburg, Austria) was selected due to its wide use as a sealing material. The test
samples were manufactured through a turning process. The whole sample had a
cylindrical form with a length of 5.17 mm. One end of the sample was a hemisphere
with a diameter of 4.86 mm. FKM has a shore-A hardness of 84. Prior to the experiment,
the topography of the sample was characterized with a three-dimensional focus
variation microscope (InfiniteFocus, Alicona, Graz, Austria) and an optical light
microscope (Stereo Microscope SZX 12, Olympus, Tokyo, Japan). After manufacturing,
turning marks were observed on the sample surface (Fig. 2 A). The surface has an
average roughness (Ra) of 1286.0 nm and a mean peak width (RSm) of 104.2 ym. Its
waviness (Wa) is 50.2 ym (Fig. 2B-C). The Young’s modulus of the glass slide
countersurface was over 60 GPa, approximately 4,000 times higher than FKM;
because of this, we assumed all deformations occurred in the elastomer specimen. In
addition, the countersurface had a roughness less than 2 nm, and as such could be
considered flat in comparison to the probe specimen.
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Fig. 2 (a) Micrograph of FKM hemispherical sample texture (b) Roughness and (c) waviness of the topography of
FKM probe surface

2.3 Experimental Procedures

For the creep tests, the normal load was kept constant at 800 mN following loading at
50 mN/s. After reaching the target normal force, it was maintained for ~18 minutes.
Video of the contact spot was recorded for up to 20 minutes. For the stick-slip tests,
the samples were pressed against the glass slide with a normal load of 500 mN and
the glass was translated beneath up to a length of 500 ym. Each cycle consisted of
two traces in opposite directions, defined here as trace and retrace. In order to
investigate the influence of sliding speeds on the stick-slip behavior, four different
speeds were selected: 100 ym/s, 20 ym/s, 5 uym/s to 1 um/s (Table 1). The number of
cycles at each speed was limited to the cycles which showed obvious stick-slip; when
this behavior ceased, the test was stopped at the end of that reciprocating cycle.

Table 1. Test parameters of stick-slip tests

Speed Normal Length per  Number of

Test [um/s] load [mN] trace [um] cycles [-]
1 100 500 500 200
2 20 500 500 20
3 5 500 500 30
4 1 500 500 7

2.4 Image Analysis

Each video was converted to stacked images. Then, each frame was cropped to keep
the relevant contact region in the frame. Determining the first frame in which the
polymer contacts the glass required removing any external light scattering or noise. To
accomplish this, the color values of each pixel of a frame in which we knew the polymer



was not contact was subtracted from the rest of the frames. As a result, the frame in
which first contact occurred became obvious. The frames prior to contact were
irrelevant and would not be considered in the analysis. The following steps are different

for creep tests and sliding tests.

For creep tests, the probe pressed into the glass countersurface at 50 um/s. The
contact point was identified with the method outlined earlier. Each frame was
thresholded using Otsu’s method to compress the greyscale images to binary (black
and white) images [23]. After thresholding, the white pixels indicated areas of contact,
and conversely, black pixels indicated areas of no contact. To measure the contact
area change in time, the area of white pixels was converted to micrometers squared

using the dimensions of one pixel, 4.72 ym square.

For sliding stick-slip tests, the subtraction method is not applicable, because the
sample deforms with the horizonal movement of the countersurface to some extent.

Hence, each frame is directly thresholded using identical value after cropping.

3. Results & discussion

3.1Creep test

Creep is expected to occur in both normal load and friction tests. It is one of the
contributions of contact area increase. The contact area was observed from the
beginning of the loading phase. As shown in Fig. 3, after the loading phase, the contact
area increased slowly with time from 0.303 mm? at the end of loading phase and
reached 0.378 mm? after 1000 s.
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Fig. 3: Force-controlled creep test of FKM fluoroelastomer.

3.2 Stick-slip friction

3.2.1 General description of stick-slip behavior

Stick-slip occurred at all speeds tested, but the character changed over time. Due to
the relatively low elasticity of FKM and hemispherical geometry of the specimen, slight
changes to contact area are detectable. As can be seen in Fig. 4, as the countersurface
moved from one end of the trace (x = -250 uym) to the other end (x = +250 ym), the
frictional force (Fr) reached a value of 370 mN during the stick stage just before the
first slip occurred. At that moment, the countersurface had already moved about 250

um. In other words, no slip occurred until 250 um before it reached its deformation limit.

The duration of stick-slip experienced a decay, lasting fewer cycles at lower sliding
speeds. For the tests with 100 pm/s or 20 ym/s sliding speeds, the stick-slip behavior
is no longer observed after about 20 cycles (20 mm, 200 s for 100 ym/s, 1000 s for 20
pum/s), while it can still be identified after 30 cycles (30 mm, 6000 s) in the 5 ym/s test.
For the test with the lowest sliding speed, the stick-slip behavior disappeared after

merely four cycles.
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Fig. 4: Input displacement of glass countersurface (black) and resulting friction force (red) during the test at a
sliding speed of 20 um/s.

3.2.2 Comparison of stick-slip behavior of different tests

The influence of sliding speed can be identified with friction force (Fr) and coefficient of
friction (COF), in the first cycle in particular (Fig.5). There is a considerable difference
between the four test conditions, especially at low speeds. Only focusing on the trace
portion, for the tests with decreasing sliding speeds, namely from 100 um/s to 5 um/s,
8, 6 and 4 slips took place during the first trace in the tests with 100 ym/s, 20 pym/s,
and 5 um/s, respectively (Fig.5A, 5B, 5C). Therefore, the number of slips reduces with
decreasing sliding speeds. However, the test with a sliding speed of 1 pm/s
experienced 15 slips in the first trace. At the maximum sliding speed (100 pym/s), a
transition from stick-slip to steady sliding was not observed. This result indicates that
for an elastomer, there is a critical sliding speed (Vc) above which the stick-slip is
“‘marco” stick-slip. If the speed is lower than V., the “macro” stick-slip will become

“micro”, which has a smaller amplitude but a higher frequency.
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Fig. 5: Comparison of the first cycle in four tests. Data shown is the coefficient of friction (blue), friction force
(black), and normal force (red).

This observation is due to the sliding speed being slow enough to allow the elastomeric
material time to recover, resulting in the separation of the adhesive bonds at the
interface [24]. Therefore, this critical velocity differs from those defined in other studies
[11-13], which describe the sliding mode changes from stick-slip to steady sliding. In
this study, the critical velocity is found in a low speed regime. The amplitude of stick-
slip movement decreases with increasing stick-slip frequency, which is in a good

agreement with [25].

The adhesion force plays an important role in stick-slip sliding tests. Generally, for two
flat surfaces in contact, the adhesion force increases with increasing test velocity
[26,27]. For smooth surfaces, viscous forces have a greater impact than capillary
forces on the adhesion forces at the interface[27,28]. Therefore, higher speeds

increase the viscous force, which ultimately increases the adhesion force.



For viscoelastic materials, especially elastomers, the tensile strength increases with
increasing strain rates. Thus, when the sliding speed is higher, the material behaves
stiffer. The results indicate that with increasing speed, adhesion forces increase slower
than shear force. However, at 1 ym/s, the adhesion forces remain low enough to be
overcome by the low shear forces, even though the material behaves softer at low
speeds. This is in good agreement with the velocity dependence of shear stress

reported by another group [29].
3.2.3 Normal force response corresponding to stick-slip

During the stick-slip movement, the penetration depth adjusts to the vibration, therefore,
the normal force (Fn) changes slightly. This phenomenon is in good agreement with
the results from [30]. In terms of reduction of friction force during the slip stage, the
largest reduction can be identified in the test with 5 ym/s, which has an average
reduction of 245 N in the first trace. The smallest reduction of friction force occurred in
the test with 1 ym/s, with an average value of around 50 N, which is almost only one
fifth of that in the test with 5 um/s. For the test with 100 um/s and 20 pm/s, the friction
reduction is 130 N and 210 N, respectively. As shown in Fig. 5, except for the test with
1 um/s, the reduction of friction force increased slightly during the first trace in all other

tests. This phenomenon can be observed in the retrace movement as well.

The first order stick frequency was calculated from the sliding speed and the length of
the trace, and there is a trend of more frequent slips at higher speeds (Fig.6A). With
the exception of the very low speed regime in which V=1 pym/s, the trend generally

follows a power law fit with an exponent of ~ 1.2.

