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,,Die Wissenschaft, richtig verstanden, heilt den Menschen von seinem Stolz; denn sie zeigt ihm seine
Grenzen. “

(Albert Schweitzer)
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/. USAMMENFASSUNG

Tribologische Probleme in Maschinenelementen tragen wesentlich zum Energieverbrauch bei und
haben somit einen grofen Einfluss auf die Wirtschaftlichkeit und den CO,-Aussto. Um Einfluss auf
die tribologischen Eigenschaften von Oberfldchen zu nehmen, werden in der vorliegenden Arbeit bio-
inspirierte Multiskalen-Oberfldchenstrukturen entwickelt und innerhalb und auflerhalb der Kontakt-
zone von technologisch relevanten Stahloberflichen eingesetzt. Fiir die Erzeugung von multi-skaligen

Strukturen werden groBere mikrogepragte Muster mit kleineren Lasermustern kombiniert.

Strukturen auBerhalb der Kontaktfliche konnen Schmiermittel liber die Oberfléche leiten oder die
Schmiermittelmigration aus dem Kontakt heraus aufhalten, welche durch Zentrifugalkrifte, sowie
Temperaturgradienten verursacht wird. Im Hinblick auf die Entwicklung effektiver Strukturen wurden
multi-skalige Strukturen als besonders wirksam sowohl innerhalb als auch auflerhalb der Kontaktzone
identifiziert. Somit konnen die tribologischen Eigenschaften direkt und indirekt durch den Einsatz von
multi-skaligen Oberflachenmustern verbessert werden. Fiir ein effektives Design der Strukturen miis-
sen vor allem strukturelle Parameter wie Tiefe und Periodizitit beriicksichtigt werden. Als effektive
befundene einzel- und multi-skalige Strukturen werden auf die Wellen von Gleitlagern tibertragen.
Die Reibuntersuchungen zeigen eine gute Vergleichbarkeit zwischen Laborversuchen und Anwen-
dung. Im Vergleich zur unstrukturierten Welle kann die Reibung der Welle mit einer multi-skaligen

Struktur um den Faktor 4 reduziert werden.

AbschlieBend wird die Verwendung von Oberflichenstrukturen in Maschinenelementen kritisch
diskutiert und allgemeine Designrichtlinien fiir die Oberflichenstrukturierung in Maschinenelementen

abgeleitet.
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ABSTRACT

Tribological problems in machine elements contribute significantly to energy consumption and thus
have a major impact on economic efficiency and CO, emissions. To influence the tribological proper-
ties of surfaces, bio-inspired multi-scale surface patterns are developed in the present dissertation and
applied inside and outside the contact zone of technologically relevant steel surfaces. For the genera-

tion of multi-scale patterns, larger micro-coined patterns are combined with smaller laser patterns.

Patterns outside the contact zone can guide lubricants over the surface or prevent lubricant migration
out of the contact caused by centrifugal forces or temperature gradients. With respect to the develop-
ment of effective surface patterns, multi-scale patterns have been identified as particularly effective
both inside and outside the contact zone. Thus, the tribological properties can be improved directly
and indirectly by the use of multi-scale surface patterns. For an effective design of the patterns, struc-
tural parameters like depth and periodicity have to be considered. Suitable single- and multi-scale
surface patterns are selected and successfully transferred to the shafts of journal bearings. The fric-
tional investigations show a excellent comparability between laboratory tests and application. Com-
pared to the non-patterned shaft, the friction of the shaft with a multi-scale pattern can be reduced by

a factor of 4.

Finally, the use of surface patterns in machine elements is critically discussed, and general design

guidelines for surface patterning in machine elements are derived.
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ABBREVATIONS AND SYMBOLS
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SEM
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Direct laser interference patterning
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Elastohydrodynamic lubrication
Normal force

Centrifugal force

Lubricant film thickness
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Initial intensity

Geometric term

Length of channel’s wetted portion
Thermal penetration depth
Mass

Periodicity
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Radius

Scanning electron microscope
Sliding distance

Temperature

Temperature gradient

Time

Ultraviolet

Migration velocity

Rotational speed

Position

Depth

Absorption coefficient
Channel angle

Surface tension

Solid-liquid interfacial tension
Solid-gas interfacial tension
Liquid-gas interfacial tension
Contact angle

Advancing contact angle
Receding contact angle
Thermal diffusivity

Lambda parameter
Wavelength

Dynamic viscosity
Combined surface roughness
Laser pulse duration

Edge angle
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1. MOTIVATION AND OBJECTIVES

Tribology, the science that describes the ubiquitous phenomena friction, wear, and lubrication can
be found everywhere around us, from daily activities to automotive applications, nature, and the human
body !"!. In general, whenever two contacting surfaces are brought into contact and set into relative
motion there will be friction and, as a result of this, wear. In machine elements, this might be the
relative motion between piston and cylinder or shaft and bearing, whereas in nature some examples of

friction are the blink of the eyelid or the movement of head and cup in a hip joint >,

Since friction is all around us and greatly affects our daily life as well as the reliability, the efficiency
and the lifetime of machine elements, humankind has gathered plentiful information about friction and
how to reduce it. It is, therefore, no wonder that this knowledge has been used for centuries, for exam-
ple in the form of wheels, to reduce friction in translational motion ¥, However, the science of friction
has not been investigated until the 15" century when Leonardo da Vinci experimented with rectangular
blocks sliding over a flat surface and came up with the idea of the coefficient of friction (COF), which
is defined as the ratio of the frictional force and the normal force. Since then, extensive research has
been conducted in the field of tribology, and fundamental rules have been deduced. Especially Amon-
tons and Coulomb rediscovered these fundamentals and found that the friction force is directly pro-
portional to the normal load, independent of the nominal area of contact and after the initiation of

motion independent of velocity ™.

In the context of tribological processes in machine elements, it is important to stress that sometimes
high friction is desirable, as it is the case for brakes or bolts *l. The same holds true for high wear,
which is essential in production steps such as machining and polishing /. Nevertheless, most of the
times, friction and wear can be named as processes, which greatly reduce the efficiency and the life-
time of machine components. Holmberg and Erdemir calculated the energy losses in tribological con-
tacts and concluded that 23 % of the world’s total energy consumption is used to overcome friction
(20 %) and wear (3 %) 1°!. Taking a passenger car as an example, the frictional losses account for about
28 % of the initially supplied fuel energy ). Moreover, Holmberg and Erdemir concluded that by
utilizing modern technologies the energy losses caused by friction and wear could be reduced by 40
% within 15 years, which accounts for 8.7 % of the total energy consumption %), Taking the passenger
car as an example again, the authors estimated that about 60 % of the energy used in tribological
contacts could be potentially saved leading to economic and fuel savings of 576 000 million euros or
385 million liters, respectively . Also, CO, emissions could be reduced by improving the energy
efficiency of tribological contacts. This is especially important since CO; emissions have been steadily
rising resulting from an ever-growing demand for energy due to an increasing population as well as
worldwide economic growth and development ). As can be seen from Fig. 1, the electricity and heat

production sector, as well as the transportation sector, have a major share in the production of CO;. In
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both of these sectors, technological progress in the field of tribology could contribute to decrease CO,
production. Considering the increase in CO, emissions and linking it to global warming, dwindling
resources, and stricter regulations, it is evident that drastic changes need to be made to slow down
these processes. The most significant impact on reducing CO» emissions is estimated to be achieved

from end-use energy efficiency, in which tribology plays a major role ©*!.
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Figure I: a) Increasing worldwide COz emissions in tons of COz since 1971 due to the growth in world energy
demand from fossil fuels. In b) the CO2 emissions are broken down by sector. Two-thirds of global emissions
are produced by two sectors of which electricity and heat generation is by far the largest with 42 %, followed

by transport, accounting for 24 % "1,

The most common approach to reduce friction between rubbing surfaces is to use a lubricant, which
separates both surfaces thus reducing friction and wear greatly . Other approaches to improving the
tribological efficiency have been the substitution of materials, the application of coatings and new
lubricants as well as surface engineering . In this context, surface engineering also comprises tailor-
ing the topography of the contacting surfaces, which is called surface patterning. The influence of the
surface roughness on dry friction was discovered as early as 1699 by Amontons, who concluded that
smooth surfaces show less friction *!. In this context, friction depends on the interplay between surface
roughness and lubricant film thickness. According to the relation between film thickness and surface
roughness, three main lubrication regimes can be defined: boundary, mixed and hydrodynamic lubri-
cation. Under boundary lubrication, the lubricant film thickness is small compared to the surface
roughness, and thus there is intimate contact between both surfaces. In mixed lubrication, the lubricant
film thickness is in the range of the surface roughness, and the load is partially carried both by the
surface asperities and the lubricant. Finally, under hydrodynamic lubrication, the load is carried by a
thick lubricant film completely separating the surfaces, and there is no contact between the surface
asperities (4. As friction generated during sliding of surface contacts is usually greater than the friction
generated by shearing a lubricant film, friction increases with the number of contacting surface asper-
ities ). Despite the fact that according to this theory friction increases with increasing surface rough-

ness, the discovery that friction can be influenced by surface topography has led to the intended usage
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of surface patterning to improve the tribological performance of sliding surfaces. The first applications

of such surface patterns were the cylinder-liner interface and rotary shaft seals !'%'!J,

Especially in the last three decades, the operating conditions in machine elements have become
more severe due to an increasing demand for power density. The ongoing trend towards more fuel-
efficient and compact car engines, for example, leads to increasing loads, speeds, and temperatures
within the main components of the engine, namely the valve train, the piston assembly, and the journal
bearings %, In combination with the use of lower viscosity oils this ultimately results in a decrease of
the lubricant film thickness inside the components down to the height of the surface roughness ['*'],
As a consequence, more machine elements operate under boundary and mixed lubrication where there
is contact of the surfaces. This underlines the necessity to tailor the surface topography in order to
render the surfaces more wear resistant, improve the frictional behavior and increase the components’
lifetime.

Over the years many different patterning methods have been developed to modify the surface to-

pography and hence to improve the tribological behavior. Among those, lithographic methods "',

1819 "and laser patterning “**'! have been widely used. In

diamond cutting ['”), embossing or coining !
this context, laser patterning is a versatile, fast, precise and environmentally friendly tool ). For big-
ger surface patterns, particularly micro-coining is an interesting method since it is cost-effective and

offers the possibility for up-scaling to mass production ],

Depending on the acting lubrication regime (from boundary to hydrodynamic lubrication), surface
patterns can have different functions, which contribute to improved tribological behavior. Under
boundary lubrication, the patterns may trap generated wear particles and thus reduce abrasion. In ad-
dition, the real area of contact is decreased, resulting in a reduction of adhesion and ultimately friction
(221 Even though friction is independent of the nominal area of contact, it is well known that the real
area of contact has a significant impact on friction ). According to Bowden and Tabor, for plastically
deforming contacts the friction force is proportional to the real area of contact, which in turn is directly
proportional to the normal load **). Regarding mixed lubrication, the surface patterns can be used to
trap wear particles, reduce the real area of contact, and additionally to act as reservoirs for lubricant

and increase the hydrodynamic pressure **?*%] Finally, under hydrodynamic lubrication, surface

patterns help to create an additional hydrodynamic pressure thus increasing the load carrying capacity
[20,22,26]

Typically, surface patterns are applied directly within the tribologically loaded contact zone where
the above-described mechanisms can contribute to improved friction and wear behavior. The major
issue with surface patterns applied inside the contact zone is that they might be subjected to substantial
wear upon contact of the moving surfaces, which leads to the destruction of the surface patterns and
hence to the loss of their effectiveness *'7). This holds especially true for starved lubrication condi-

tions where there is not enough lubricant available in the contact zone to sufficiently lubricate the
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contact over time. As a result, the lubricant film thickness is drastically decreased leading to high

friction and/or wear.

Upon contact between the surface asperities of the rubbing surfaces, most of the energy is dissipated
in the form of heat resulting in an increase of the interfacial temperature ***, Outside of the contact
zone, where no friction occurs, the temperature remains low and constant. If there is a liquid like a
fluid lubricant on the surface, the resulting temperature gradient on the tribologically loaded surface
induces a variation of the surface tension whereby the surface tension is higher for lower temperatures
(30311 This gradient in surface tension drives the lubricant from high-temperature regions to the cooler
surroundings without any external force, resulting in the loss of lubricant in the contact zone and finally
starved lubrication 5], This lubricant migration behavior on surfaces due to temperature gradients

36371 Another possible reason for the migration of lubricant

is known as thermocapillary migration !
out of the contact zone are centrifugal forces which can occur in rotating machine elements **. In
order to prevent the migration of the lubricant out of the contact zone, chemical anti-creep agents might
be employed ***°!. However, these are potentially harmful to the environment since hazardous chem-
icals like fluororganic compounds are used. Another possibility to obstruct the thermocapillary migra-
tion is to apply surface patterns in the near vicinity of the contact zone as a mechanical barrier to

lubricant flow 333

], By avoiding the loss of lubricant out of the tribologically loaded contact, starved
lubrication and thus drastically increased friction and wear can be prevented, additionally leading to a
longer lifetime of the surface patterns situated within the contact zone. Furthermore, surface patterns,
which are not directly located inside the contact zone, have the additional benefit of not being subject

to wear and thus can outlive the component.