10 — 50
A 4 100 pmis B e 100 pm/s
A 20 pmls 40 5 et 20 /s
4 S5umls | pm § ym/s
— A 1pumls ——
i L& Tpmis | z ‘-3 30 4 1 umis
z 2
g 14 -§ 20
g @
£ : s
e A =
9 3
S 2107
= 7
7]
0.1 E
& 'y
0.001 0.01 01 0 5 10 15 20 25 30
Sliding frequency (Hz) Cycle ()

Fig. 6: (A) Relation of stick-slip frequency and sliding frequency in the first trace. (B) Relation of stick-slip
frequency/sliding frequency with cycles.




The ratio of stick-slip frequency to sliding frequency of the first cycle is close to 10, with
the exception of the test at 1 um/s. With each additional cycle, the ratio increased. The
ratios remained nearly the same after the second cycle for the tests at 100 ym/s and
20 uym/s. For the test with 5 um/s, the ratio stayed nearly constant after five cycles. The
behavior of the very low sliding speed test diverged from the trends of the faster tests,
and the ratio began at nearly 40 and did not change significantly. The stick-slip
behavior was only observed in the first cycle of the test at 1 pm/s.

3.3Real contact area results

The area in contact also generally showed a frequency response correlated to the
stick-slip as measured by forces alone (Fig. 7). Within a particular cycle, the contact
area reached its maximum value when the glass at the turnaround point between
forward and reverse strokes. The magnitude of the contact area was slightly reduced
in the reverse stroke, but this corresponded to slightly lower friction forces and may be
attributable to slight sample misalignment. As the test proceeded from the 15t to the
10t cycle, the contact area increased, though the change of contact area during the
stick-slip behavior was considerably smaller between the 10" and 20%" cycle than in
the 1t and 10t cycles. This may be attributable to the viscoelasticity of material and
the evolving surface of the FKM sample due to creep. After 20 cycles (1000 s), the
specimen slid smoothly over the countersurface as no stick-slip behavior could be
identified. This result is slightly counterintuitive in that an increasing contact area with
one surface having identical surface energy should result in more adhesion, and
therefore a greater propensity to stick rather than a decreased propensity. This may
be explained by the changed contact conditions. The contact area of elastomer was
turned (Fig. 2) and its surface was rough. Hence, due to the interfacial tangential force,
wear particles were separated from the bulk material. Small particles facilitated the
relative movement. Stick-slip was damped. Between the first and 20" cycle, the
average friction force is approximately at the same level and the difference of friction

between stick and slip was getting smaller (Fig. 7).
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3.3.1 Stick region in the contact area

Upon close inspection, the entire real contact area exhibited two regions, a completely
pinned, or stuck region, and a slipping region. The pinned, central region moves with
the countersurface, and the peripheral slipping region has some small relative motion.
These regions shift between forward and reverse sliding, and also evolve over the
duration of the test. Like the overall contact area, this may be attributed to contact
evolution due to plasticity or aging combined with a slight misalignment between the

glass surface and the sliding direction.

To calculate the stick region, the countersurface was used as the frame of reference.
The pinned region adheres to the countersurface, and they move together. Hence, the
pinned region does not experience any relative movement. As can be seen in Fig. 8A,
the whole contact region was encompassed by the yellow-dashed circles in the 40"
and 1%t frames. Before being subtracted by the fortieth frame, the first frame was
translated according to the prescribed movement of the glass slide. After subtracting
the 15t frame from the 40" frame, we identified the region in which the two frames
overlap, which remained pinned during the interim. We indicate this region with a red-
dashed oval in Fig.8A.
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features are assumed to be pinned to the countersurface. (B) Change of pinned and slipping regions with cycles.

3.3.1.1 Machine learning algorithm for contact area partitioning

The pinned region is a fraction of the whole contact area as shown previously in Fig.8.
The complexity of processing this data motivated the use of a machine learning
algorithm to understand the movement of the stick region, as exact coordinates of the
stick region had to be extracted from the recorded video data. By using the coordinates
obtained from manually marking the stick region in about 300 single frames, a
convolutional neural network (CNN) was trained to accurately predict the stick region
of the remaining 61000 images. The details of the CNN can be found in Supplementary

Material.

These ratios for each cycle of the experiment are shown in Fig.8B. The test at 1 ym/s
has the largest contact area, and thus also the largest pinned region of all tested
speeds. The creep effect must be taken into consideration. With 1 um/s sliding speed,
its cycle time is much longer than other tests. Therefore, the viscoelasticity of the
material affects the contact area. In addition, generally for elastomers, the material

shows a higher storage modulus with increasing test frequency. For the test with 1



um/s, the test frequency was 0.002 Hz, which is much lower than the other tests.
Meanwhile, its cycle time is much longer than the other tests. Hence, the contact area
is slightly larger. For the stick region, the three other tests appear behave similarly
during the first cycle. However, after five cycles, the stick region began to increase at
different degrees. As to the whole contact area, only a slight difference can be identified

among the three tests.

A large composite of the simultaneous stage position pinned region position, friction
force, contact area, and shear stress are shown in Fig.9A. The stage position was
strongly associated with pinned regions position and friction force. In the stick phase,
the pinned region moved with the countersurface at a speed of -5 ym/s. Hence, its
position changed proportionally over time. After the stage reversal at t ~ 175 s, the
pinned region moved nearly linearly with time, at approximately 5 pm/s.

The movement of the pinned region within one stick phase is shown in Fig. 9 and was
identified using the CNN. This pinned region moved with the countersurface until a
maximum shear stress was achieved. As shown in Fig.9A, the maximum shear stress

was reached just before the slip occurred.
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3.3.2 Correlation of friction and real contact area

By observing the contact area during the sliding tests, it is possible to correlate the
measured friction force with the contact area, the stick-slip behaviors in particular. The
in-situ technique enables a direct correlation of material deformation and the measured

forces in real time.

The slope of friction force reduced within a stick phase. As in the bottom graph of Fig.
10, for all tests the static friction increased faster at the beginning of the stick phase
than at the end. Interestingly, the changing rate of contact area and friction force
behave similarly. It is evident that as the stick region becomes smaller, the frictional
force increases more slowly. If no slip occurs in the real contact area, the static friction

Qs can be described by the following equation,
Qs = 044, Eq.1

where g, is the shear strength of static contact and A: is the real contact area. This
equation is also used for static friction in [29,31-33] and for the sliding tests without

stick-slip behaviors [4].

dQs o dAr dog
at 9 at LPT:
N——— N———

Area term Strength term

+ Eq.2

Thus, the change of static friction can be described with two terms (Eq.2). The area
term takes the rate of change of the real contact area into consideration. As shown in
Fig. 10, its value decreases throughout the stick phase. However, shortly before slip
occurs, it begins to increase, but is still negative. Once slip occurs, the rate of change
of the real contact area reaches zero and continues to increase. Therefore, the area
term is negative prior to slip. The strength term is strongly impacted by sliding speeds.
For thermoplastic materials, the strength increases with increasing testing speeds.
Generally, the changing rate of strength decreases with increasing strain. It can be
concluded from the changing rate of static friction (Fig. 10), that the area term is the

dominant term.

However, stick and slip regions can be identified within the contact area during the
stick phase. Therefore, the previous assumption is valid at the beginning of the stick

phase.

Qs = GgAstick + IJ-Fnslip- Eq.3



dp

dQs dAstick dag anslip
— =g, /%4 iok—= + p—/= +  Fuaip— Eq.4
dt 9 dt stick dt dt nslip dt q

D ————— D — — - -

Area term Strength term Force term Friction term

Stick term Slip term

The area of the stick region is Astick and the normal load of the slip region is Fnsiip. The
coefficient of friction in the slip region is p. Regarding the friction force, partial slip part
was not mentioned in many studies [4-8,22,34,35]. However, in the partial slip
mentioned studies, e.g. [36], the part of slip was not taken into account. As can be
seen in Fig. 11, the stick area (marked with a dotted line) decreased from A to E, which
correspond to the beginning and end of the stick phase, respectively. At the beginning,
due to the low elasticity of FKM, the whole contact area (white area in Fig. 11) moved
with the countersurface. Therefore, no slip took place. With further movement, the
tangential force increased with increasing deformation of the sample. Consequently,
part of the adhesive bonds began to break, and these areas transformed into the slip
region. This process began at the outer ring of the left image of Fig. 11, and gradually,
changed into the stick area illustrated by the ellipse in the right image of the figure.
Because part of the contact surface (upper part of marked areas in Fig. 11C, D, E) was
a result of the decreasing shear movement, the area term is negative. The slip region
became larger from Fig. 11A to E, which is why the force term of slip is positive. If y is
assumed to be constant, then the slip term is positive. As a result of decreasing stick
area, the area term is the only negative term. Therefore, the static friction depends

strongly on the stick area.
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Fig. 11: Change of stick area (dotted line) within stick phase of the 5 um/s test, arrow shows the movement of
counter surface; A, B, C, D, E correspond to Fig. 10upper.