For proper performance of the patterns regarding their tribological and wetting performance, the
design of the patterns is crucial %, In this context surfaces with outstanding properties, like wetting
or adhesive properties, have evolved in nature over millions of years. The origin of those remarkable
effects can often be found in sophisticated topographical designs. It is interesting to note that in nature
many functional surfaces show hierarchical surface roughness with surface features on multiple scales.
The reason for this might lie in the multi-scale nature of friction itself, whereby friction acts on and is
affected by multiple scales, from large to small. Depending on the complexity of the system and the
level of detail of the investigation, friction has to be considered on various scales. This might be mac-
roscopic friction inside a device or a component, or even the interaction between two surfaces, single

asperities or molecules ',

The most discussed surface, showing a multi-scale surface pattern, is the lotus leaf surface, which
exhibits superhydrophobicity and low adhesion and friction **!1. Other examples of naturally occur-
ring multi-scale surface patterns comprise the scales of sharks, which reduce drag and thus allow for

(427441 "or the scale-like skin of snakes or sandfish lizards,

the high speeds with which sharks swim
which shows low friction and wear depending on the sliding direction (see Fig. 2) >*". In this context,

surface topographies as they occur in nature might be an exciting model for tribological beneficial
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surface patterns which induce reduced friction and/or wear. First tribological studies with multi-scale
surfaces, directly mimicking the natural surface pattern or inspired by natural surface patterns, show

auspicious results regarding the tribological behavior 35,

Figure 2: Scale-like surface topographies of a) shark skin ! and b) snakeskin (47,

In the present dissertation, a combination of laser patterning and micro-coining is used to improve
the tribological properties of steel surfaces by introducing bio-inspired multi-scale surface patterns
inside and outside of the contact zone. Both methods are versatile regarding possible pattern geome-
tries and offer the possibility to transfer laboratory processes to an industrial scale through their simple
implementation in existing production lines. Laser patterning is especially effective in creating small
patterns on a scale of less than 20 um, whereas micro-coining is used to fabricate patterns on a larger
scale, greater than 100 um in spatial dimensions. Depending on the size of the patterns they can have
different functions, whereby a distinction in terms of the patterns’ size can be made with regard to the
Hertzian contact width. Patterns which are larger or smaller than the contact width can result in sig-

[51

nificant differences in load-carrying capacity !, It has been shown that especially surface features

[52,53

being smaller than the Hertzian contact width can induce hydrodynamic pressure | whereas larger

surface features can entrap more wear particles and store more lubricant as a result of their greater

(521 Patterns inside the contact zone are designed to improve the tribological behavior di-

volume
rectly by decreasing the real area of contact, entrapping wear particles, creating reservoirs for lubricant
and generating additional hydrodynamic pressure, thus increasing load carrying capacity. Patterns out-
side the contact zone can prevent migration of lubricant out of the contact zone and thus indirectly
improve the tribological behavior. In a subsequent step, surface patterns that have shown beneficial
effects in laboratory experiments are transferred to a machine element to verify the patterns’ effec-
tiveness under realistic working conditions. Since bearings were identified as one of the main compo-
nents being responsible for friction losses in the engine and transmission system of cars, a journal

bearing is chosen as the machine element [, The main objectives of the dissertation can be defined as

follows:
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OBJECTIVE 1

The first objective is to investigate the efficiency of surface patterns outside the contact zone. In the
first step, causes for lubricant migration on steel surfaces are to be identified. In particular, centrifugal
forces and thermocapillary migration shall be examined concerning their influence on the tribological
behavior or lubricant migration, respectively. Subsequently, strategies to either prevent lubricant mi-
gration or guide lubricants over surfaces are to be developed. In this regard, the effect of single-scale
laser and micro-coined patterns, as well as multi-scale patterns, on lubricant migration is investigated.
Especially, the influence of orientation and topographical parameters like depth, width, and periodic-

ity on lubricant migration is to be investigated.

OBJECTIVE 2

The second objective is to develop tribologically effective surface patterns for the application inside
the contact zone. Therefore, multi-scale surface patterns shall be precisely fabricated by a combina-
tion of laser patterning and micro-coining. For this purpose, single-scale laser and micro-coined pat-
terns, which have shown a beneficial tribological behavior in initial laboratory experiments are to be
selected and combined suitably. The characteristic surface features of both single-scale patterns
should be left intact. After successful fabrication, the tribological behavior of these designed multi-
scale patterns under lubricated conditions is evaluated in detail. Special attention is to be paid to the
mechanisms of friction reduction and the correlation of the modified tribological behavior with the

topographical surface parameters of the designed patterns.

OBJECTIVE 3

The final objective is to transfer tribologically effective single- and multi-scale patterns onto the
curved surface of shafis of journal bearings. The manufacturing techniques must be further developed
and modified to accurately reproduce the relevant patterns onto the bearing. Particular emphasis
should be placed on the precise fabrication of the patterns on the curved surface of the shaft. Further-
more, the comparability between the preliminary laboratory investigations and the results from the
Jjournal bearing tests are to be examined. This is a particularly important task as the friction force is
not a material property but highly dependent on the tribosystem and thus on the contact conditions
[

34351 In this context, real machine elements operate under very different conditions from laboratory

conditions, such as different kinematics, atmospheres, and other prevailing pressures.
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2. STATE OF THE ART

2.1 Techniques for designing surface patterns

Various techniques can be used to manufacture surface patterns. These can be classified into several
categories: removal of material (mechanical, thermal, and chemical), addition of material, moving
material and self-forming methods !, Thereby, each method has its limitations and benefits regarding
productivity, efficiency, geometric flexibility and accuracy, material flexibility, possible feature sizes,
etc. Naturally, the choice of the technique depends on the application and its requirements. However,
as key criteria, productivity (patterning speed), efficiency and geometric accuracy can be named. In
this regard, laser surface patterning and micro-coining seem to be suitable methods since both offer
the possibility of mass production and are versatile fabrication methods. Related to laser surface pat-
terning, especially direct laser interference patterning (DLIP) allows to reach very high process speeds
(close to 1 m?*/min) in combination with feature sizes down to the nanometer scale (<100 nm) B7l,
Furthermore, the two methods are capable of producing multi-scale patterns as they produce patterns
on two different scales. In this context, laser surface patterning is particularly effective in producing
small patterns with lateral extensions of less than 20 um and a depth of around 1 - 2 pm, while micro-
coining can accurately manufacture larger surface features, having a diameter of more than 30 um and
variable depth. Another technique frequently employed in manufacturing surface patterns for tribo-
logical applications is photochemical patterning 5. Due to the great variety of patterning techniques
and new techniques emerging every day, the state of the art will subsequently merely focus on these

three techniques which belong to the family of ‘material removal’.

2.1.1 Laser surface patterning

Laser surface patterning is nowadays the most used technique to pattern surfaces in engineering
applications !, This is reflected in increased sales of laser systems, leading to a growth of the total
market from 8.6 to 12.5 billion $ in between 2007 and 2017 alone °**?, Material processing accounts
for roughly 20 % of this market and micro- and nanofabrication for about 10 %. Additionally, the
number of publications dealing with laser material processing continuously grows reflecting the con-
tinuous development of laser systems and laser processing. The great popularity of laser processing
can be attributed to the possibility to permanently alter the surface’s material properties through the
unique interaction with laser light. In the course of the process, the crystal structure, the topography,
and the surface chemistry can be locally modified, which results in drastic changes in the material’s
behavior. Taking advantage of this, the material properties can be designed and optimized to obtain
the best functionality for the desired application [°*), Laser processing is a contactless method that uses

the energy of electromagnetic radiation to remove material from the surface or move material on the
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surface °®. Usually, pulsed laser systems with pulse durations shorter than us are used for surface
engineering applications to reduce the thermal impact on the material °®). For pulsed laser systems,
the energy of the electromagnetic radiation is precisely delivered to a very confined region near the
surface over a short period, resulting in the desired laser-material interaction and hence control of the
local material properties. The initial interaction between laser light and material always occurs by
excitation of electrons. Since the electron-electron interaction time is very short, it can be assumed
that the thermalization of the electrons happens instantaneously [*”. By electron-phonon coupling, the

(5801 In order to control the laser process

system reaches an equilibrium, which results in local heating
several laser parameters can be adjusted, being the wavelength A’, the laser fluence (J/m?), the number
of applied pulses, the beam characteristics, the pulse duration, and the approach to generate surface
patterns °*), Regarding the wavelength, the spectral absorptivity has to be considered. Taking copper
as an example, the absorption at 532 nm is 40 % whereas at 1064 nm most of the radiation is reflected
resulting in absorptivity of only 2 %. Hence, an increase in absorptivity by a factor of 20 is achieved
when changing the wavelength from 1064 to 532 nm . One possibility to tune the wavelength in
neodymium lasers is frequency doubling by second harmonic generation. Regarding the laser fluence,
it must be high enough to exceed the ablation threshold and thus to initiate moving or removing of
material ("), Typical ablation thresholds for metals lie between 1 and 10 J/cm? which can be reached
easily with laser systems **/. After exceeding the ablation threshold, the ablation diameter and depth

(i.e., the ablation volume) as well as the thermal impact increase with increasing laser fluence °*!. The

Lambert-Beer law describes the penetration depth z of the laser intensity:

I(z) =1, e *% (1)

The intensity / at a certain depth z is a function of the material’s absorption coefficient « and the
intensity /o just beneath the surface after considering losses due to reflection °*.. Therefore, increasing
the laser fluence results in faster processing speeds but also increases the size of the heat affected zones
(5862 The laser fluence can be affected by focusing of the laser beam and the power or energy of the
laser beam. Since the output power is a function of the pumping source’s power and the active me-
dium’s volume that the laser beam traverses during amplification, it can be controlled by controlling
either one of these parameters. One important parameter, which is frequently used to manipulate the
laser-material interaction, is the pulse duration of the laser beam. Usually, a distinction is made be-
tween short and ultra-short laser pulses since the laser-material interaction is fairly different in these
two regimes. The duration of laser pulses is considered to be ultra-short if it is equal to or smaller than
10 ps P*%1 At pulse durations below 10 ps, the classical heat conduction theory, which describes the
material with one temperature, loses its validity and the time scales of the different excitation mecha-
nisms have to be considered [*!. In metals, the laser light is absorbed by the electrons within a period
of approximately 10 fs. The transformation of the absorbed energy into thermal energy by electron-
electron relaxation within the electron system takes roughly 100 fs. The transfer of heat from the elec-

tron system to the lattice by electron-phonon relaxation starts after 1 - 10 ps °*). For pulse durations
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shorter than the electron-phonon relaxation time, the laser energy introduced into the material during
the pulse duration cannot be transferred to the lattice ). About 1 - 10 ps after the initial laser-material
interaction (i.e., the ultrashort laser pulse has already ceased), the energy stored in the electron system
is transferred to the lattice. For ultrashort laser pulses, the energy is usually high enough to break the
bonds of the lattice structure leading to direct ablation and negligible energy transfer to neighboring
lattice ions Y. As a consequence of the different interaction mechanisms of short and ultrashort laser
pulses, the material response also differs significantly. The material interaction of short pulses (micro-
and nanosecond regime) is characterized by heat conduction, melt formation and evaporation, depend-
ing on the temperature achieved. In contrast, for ultra-short pulses a direct transition from solid to
vapor dominates, where the overheated liquid is ejected out of the process zone as liquid droplets and

vapor (Fig. 3) 1,

ultrashort
a) b) laser pulse
plasma plasma
O _—_— vapor
melt deposits o VN shock wave 4 .

_droplet

melt expulsion

heat conduction overheated liquid

Figure 3: Schematic of the laser-material interaction in the case of a) short and b) ultrashort laser pulses [6],

Since the mechanism for ultra-short laser pulses is not based upon heat conduction, the thermal
impact is greatly reduced, and material can be removed without thermally affecting the surrounding
material °®), The thermal penetration depth /; can be estimated with the laser pulse duration 7, and the

material’s thermal diffusivity & [¢*6!;
ly=2Vk-1 ()

The result of reducing the laser pulse duration from the nanosecond regime (short pulses) down to
femtoseconds (ultrashort pulses) on the depth of thermal penetration is represented in Fig. 4. As can
be seen from this figure, especially for ultrashort pulses the heat is concentrated in areas very close to
the surface. However, as described above, for ultrashort pulses the classical heat conduction theory is
no longer valid. Therefore, the thermal penetration depth does not reach zero but rather approaches a

minimum %3,
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Figure 4: Representation of the effect of pulse duration on the thermal penetration depth in steel according to
equation (2). The pulse duration is varied from 5 ns down to 100 fs resulting in a significant reduction in the

depth of thermal penetration.

Furthermore, higher surface aspect ratios (ratio between depth and width of the surface pattern) can
be achieved using ultra-short laser pulses since the material is evaporated with each individual pulse
even from greater depths. In contrast, the ejection of melt becomes less efficient with increasing depth,

and the produced surface features might be partially reclosed by the ejected melt [,

It is also worth mentioning that the ablation threshold for a material is reduced for shorter pulse
durations due to non-linear multi-phonon absorption processes leading to a reduction of laser fluence,
which is necessary for material ablation °*¢*!. Another effect of the non-linear absorption of ultra-short
laser pulses is the possibility to process materials, which are usually optically transparent for the ap-

plied wavelength, like glasses [°*),

An elegant solution to obtain ultra-short pulses is mode locking. Since the pulse duration is inversely
proportional to the spectral width of the active medium, systems with a broad bandwidth, like Ti:Sap-
phire, are employed. Either active or passive mode locking can be used, which causes the oscillating
modes in the laser cavity to maintain a fixed phase in relation to each other. Thereby, active mode
locking uses intracavity optical modulators like acousto-optic modulators, whereas in passive mode
locking non-linear materials like saturable absorbers or a Kerr lens are used. The result is a laser output,

which varies in a very well defined manner as a function of time, hence ultra-short pulses ),

Finally, the approach to generate surface patterns largely influences the process. The most straight-
forward technique, called direct laser writing (DLW), focuses the laser beam onto the sample and

irradiates desired sample areas by either moving the sample via a translation stage or scanning the

58,60,67

beam over the sample’s surface [ 1. In both cases, the laser beam is delivered onto the sample
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3871 In the case of pulsed lasers, single spots can be

surface in a continuous or quasi-continuous way !
overlapped to create line-like or various other pattern geometries °“***_ The advantage of DLW is
the high flexibility of the process in terms of possible geometries °*). However, the process is time-
consuming, and the minimum feature size depends on the capability of the focusing system P, A
possible approach to decrease the minimum feature size to the nanometer scale and increase the pro-
cessing speed at the same time is DLIP "), The method makes use of interference, which generates
periodic intensity distributions upon interference of two or more laser beams due to constructive and
destructive interference. By varying the number of interfering beams, the intensity distribution on the
surface and therefore the pattern geometry can be designed. Two beams, for example, result in line-
like intensity distribution, whereas three beams generate dot-like patterns. Furthermore, the angle be-

[69-71

tween the beams defines the distance between the intensity maxima I A distinctive characteristic

of the method is that the configuration of the laser beams creating the desired pattern can be calculated,

69,72

which makes the design of the patterns very convenient [**72, Therefore, the discrete Fourier transfor-

mation is applied to the desired pattern and the most significant points are determined in Fourier space
(% All information needed to reproduce the patterns is included in these points, which are vectors and
can be extracted by constructing an Ewald-sphere ). By a clever combination of the resulting inten-

sity distribution, manifold and complicated patterns can be generated, such as Penrose patterns ",

Overlapping of the laser beams on the sample surface results in the typical laser-material interac-
tions at positions of high laser intensity whereas those positions irradiated with low intensity remain
virtually unchanged *). Thereby, the material is molten or directly ablated at the positions of maxi-
mum laser intensity, depending on the laser’s pulse duration. In case of thermal processes with melt
generation (i.e., for greater pulse durations) a temperature gradient develops on the sample surface,
which can be up to 3500 K/um ! As a result, a surface tension gradient is produced in the molten
material leading to Marangoni convection and hence a material flow from the hot intensity maxima
positions to colder intensity minima positions [*!. The distance between individual features, also called
periodicity, can be controlled by the wavelength and the angle between the interfering beams, making
DLIP a versatile tool to create defined and periodic surface topographies (. Fig. 5 schematically

illustrates the DLIP process for a nanosecond laser system.
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Figure 5: a) Schematic of the DLIP process set-up with the necessary equipment to guide the beam and scan
the sample: beam attenuator, shutter, beam splitter, mirrors, mask and translation stage. Here, the beam is split
into two beams to create a line-like intensity distribution. b) Generation of a periodic intensity distribution due
to constructive (high intensity) and destructive (low intensity) interference of two beams. The periodicity indi-
cates the distance from one intensity maximum to the next and depends on the angle of the two beams as well

as the laser wavelength A'.

2.1.2 Micro- and roller-coining

The process of coining has been used throughout the last thousand years to produce coins !, In the
context of surface patterning, it is a suitable technique to precisely and efficiently manufacture larger
surface features onto metals in the micrometer range (periodicity of roughly 20 - 200 um) #7576 The
depth of the coined patterns can be varied by controlling the coining force 7%, Typically, coined pat-
terns are used for microfluidic applications in components like micro heat exchangers or micro fuel

cells 7781

. The patterns are created by using a pre-structured tool to transfer the patterns onto the
sample under high coining pressures. A schematic of the process is shown in Fig. 6. The die of the
tool-set is often made out of hardened steel to increase the maximum stress, which it can resist, and

1871 For the micro-

the surface patterns can be applied onto the die by grinding or laser ablation
coining process, a closed die set-up is used to prevent material from flowing outwards and to increase
the form filling, which is the ratio of pattern depth to tool structure height *). Early studies mainly
discussed cold coining of relatively soft metals, like copper or aluminum alloys ""7*%!] However, to
achieve complete form filling, high pressures are needed for cold coining as a result of high initial
flow stresses. Especially for higher strength materials, like stainless steels, this could result in damag-

ing of the die "), To overcome this limitation, the die material or the process itself can be modified.
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Regarding the process, heating methods have been proposed, which reduce the flow stress of the ma-
terial to be coined "), Out of these, conductively heating the sample seems to be the most promising
method "), The electric conductive heating method can be integrated directly into the coining tool-
set and allows for rapid heating to a defined and homogenous temperature **!. By using this tech-
nique, it has been shown that during micro-coining of hemispherical and ellipsoidal lubrication pockets

no wear occurs on the die after 230 cycles !'*,

Punch

/— Blank
A L

\ Micro-coined

sample

Pattern

Coining die

Figure 6: Schematic of the micro-coining process showing the different components used for manufacturing

micro-patterns.

Since micro-coining is limited to flat substrates, another process is necessary to accurately and ef-
ficiently apply surface patterns to curved surfaces, such as occurring for example in journal bearings
(3] Szurdak et al. developed a new roller-coining set-up, which can fulfill this task *). The protruding
surface features on the coining tool can be fabricated by another coining process or by laser ablation
(75821 ‘In the case of fabrication by coining, the tool is first coined and then hardened to increase the
tool strength "), To produce the surface patterns on the counter-part, the coining tool is attached to a
pneumatic system, which is integrated into a conventional turning machine. The advantages of using
a pneumatic system are the possibility to continuously adjust the forming force by modifying the pneu-
matic pressure and the self-adjustment of the tool position, which results in a constant forming force
and thus pocket depth despite surface irregularities. Thus, it is possible to improve the accuracy of the
formed pockets compared to an experimental set-up without a pneumatic actor. By using the method
of roller-coining with a pneumatic system, lubrication pockets have been fabricated accurately onto

flat and curved surfaces [>#2!,
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2.1.3 Photochemical patterning

Photochemical patterning is a two-step process consisting of applying a mask on the substrate by

14,56

photolithography and a subsequent chemical etching process !'**®). The technique is used to create

[14,16,56,83,84

patterns from the sub-um regime up to several mm ] A schematic of the photochemical

patterning process is depicted in Fig. 7.

Substrate Cleaning

\

Applying
photoresist

Photomask UV light ¥

ST

UV light
exposure

\

Dissolving
photoresist

\

Etching

Figure 7: Schematic of the photochemical patterning process. Before the process, the substrate is cleaned. Sub-
sequently, a photoresist is applied, which is then exposed to UV light at the positions not covered with the pho-
tomask to increase the resistance against the developing solution (negative photoresist). Finally, the photoresist

is dissolved, and the substrate is chemically etched, resulting in surface patterns.

In a first step, the photoresist is applied onto the substrate, typically by a spin coating process to

create a thin and even film %%

], By using a mask, the photoresist can be exposed to UV light at
specific areas. The photoresist can be either positive or negative. Positive photoresists are weakened
by the exposure to UV light, making them more soluble in the developing solution, whereas negative
photoresists strengthen the polymer chains of the photoresist by promoting cross-linking *°.. After
dissolving the photoresist at specific positions, the substrate’s surface is etched with a chemical agent
at the positions which are not covered with the photoresist. The depth of the patterns can be controlled

14361 Advantages of the process are that merely the topography of the substrate is

by the etching time !
modified, rather than the material properties, there is no stress introduced, no burrs or edges are created
on the surface, the resolution is high, and it is a versatile technique in terms of shapes and materials
(141656851 “However, the two-step process is rather time-consuming and demands high standards in

terms of environmental conditions ['+%%),
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Due to their advantages in terms of flexibility, cost, applicability, and processing speed, laser sur-
face patterning and micro-coining were chosen as patterning techniques in this dissertation. Single-
scale patterns are created by these techniques individually, whereas the combination of the two tech-

niques allows for the generation of multi-scale patterns.

2.2 Surface patterning to control friction and wear in lubricated
systems

Usually, lubricants such as oils or greases are applied to reduce friction and wear in machine ele-
ments. However, due to higher efficiency requirements, low viscosity oils, which minimize viscous
drag losses get more popular rendering the system more susceptible to drop below the optimum film
thickness (*). Besides, machine elements are often operated under harsher conditions, like higher loads

87,88

or frequent start-stop cycles %], This results in contact of the rubbing surfaces and tends to increase

friction and wear.

A possibility to correlate the operating conditions in lubricated systems with the COF is the Stribeck
curve, which relates the COF with the Sommerfeld parameter, being the product of viscosity and ve-
locity, divided by the applied load (see Fig. 8). Furthermore, the Stribeck curve can be divided into
three main lubrication regimes, namely boundary, mixed and hydrodynamic lubrication. In combina-
tion with the lambda (A1) parameter, which is the relation of lubricant film thickness /o to the combined
surface roughness of substrate and counter body o, a classification between the three lubrication re-
gimes can be done. For thin lubrication films, with A values smaller than 1, boundary lubrication pre-
vails, which is characterized by the surface asperities bearing the load. For higher velocities, viscosities
or lower loads (Fx), the lubricant film thickness increases resulting in an increase of the lambda pa-
rameter to 1 - 3. This regime is called mixed lubrication, and the film thickness is high enough to carry
the applied load partially, but the friction partners still are not entirely separated, and the asperities still
touch each other. Since in this regime the roughness is in the same range as the film thickness, it has
a significant influence on the build-up of hydrodynamic pressure and thus the film formation ). For
A values larger than 3, both surfaces are completely separated from each other, the lubricant film en-
tirely carries the applied load and hence the properties of the lubricant mainly influence the frictional

behavior. Additionally, under hydrodynamic lubrication, no wear is to be expected *°/.
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Figure 8: Stribeck curve showing the different lubrication regimes, boundary, mixed and hydrodynamic lubri-

cation.

As can be seen from the Stribeck curve, the COF usually increases with decreasing film thickness
1. Therefore, the frictional behavior can be improved by strategies, which extend the hydrodynamic
friction regime, or which reduce friction in the mixed or boundary lubrication regimes **?!J, Several
strategies have been proposed to enhance the tribological behavior of surfaces under lubricated condi-

tions, such as lubricant engineering, new materials, and coatings as well as surface patterning .

Surface patterning is a viable method to increase the film thickness permanently and thus shift the
onset of contact between the surfaces to higher loads, lower speeds or viscosities V2. Additionally, the
surface patterns improve the tribological properties during boundary or mixed lubrication and thus
increase the components’ lifetime when operating conditions are more severe. However, the patterns
have to be designed very carefully since also detrimental effects (i.e., increased friction and/or wear)
have been observed if the pattern design is inappropriate with respect to the tribosystem and its contact

conditions "3,
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2.2.1 Single-scale surface patterns

Surface patterns can influence the tribological behavior in various ways. The main influencing fac-

tors are:

e Reduction of the real area of contact,
e Trapping of wear debris,
e Create reservoirs for lubricant, and

e Generation of additional hydrodynamic pressure.

Reduction of the real area of contact

Despite the fact that according to Amontons’ second law of friction, the friction force is independent
of the apparent area of contact, the friction force depends greatly on the real area of contact [“**). This
correlates directly with Amontons’ first rule, stating that friction during sliding is directly proportional
to the normal load since the real area of contact is also directly proportional to the normal load *#-%4%%,
As can be seen in Fig. 9, the apparent contact area is merely the projected area of the surfaces, whereas
the real area of contact is much smaller since it is the sum of discrete contact spots (junctions). Fur-

thermore, it is demonstrated how roughness or a deterministic surface pattern influences the real area

of contact.

: : Surface 2 e Surface 2

[ Real contact area
[J Apparent contact area

Figure 9: Schematic illustration of the real area of contact and the apparent contact area of contact between

two rough surfaces or a surface with deterministic surface topography and a flat surface [,

The correlation of the real contact area and the friction force is a direct indication that the frictional
behavior can be strongly influenced by surface patterning and thus by influencing the real contact area.
Bettscheider et al. developed an approach to measure the real area of contact for laser-patterned sur-
faces during static loading, using a marker technique °”). They deposited thin Au80Pd20 films of 10
nm thickness on top of the surfaces to increase the contrast in the secondary electron images acquired
with a scanning electron microscope (SEM). Subsequently, the samples were indented with a steel ball

using different normal loads of 1 and 5 N. As can be seen from Fig. 10, the results show a significantly
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decreased real area of contact for the laser-patterned samples. Furthermore, the real area of contact

increases for all samples with higher loads.
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Figure 10: Reduction of the real area of contact as a result of laser patterning. The images show the real area
of contact upon contact of a steel ball (diameter 6 mm) with a polished steel sample (a) and with a laser-pat-

terned sample having a periodicity of 9 um (b). The ball was loaded onto the sample with 1 N. Modified from

[97]

There are several studies in the literature, which connect a reduced COF of patterned samples with

30.72.98-103] * A of these studies work under mixed or boundary

a reduction of the real area of contact !
lubrication, or even dry sliding conditions. Since the contact area increases with decreasing lubricant
film thickness, it is not surprising that the influence of the real area of contact in these lubrication
regimes is particularly pronounced. However, with decreasing real area of contact also contact stresses,
especially at the edges of the surface features, increase. This cannot only limit the friction reducing
effect induced by the surface patterns but also lead to an increase in friction compared to a flat surface
(102.104.105] ‘T this context, higher surface coverage with surface patterns (i.e., high area density) tends
to weaken the surface integrity by decreasing the real area of contact. In combination with high contact
pressures at the asperity tips, this leads to plastic deformation and thus to high wear rates 12:'010¢-10%,
This holds especially true for protruding surface features in comparison with dimpled surface patterns
since the load bearing capacity of the protruding surface features is much lower resulting in higher
local contact pressures ['**!') Therefore, the optimization of the surface patterns has to be carried out

carefully with regard to the area density and thus the real area of contact.

Trapping of wear debris

The entrapment of wear particles in depressions formed by surface patterns is a well-known mech-

anism contributing to friction and wear reduction of patterned surfaces under dry and lubricated con-

14,21,99,111-114

ditions ! I Fig. 11 shows a schematic of the process.
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Counter body

Trapping of wear

Patterned sample particles

Figure 11: Schematic of the entrapment of wear particles in the topographic minima of a patterned surface.
During sliding, plastic deformation of the substrate occurs resulting in the generation of wear particles. These
particles are entrapped in the surface depressions and hence cannot contribute to further abrasion of the sur-

face.