The top graph of Fig. 10 shows the alternating contact area with the corresponding
stick-slip behavior. It can be observed that the contact area decreased during the stick
phase and increased abruptly with the slip movement of the specimen. It is understood
that the whole contact area deformed largely as a consequence of the shear stress.
The outer region of the contact area, the slip region in particular, experiences a
transition from the contact state to non-contact state. Prior to the first slip, a small drop
of friction force can be identified in Fig. 10. This phenomenon has also been identified

by other groups [37]. The friction force increased in a nearly linear way until reaching



a peak force. At the peak point, the friction force dropped abruptly from over 400 N to
around 200 N. At the same time, the static friction transformed into dynamic friction in
about 30 milliseconds. Taking a close look at the loading curve, before reaching the
peak force, a small drop (about 1 %) of friction force during the load phase can be seen.
This phenomenon only occurs at low speed regimes (5 pm/s and 1 pm/s). Davis et al
[38] studied the influence of surface wrinkles on adhesion of elastic materials. She
found that for highly cross-linked stiffer materials, adhesive forces affect distances
shorter than the wrinkle amplitude, which explains why the adhesion behavior is
significantly impacted by wrinkles. The separation stress and debonding energy can
be nearly doubled by small wrinkles, while large wrinkles show negative effect.
Bennewitz et al [39] found that sliding is preceded by crack-like precursors that cause
compressive strain to form along the interface. In addition, the speed of friction force
change is shown in Fig. 10. In the stick phase, the speed decreased before the friction
force reached its peak. In the slip phase, the speed reached over -6000 mN/s (not
shown in Fig. 10). This precursor phenomenon and the previously mentioned “micro”
stick-slip at low speeds can be related to the same mechanisms.
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Fig. 12: FFT of contact area and friction force of the test with 5 um/s.
To attain a clear relationship between the alteration of friction force and contact area,
the measured friction force and contact area were transformed from the time domain
to the frequency domain using Fast Fourier Transformation (FFT). As shown in Fig. 12,

the contact area and friction force changed at the same frequency. Additionally, the



FFT-frequency increased with cycles, from 0.0715 Hz in the first cycle to 0.122 Hz in
the 30th cycle.

4. Conclusion

Using the samples with manufacturing marks as machined seals, the real contact area
and stick-slip behavior of a hemispheric elastomer sliding on a smooth glass slide were
investigated using an in-situ microtribometer. Based on the presented results and

discussion, the following conclusions can be drawn:

1) The contact area decreased during the stick phase and increased abruptly with
the slip movement of the specimen. The transformation from static friction to
dynamic friction took about 30 milliseconds.

2) During each macro stick phase, the contact area increased and then decreased
with an asymmetric parabolic shape.

3) The shear strength profile was related to loads and speeds by using machine
learning, which resulted in the discovery of the movement of the pinned region
within one stick phase.

4) Two mathematical models of time-resolved friction force and shear stress were
introduced and offered an understanding of the phanomena, which were

observed with microscope and analyzed from the videos.

Future work could focus on the size change of stick region and the temperature
alteration in the interface during stick-slip sliding.
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Supplementary Materials for “Precise correlation of contact area and forces in the

unstable friction between a rough fluoroelastomer surface and borosilicate glass”

S.1 Details of CNN training for contact area partioning

The CNN takes as input greyscale images resized to 240 x 240 pixels and outputs a
two-dimensional vector corresponding to the relative x-, y- coordinates of the predicted

centre of the stick region.

The network consists of six convolutional layers, the first having a kernel size of 5 x 5,
the other having a kernel size of 3 x 3. The number of feature maps of the convolutional
layers are as follows: 1 (input, greyscale) -4 -4 - 8 - 8 - 8 - 4. All convolutional layers
are equipped with the ReLu (Rectified Linear Unit) activation function, and the first five
convolutional layers are each followed by a 2 x 2 max-pooling layer. After the final
(sixth) convolutional layer, there is a fully connected layer of size (196 -> 64) equipped
with the ReLu activation, followed by the final fully connected layer of size (64 -> 2)

equipped with the Sigmoid activation function.

The network was trained over 45 epochs using the Adam Optimizer, minimizing the

Mean Squared Error Loss. A batch size of 16 and a learning rate of 0.0005 was used.
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Abstract: The potential of the combination of hard and soft coating on elastomers was investigated.
Diamond-like carbon (DLC), molybdenum disulfide (M0S;) and composite coatings of these two
materials with various DLC/MoS; ratios were deposited on four elastomeric substrates by means
of the magnetron sputtering method. The microstructures, surface energy of the coatings, and
substrates were characterized by scanning electron microscopy (SEM) and contact angle, respectively.
The chemical composition was identified by X-ray Photoelectron Spectroscopy (XPS). A ball on disc
configuration was used as the model test, which was performed under dry and lubricated conditions.
Based on the results from the model tests, the best coating was selected for each substrate and
subsequently verified in component-like test. There is not one coating that is optimal for all substrates.
Many factors can affect the coatings performance. The topography and the rigidity of the substrates
are the key factors. However, the adhesion between coatings and substrates, and also the coating
processes, can impact significantly on the coatings performance.

Keywords: DLC; MoS;,; coating; elastomer; seals

1. Introduction

Coating is one of the approaches that can improve the tribological properties economically.
In recent years, the development of the coating methods has opened up new possibilities to enhance
the surface properties. Coatings can be generally divided into “soft coatings” and “hard coatings” [1].
Soft coatings, including soft metal (e.g., lead, indium) and lamellar solids (e.g., graphite and
molybdenum disulfide (MoS,)), provide good shearing characteristics and thus result in a reduction
of friction. Hard coatings (e.g., diamond-like carbon (DLC), titanium nitride (TiN)) can improve
protection against wear and present low wear rates.

The unique properties of elastomers, such as low modulus of elasticity, high Poisson’s ratio, and
high degree of resilience with low hysteresis, make elastomers very suitable for the application as seals.
However, high and erratic friction under dry and starved lubrication conditions could increase the
friction and wear rates. As a consequence of surface damage, the lifetime of seals can be shortened
greatly [2]. An approach to reduce the friction under dry and starved lubrication conditions is to deposit
DLC on rubber. A lot of studies, from deposition techniques to DLC composition on various rubber
materials, such as nitrile butadiene rubber (NBR), hydrogenated nitrile butadiene rubber (HNBR),
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fluoroelastomer (FKM), and ethylene propylene diene monomer rubber (EPDM), has been done by a
Japanese group of Nakahigashi [3,4], Takikawa et al. [5-7], a Dutch group of Pei and Bui et al. [8-12],
and other researchers [13,14]. MoS; as a solid lubricant is mostly employed with hard surfaces
(e.g., metals, ceramics) [15-17]. As to the combination of the two coatings, Wang et al. [18] has
deposited MoS, on Steels with a supporting DLC film and it showed the MoS; /DLC compound
film reduced the friction force in humid environment. Recently, Zhao et al. [19] has deposited the
MoS, /DLC multilayer coatings on Si wafer and steel in high humidity for aerospace industries and it
showed a moderate improvement of the tribological properties. The influence of space irradiation on
MoS; /DLC composite film on Si and steel was investigated by Wu et al. [20]. It showed a reduction of
the wear rate after irradiation, which could be related to the increase of hardness. Noshiro et al. [21]
has studied the friction properties of sulfide/DLC coating with a nanocomposite or —layered structure
on Si wafer, which shows better tribological properties than DLC film. Previous work has focused
only on either the composite MoS, /DLC coating on metals or DLC and MoS, separately as coating on
elastomers. Therefore, more work is needed to investigate the potential of application of composite
coatings on elastomers.