The mechanism of trapping wear debris can be regarded to be particularly important for unlubri-
cated systems (e.g., for high temperature or vacuum applications) or those working under boundary
lubrication due to high friction, severe wear, and even possible seizure under these contact conditions

(1141 The entrapment of the generated wear particles in the depressions helps to reduce abrasion which

[14

otherwise would enhance friction and wear '*. The generation of wear particles during sliding motion

of metals is normally preceded by oxidation of the surface !''"*). Beyond a critical thickness, this oxide

layer breaks up, and oxidic wear debris is formed !'"'>""'7), Since these oxidic particles are often harder

112,117

than the substrates, substantial abrasive third-body wear can take place ! 1. To efficiently remove

wear particles from the sliding surfaces by trapping them in the surface patterns, it is vital to design

the surface patterns accordingly. Thereby, the size of the surface patterns must be sufficient to trap the

largest wear particles in the depressions !4,

Creating lubricant reservoirs

Another effect frequently reported in the literature is the replenishment of lubricant onto the sliding

16,17,118-121

surfaces from lubricant reservoirs created by the surface patterns ! 1. By increasing the surface

area and creating reservoirs for a lubricant, the quantity of lubricant in the contact zone is increased,

27,119,122

thus contributing to better lubrication, which decreases friction and wear ! 1. A well-known ap-

plication that makes use of this effect are honed cylinder liners in combustion engines, where the

e 1%, The effect, also called secondary lubri-

pattern stores oil and supplies it back to the contact zon
cation effect, seems to be the dominant mechanism when the friction pair experiences lubricant star-
vation '®'?4 Upon contact of the counter body with the pattern, the retained lubricant is squeezed out
of the reservoirs, and as a result, the lubricant spreads in the contact zone, which is replenished with

lubricant ['**!, Hence, the continuity of a lubricant film can be ensured as long as the patterns are not
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destroyed due to excessive wear. Therefore, the secondary lubrication effect aids at prolonging the

lifetime of machine elements by preventing lubricant starvation [2!-125:126]

Regarding the pattern’s geometry, it has been shown that a higher area density and thus more surface

121,124

features aid at reducing friction and wear | 1. Also, a higher structural depth of the patterns can

lead to a larger volume of the lubricant reservoirs, which results in improved tribological performance

[127

in the form of a greater lifetime !'?). However, if the depth of the patterns is too large, the lubricant

may be trapped within the deep depressions in the surface and can therefore not be supplied as easily

123,128,129

into the contact zone compared to patterns with a smaller aspect ratio ! 1. Finally, lubricant

reservoirs can also contain lubricant within them and thus prevent migration of lubricant out of the

contact due to centrifugal forces or temperature gradients ['*7+1%],

Generating additional hydrodynamic pressure

Finally, surface patterns can build-up an additional hydrodynamic pressure, which creates a force
acting on the surfaces, pushing them apart from each other to further separate the surfaces ['*2%9192131]
The mechanism of increasing the hydrodynamic pressure by surface patterns can be seen from Fig.
12. Upon contact between the surface pattern and the tribological counter body, there is a pressure
drop at positions where the lubricant gap height increases (diverging region), whereas at positions
where the lubricant gap height decreases again (converging regions) the pressure is enhanced. Usually,
this results in anti-symmetric pressure distribution and the pressure increase and pressure decrease
cancel each other out, as can be seen in Fig. 12 (a). For low velocities the maximum pressure is smaller
than the absolute value of the cavitation pressure and the pressure distribution is anti-symmetric.
Therefore, the net pressure is zero, and no hydrodynamic pressure or load carrying capacity is gener-
ated [*?1, This also underlines the importance of the mechanisms described above, especially at low
velocities. However, for higher velocities, the minimum pressure approaches the cavitation pressure,
and gas bubbles (cavitation) begin to form in the diverging region (Fig. 12 (b)). This results in the
development of an asymmetrical pressure distribution since the pressure drop is limited from below
by the cavitation pressure, whereas the maximum pressure is not limited **!*?]. Hence, the net pressure
is positive and hydrodynamic pressure and load carrying capacity is generated. The sum of the contri-
butions of the hydrodynamic pressure generated by each individual surface feature totals the additional

hydrodynamic pressure build-up of a patterned surface.

20 Philipp Griitzmacher



Controlling friction by multi-scale surface patterning inside and outside the contact zone

a A b
) » )
Y —
+ L ]
Supply pressure
N — x
Cavitation pressure > ~ %""o%
Y \ 00 00
S 4 Cavitation
N
N/ \ . .
Anti-symmetric

Figure 12: Asymmetric pressure distribution due to local cavitation at the patterns’ sites. The net pressure is
positive since the cavitation pressure of the lubricant limits the negative pressure. Note that additional hydro-

dynamic pressure can only be generated when the cavitation pressure is inferior to the supply pressure 22,

Since a certain film thickness in relation to the surface roughness is necessary to induce hydrody-
namic pressure, the mechanism of generating additional pressure is relevant under mixed and hydro-
dynamic lubrication %!, As a result of the additional hydrodynamic pressure induced by the surface
patterns, friction in these regimes can be decreased °!l. Furthermore, hydrodynamic or mixed regimes

can be extended to higher loads or lower velocities 27921,

Several mechanisms have been proposed on how surface patterns can decrease friction and wear.
In this context, high area densities of the surface patterns are beneficial for decreasing the real area
of contact, creating lubricant reservoirs and trapping wear debris. Additionally, the surface patterns
can create an additional hydrodynamic pressure, which helps to increase the surface separation. How-
ever, surface patterns may also weaken the surface integrity and increase contact stresses when there
is solid-solid contact, thus possibly overcompensating positive effects of the surface patterns. There-
fore, the design of the surface patterns regarding shape, area density, width, and depth has to be
carefully optimized.

Surface patterns were first extensively used in the 1940s, where they were applied to bearings and
engine cylinders ["*'**], In this context, surface patterning of cylinder liners of combustion engines was

221341 Tn 1966 Hamilton et al. were the first to relate

also the first successful commercial application !
the positive effects of surface patterns to the generation of additional hydrodynamic pressure and hence
increased load-carrying capacity when they investigated surface irregularities on rotary-shaft seals
(11.22] "Since then a lot of different methods have been used to produce a variety of single-scale surface

patterns. Especially the pioneering work of Etsion et al. is to be mentioned here, which started in 1996

[20,135 20,136]

] Etsion et al. used laser surface patterning to produce hemispherical, dimple-like shapes ! .
In later years among the proposed geometries were triangular !*”), diamond-like "**], elliptical !**),
chevron-like "% cross-like 2!, and many more shapes. Thereby, the patterns have to be optimized
with respect to the application and thus contact conditions, which is a difficult task due to the variable
and complicated lubricated conditions. Machine elements to which surface patterns have been suc-

cessfully applied over the years to improve their tribological properties are among others the piston-
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141,142] [143,144

cylinder contact , mechanical seals 1| cutting tools !'*'*], the cam/tappet contact '*!, and

82.121.147.198] 'Even though hierarchical or multi-scale surface patterns frequently occur

journal bearings !
in nature where they show fascinating properties, they have been very seldomly manufactured to ma-

nipulate the tribological behavior of machine elements.

2.2.2 Multi-scale surface patterns

Biological materials offer outstanding adhesion, frictional, wetting properties, and can be self-heal-
ing or self-cleaning. The secret for these outstanding properties seems to lay in hierarchical or multi-
scale surface topography. The extensively studied structure of the bone, for example, shows seven
levels of structural hierarchy, resulting in strength and toughness orders of magnitude greater than

(149 This multi-scale design of materials in nature is especially inter-

those of the constituent phases
esting for tribological applications since friction itself is intrinsically a multi-scale problem, as pointed
out by Nosonovsky and Bhushan *"'*%!, In this context, the gecko paw, which shows a three-level
surface hierarchy, is a widely considered example as it exhibits either high adhesion (attachment to
surfaces/walls) or low adhesion (detachment from surfaces) “"'**!5!. Other examples of multi-scale
surfaces in nature, which show low friction or adhesion, are the patterned skins of snakes or sharks
and the lotus leaf 31521331 Dye to the interesting frictional properties of these multi-scale surfaces,
there have been efforts mimicking these surfaces. Usually, an improvement of material properties is
achieved by mimicking the topographical features of the surface rather than its physical or chemical

properties %,

This way Shafiei and Alpas replicated the surface morphology of a lotus leaf in nanocrystalline
nickel by imprinting surface patterns of the natural sample on an acetate film and subsequently depos-
iting nanocrystalline nickel on the negative imprint . The samples with the lotus-like surface patterns
exhibited smaller COFs and especially less pronounced peak values of the COF due to a smaller real

098] However, introducing nanoscale surface features

area of contact as well as wear particle trapping !
on the microscale protuberances did not contribute to a further reduction of the COF P, Similarly,
Baum et al. investigated snake inspired surface patterns on polymer samples and found a substantial
reduction in friction as well as a reduction in stick-slip vibrations *'>4. Apart from directly mimicking
biological surfaces, there have been some attempts to manufacture multi-scale surfaces, which are
bioinspired but rather based upon conventional manufacturing methods. Resendiz et al. used a combi-
nation of diamond cutting and shot blasting to create multi-scale surface patterns on aluminum. In
comparison to a flat surface and the single-scale patterns, the multi-scale surface showed synergetic
effects on the frictional behavior, resulting in the lowest COF under lubricated conditions. The authors
attributed the reduced COF mainly to the generation of an additional hydrodynamic pressure, which

was greatest for the multi-scale surface **). Wang et al. combined large dimples with a diameter of

350 pm with small dimples having a diameter of 40 um, both fabricated by lithography and reactive
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ion etching, to improve the frictional behavior of silicon carbide surfaces sliding in water. The authors
assumed that large dimples increase the hydrodynamic pressure, whereas smaller but densely distrib-
uted dimples act as lubricant reservoirs providing lubricant to the contact zone. Indeed, the patterned
surfaces with multi-scale dimples showed the highest critical load for the transition from hydrody-
namic to mixed lubrication and thus the widest range of hydrodynamic lubrication regarding the op-
erating conditions '), Segu et al. fabricated dimples on steel samples by laser patterning, combining
different shapes (circular, square, triangular) and sizes. Under lubricated, conformal contact condi-
tions, the authors showed an overall lower COF and a transition to hydrodynamic lubrication at smaller
sliding speeds for the multi-shaped patterned surface compared to the non-patterned surfaces. The
improved behavior was attributed to the generation of a hydrodynamic pressure induced by the patterns
and additional oil supply from the patterns into the contact zone ['*!*"]. Additionally, they showed an
improvement in the frictional behavior of patterned steel surfaces with multi-shaped dimples under
lubricated, non-conformal conditions (ball-on-disk experiments) compared to non-patterned or sur-
faces patterned with only one kind of dimples . Again, this improvement was associated with an
additional hydrodynamic pressure and lubricant reservoirs. Some examples of artificial multi-scale

patterns are depicted in Fig. 13.

Figure 13: Examples of artificially manufactured multi-scale patterns. Shown are electrodeposited lotus leaf

patterns in nickel (a) ®, a combination of large and small dimples in silicon carbide (b) '**! and multi-shaped

patterns manufactured by laser patterning on steel (c) [57).

Despite numerous investigations of hierarchical surfaces dealing with their influence on adhesion
and wetting (superhydrophobicity), such surfaces have seldomly applied to achieve low friction solid
surfaces. Additionally, the exact mechanisms by which these multi-scale surface patterns improve the

tribological behavior is still unclear.

Plausible explanations for the improvement of the tribological behavior induced by multi-scale pat-
terns are that surface patterns on different sizes can influence the tribological behavior on different
scales. Thus, adhesion could be decreased on the nanoscale and interlocking on the microscale both

(1541 Similarly, small-scale patterns may reduce the

contributing to an overall reduced friction force
real area of contact while large surface features can entrap wear particles. Furthermore, under lubri-
cated conditions surface patterns on different size scales could be effective at different lubricant film

thicknesses and thus lubrication regimes since maximum hydrodynamic pressure is generated when
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212289181 This would result

the structural depth is approximately equal to the lubricant film thickness !
in a synergetic effect of the multi-scale surface patterns by improving the tribological properties under
various lubrication conditions simultaneously. Additionally, smaller-scale patterns on top of larger
patterns might contribute to a better distribution of lubricant in the contact zone resulting in a reduction
of cavitation phenomena, which otherwise might overcompensate positive effects induced by the

build-up of a hydrodynamic pressure !>/,

2.3 Lubricant migration

Guiding of liquids on surfaces can be beneficial in various fields such as lab-on-chip systems, mi-

(160-162] 'Tn npature, several

crofluidics, inkjet printing, micropump needles and thin-film lubrication
animals exploit the phenomenon of guiding liquids through superficial channels or the anisotropic
wetting of surfaces. The wings of butterflies exhibit anisotropic wetting properties, whereby a water

droplet can easily roll away from the butterfly’s body but is pinned on the wing in the opposite direc-

163 162,163]

tion ['3), This behavior can be explained by a directional arrangement of nano-tips on the wings ! .
The rice leaf shows channel-like multi-scale patterns on its surface parallel to the leaf edge also leading
to an anisotropic roll-off behavior of water droplets. Thereby, the droplets roll off more easily along
the channel-like patterns '*!!. Furthermore, some lizards have adapted to arid environments by creating
a capillary system on their bodies. Channels between their scales help them to collect and direct water

towards their mouth using capillary forces and thus without external energy 5167,

Inspired by these functional surface topographies found in nature, tailored surface patterns, which
exhibit a directionality, can be put to use to modify the wetting behavior of surfaces and guide liquids
over surfaces. Such surface patterns might also be interesting for tribological applications, in which
they can be applied to guide lubricants to the contact zone where they are required to reduce friction
and wear. Especially in cases where lubricant migration out of the contact might occur, preventing
lubricant migration or guiding lubricant back to the contact zone is of utmost importance. Lubricant
migration out of the contact can lead to starved lubrication conditions (i.e., insufficient lubrication) in
the tribological contact, which can significantly increase friction and accelerate wear thus causing
severe damages and ultimately resulting in the failure of the entire component >33, As a result of
starved lubrication conditions, energy consumption is drastically increased, which in turn decreases
the energy efficiency. The migration of lubricants is of great importance in applications like miniature
ball bearings or hard disks **!. Moreover, lubricant migration is a serious problem for space applica-
tions in which temperature changes from -100 to 200 °C, causing a decrease in the device’s perfor-
mance and components’ lifetime **1. To prevent starved lubrication, the lubricant migration out of the
contact should be inhibited. In this context, Ke et al. could prevent thermocapillary lubricant migration
of ferrofluids out of the contact zone using a magnetic field. As a result, an increase in friction can be

prevented resulting in a constant and low COF ['*®),
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2.3.1 Reasons for lubricant migration

Two main causes are resulting in the migration of lubricant out of the contact zone, namely: ther-
mocapillary migration and centrifugal forces. Thermocapillary migration can occur wherever there is
a temperature gradient whereas lubricant migration due to centrifugal forces only occurs in rotating

machine elements, such as ball- or roller-bearings.