In this research, the tribological properties of DLC, MoS,, and combined coatings of MoS; and
DLC were investigated on four elastomers. Coated elastomers were tested in model tests and after that
the results were verified in component-like tests. The influence factors of tribological behaviors are
discussed. The aim of this study is to investigate the potential of tribological application of composite
coatings of MoS, and DLC on elastomeric substrates for industrial seals, especially under starved
lubrication conditions. In addition, the study provides a guideline to evaluate the coatings.

2. Experimental Details

2.1. Test Materials and Coatings

Four classical sealing materials were tested; i.e., fluoroelastomer (FKM), nitrile butadiene rubber
(NBR), hydrogenated nitrile butadiene rubber (HNBR), and thermoplastic polyurethane (TPU).
Among these four elastomers, FKM is the softest material, having a shore—a hardness of 84; followed
by NBR (85) and HNBR (86). Due to its special chemical composition, TPU is the hardest material with
a shore—A hardness of 95. For ball on disc tests, the samples were 20 mm x 20 mm square rubber
sheets with a thickness of 2 mm, which were produced by the compression molding process. However,
slight differences could be found on the surface under the microscope among TPU, HNBR, and FKM.
For TPU a totally different molding die was used and the surface was polished. This is explained in
more detail in Section 3.1.1 (microscopic analysis). For ring on disc tests, special samples were used,
which are structurally similar to seals [22]. In order to remove contamination on the substrate and also
inside the rubber (e.g., plasticizers [23]), all of the samples were cleaned using the standard cleaning
procedures [9]. The difference between set and actual values can be explained with sputtering duration
(Table 1). As a result of about three times longer sputtering duration time of the DLC 300 nm than the
DLC 150 nm, the actual thickness of the DLC 300 nm is over three times thicker. The thickness of MoS,
coating is proportional to the sputtering time. The thickness varied due to the influence of different
sputtering parameters.

Table 2 shows the material and thickness of the investigated coatings. Five different materials
(i.e., DLC, M0S;, and three hybrid combinations of DLC and MoS, with various proportions) were
deposited as coatings on the substrates. These two materials were not combined as multilayers, but
rather in a composite. The proportion of MoS, in the composite increases from Hybrid_A to Hybrid_C.
Based on our previous work, the set value of 300 nm was selected as the standard thickness for the
coatings and the set values of the thickness were defined based on the deposition rate [24]. In order to
investigate the influence of the thickness on the tribological properties, 150 nm thick coatings were
also obtained through controlling the deposition process time. In order to measure the thickness,
several samples were partially covered with tapes during the coating process. After removing the
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tapes, the thickness was measured with a contact stylus profilometry (Dektak 150 surface profiler,
Veeco, Plainview, NY, USA).

In order to improve the adhesion of the coatings, prior to deposition a pre-treatment process was
carried out by using a high vacuum experimentation bell jar system (Leybold Univex 450, Leybold
Vacuum GmbH, Cologne, Germany) [25,26]. Substrates were fixed on the rotary table (¢ = 560 mm)
with a distance of 12 mm to the target.

The cylindrical pulsed laser deposition (PLD) evaporator was used as a target. The pre-treatment
was performed at 3 kV DC acceleration voltage with 15 sccm Ar and 5 scem O, gas flow. The chamber
pressure was around 8.8 x 10~* mbar. After pre-treatment, the coatings were deposited by means
of the pulsed DC magnetron sputtering method. A graphite target (electrographite, 99.5% purity)
was used as a sputtering source for DLC coatings. For MoS; its purity is 99.5%. Both targets were
purchased from Sindlhauser Material GmbH (Kempten, Germany).

The parameters of the pre-treatment and deposition process are shown in Table 1. For pure DLC
film, the ratio of C,Hjy/Ar was 0.19, due to the existence of C;Hj, a-c: H film was generated [27,28].
For the hybrid coatings, only Ar was used as a source gas [28]. For the hybrid coatings, graphite
and MoS; were ejected individually from two sputtering sources. Different hybrid variants were
generated by varying sputter power. Remarkably, differences of the micro-structures can be observed
on the coating when the substrates were deposited at different temperatures [29]. To avoid the thermal
influences on substrates and coating processes, the pre-treatment and deposition processes were
performed under constant ambient temperature (23 °C). However, due to plasma flow the temperature
of the sample surface can increase up to 40 °C. After the deposition process, the samples were stored
in Petri dishes in a box.

An optical microscope (Stereo Microscope SZX 12, Olympus, Tokyo, Japan) was employed to
analyze the wear scars of the counterparts. The surface roughness was measured in three different
regions of each sample with a three-dimensional focus variation microscope (InfiniteFocus, Alicona,
Graz, Austria). The surface morphology and wear tracks of coated rubber were characterized with a
scanning electron microscope (SEM, VEGA-II, TESCAN, Brno, Czech Republic).

In order to characterize the chemical composition of the coatings, X-ray photoelectron
spectroscopy (XPS) analysis were carried out using a Thermo Scientific spectrometer with a
micro-focused monochromatic Al Ka source (1486.6 eV, Thermo Fisher Scientific Inc., Waltham, MA,
USA). All measurements were conducted with the radiation source operated at 12 kV and a beam
current of 1.16 mA in a high vacuum below 10~7 mbar. A hemispherical analyzer was applied to detect
the accelerated electrons. The electrons were collected from a spot area of 300 um, which is vertical
to the analyzer. To prevent charging and electron charge compensation of the samples, a flood gun
was used.

Survey scans were acquired within an energy range of 0-1350 eV using a pass energy of 200 eV,
a step size of 1.0 eV, a dwell time of 50 ms, and 2 scans. High resolution scans were obtained using a
50 eV pass energy, 0.1 eV step size, a dwell time of 50 ms, and 8 scans. For C 1s, Mo 3d and S 2p, binding
energy ranges and total number of energy steps are as follows: 279-298 eV, 181 steps; 222-240 eV,
181 steps; 157-170 eV, 181 steps; respectively.

The spectra were referenced to the alkyl C 1s photoelectron peak at 284.8 eV, characteristic of the
alkyl moieties (C—C/C-H). Peak positions for qualitative analysis are consistent with the corresponding
assignment positions found in literature [30].

Spectra were analyzed using the Thermo Avantage software (Version 5932). The ratio of
Lorentzian/Gaussian is 0.3. A standard Shirley background is used for the reference samples spectra.
The spectra were fitted with Powell algorithm with a convergence of 10~°. The maximum error for
peak energy and full width at half maxima (FWHM) is +0.1 eV. The sensitivity factors (SF) used for
calculation are provided by the equipment supplier.
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Table 1. Parameters of pre-treatment and deposition process.
Pre-treatment Deposition
Coating ~ Thickness Gasfl Sputteri Gasfl P Rotati Durati F
(nm) Voltage (V) as flow putiering Power (W) Voltage (V) Current (A) as flow ressure otation lll‘é} 10n requency
(sccm) source (sccm) (mbar) (rpm) (min) (kHz)
300 . 577-578 5.21-5.22 68
-3
DLC 150 Graphite 3000 579-582 5.22-5.19 2Ar+8GH, 2310 23
300 462-455 1.10-1.15 5 60
MoS, 150 MoS, 500 468-461 1.10-1.13 50 Ar 2.6 x 107 30
. 15Ar+50 C: 3000 C: 602-601 C:4.95-4.93
Hybrid_A 300 2 MoSy: 54 MoSy: 270-258  MoS,: 0.20-0.19 65
for 5 min,
3000 5.00 80
300 20 Ar for 3000 C: 604-600 C:4.98-5.01 54
25 min i y MoS;: 402403 MoS;: 0.64-0.66 .
: Graphite + MoS, . 03): 021 U.62-0. 50 Ar 2.6 x 1073
Hybrid_B 150 P MoSy: 255 C: 602-610 C:5.01-4.96 * -
MoS;: 405-404  MoS;: 0.65-0.67
. C: 3000 C: 611-606 C:4.95-4.92
Hybrid C 300 MoS;: 440  MoSy: 467-446  MoS,: 0.98-1.04 36

Table 2. Material and thickness of the coatings.

Thickness (nm)

Material -
Set Value Actual Value Difference

DLC 300 405.0 £18.2 35.1%
DLC 150 113.3 £ 5.8 —24.1%
MoS; 300 257.8 £19.2 —13.9%
MoS, 150 131.8 £ 7.5 —12.2%
Hybrid_A 300 269.8 +14.0 —9.7%

. 300 300.2 4 8.4 0.4%
Hybrid_B 150 116.8 + 6.0 ~22.5%
Hybrid_C 300 246.3 £ 9.5 —17.8%
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The determination of surface energy was carried out in a self-developed contact angle device.
Distilled water and diiodomethane were applied as liquids to determine the polar and dispersive
part of the surface energy, respectively. For each measurement, a drop of 2.5 uL volume was used.
Each measurement was repeated three times. Owens et al. [31], Rabel [32] and Kaelble [33] method
was applied for calculating the surface energy.

2.2. Test Procedures

The tribological properties were investigated by means of model tests and component-like tests.
The model tests were performed on a micro tribometer with a ball on disc configuration (UMT-2,
Bruker, Billerica, MA, USA). The development of the sample geometry for the component-like test
was reported by Hausberger [22]. The tests were performed on a precision rotary tribometer (TE-93,
Phoenix Tribology Ltd., Kingsclere, UK). Each test was repeated three times. All of the tests were
conducted at room temperature (22 °C) with a relative humidity of 50% £ 10%. About one month after
the coating process, the tribological tests were performed.

2.2.1. Ball on Disc Tests

Commercial 100Cr6 stainless steel balls of 6 mm diameter (HRC 60-62) were used as counterparts.
The counter body slid on the elastomer at 100 mm/s with 1 N normal load. The radii of the run tracks
were 5 mm and 7.5 mm. The total length of the tracks was 3.143 x 10° m. In order to obtain a better
understanding of the function of the coatings, the tests were performed under dry and lubricated
conditions. For the lubricated tests, approximately 7 mg Mobil SHC Grease 460WT (Viscosity of Oil,
ASTM D 445 [31] ¢St @ 40 °C = 460) was smeared equally over the whole surface [32]. The average
thickness of the grease can be calculated. Its amount was chosen so that the thickness of the grease
layer was approximately 0.02 mm.

2.2.2. Ring on Disc Tests

Ring-shaped counterparts of 34CrNiMo6 were used in the ring on disc test. They possessed an
average roughness (R,) of 0.035 um. The ring-like sample was so constructed that there was only a line
contact between the sample and counterpart [22]. The tests were conducted with 50 N normal load
at room temperature (23 °C) and the speed of revolution was 118 rpm. The aim of this research is to
improve the tribological properties of seals under starved lubricated conditions. In order to simulate
starved lubrication condition in component-like tests, approximately 2 mg Mobil SHC Grease 460WT
was smeared on the contact edge of the samples. For uncoated samples the tests lasted 168 h. For the
coated samples, the tests were stopped automatically when the abort condition was reached. The abort
condition was set according to the coefficient of friction of the uncoated samples. The principle of the
ring on disc test is illustrated in Figure 1.

Torque | Sample
Sensor /

l ! Counterpart

|

Air Bearing — I Counterpart Holder

Load

Figure 1. Principle of ring on disc test on TE-93.



Coatings 2018, 8, 267 6 of 21

The counterpart was fixed on the counterpart holder. The load, which was produced by a
pneumatic pump, acted on the sample through the thrust bearing and counterpart. An electric motor
was mounted on the top of the machine and drove the sample against the counterpart in a rotational
movement. The torque, which was generated through friction, was measured by a torque sensor.
Furthermore, the temperature near the contact area and in the middle of the counterpart was also
measured during the test.

3. Results and Discussion

3.1. Characteristics of Coatings

After deposition the thickness of coatings was measured. The chemical composition was
investigated with XPS measurements. The microstructures of the surfaces were analyzed with
roughness and compared among different substrates. Furthermore, the surface energy of the substrates
and coatings were identified.

3.1.1. Thickness of the Coatings

For each coating, the thickness was measured at six different positions of the two samples.
Table 2 shows the set and actual average thickness. The difference between set and actual values can
be explained with sputtering duration (Table 1). As a result of about three times longer sputtering
duration time of the DLC 300 nm than the DLC 150 nm, the actual thickness of the DLC 300 nm is
over three times thicker. The thickness of the MoS, coating is proportional to the sputtering time.
The thickness varied due to the influence of different sputtering parameters.

As reported in [7], the application of C,H; accelerates the deposition rate, which leads to a higher
thickness than the set value.

3.1.2. Chemical Composition

The chemical composition, the assigned peak energies, full width at half maxima (FWHM),
and sensitivity factor (SF) of each peak are given in Table 3 and were obtained with XPS analysis.

Table 3. Spectral fitting parameters.

Elements Bonds Peak Energy (V)  FWHM (eV)  SF Al[34] Ref.

C-C/C-H 284.8 14 [33]

Cls C-0 286.0 21 1.0 [33]

—COO 288.4 25 [33]
MoS, 229.0 20 [33,35]
Mo 34 MoOs 232.8 15 5.6 133,35]
s2- 162.0 1.4 [33,36]

52 ,

P 5,2~ 163.6 14 11 [37,38]
S2s - 226.4 22 14 [38,39]

In Table 4, the chemical composition of each coating is listed. In order to avoid the influence of
the different elastomeric substrates, coatings were deposited on silicon for the XPS analysis.

In both DLC coatings, the portion of C 1s is about 90% with no detectable silicon signal
corresponding to a homogeneous carbon layer formation. The dominating carbon species are C-C/C-H
bonds at 284.8 eV (Figure 2a) which are unambiguous assigned to the atomic structure of the used DLCs.
The beneficial properties of DLC in tribology depend mainly on the similar hardness and Young's
modulus as diamonds [28,40]. Besides, C-O and -COO signals were also found and are attributed to
the surface oxidation during the coating process and storage [41] and is in good agreement with the
results obtained in [42].
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Table 4. Chemical compositions (C, O, Mo, S, and N) of the coatings.

Composition (%)

Sample Mo
C o S N MoS,;/Mo0O;3;  S/Mo
MOSZ MOO3

300 nm DLC 90.1 9.9 - - - - - -

150 nm DLC 89.5 10.5 - - - - - -

300 nm MoS, 224 13.6 13.0 3.5 26.5 21.1 3.7 1.6

150 nm MoS; 274 15.3 12.1 3.7 245 17.0 3.2 1.6
300 nm Hybrid_A 75.2 134 1.3 1.3 35 5.3 1.0 1.3
300 nm Hybrid_B 60.3 16.5 25 2.8 6.7 11.3 0.9 1.3
150 nm Hybrid_B 56.1 17.0 25 33 6.7 145 0.7 1.2
300 nm Hybrid_C 384 21.6 2.6 5.7 8.2 23.5 0.5 1.0

In pure MoS, coatings, the high nitrogen and carbon amounts are attributed to atmospheric
contaminations (CO,, hydrocarbons, Ny, etc.) during sample transport or storage or manufacturing
of the samples. However, the S 2p doublet at 162.0 eV (AeV = 1.18) in combination with the doublet
at 229.0 eV and 232.1 eV is unambiguous assigned to MoS; (Figure 1c,d). A second doublet in the
Mo 3d spectra is attributed to Mo with environment as in MoOs [43]. On the subject of oxidation of
molybdenum disulfide to molybdenum (VI) oxide, different reports were found [15,44]. In general,
the oxidation rate is extremely low at ambient temperature and in the absence of a high concentration
of moisture [15]. The oxidized layer at the outmost surface appears to protect the bulk material from
further oxidation. However, different oxidation rates at ambient condition were investigated, and it was
found the crystallite orientation plays an important role in the oxidation process [45]. Oxidation leads
to a higher friction coefficient, enhanced wear rate, and hence a shorter wear life [36,46]. The ratio of
MoS; /Mo0Oj3 in the reference coatings indicates that oxidation had occurred but the major portion is
still MoS;. For the hybrid samples (Figure 2d—f), the amount of MoS, is increased from Hybrid_A
to Hybrid_C. As a result, the ratio of total S/Mo decreases from Hybrid_A (1.3) to Hybrid_C (1.0).
The higher the concentration of MoS,, the higher the oxidation rate and as a result the lower the
MoS, /MoQj ratio. It is suggested that the increase of MoS, amount in the coatings accelerates the
oxidation rate and is highest for the Hybrid_C sample.