Thermocapillary migration

The theoretical background related to the movement of droplets on surfaces is described by the
Marangoni effect, which is also known as the “tears of wine” phenomenon. In a glass of wine, the
alcohol at the side of the wine glass, which has a lower surface tension and higher volatility than the
water, evaporates more rapidly resulting in an inhomogeneous alcohol concentration and thus a gradi-

32,169

ent in surface tension F>'®!. As a result of this surface tension gradient, wine is pulled up towards the

regions with higher surface tension where a thin film is formed. As more liquid is pulled upwards,

s 21701 A change

droplets are formed, which, under the force of gravity, fall back into the wine like tear
in the surface tension as a function of the location can be induced by various mechanisms, such as
electric and magnetic fields, or chemical and thermal gradients on the surface **'7"), Thereby, the
movement of a liquid, which is induced by a temperature gradient, is referred to as thermocapillary
migration B!2343517173] The movement of a droplet on a surface with a temperature gradient and the

forces acting on the droplet are shown in Fig. 14.

Capillary flow

YLG1
Marangoni flow

~ L p < >
YsG1 YsL1 YsL2 YsG2
Temperature gradient

> YsL2 = YsL1

Direction of preferred lubricant flow

Figure 14: Schematic illustration of the flow patterns on the solid-liquid interface and inside a liquid drop-
let sitting on a surface with a temperature gradient. The advancing () and receding (&) contact angles, which
are related by Young’s equation with the interfacial tensions existing at the solid-liquid (ysL), solid-gas (y56)
and liquid-gas (L) interfaces 74, differ as a result of the applied temperature gradient. The droplet moves

toward cold regions of the surface. Modified from 173,

The spatial variation in surface tension at the solid-liquid interface creates tangential stress at that
surface pointing toward higher surface tension, namely colder regions. This stress acts on the adjacent
fluid, and, if it is greater than the viscous resistant force, the interfacial fluid is set into motion, which

175-177

is then transferred to the fluid inside the lubricant droplet ! I. As shown in Fig. 14, the Marangoni

flow propels the droplet towards cooler regions, leading to an asymmetric droplet shape, also known
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as contact angle hysteresis, where the contact angle at the front (advancing contact angle) is greater
than at the back (receding contact angle). Since the curvature of the droplet’s advancing side is smaller
than that of the receding side, a pressure difference across the drop is generated, which produces a

33,175

capillary flow in the opposite direction to the Marangoni flow **!7], Therefore, the droplet can only

175178 Tn this context, Fote et al. have

move if the Marangoni flow overcompensates the capillary flow !
shown that a small temperature gradient of 0.2 °C/mm is sufficient to cause lubricant migration
(3639.179] ' Thereby, the migration velocity can be increased by increasing the temperature gradient or
the oil volume as well as by decreasing the lubricant viscosity F***!721%%] The dependency of the

migration velocity v on the lubricant viscosity and temperature gradient can also be seen from the

175,181].

following formula !
=2l — 3)

where /4y is the lubricant film thickness, u is the dynamic viscosity of the lubricant, dyis the change

in surface tension with temperature d7, and d7/dx is the temperature gradient parallel to the surface.

The idea to deliberately use a temperature gradient as the driving force to move a liquid droplet over
a surface was recognized at the beginning of the 20™ century by Bouasse, who moved drops against

1721821 Such a tempera-

the force of gravity on an upwards tilted metal wire by heating the lower end |
ture gradient can also develop in a frictional contact where it may lead to lubricant migration out of
the contact zone, and thus to starved lubrication conditions and ultimately a downgraded tribological
behavior. Zooming into the contact zone between rubbing surfaces under mixed lubrication reveals
that both rough surfaces meet at single small spots, the contacting asperities *****], Due to the high
contact pressure at these contact spots, frictional heat is locally generated upon relative movement

29,3235

(i.e., sliding) of the two surfaces ! 1. As a result, the interfacial temperature close to the contact

zone is increased, whereas the temperature in adjacent regions without asperity contact remains con-

w 2832331 Hence, a temperature gradient is generated, where the surface tension in the

siderably lo
colder regions is higher than in the warmer regions, leading to a surface tension gradient. As a result,
the lubricant is pulled from the hotter contact zone toward the colder regions surrounding the tribolog-
ical contact to reduce its free surface energy, which yields in a lack of lubricant at the contacting
asperities, where it is most urgently needed 1**!7!">!33] The problem of lubricant migration possibly

leading to lubricant starvation in a tribologically loaded contact is schematically depicted in Fig. 15.
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lubricant
spreading

Figure 15: Schematic illustration of the lubricant’s migration out of the hot contact zone toward the colder
surrounding areas. The contact zone is heated by frictional heating resulting in a reduction of the interfacial

tension and ultimately in the loss of lubricant out of the contact zone.

Temperature gradients on surfaces are in the range of several °C/mm, whereby typical temperature

18187) In tribological contacts, the

gradients account for 1 - 10 °C/mm depending on speed and load !
Marangoni flow typically is the dominating effect over capillary effects and lubricant migration out of
the contact zone can occur. In this context, Ke et al. have shown that an increase in the temperature
gradient from 1.0 to 4.33 °C/mm leads to a faster lubricant migration out of the contact zone and thus

to higher COFs %],

Centrifugal forces

Besides, centrifugal forces can cause the loss of lubricant in the contact zone leading to increased

[38,188

friction and/or wear ] Roller bearings in high-speed spindles and aircraft engines, for instance,

often operate under high speeds, where centrifugal forces can affect the lubrication conditions !*),
This can be explained by a rapid increase of the centrifugal forces with increasing rotational speed.
Thereby, the relation of the centrifugal force F.. with the mass of the lubricant m (can be calculated
from the lubricant’s density and volume), the rotational speed v; and the radius of the point at which

the centrifugal force is determined in relation to the axis of rotation R is given by following formula
[190]

Fo=— (4)

Liang et al. performed ball-on-disk experiments varying the rotational speed from 3 to 30 m/s and
found that lower speeds can enhance the lubricant replenishment to the contact zone, which is benefi-
cial for the tribological behavior, whereas higher speeds weaken the lubricant replenishment. Hence,
at higher speeds centrifugal forces govern the lubrication conditions, leading to a loss of lubricant, a

189.1901 ' Therefore,

decrease in lubricant film thickness, and ultimately starved lubrication conditions !
speed limits have to be defined for roller- and ball-bearings to restrict the loss of lubricant from cen-
trifugal throw-off of lubricant "), The reduction of lubricant in the contact zone is schematically

shown in Fig. 16.
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\/

Inner side Outer side
Centrifugal force — —

Original shape of oil reservoir
I Shape of oil reservoir influenced by
centrifugal force

Figure 16: Schematic illustration of the lubricant loss from the contact zone due to centrifugal forces in a
ball-on-disk experimental set-up. The oil reservoir represents the lubricant film, which is present in excess in
the contact zone. Due to the acting centrifugal forces, the surface area of the lubricant film significantly de-

creases possibly leading to a reduction in lubricant film thickness. Reproduced from [13%),

1t has been shown that both temperature gradients and centrifugal forces affect lubricant migration
out of the contact zone leading to a loss of lubricant and therefore an increase in friction and/or wear.
To improve lubricant migration by preventing lubricant movement or by guiding lubricant several
parameters can be controlled, namely the surface roughness, the surface chemistry, and the lubri-

cant’s physical properties.

2.3.2 Chemical modification to improve lubricant migration

One way to improve the lubricant migration on surfaces is to chemically modify the surface or the
lubricant, which alters the wettability and thus the adhesion of the lubricant on the surface *>'**!. Dai
et al. showed that by changing the surface material, the ability of diester droplets to migrate over
surfaces under the influence of a temperature gradient (2.2 °C/mm) is strongly affected. Thereby, the

migration velocity accounted for 0.5 - 0.6 mm/s in case of Au, Ti or Si surfaces, while the droplets did

[195

not migrate at all on polytetrafluoroethylene surfaces '°*!. Additionally, low surface energy coatings

196-198

can be applied as anti-migration barriers in order to prevent lubricant migration ! ] These coatings,

which are mostly fluorocarbon compounds, are usually not directly applied within the machine ele-

1961971 As a result of the low surface energy of

ments but only to escape gaps such as bearing lands |
the coating, most lubricants do not migrate across the coating, and thus the lubricant can be contained
within the contact zone '), Hence, the tribological properties of machine elements and their lifetime
can be improved '\, By applying an anti-migration coating, Fitzsimmons et al. increased the lifetime
of miniature ball bearings from 300 to nearly 4000 h *°”. Apart from that, watches are treated with
anti-migration coatings for lifetime lubrication !'**. However, several problems are encountered when

using coatings to decrease lubricant migration and have to be taken into consideration. First, the coat-

ings can be easily removed during wear or as a result of chemical reactions between lubricant and

197,199 199]

coating ! 1. Secondly, the use of coatings at very low or high temperatures is often restricted ).
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Finally, the chemicals used for the anti-migration coatings are often hazardous for the environment
[40,201]

Additionally, the chemical composition of the lubricant can be modified to decrease the tendency
for lubricant migration. Thereby, either a lubricant with higher surface tension or viscosity, which
tends to show less lubricant migration, can be employed (see also equation 3) or additives can be added

to the lubricants [!81:193:197:199.202

I In this context, Huang et al. investigated the migration behavior of an
ionic liquid in comparison to various other lubricants under a temperature gradient on steel surfaces.
They showed that the ionic liquid do not migrate at a temperature gradient of 2.33 °C/mm whereas a

1981 Moreover, Dai et al.

polyalphaolefin oil (PAO) migrated with a maximum velocity of 2.5 mm/s !
investigated the effect of lubricant additives on the migration behavior and found that by adding oleic
acid or polydimethylsiloxane the migration of lubricants can be slowed down '8!, This was attributed
to a lower dependency of the surface tension on temperature as well as enhanced adsorption for poly-
dimethylsiloxane and oleic acid, respectively.

Finally, chemical patterns of alternating hydrophobic and hydrophilic stripes have been shown to

162:203-205] "Such surfaces could be highly attractive to

exhibit an anisotropic liquid spreading behavior !
control lubricant migration under the effect of an applied temperature gradient. Bliznyuk et al. created
chemically defined patterns of hydrophobic stripes of fluorinated self-assembled monolayers on a hy-
drophilic SiO, substrate by optical lithography ). The striped pattern resulted in a preferential
spreading of water droplets parallel to the line-like pattern but obstructed fluid movement in the per-
pendicular direction. Furthermore, by varying the relative widths of hydrophobic and hydrophilic re-
gions on the sample a surface energy gradient was generated, resulting in a preferential direction of

liquid spreading to the more hydrophilic side.

2.3.3 Topographical modification to improve lubricant migra-
tion

Another possibility to improve lubricant migration on surfaces is to modify their topography,
thereby creating mechanical barriers or edge effects '), The simplest method is to create depressions
on the surface, which act as a sink and are filled with the migrating liquid, therefore hindering spread-

ing [33,193

] However, this method has the disadvantage that, even though the liquid cannot spread fur-
ther, it is still removed from the contact zone. Another approach to obstructing liquid motion on a
surface by topographical features is based upon edge effects. The effect of a single topographical de-
fect on the liquid’s contact line was discussed by Quéré and is schematically shown in Fig. 17 2%,
Upon contact with a depression on the surface, the front of a liquid droplet can be stopped as if the

defect on the surface was nonwetting, which is called contact line pinning.
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e

Figure 17: A droplet’s contact line with the contact angle 8is pinned on an edge as the liquid migrates from
left to right. Upon contact with the edge, the contact angle can take any value with respect to the horizontal ref-
erence value between fand m - ¢+ 6, which is represented by the colored region. Only after exceeding a con-

tact angle of 7 - ¢+ @the droplet can migrate further to the right. Reproduced from [2°6],

Since technical surfaces are not perfectly flat but exhibit roughness, often on a micrometric scale,
Dai et al. investigated the thermocapillary migration behavior of lubricants on rough surfaces having

32,34,206

a surface roughness in the range of 0.2 - 1.2 um ! | Interestingly, statistically rough surfaces

without preferential direction showed an increase in migration velocity with higher surface roughness
B34 This was explained by the Wenzel model, which predicts smaller contact angles for hydrophilic
surfaces and hence a higher tendency to spread over the surface with increasing surface roughness.
Therefore, the pinning effect of surface asperities can be overcompensated by the greater tendency of
the lubricant to spread on rougher surfaces. However, if the surface roughness showed a preferential
orientation, such as after grinding, the migration velocity strongly depended on the orientation of the
grinding scars with respect to the temperature gradient *%. In the case of perpendicular orientation of
the grinding scars with respect to the temperature gradient, the lubricant migration towards the cold
side was effectively hindered by acting as a barrier to the lubricant motion. In contrast, parallel orien-

tation of the grinding scars led to an increase in migration velocity which could be attributed to an

additional force from capillary forces.

Various studies can be found in the literature using deterministic line- or channel-like surface to-
pographies, fabricated by mechanical grinding, optical lithography, imprinting/coining, or laser sur-
face patterning to create anisotropic wetting properties 2**272% According to Xia et al. anisotropic
wetting is defined as “the inhomogeneous distribution of liquid and accompanying wetting properties

» 299 and can result in either different contact angles parallel and perpendicular to the

upon a surface
channels or different sliding angles off the surface for different directions **”). Besides, some studies
define an anisotropic droplet spreading on the surface, which measures the relative propagation of the
droplet in x- and y-directions from above also called droplet distortion 2°"2°*], The anisotropic wetting

properties, which result in different contact angles for different directions or a droplet distortion can
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be explained by pinning of the contact line perpendicular to the channel-like surface patterns and ca-

pillary forces acting parallel to the patterns, thus stretching the droplet in this direction 1°204207-208.210]

In this context, the spreading characteristics of liquids through open micro-channels have been thor-
oughly investigated in the literature *''2'%1, It has been shown that the velocity of the liquid inside

open surface channels can be described by balancing the capillary force with the viscous friction force

[211,213,214.216 217,218

] This leads to the well-known Lucas-Washburn equation ! 1, which Rye et al. brought

into a more general form 2'%);

2 =K(ﬁ,9)-%-t (5)

where / is the length of the wetted portion of the channel, K(f5,6) is a geometric term depending on
the channel angle fand the contact angle, d is the structural depth and ¢ is the time. It can be concluded
that the spreading velocity of the liquid inside a channel is increased with increasing channel depth
but decreased with increasing viscosity. Besides, the velocity of the liquid is decreased proportionally
to 1/4/t, which can be explained with an increasing viscous friction force or wall friction as the liquid

propagates through the channel '/,

The combination of pinning effects and capillary forces induced by deterministic channel-like sur-
face patterns opens the possibility to manipulate the migration behavior of lubricants on such patterned
surfaces. Thereby, obstructing lubricant migration out of the contact, or guiding lubricant back into
the contact can prevent lubricant loss by thermocapillary migration or capillary forces and thus a dra-

matic increase in friction and or/wear 16180

| In early studies, Fote et al. showed that geometrical
barriers with different shapes (channels, steps, corners) on steel surfaces could prevent the thermoca-
pillary migration of hydrocarbon oil (AT = 0.5 °C/mm) !, More recently, Dai et al. investigated the
thermocapillary migration behavior on steel surfaces, which were patterned with a line-like geometry
by a combination of photolithography and electrolytic etching (AT = 0.6 - 3 °C/mm) ***!%, They found
that the migration velocity of a paraffin oil can be slowed down or even completely stopped when
orienting the channels perpendicular to the temperature gradient, whereas the migration velocity is
increased for a parallel orientation with respect to the temperature gradient. Furthermore, deeper

grooves showed a more significant effect in hindering lubricant migration and increasing the depth or

width both resulted in faster lubricant migration.

Finally, multi-scale or hierarchical surface patterns, like that of the lotus leaf, have shown fascinat-
ing wetting properties as well as high anisotropy 2?2'**?l. Therefore, such surface patterns are espe-

cially attractive to manipulate lubricant migration behavior.
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Both chemical and topographical modifications of the surface are viable methods to modify the
spreading behavior of lubricants. However, modifying the topography of the surface has various ad-
vantages over chemical modifications, such as greater robustness and environmental compatibility.
Therefore, topographical modifications, and, in particular, multi-scale surface patterns are chosen in

the present dissertation to manipulate the lubricant migration on surfaces.
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3. OVERVIEW

As already stated in the motivation and objectives chapter, the present dissertation aims at investi-
gating the effect of tailored multi-scale surface patterns inside and outside the tribological contact
zone. Moreover, effective surface patterns, selected in preliminary laboratory experiments, are to be
transferred to the shafts of journal bearings to improve the friction and wear behavior of this machine
element, ultimately resulting in a greater lifetime and efficiency. Therefore, three main objectives have
been defined, being: (1) the investigation of the underlying reasons for lubricant migration, which
lead to starved lubrication as well as the application of topographical patterns outside the contact
zone to obstruct lubricant migration, (2) the design, fabrication and tribological testing of suitable
multi-scale surface patterns inside the contact zone, and (3) the transfer of tribologically effective
single- and multi-scale patterns onto curved surfaces of journal bearings’ shafts and their tribological

testing.

This chapter intends to relate these objectives to the results achieved in the present dissertation as
well as to give a complete overview of the presented results. The key results are presented subsequently
in chapter 4, in the form of seven papers, published in internationally recognized, peer-reviewed jour-
nals. These papers give detailed information about the used methods, all results as well as a thorough

discussion of the observed effects.

OBJECTIVE 1

Chapter 2.3 of the state of the art deals with the reasons for lubricant migration as well as with
means to modify it. On the basis of the findings in the literature, it can be stated that lubricant migration
is a serious problem, which has to be addressed to avoid starved lubrication thus leading to significantly
increased friction and/or wear. Lubricant migration due to centrifugal forces is particularly relevant in
high-speed elements, which can be found for example in aircraft engines, whereas thermocapillary
lubricant migration is especially relevant in highly loaded miniature ball bearings or spacecraft ma-
chinery where large temperature gradients prevail. In the first step, causes for lubricant migration and
their effect on the frictional properties are investigated. Subsequently, suitable surface patterns placed
outside the contact zone are designed to guide lubricants over surfaces or obstruct the lubricant mi-
gration. An overview of the conducted research, as well as the respective journal publications, is given

in Fig. 18.
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fects of lubricant migration on the tribological behavior, as well as topographical designs to modify it are in-

vestigated.

PAPER I deals with the influence of centrifugal forces on lubricant migration and friction of polished
steel samples. Therefore, ball-on-disk experiments were performed in rotational sliding mode with
different sliding radii under fully-flooded conditions (i.e., with an excess of oil). The rotation of the
sample causes centrifugal forces to act on the oil driving it outwards. By keeping the linear velocity
constant and decreasing the sliding radius, the angular velocity and thus the capillary forces increase.
When normalizing the centrifugal forces to the mass of the oil, which is constant for both radii, the
centrifugal forces are increased by a factor of roughly 4 for the smaller radius. The ball-on-disk exper-
iments are accompanied by measurements of the solid-solid contact ratio with an electrical resistivity
circuit, which allows for a systematic analysis of the dominant lubrication regime. Since the lubricant
functions as an isolator, the electric current cannot flow when a lubricant film separates the surfaces.
Upon contact of the surfaces, the electric current flows and an electric output signal can be measured.
By relating the output signal with the input signal, the solid-solid contact ratio can be calculated,
whereby the output signal is roughly zero for hydrodynamic lubrication and one for boundary lubrica-
tion. Hence, the breakdown of the oil film and the prevailing lubrication regime can be precisely de-

termined.

When starting the tribological experiments, the COF is about 0.1 independent of the sliding radius,
and the solid-solid contact ratio shows for both sliding radii that the tribological experiment is running

under mixed lubrication, which is typical for many machine elements. Hence, the tribological proper-
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ties at the beginning of the measurements are independent of the sliding radius and therefore the cen-
trifugal forces, but rather depend on the experimental conditions, such as normal force and linear ve-
locity. For a short time, irrespective of the sliding radius, the measurements are characterized by a
stable and constant evolution of the COF. However, after a certain sliding distance, a pronounced
increase in the COF can be observed, which can be traced back to a transition from mixed to boundary
lubrication. This finding is confirmed by the measurements of the solid-solid contact ratio, which sim-
ilarly show an increase to almost 100 % solid-solid contact ratio, representing boundary lubrication.
This transition to boundary lubrication happens at smaller sliding distances for smaller sliding radii,

which can be explained by a faster lubricant migration out of the contact, induced by centrifugal forces.

Additionally, the viscosity of the PAO oil is varied to further examine the effect of centrifugal forces
on the lubricant migration. Therefore, oils with three different viscosities — PAO 8, 20 and 30 — were
used. For the smaller viscosity of 8 cSt, all measurements result in an instantaneous increase of the
COF and the solid-solid contact ratio and hence no significant differences between the sliding radii
can be observed. However, when comparing the measurements with PAO 20 and 30, it can be seen
that while the evolution of the COF is qualitatively similar, an increase in viscosity leads to a substan-
tial increase in the sliding distance until the COF is significantly increased, called oil film lifetime.
Thereby, the measurements with PAO 30 show an increase in oil film lifetime by a factor of roughly
20 for the smaller sliding radius, whereas the measurements with the larger sliding radius do not show
a breakdown of the oil film at all over the sliding distance of 300 m. Two factors have to be taken into
consideration when changing the oil viscosity. First, increasing the viscosity results in a greater oil
film thickness in the tribological contact zone resulting in less asperity contact, which is also confirmed
by the electrical resistivity measurement. Secondly, and more importantly, the viscous resistance force
is proportional to the viscosity, resulting in higher friction and a less-pronounced influence of the
centrifugal forces on the oil in the contact zone. Therefore, increasing the viscosity leads to reduced
migration of oil out of the contact zone and thus favors an extended oil film lifetime. It is worth men-
tioning that the results of the COF measurements and the solid-solid contact ratio are in accordance
with the wear measurements since the samples measured with greater sliding radii or higher lubricant

viscosities show less pronounced wear marks.

PAPER II investigates the lubricant migration on steel surfaces induced by temperature gradients.
Therefore, a special test-rig is designed, consisting of a copper table which is heated on one side by a
heating cartridge and cooled on the other side by water cooling. The hotter regions simulate the tribo-
logical contact zone, which is heated by frictional heating, whereas the colder regions represent the
cooler areas surrounding the tribological contact zone. The temperature gradient, which is measured
by two thermocouples, accounts for roughly 2.0 °C/mm. At the beginning of the measurement, a drop-
let of PAO 4 oil having a viscosity of 3.9 ¢St and a volume of 1.5 pl is applied onto the warmer side
of the sample. As a result of Marangoni flow, the lubricant starts to migrate towards the colder regions

of the sample, showing a preferential droplet spreading. This behavior is also confirmed in PAPER I11.
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As the droplet approaches the colder side of the sample, a decline in migration velocity is observed,
which can be traced back to an increase in viscosity associated with the movement to cooler areas on
the surface. Additionally, some of the oil is firmly adsorbed on the surface and does not migrate,
leading to a depletion of the droplet volume as the droplet moves towards the cold side. The reduction

of the droplet size results in pinning of the droplet front due to contact angle hysteresis.

After having identified possible causes for lubricant migration and the consequences, PAPER I1, I1I
and IV show the possibilities to improve lubricant migration by preventing lubricant migration or
guide lubricant over the surface, with an emphasis on thermocapillary migration. Thereby, PAPER 11
investigates laser-patterned surface topographies, PAPER III roller- and micro-coined patterns, and
PAPER 1V bio-inspired multi-scale surfaces, which are manufactured by a combination of micro-coin-

ing and laser patterning.

The laser patterns fabricated by DLIP and DLW in PAPER II show a strong dependency on their
orientation. Thereby, the velocity of lubricant migration changes significantly depending on the ori-
entation of the patterns with respect to the temperature gradient. A parallel orientation of the surface
patterns to the temperature gradient increases the migration velocity, while a perpendicular orientation
hinders the migration. This can be traced back to lubricant spreading inside the channel-like surface
topography due to capillary forces, pulling the droplet in a direction parallel to the patterns, as well as
the channels acting as pinning sites for the droplet’s contact line, thus obstructing movement perpen-
dicular to the patterns. An analysis of the migration behavior concerning the structural parameters
shows that the pinning effect of lubricant as well as the migration velocity is increased with decreasing
periodicity of the patterns and increasing structural depth. Decreasing the periodicity and hence the
distance between the topographical features results in a higher number of pinning sites, whereas in-
creasing the structural depth leads to greater capillary forces. Additionally, the substantial decrease in
lubricant migration velocity over time for the parallel orientation of the patterns can be well described
by the Lucas-Washburn equation, which predicts a decrease proportional to 1/4/t as a result of a greater

viscous resistance force as a greater portion of the capillaries are wetted.

PAPER III demonstrates the capabilities of roller-coined single channels and micro-coined multi-
channel samples to improve lubricant migration of a PAO 4 oil on steel surfaces. The measurements
of the lubricant migration in single channels can further illuminate the effects of multi-channel samples
since the lubricant is spreading faster inside the channel-like patterns pulling the droplet over the sur-
face by creating free space inside channels during migration. The migration velocity of the lubricant
inside the single channels, which are oriented parallel to the applied temperature gradient is signifi-
cantly affected by their structural depth. Following the results presented in PAPER II, the migration
velocity increases with the structural depth due to greater capillary forces. In addition, another effect
has to be taken into consideration for coined patterns, since their volume to area ratio is higher than
that of the laser patterns. Deeper channels with a larger volume to area ratio show less wall friction

resulting in a smaller resistance to thermocapillary migration. Furthermore, a decrease in migration
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velocity over time due to an increase in viscosity and wall friction (Lucas-Washburn) can be again
observed. Regarding the lubricant migration of the multi-channel samples a strong dependency of the
patterns with respect to the temperature gradient is demonstrated. If the patterns are oriented perpen-
dicularly, the lubricant migration towards the cold side can be completely prevented as a result of
pinning effects of the droplet’s contact line. Compared to the laser patterns in PAPER II, the depth of
the micro-coined patterns is increased by a factor between 5 (DLW) and 30 (DLIP), leading to much
stronger pinning. Therefore, such deep patterns with sharp edges are a viable method to overcome the
Marangoni forces induced by a temperature gradient and thus represent a viable method to obstruct
lubricant migration out of the tribological contact. For the parallel orientation of the patterns with
respect to the temperature gradient the migration velocity is substantially increased. Thereby, the struc-
tural depth of the micro-coined patterns only shows a minor influence, whereas a smaller periodicity
and therefore a greater number of channels in contact with the lubricant leads to faster lubricant spread-
ing. Summarizing, a perpendicular orientation of the patterns can prevent lubricant migration, while a

parallel orientation of the patterns opens up the possibility of guiding lubricant over the surface.