The S 2p spectrum appears as two overlapping doublets. This means, different types of sulfur
ligands, such as bridging terminal S,?~, and bridging S>~ species exist in the coating [37]. In addition,
our results were in agreement with Benoist et al. observations as a higher oxygen content lead to a
decrease in the S~ sulphur component whereas the S,%~ pair increase [43].

3 [c1s C-C[C-H b [Mo3d Mo, 0, 052z C [S2p MoSz. Pz
MoQ,.dg» ! E Mos,
; ! 150 nm
MoOy dss /1 | a2s
3 3 AR : 3
L] o ! g | o
& & ‘ i : ' -
2 2 ! P | : o
@ ] w i i : ‘a
< c ! o ] c
g g L oo g
5 E S W £
| ] i E iMoS,
1 L5 | 1300 nm
292 290 288 286 284 282 238 236 234 232 230 228 226 224 166 165 164 163 162 161 160
Binding energy [eV] Binding energy [eV] Binding energy [eV]

Figure 2. Cont.
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra: C 1s of diamond-like carbon (DLC) coatings
(a) and hybrid coatings (d); Mo 3d of MoS, coatings (b) and hybrid coatings (e); S 2p of MoS, coatings
(c) and hybrid coatings (f).

3.1.3. Microscopic Analysis

The uncoated substrates, except HNBR, were analyzed with a microscope and presented in a
previous work [24]. Generally, on a macroscopic level the uncoated HNBR, NBR, and FKM possess
similar parallel, strip-like structures, whereas TPU presents completely different structures. Due to the
different physical properties of elastomers, especially elasticity and viscosity, which can have an effect
on the flow properties in the molding process, they behaved differently during the processing [47].
Although uncoated HNBR and FKM show similar macrostructures, on the microscopic level utterly
different microstructures can be observed. The surface of uncoated HNBR is relatively smooth but
with some small debris. However, the surface of uncoated FKM is much rougher and with dense
particles. This can also be explained with R, and R;. In spite of the very similar R, value of uncoated
HNBR and FKM, the R, value of uncoated FKM is more than 30% higher than that of uncoated HNBR
(Table 5).

Table 5. The average roughness (R,), mean roughness depth (R;) of uncoated samples.

Parameter FKM HNBR NBR TPU

Ra (um) 1.00 1.03 0.61 0.44
R, (um) 6.74 5.59 3.69 3.98

The surface of uncoated TPU was full of small strips. However, the strips were not as neatly
arranged as those of HNBR and FKM. Also, compared to HNBR and FKM, the strips on TPU were
much narrower and shallower. Another difference, which must be mentioned, is that, except for the
strips, there were almost no small debris or particles on uncoated TPU.

In this section, for each substrate two coatings have been chosen and discussed. The two coatings
were so chosen that, regarding the substrate, one of them showed the best tribological performance
and the other showed the worst in the dry and lubricated ball on disc tests. In addition, one thin
coating for HNBR was chosen to analyze the influence of the thickness.
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The strip-like structures on the surface, which can be observed in Figure 3a, were produced
because of the compression molding process. Not only can these structures be found in HNBR, but
also in FKM and NBR. Figure 3c shows one other position from the same sample as Figure 3a. Not like
the rough surface in Figure 3b, flake-like structures with small debris can be observed in Figure 3d.
Moreover, cracks can be observed on the surface. As reported by Takikawa and Pei, cracks are typical
surface structures of DLC coated rubber [5,12,29].

Figure 3. With 300 nm (a,c) and 150 nm DLC (e) coated hydrogenated nitrile butadiene rubber (HNBR);
with 300 nm Hybrid_A coated HNBR (g), fluoroelastomer (FKM), (i) and nitrile butadiene rubber
(NBR) (0); with 300 nm MoS, coated FKM (k), NBR (m) and thermoplastic polyurethane (TPU) (s);
with 300 nm DLC coated TPU (q). High magnification (b,d,f,h,j,n,p,1,s,t) are shown to the right side of
the respective low magnification (500 x).
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Compared with the 300 nm DLC coating, the 150 nm DLC coating looks smoother on the
whole. However, small particulates can be observed on the surface (Figure 3f). Figure 3g shows
the microstructures of 300 nm Hybrid_A on HNBR. Scaly microstructures were observed and they
look similar to the DLC coating to some degree (Figure 3b). As previously mentioned, Hybrid_A is a
composite coating, which possesses the least MoS, among the three hybrid coatings. However, a small
amount of MoS; changed the microstructures considerably. The gaps between each piece of debris are
smaller and the coating is noticeably smoother. This can be attributed to the much lower hardness
of MoS; compared to DLC [15,48]. It seems that MoS, lowered the average hardness. Therefore, the
coating can be better suited to the substrates roughness.

Comparing Figure 3h,j shows that the coating roughness was influenced to some extent by the
substrate properties. Moreover, under high magnification, small holes can be identified on FKM with a
300 nm Hybrid_A coating (Figure 3j). That means the coating did not totally adhere to the substrate.
This can be caused by the lower wettability of FKM compared to HNBR (details in Section 3.1.5).
Small holes can also be observed on MoS, coated FKM (Figure 3k). However, the coating from MoS,
looks much finer and smoother than the hybrid coating.

Generally, the surfaces of coated NBR are smoother compared to coated HNBR. Also, it should be
emphasized that almost no debris could be found on the surface after coating. Moreover, as can be
observed in Figure 30, cracks which were caused by the removal of the sample from the deposition
chamber, are rather neatly arranged on the surface, either parallel or perpendicular to the original
microstructure of the substrate.

For TPU samples, they do not have the strip-like, neatly arranged microstructures like other
substrates (Figure 3q,s). Because of its shallower and sparser microstructures, the roughness of the
TPU substrate is correspondingly lower. Like the previous comparison, MoS; coated TPU is also finer
and smoother than the DLC coated TPU (Figure 3s).

From the above comparisons, several influence factors that contribute to the coating
microstructures were found and discussed. Firstly, the substrate topography is one of the most
important influence factors for the coating microstructure. That is because of the smaller thickness
(150-300 nm) compared to the roughness of the substrate (Table 5). Secondly, the composition of the
coating plays an important role as well. Generally, on DLC or DLC-included coating small debris
can be observed. In comparison with DLC, the MoS; coating is finer and smoother. Thirdly, the
coating microstructures can be influenced by the material properties of the substrates in several ways.
Coatings on a substrate like FKM, which has a lower wettability, show a higher possibility that the
coating becomes porous and loose. Thermal properties (e.g., thermal expansion coefficient and thermal
conductivity), are also influence factors. As shown in Table 6, FKM expands the most among the four
materials, when the temperature increases by a given degree. This can lead to the scaly coating, which
can be observed in Figure 3i k.

Table 6. Thermal parameters of used materials.

Parameter FKM HNBR NBR TPU
Coefficient of thermal expansion (1076 /K) 191 166 165 160
Thermal conductivity (W/(m-K)) 0.24 0.15 0.26 0.06

However, the importance of these factors depends to a large extent on the ambient conditions of
the coating process. In addition, the microstructure of the coatings is also affected by the deposition
condition. For DLC coating, a-c: H was produced by using a plasma of Ar and C,H;, while for other
coatings, only Ar was used. Generally, the coatings prepared with C,H; look smoother than those
without C,Hj,. This is in good agreement with the results in [7].
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3.1.4. Surface Roughness

The surface roughness of the coated samples was affected by the substrate surface and also the
microstructures of coatings, which can be changed by removing the samples from the deposition
chamber (Figure 30). In addition, the surface microstructure can also affect the adherence of the
coating [49]. Generally, a rougher surface can have a better adhesion with coating because more
bonding connections can be created. However, the scale of dimensions of the surface microstructures
must be less than the film thickness [50]. As can be seen from Figure 4, uncoated substrates have
different degrees of roughness. FKM and HNBR possess a similar roughness (R, ~ 1.0 pm), while TPU
and NBR have an appreciably lower roughness value. As mentioned previously, two different molding
dies were used to produce samples, one for FKM, NBR, and HNBR, the other one for TPU. Moreover,
the surface microstructure can be affected by additives, which could come up on the surface.