The insights from PAPER II and PAPER III are combined in PAPER IV to create bio-inspired multi-
scale patterns on steel surfaces. To fabricate such multi-scale surface patterns, micro-coining is com-
bined with laser patterning. Particular emphasis is put on a precise fabrication and a homogenous dis-
tribution of the patterns on the surface. Therefore, micro-coining is the first step followed by a super-
position of the micro-coined patterns with the laser patterns, which ensures the presence of the sec-
ondary laser pattern both in and between the micro-coined channels. Considering the inverted fabrica-
tion route, the laser patterns could be easily destroyed by a subsequent coining process due to the high
coining pressures. The investigation of the migration behavior of lubricant droplets (PAO 4) on the
laser-patterned (DLIP and DLW), micro-coined and multi-scale surfaces with and without temperature
gradient demonstrates a preferential droplet migration parallel to the patterns. This behavior can be, in
agreement with the findings from PAPER II and PAPER 111, traced back to pinning effects perpendic-
ular to the patterns and capillary forces along the channel-like patterns. The analysis of the lubricant
migration with respect to the geometrical parameters of the patterns highlights the interplay between
structural period and depth, whereby both greater depth and smaller periodicity lead to faster lubricant
migration. The multi-scale samples show the highest migration velocity for the measurements with
and without temperature gradient, which is a result of stronger pinning and stronger capillary forces
due to the additional laser pattern, as well as a higher surface roughness for the multi-scale samples
leading to a greater tendency to lubricant spreading. Therefore, multi-scale patterns show the most

significant potential to guide lubricants over the surface.
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The findings in PAPER I through 1V demonstrate centrifugal forces and thermocapillary migration
as causes for lubricant migration, which ultimately can result in a downgraded tribological behavior.
Topographical surface patterns outside the contact zone fabricated from laser patterning, micro-
coining and a combination of both creating multi-scale surfaces are a viable method to improve lub-

ricant migration by either preventing it or guiding lubricant over the surface.

OBJECTIVES 2 AND 3

Chapter 2.2 of the state of the art section demonstrated that friction and wear can be effectively
reduced by surface patterning inside the contact zone, which results in more efficient processes and
longer lifetimes. In this context, especially multi-scale patterns seem to be suitable to improve the
tribological behavior. In the first step, multi-scale patterns are topographically designed in laboratory
experiments (objective 2). Effective patterns are then transferred to the shaft of a journal bearing and
examined with respect to their frictional behavior in different lubrication regimes (objective 3). Fig.
19 schematically addresses the method by which surface patterns are designed and transferred to the

shaft of a journal bearing.

— PAPER VI

PAPER V Transfer of beneficial surface patterns Real application — journal bearing
Laboratory experiments (ball-on-disk) from laboratory experiments to a real Pattern fabrication on curved surfaces
Topographical design of the surfaces machine element * Influenceiof hubricafien regiine

* Improving frictional performance

¢ Good agreement between lab and
application

-~

______ Patterned shaft

* Increase hydrodynamic pressure
Lubricant storage
Trapping wear particles

* Decrease real area of contact

Micro-coining

Laser patterning

( ™
Muttiseale MUY

Journal bearing

Lubricant film

Figure 19: Overview of the respective papers regarding objective 2 and 3. First, multi-scale patterns are de-
signed and tested for their tribological behavior. Effective patterns are then transferred to the shaft of a journal

bearing, and the comparability with the preliminary results is demonstrated.

In PAPER V, suitable single-scale patterns fabricated by micro-coining or laser-patterning are se-
lected and combined to create multi-scale surfaces inside the contact zone, aiming at improved friction
and wear behavior of steel samples under lubricated conditions. The selection of the patterns is based
upon experiments by Rosenkranz et al. who systematically investigated the tribological behavior of

topographies fabricated by DLIP and micro-coining ['*-?!]

. Thereby, hemispherical micro-coined pat-
terns could significantly reduce the COF under mixed elastohydrodynamic lubrication (EHL) and
EHL, while the cross-like laser patterns increased the oil film lifetime (i.e., the time until the onset of

severe wear) by a factor of 130 under mixed lubrication.

38 Philipp Griitzmacher




Controlling friction by multi-scale surface patterning inside and outside the contact zone

The multi-scale surface patterns can be precisely fabricated, whereby the hemispherical micro-
coined dimples and the superimposed cross-like laser patterns are homogeneously distributed on the
sample’s surface. The smaller laser pattern is present inside the dimples as well as on the free spaces
in between. Regarding their frictional performance, the multi-scale samples show an improved behav-
ior with a reduced COF compared to the polished reference sample and the purely laser-patterned
sample. This improvement can be traced back to the secondary lubrication effect, whereby especially
the larger micro-coined dimples act as lubricant reservoirs. Furthermore, additional hydrodynamic
pressure is created by both patterns. However, compared to purely micro-coined patterns, the multi-
scale samples can either improve or downgrade the frictional performance depending on the depth of
the primary micro-coined pattern. For lower coining depths, the multi-scale surface patterning ap-
proach results in higher COF values. This can be attributed to the greater surface roughness induced
by the additional laser pattern, leading to higher contact pressures, undesired edge effects, and a re-
duced load carrying capacity. For deeper coining depths, which are more prone to cavitation, the ad-
ditional laser pattern can reduce cavitation effects due to a better wetting and thus distribution of lub-
ricant in the contact zone. Therefore, for the deeper micro-coined dimples superimposed with the laser
pattern, the additional pressure build-up may be greater leading to an increased load carrying capacity,

a larger local oil film thickness, and ultimately a reduced COF.

After having identified tribologically beneficial single-scale and multi-scale surface patterns as well
as having understood the underlying mechanisms regarding the tribological properties of the surface
patterns in PAPER V, these patterns are transferred onto the shafts of journal bearings made from steel
in PAPER VI. To produce patterns precisely on shafts despite their curved surfaces, the fabrication
techniques are modified. In this context, a rotation motor is incorporated into the experimental setup
for DLIP described in chapter 2.1.1. Additionally, the larger hemispherical coined patterns are fabri-
cated by roller-coining, which allows for the processing of curved parts. The roller-coining tool is
equipped with a pneumatic system, which significantly increases the accuracy of the forming process
by continuous control of the forming force and the tool-position, thus keeping the forming force and,
as a result, the pocket depth constant. Both the single-scale and multi-scale patterns can be fabricated
with high accuracy and reproducibility onto the shafts. Furthermore, the patterns resemble those used

19,21,221

in the preliminary laboratory experiments ! J'and therefore enable a direct comparison between

laboratory experiments and the measurements of the bearings’ shafts under more realistic conditions.

The frictional behavior under mixed and hydrodynamic lubrication of the single-scale and multi-
scale patterned shafts in comparison to a non-patterned reference shaft is investigated on a special
journal bearing test rig. The counter bodies are turned journal bearings made from CuSn12NiC-GCB.
In accordance with the preliminary laboratory experiments, all patterned shafts show reduced COFs
over the entire range of rotational speeds. Similar to the preliminary experiments with micro-coined
samples, friction is reduced by a factor of 2 - 3 under mixed lubrication and up to a factor of 4.6 under

hydrodynamic lubrication. Additionally, the transition from mixed to hydrodynamic lubrication is
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shifted to smaller rotational speeds for the patterned shafts, increasing the range under which the jour-
nal bearings can operate with minimal friction and wear. These positive effects regarding the tribolog-
ical behavior can be traced back to the build-up of an additional hydrodynamic pressure leading to a
greater separation of the surfaces and an increased load carrying capacity. If there is contact between
the rubbing surfaces’ asperities (mixed lubrication), the patterns additionally act as reservoirs for lub-

ricant and trap wear particles.

When comparing the frictional performance of the individual patterns, great similarities can be
noted between the preliminary laboratory experiments and the tribological measurements of the pat-
terned shafts, despite different contact conditions. Thereby, the coined patterns show a more signifi-
cant improvement of the frictional behavior with smaller coined depth. Besides, the frictional perfor-
mance of the multi-scale patterns likewise depends on the depth of the primary coined pattern. For
shallower coined dimples the frictional performance of the multi-scale pattern is downgraded com-
pared to the purely micro-coined shaft, whereas for deeper coined dimples the multi-scale patterning
approach shows beneficial effects, leading to the greatest measured friction reduction by a factor of
4.6 compared to the reference shaft. In conclusion, the experimental trends obtained in the preliminary
laboratory experiments can be verified in the journal bearing measurements. The obtained findings
from PAPER VI underline the unique possibility to transfer tribological results of surface patterns in
laboratory experiments to real machine elements. Therefore, surface patterns can be classified and
selected in simplified laboratory experiments, such as ball-on-disk set-ups, which are far less time-
consuming and complex. After classification, suitable and effective patterns can be transferred to the

real machine element to improve its tribological properties.

Paper V and Paper VI investigate the fabrication and the tribological mechanisms of multi-scale
surfaces applied inside the contact zone. First, the patterns are tested in preliminary laboratory ex-
periments to select suitable patterns and to investigate the underlying mechanisms of friction reduc-
tion. Subsequently, tribologically effective patterns are transferred to the curved surfaces of the shafts
of journal bearings. The results show high comparability between preliminary laboratory experiments
and the tested journal bearings with substantially reduced friction for the multi-scale patterns. This
represents the unique possibility to transfer the results and insights from the laboratory into the ap-

plication.

PAPER VII, which is an invited review article, critically summarizes the state of the art of surface
patterning in machine elements under different operating and contact conditions. Particular emphasis
is put on piston rings, seals, roller bearings and gears, whereby piston rings and seals are sliding com-
ponents (conformal contacts), and roller bearings and gears represent rolling components (non-con-
formal contacts). It is essential to make a distinction between these two contact conditions, as the effect

of the patterns depends strongly on them. For all elements, optimal pattern designs are summarized,
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and positive as well as negative effects of surface patterns in the respective machine element are pre-

sented.

Regarding conformal contacts, contact pressures are relatively low, which often leads to hydrody-
namic lubrication with a full film separating the surfaces. Piston rings are especially sophisticated
because the lubrication conditions and kinematics change during one cycle as a result of the recipro-
cating movement of the piston in the cylinder. Therefore, patterns should be tailored with respect to
the position of the piston ring in the cylinder and hence to the lubrication conditions. At the reversal
points, where speed is minimal, high area densities are beneficial, whereas at positions where full film
lubrication prevails lower area densities are preferable. For seals, a compromise has to be found re-
garding the effect of surface patterns to reduce both friction and leakage. As optimal pattern geome-
tries, an area density of 10 - 20 % and low aspect ratio in the range between 0.05 and 0.1 are identified.
For both machine elements, laser surface patterning is most frequently used. In the case of non-con-
formal contact conditions, the applicability of surface patterns is limited primarily due to the high
prevailing contact pressures. Furthermore, introducing surface patterns might be detrimental, as they
can increase rolling contact fatigue in rolling elements. However, surface patterns, if designed cor-
rectly, might still improve the frictional performance of rolling machine elements as well as reduce
rolling contact fatigue. In this context, closed patterns with smaller depths and diameters (i.e., lower
micrometer range) as for sliding elements should be used. In gears, surface patterns should be applied
to the face and flank region of the gear teeth, since the loads at these positions are lower than around

the pitch point, leading to a greater lifetime of the patterns.

Finally, general design guidelines for surface patterning in machine elements are derived. These
guidelines are essential as a starting point when designing surface patterns for machine elements since
the patterns’ effectiveness depends strongly on the contact conditions and lubrication regime. There-
fore, the selection of beneficial patterns is difficult and must be done concerning the load and speed
collective. This can be a particularly difficult task as machine elements often do not operate under
constant tribological conditions but under different lubrication regimes with varying velocities, normal
forces, lubricant supply conditions or slide-to-roll ratios. In this context, the transferability of results
from laboratory to machine element, as demonstrated in PAPER V1, is advantageous since it is faster
and easier to study the underlying effects in simplified laboratory experiments. In addition, the multi-
scale patterning approach might be beneficial for applications with varying operating conditions since
patterns on different scales are effective under different lubrication regimes, leading to an extension

of the operating regime under which the surface patterns lead to improved frictional behavior.
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4. INCLUDED PAPERS

4.0

Outline

THE INFLUENCE OF CENTRIFUGAL FORCES ON FRICTION AND WEAR IN ROTA-

TIONAL SLIDING

Centrifugal forces are found to greatly influence the lubricant migration on mirror polished
steel surfaces and thus the oil film stability and the lubrication regime under rotational
sliding. By keeping the linear velocity constant and changing the sliding radius, the angu-
lar velocity can be manipulated resulting in greater centrifugal forces for smaller radii or
greater angular velocities. It could be shown that the lubricant migration out of the contact
zone is more severe for greater centrifugal forces leading to a faster transition from mixed
to boundary lubrication and hence to a shorter oil film lifetime.

11

HOW TO GUIDE LUBRICANTS — TAILORED LASER SURFACE PATTERNS ON STAIN-

LESS STEEL

Temperature gradients are identified to cause thermocapillary migration of an additive-
free synthetic polyalphaolefin base oil on steel surfaces. Furthermore, the possibility to
manipulate the lubricant migration behavior under a temperature gradient by applying
channel-like laser surface patterns onto the surface by laser patterning is investigated. It is
found that laser surface patterns can strongly influence the migration behavior, whereby
the migration velocity is significantly affected by the topographical parameters, depth and
periodicity, as well as the orientation of the patterns with respect to the temperature gra-
dient.

[11

GUIDING LUBRICANT ON STAINLESS STEEL SURFACES BY CHANNEL-LIKE STRUC-

TURES FABRICATED BY ROLLER- AND MICRO-COINING

The influence of geometrical parameters of roller- and micro-coined single channel and
multi-channel samples on the resulting thermocapillary migration of an additive-free syn-
thetic polyalphaolefin base oil is systematically analyzed. For single channels, a strong
dependency between structural depth and migration velocity is observed. For multi-chan-
nel samples, a pronounced anisotropic spreading behavior is demonstrated. Thereby, ther-
mocapillary migration can be prevented if the patterns are oriented perpendicular to the
temperature gradient, whereas the migration velocity is enhanced if the patterns are ori-
ented parallel with respect to the temperature gradient.