1600

Coatings: 0-uncoated

1-DLC 300nm  5-Hybrid_A 300nm
2-DLC 150nm  6-Hybrid_B 300nm
3-MoS, 300nm 7-Hybrid_B 150nm
1200 4-MoS, 150nm 8-Hybrid_C 300nm

1400

-
(=
1=
o

800

600

Surface roughness (nm)

400

200

0123456738 0123456738 012345678 0123456738

FKM HNBR NBR TPU

Figure 4. Surface roughness (R,) of uncoated and coated substrates.

As can be seen from Figure 3a,e, the HNBR with 150 nm DLC is smoother than that with 300 nm
DLC. However, for the other three materials with DLC coating, the thickness does not play an
important role in the surface roughness. Compared to the uncoated FKM, the roughness of 300 nm
MoS; coated FKM was reduced drastically, whereas the roughness of DLC-containing coatings on
FKM was increased to varying degrees. This could be attributed to the larger difference between DLC
and substrates in hardness and brittleness [48]. The DLC coatings with a very low thickness could be
broken into fractures easily, when the coated samples are removed from the deposition chamber with
a small deformation. However, this phenomenon was not found on other materials. For hard material
TPU, no obvious differences could be identified in roughness. On the one hand, due to its different
processing, its surface is smoother than other materials. On the other hand, higher hardness prevents
its deformation by removal.

3.1.5. Surface Energy

One of the conditions for good wetting is that the surface tension of the substrate is higher than
that of the still liquid coating material [51]. To eliminate the influences of substrates, coatings were also
deposited on silicon. As shown in Figure 5, uncoated Si and coated Si possess higher surface energies
than the other four substrates. Surface roughness plays an important role for the surface energy [52].
For four elastomeric substrates, surface energies were increased to varying degrees after coating. On
the one hand, through comparison of the microstructures before and after deposition, it can be found
that it changed significantly. Although the mean roughness (R,) of the substrates had not been changed
in a very large way, the microstructures were totally modified after the coating process. This leads to a



Coatings 2018, 8, 267 12 of 21

modification of the surface energy. On the other hand, from the perspective of the material, the surface
energy of elastomer substrates [53], DLC and MoS; are also different. These two factors together affect
the difference of the surface energy after coating.

Compared with an uncoated elastomer, silicon shows a much higher surface energy in both polar
and dispersed parts. After coating silicon shows a similar surface energy to the elastomers. Generally,
FKM has almost the lowest surface energy in all coatings. Except for the influence of its chemical
structure, the surface microstructure of uncoated FKM is different from HNBR and NBR. Comparing to
HNBR, which has a similar mean roughness (R.), FKM is much rougher and dense particles can be
seen on the surface [24]. The film thickness has only a limited effect on surface energy.
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Figure 5. Surface energy of uncoated and coated substrates.

3.2. Tribological Tests

In order to study the potential of DLC/MoS, coatings on elastomers for tribological applications,
the coatings were firstly tested in the model test under dry and lubricated conditions, so that the
coatings could be evaluated comprehensively. Subsequently, the best and worst coatings were selected
and investigated under starved lubrication condition in component-like tests.

3.2.1. Coefficient of Friction

The coefficients of friction (COF) for uncoated and coated elastomers in dry and lubricated ball
on disc sliding tests are shown in Figure 6. Under dry sliding ambient conditions, almost all of the
coatings bring an advantage to the tribological properties. In particular for HNBR, with 300 nm DLC
coating, the COF was reduced from 0.99 to 0.18 by 82%. For NBR the frictional reduction, which the
300 nm DLC or Hybrid_A coating brought, was also significant; approximately 74%. For FKM and
TPU, the decrease was not so appreciable. What was interesting was that for TPU the COF was slightly
brought down by 300 nm Hybrid_B coating. The values of these measurements are in good agreement
with the values reported in the literature [3,12,54]. However, when the thickness of the coating was
reduced to 150 nm, the COF increased by 11%, compared to the uncoated TPU. This can be explained
by microscopic analysis. As can be observed in Figure 7, the 150 nm coating was already severely
damaged (Figure 7b) and the elastomeric substrate had direct contact with the counterpart during
the test, while the thick variant was still intact (Figure 7a). That means for this coating, the thickness
plays an essential role with respect to the tribological properties. However, the thickness cannot bring
a significant difference in every case. That depends on several factors, for example, the hardness
of the substrate, the coating material, and the adherence of coating material on the counterpart, the
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microstructures of the surface, the adherence between coating and substrate, lubrication conditions
and so on. Adhesion and deformation are the two most important mechanisms that are responsible for
the frictional behaviors of elastomers [55,56]. The high friction of uncoated HNBR and NBR under dry
conditions show that not only deformation, which can be related to the relatively low hardness, but also
adhesion, which can be seen as a dissipative stick-slip process on molecular level, are influential factors
for the dry frictional behaviors [57-60]. This is in good agreement with Rabinowicz’s studies, which
indicated that low ratios of surface energy/hardness are associated with better surface interactions
and also less adhesion [61,62]. Moreover, because of the high friction more dynamic energy would be
expected to be transformed into heat, which could lead to an increase of temperature. Based on this
conjecture the material’s hardness will reduce with a higher temperature so that it could experience a
higher wear rate [63].

FKM
14 =Dry 14 |HNBR &0y
1.2 ® Lubricated 12 = Lubricated
3 3
2 S
B10 B0
&= &=
-
Bos Sos
- -
c €
e 206
© 06 L
E &
% 0.4 804
o o
02 02
0.0 0.0
) Uncoated DLC bLC Mos, MoS,  Hybrid A Hybrid B Hybrid B Hybrid_C
DLC pLc oS, MoS;,  Hybrid_A Hybrid_B Hybrid_B Hybrid_C =
Uncoated  BLC  \m  300mh  15omh g:;m; g:;m; s e 300nm  150nm  300nm  150nm  300nm  300nm  150nm  300nm
(a) (b)
14 |NBR uDry 14 | TPU =Dry
5 = Lubricated 2z = Lubricated
3 e
S S
S0 T1o
£ £
Oos -
£ 2
2 <
G 0.6 G056
£ £
804 Soa
o o
0.2 02
0.0 0.0 wos,
DLC oLc [ Hybrid A Hybrid B Hybrid_B Hybrid_C Uncoated DLC  DLC 2 MoS;  Hybrid A Hybrid B Hybrid B Hybrid C
Uncoated 01T Do ddonn  1Sowm  300nm 3owm  jsonm 300nm 300nm  150nm  300nm  4S0nm  300nm  300nm  150nm  300nm
(c) (d)

Figure 6. Coefficient of friction of uncoated and coated elastomers in dry and lubricated ball on disc
sliding tests: (a) FKM; (b) HNBR; (c) NBR; (d) TPU.

1 mm |

Figure 7. Microscopic images of wear tracks: (a) 300 nm Hybrid_B coated TPU; (b) 150 nm Hybrid_B
coated TPU.

Under lubricated conditions, the differences of COF among various coatings were not as evident
as in dry tests. The lubricant has no significant impact on the COF. One reason for this is that lubricants
facilitate the stick-slip process on the molecular level to some extent. Therefore, the adhesion part for
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friction can be decreased [64]. As to the deformation part, it was assumed to stay on a similar level as
under dry conditions in two aspects. One aspect is that the lubricant film is very thin on the contact
area hence the stiffness of the film is negligible. The other aspect is that the COF of various coatings
is similar.

It should be noted that in some cases the lubricant even brought a slight, negative impact on the
tribological properties for DLC coated HNBR and NBR. This can be explained with two main reasons.
One important aspect is that because of the high viscosity of the grease used, more energy would
be needed to overcome the fluid friction [64,65]. The COF under dry conditions was extremely low.
In this case, the benefit of the lubricant was less than its disadvantage. That means more energy was
needed to overcome the resistance, which was brought by the lubricant.

Based on the results of the ball on disc tests under dry and lubricated conditions, the best coatings
were chosen and verified in the component-like test (ring on disc). For FKM with Hybrid_A coating,
its dry COF is slightly lower (2.5%) than Hybrid_B 300 nm. However, its lubricated COF is about
13% higher than Hybrid_B 300 nm. For HNBR with Hybrid_A coating, it is clear that MoS, brings
a negative effect for the tribological performance. In the dry tests, the coatings with pure MoS, or
high content of MoS, (Hybrid_B and Hybrid_C) were broken after the tests. Therefore, these coatings
were not taken into consideration for the selection. In addition, as references, uncoated substrate and
the worst coatings were also tested. The best and worst coatings are presented in Table 7. As can
be seen from this table, the soft coating MoS, provides the best tribological properties for the softest
material FKM, whereas the hard coating DLC is the best choice for the hardest material HNBR, only
among FKM, NBR, and HNBR. For NBR, which has a middle hardness, a hybrid coating is better than
other coatings. Because of its totally different surface structures, TPU was not comparable with the
other elastomers.

Table 7. The best and worst coating for each material from ball on disc tests.

Material Best Coating Worst Coating
FKM 300 nm MoS; 300 nm Hybrid_A
NBR 300 nm Hybrid_A 300 nm MoS,

HNBR 300 nm DLC 300 nm Hybrid_A
TPU 300 nm MoS, 300 nm DLC

For the ring on disc tests an abort condition was set up so that when the coating was worn or
damaged, the test would be stopped immediately. As abort condition, an average COF of the uncoated
substrate under stable running conditions was employed. As shown in Figure 8, at the beginning of
the tests, for HNBR and TPU the COF of the best and worst coatings were almost at the same level.
However, the COF of the uncoated substrate kept at a constant level after the running-in phase with a
higher value, while the COF of the worst coating started to increase gradually. After just several hours,
the friction was raised to the same level as the uncoated substrate. Compared to the worst coating, the
best variant lasted significantly longer until the COF reached the abort condition. This means that the
coating failed with increasing test time. Therefore, for HNBR, NBR, and TPU the trends of validation
show a good correspondence with the results from the ball on disc tests. However, for FKM with the
best coating, after the loading phase, its COF was already slightly over the abort condition, which
represents the COF of uncoated FKM. It was found that the coating was already damaged. This implies
that the combination of soft coatings like MoS; and soft substrate like FKM is inappropriate for this
line contact. Because of its low hardness, FKM showed a strong local deformation under line contact.
According to Archard’s wear law for adhesive wear [66], wear volume is inversely proportional to the
hardness of a substrate. By this situation, in which the contact area is relatively small, the soft coating
on a soft substrate could be worn quickly.
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Figure 8. Comparison of the COF: uncoated and coated in Ring on disc test. (a) FKM; (b) HNBR;
(c) NBR; (d) TPU.
3.2.2. Wear

The SEM images (Figure 9) show the wear track of the 300 nm DLC coated HNBR after a dry
ball on disc test. It is evident that in the majority of the run area, the surface got smoother. The DLC
coating was slightly pressed down due to the normal load and the microstructures were plastically
deformed because of the tangential traction, which was generated by the sliding motion. Some piles of
small crystal-like fragments can be found on the run track (Figure 10g). DLC is a very hard material
and the thickness of the coating is just 300 nm. That means that when the counter body slid over the
surface, both the elastomeric substrate and the coating experienced a deformation. The difference is
that the substrate deformed viscoelastically and the coating showed a plastic deformation. Meanwhile,
the cracks of the coating can also be ascribed to the enormous difference in hardness between the
two materials.

Two positions of the wear track of 300 nm Hybrid_A coated HNBR were shown in Figure 9c,e.
Particles can be observed in the troughs, which were located between every two peaks. White particles
(Figure 3a,f) can be MoO3, the oxidation product of MoS,, which has a negative effect on the
performance [15,36]. As shown in Table 4, in hybrid coatings, MoOj3 possesses larger portion than
MoS,. According to [67], when less than 30% of the MoS; converted to MoOj3, wear performance is
still good. However, when it is greater than 50%, the wear behavior gets poor. As can be seen from
Figure 3a,g, a part of the particles were generated during the coating process. Particles were also
generated through dynamic motion in crack area. All of these particles were collected during the test
in the trough. As can be observed in Figure 9d, some of the particles were pressed on the surface when
the ball slid over.

From the same coating and substrate, sheet-like wear particles are visible in Figure 9ef.
This phenomenon can be attributed to surface fatigue [68]. Due to the repeated plastic deformation,
sheet-like particles were gradually generated and separated from the coating.
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Figure 9. SEM micrographs: wear track of 300 nm DLC coated HNBR (a) and 300 nm Hybrid_A coated
HNBR (c,e). Related areas are marked and shown with high magnification (b,d,f).

Compared to the 300 nm Hybrid_A coating on FKM before (Figure 3i) and after (Figure 10a)
the test, a great number of cracks was generated during the test. This can be related to the dense
particle-like microstructures of uncoated FKM. When the porous and loose coating was pressed by
the counter body, it deformed more heavily and easily than other coatings. Besides, due to its lowest
hardness among the four elastomers, the deformation of FKM is the largest. These two reasons could

explain this phenomenon.
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Figure 10. Scanning electron microscope (SEM) micrographs: wear track of 300 nm Hybrid_A coated
FKM (a), 300 nm MoS; coated FKM (c), 300 nm DLC coated TPU (e,g), and 300 nm MoS, coated
TPU (h). Related areas are marked and shown with high magnification (b,d,f).

Not like the 300 nm Hybrid_A coating, no obvious alteration could be found on the 300 nm MoS,
coating after 10,000 cycles. Only the contact area was pressed and subsequently crushed into small
pieces (Figure 10c). This can be attributed to the S-Mo-S sandwich structure of MoS;, which facilitates
the sliding motion on its surface [15].

The wear track of 300 nm DLC coated TPU (Figure 10e,f) presented very similar microstructures
as MoS, coated FKM. That means only the DLC coating in the contact area was pressed into small
pieces. However, plenty of wear particles, which are around 1 pm, were found close to the edge of the
run track (Figure 10g). In some areas, they were piled up together. At the beginning of the test, the
DLC coating was pressed into small pieces. However, some of the small particles that were detached
from the substrate, rolled down from the sides to the middle of the groove. More and more particles
were gathered on the lane with more cycles. At this moment, the particles were pushed out of the lane
when the counter body slid over. Still quite a number of particles were found on the track after the test.
Apparently, the dynamic movement of these small particles has influenced the tribological behavior to
some extent. This can explain why DLC is the best coating for TPU under lubricated conditions but
presented worse tribological properties than MoS, in dry tests. There is a strong possibility that under
lubricated conditions the wear particles can be carried out of the track by grease. This is also one of the
main functions of a lubricant [69].

Because of its low hardness and good shear characteristics no obvious particles were found on
the MoS; coated TPU. Slight abrasive wear can be observed on the surface (Figure 10h). This is also
one of the major wear processes on polymers [70]. Due to its special properties and good adherence on
TPU, 300 nm MoS; shows the best tribological properties in dry tests.

4. Conclusions

The concept of the combination of hard and soft coatings on elastomers has been investigated.
In this research, DLC was taken as an example of a hard coating and MoS, as a soft coating. It was
proven that this concept can be used to improve the tribological properties of elastomers, especially
under starved lubrication condition. There is not one coating that is optimal for all substrates.
For different rubber substrates, the coating should be chosen individually, based on the substrate,
coating properties, and their interaction. For a rubber substrate with low rigidity like FKM, soft
coatings like MoS; present better tribological properties than hard coatings like DLC. This is attributed
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to the good shear characteristics and good deformation properties of MoS;. Meanwhile, for a substrate
with a higher rigidity like HNBR, a hard coating like DLC is a better option. For NBR, whose rigidity
is between FKM and HNBR, a hybrid coating is the best choice. It possesses both advantages of hard
and soft coatings. For TPU, due to its totally different microstructures, a different wear mechanism
was discussed. For a hard substrate with a smooth surface, MoS; presented a better performance
than a hard coating because the small particles of the hard coating can bring disadvantages during
sliding motions.

Through the observation of microstructures on uncoated and coated surfaces the influence of the
surface roughness and surface energy on tribological properties was investigated. The low surface
energy of substrate leads to a porous and loose coating. As a consequence, the tribological properties
could be adversely influenced.

The concept of the combination of hard and soft coatings will open new fields for the use of
coatings in tribological applications on elastomers. Our data rule out the possibility that the application
of DLC/MoS; as a coating can improve the tribological properties of elastomeric seals, especially
under dry or insufficiently lubricated conditions. This finding is promising and should be explored
with different combinations of even more than two coatings.
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