IV

LUBRICANT MIGRATION ON STAINLESS STEEL INDUCED BY BIO-INSPIRED MULTI-
SCALE SURFACE PATTERNS

On the basis of the findings in PAPER II and III, multi-scale surface patterns are realized
on steel by a combination of micro-coining and laser patterning. The lubricant spreading
without an applied temperature gradient as well as the thermocapillary migration are inves-
tigated on the produced surface patterns. It is found that the combination of both patterns
results in synergetic effects leading to a greater droplet distortion and faster migration ve-
locity for the multi-scale surfaces, making them ideal to guide lubricant over surfaces.
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EFFECTS OF MULTI-SCALE PATTERNING ON THE RUN-IN BEHAVIOR OF STEEL—

ALUMINA PAIRINGS UNDER LUBRICATED CONDITIONS

Tribologically beneficial single-scale micro-coined and laser surface patterns are combined
to realize multi-scale surface patterns on steel. Their tribological effectiveness is investi-
gated in preliminary laboratory tests and compared to the single-scale patterns. It is found
that the structural depth of the primary micro-coined pattern strongly affects the frictional
behavior of the multi-scale samples. Multi-scale samples that contain dimples with a lower
coining depth increase the COF, whereas for deeper coining depths, the multi-scale pat-
terning approach results in stable and lower friction values.

VI

FROM LAB TO APPLICATION - IMPROVED FRICTIONAL PERFORMANCE OF JOUR-

NAL BEARINGS INDUCED BY SINGLE- AND MULTI-SCALE SURFACE PATTERNS

On the basis of preliminary laboratory tests, especially from PAPER V, single-scale and
multi-scale surface patterns, showing beneficial tribological effects are selected and trans-
ferred onto the shafts of journal bearings made of steel. The frictional performance under
different lubrication regimes is evaluated on a special test rig for journal bearings by vary-
ing the rotational speed. It is found that all patterns can significantly reduce the COF as
well as shift the transition from mixed to hydrodynamic lubrication to smaller rotational
speeds compared to the non-patterned reference sample. The observed effects are in good
agreement with the preliminary laboratory tests.

VII

SURFACE TEXTURING IN MACHINE ELEMENTS - A CRITICAL DISCUSSION FOR
ROLLING AND SLIDING CONTACTS

The comprehensive review shows the possibility to introduce surface patterning to different
machine elements, with a special emphasis on piston rings, seals, roller bearings and gears.
The effect of surface patterns under different lubrication conditions is examined, positive
and negative aspects of surface patterning are illuminated, and different manufacturing
techniques are introduced. Based upon the main evidence from the literature, general design
guidelines for surface texturing in machine elements are discussed.
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Abstract:

To investigate the influence of centrifugal forces on the oil film stability and the lubrication regime,
mirror polished steel surfaces (AISI 304) were tested using a ball-on-disc tribometer in rotational
sliding mode with a steel counter body (AISI 52100). Different sliding radii (1.5 and 6 mm) were
used to vary the angular velocity. The tests were conducted under fully-flooded conditions using
Poly-alpha-olefin oils. The measured coefficients of friction were complemented by the measure-
ment of solid-solid contact ratios and the analysis of the respective wear tracks. It could be shown
that the centrifugal forces have a great influence on the oil film lifetime. Thereby, the oil film life-

time is longer for larger sliding radii and higher viscosities.
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ARTICLE INFO ABSTRACT

Keywords:
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To investigate the influence of centrifugal forces on the oil film stability and the lubrication regime, mirror
polished steel surfaces (AISI 304) were tested using a ball-on-disc tribometer in rotational sliding mode with a
steel counter body (AISI 52100). Different sliding radii (1.5 and 6 mm) were used to vary the angular velocity.
The tests were conducted under fully-flooded conditions using Poly-alpha-olefin oils. The measured coefficients of

friction were complemented by the measurement of solid-solid contact ratios and the analysis of the respective
wear tracks. It could be shown that the centrifugal forces have a great influence on the oil film lifetime. Thereby,
the oil film lifetime is longer for larger sliding radii and higher viscosities.

1. Introduction

Friction, wear and lubrication play a significant role in lots of daily
applications such as cars or engines as well as manufacturing processes.
In some applications like brakes or clutches, friction is highly welcome
since the involved energy dissipation mechanisms can be used to
tremendously decelerate movements. In contrast to that, a lot of re-
searchers around the globe try to reduce friction and wear because these
processes significantly downgrade the energy efficiency of plenty of ap-
plications and processes [1-5]. There are several techniques and possi-
bilities available in order to improve the tribological properties of bodies
in relative motion. Probably, the easiest way to efficiently reduce friction
and wear is the use of a lubricant. Depending on the relative velocity and
the applied load, lubrication makes the separation of both rubbing sur-
faces from each other possible which results in a significant reduction in
friction and wear. In this context, the correct choice of the lubricant and
the lubricant's properties is of utmost importance. Together with the
kinematics and loading conditions, the lubricant's properties and the
surface conditions (surface roughness and surface chemistry) define the
acting lubrication regime [6]. Considering the ratio of the oil film
thickness to the combined surface roughness of both rubbing surfaces
(A-parameter) as well as the well-known Stribeck-curve, it is in theory
rather straight forward to distinguish between different lubrication re-
gimes. For small 1 values (1 < 1), the oil film is not very effective and
almost the complete normal load will be supported by the surface
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asperities [7]. The respective lubrication regime can be assigned to
boundary lubrication. For intermediate values (1 < 4 < 3), the load is
partly carried by the surface asperities and the oil film. This regime is
called mixed lubrication [8,9]. For 4 values larger than 3, the oil film is
much thicker than the combined surface roughness. Consequently, it is
possible to form a thick oil film that completely separates both rubbing
surfaces from each other which represents the regime of hydrodynamic
(full film) lubrication. The transition from mixed to hydrodynamic
lubrication is rather smooth and typically associated with elastohy-
drodynamic lubrication (EHL) [10]. In this lubrication regime, the elastic
properties of the substrate and the counter body as well as a pronounced
viscosity increase due to high contact pressures become important [10].
Since the surface roughness is sometimes determined by the
manufacturing or finishing process of the involved surfaces, it can be
clearly seen that the amount of oil in the tribological contact or the oil
film thickness is highly important. In case of an insufficient oil film
thickness or oil supply, changes in the lubrication regime can be induced
thus leading to downgraded tribological properties or performance.

For polished reference samples there are changes in the lubrication
regime from mixed to dry friction during tribological testing possible as
could be shown in Ref. [11]. The transition from mixed to boundary
lubrication or even solid-state friction could be attributed to a collapse of
the oil film which is accompanied with a higher coefficient of friction
(COF). This collapse can be explained with the wearing off of surface
asperities which could act as a secondary oil source by storing a small
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amount of lubricant. Once the surface asperities are worn off, this effect is
lost. Furthermore, wear particles can be formed which account for
another increase of the friction forces.

The amount of oil which is available in the contact zone is not only
dependent on the surface itself but also on the motion and the velocity of
the surfaces. The different velocities become important for instance
during start-stop cycles in machine components. Therefore, Greiner et al.
investigated the effect of velocity gradients on the tribological behavior
by performing experiments with dimpled brass surfaces for two different
sliding radii while keeping the average sliding velocity constant [12].
The authors could verify that larger velocities favor smaller dimples and
vice versa. But not only velocity gradients are decisive when measuring
with different sliding radii. Also, the effects coming from centrifugal
forces on the oil have to be taken into consideration. Therefore, in this
work the effect of a variation in the centrifugal forces on the friction and
wear behavior under mixed lubrication is investigated. Plain steel (AISI
304) specimens are tested using a ball-on-disc tribometer in rotational
sliding mode. Thereby, the ball is guided over the surfaces in a circular
motion with two different radii. The sliding velocity for both radii is kept
constant. Additive-free Poly-alpha-olefin (PAO) oils with different vis-
cosities (8, 20 and 30 cSt at 100 °C) is used as lubricant to further
examine the effect of the centrifugal forces. An electrical resistivity cir-
cuit was used to measure the contact ratio and to define the oil film
lifetime for different sliding radii and oil viscosities. The oil film lifetime
is defined as the cycle number after which the COF shows a signifi-
cant increase.

2. Experimental procedure
2.1. Tribological characterization

The tribological tests were conducted on a ball-on-disc tribometer
(CSM) in rotational sliding mode. As disc material, stainless steel (AISI
304) with a mirror-polished surface(Rq~20 nm) was used, while the
balls with a diameter of 6 mm which serve as the tribological counter
body are made of 100Cr6 bearing steel (AISI52100) (Rq~51 nm). During
the experiments, the normal load (applied by dead weights) was kept
constant at 1 N. In order to investigate the effect of the sliding radius, the
radius of the ball on the steel disc was varied between 1.5 and 6 mm. The
experiments were performed under fully-flooded conditions with 7 ml
Poly-alpha-olefin oil. Oils with three different viscosities - PAO 8, 20 and
30 (provided by Castrol) — were used as lubricant allowing for the
analysis of the mutual influence of the lubricant viscosity and the sliding
radius on the resulting frictional performance. Furthermore, compara-
bility was ensured by a constant sliding speed of 80 mm/s. To guarantee a
constant temperature of 25 + 1 °C and a relative humidity of 45 + 1% for
all experiments, the tribometer is embedded in a climatic chamber. The
stop condition was set at a sliding distance of 300 m to ensure that even
late changes in lubrication regime can be detected. For each pair of
sliding radius and lubricant the respective test was repeated two times. A
summary of all experimental conditions is given in Table 1.

Table 1
Summarized testing parameters used for the tribological experiments.
Testing parameter Value
Ball diameter (mm) 6
Normal load (N) 1
Sliding radius (mm) 1.5and 6
Linear velocity (mm/s) 80
Kinematic viscosity of PAO at 8, 20 and 30

100 °C (cSt)
Lubricant volume (ml) 7
Lubricant density (g/cms) 0.831 (PAO 8), 0.843 (PAO 20), 0.850 (PAO

30)
Temperature (°C) 25+1
Relative humidity (%) 45+ 1
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2.2. Topographical analysis

Prior to and after the tribological experiments, the surfaces were
analyzed by Laser Scanning Microscopy (LSM: LEXT OLS 4100, Olympus).

2.3. Measurement of the solid-solid contact ratio

The solid-solid contact ratios were determined during the experi-
ments to be able to precisely define the breakdown of the oil film and the
acting lubrication regime. Those contact ratios were measured using an
experimental setup by Rosenkranz et al. [13]. According to [13], the
electric conductivity of the lubricant PAO 40 is negligible (measured
value opaogo = 2.3 x 10713(Qm) ). The isolating properties of the
lubricant are essential to prevent the flow of electric current when a
sufficient oil film separates the friction partners. Using a ball-on-disc
setup combined with the electrical test rig (see Fig. 1), the solid-solid
contact ratios during the tribological experiments were measured for
different sliding radii ranging from 1.5 to 6 mm. By applying an alter-
nating voltage Vj (rectangular) with amplitude of 5 V, the voltage Viyeas
between the ball and the specimen can be measured using a sliding
contact. The mentioned solid-solid contact ratio rgjig-solid, as an indicator
for the different lubrication regimes, can be directly calculated from the
measured voltage-time-signals as

t

= , 1)
/;Wo‘df

Fsolid—solid =
Iln
put

where Ioypuy is the output signal and the I,y input signal. Caused by the
isolating properties of the lubricant, Vi,eas Will approach approximately
zero when an oil film completely separates the disc and the ball. When
there is no oil film separating the friction partners (boundary lubrication)
there will be metallic contact resulting in an electrical signal. In this case
the measured voltage Vie,s Will be equal to the input voltage Vy. Sum-
marized the solid-solid contact ratio rgid-solid Will be roughly zero for
hydrodynamic lubrication and roughly one for boundary lubrication. The
measuring time for one voltage-time-signal was set at 10 ms while the
stop condition is at 30 m sliding distance. The solid-solid contact ratios
were calculated 10 times (equidistant time step) for both sliding radii to
study the temporal evolution of the ratio during the experiments.

3. Results and discussion
3.1. The effect of different sliding radii on friction

In order to determine the influence of the sliding radius on the
resulting frictional performance, tribological experiments were per-
formed with two different sliding radii of 1.5 and 6 mm and three vis-
cosities (8, 20 and 30 cSt at 100 °C) while keeping the relative velocity
between the friction partners (linear velocity) constant. Fig. 2 depicts the
temporal evolution of the COF for all sliding radii and viscosities tested.

For the lowest oil viscosity (Fig. 2 a), both frictional curves start at

counter body

oil film
/ sliding contact

oscilloscope

rotating holder

voltage
source

substrate

|

:Iresistor

Fig. 1. Setup of electrical circuit combined with a ball-on-disc tribometer to measure the
solid-solid contact ratio, modified according to [13].
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Fig. 2. Temporal evolution of the COF over 300 m sliding distance for three different viscosities

1.5 and 6 mm.

around g = 0.075. Irrespective of the sliding radius, the curves are
characterized by a sharp, instantaneous increase in the COF up to values
of roughly 0.35 after a sliding distance of 5 m. This implies that no stable
oil film can be formed and pronounced solid-solid contact happens after
short sliding distances thus leading to more severe tribological condi-
tions. As can be seen from Table 2 which shows the estimation of the
minimum oil film thickness as a function of the oil viscosities based upon
to the Dowson-Hamrock approach for point contacts, the estimated oil
film thickness of 16.85 nm (PAO 8) is smaller than the surface rough-
ness(Rq~20 nm) of the specimen [14-16]. Therefore, no stable oil film
can be established and mixed EHL is prevailing from the start of the
experiment. In the following 30 m sliding distance, the frictional curves
show some fluctuations (more pronounced for a sliding radius of 6 mm)
being typical for tribological contacts with high contact ratios due to the

Table 2

Calculated minimum oil film thickness for the different oil
viscosities according to the Dowson-Hamrock equation for
point-contacts [14-16].

Used lubricant Bimin (nm)
PAO 8 16.85
PAO 20 41.82
PAO 30 58.67

258

sliding distance / m

of Poly-alpha-olefin oil (a) PAO 8, b) PAO 20, ¢) PAO 30) and two different sliding radii of

presence of wear particles and the interaction of contacting asperities
[17-22]. The formation of those particles and the interaction of them
with the rubbing surfaces can result in rather high friction peaks [17,18].
In an earlier study by Rosenkranz et al. which investigated the formation
of wear particles by collecting and analyzing them after the experiment,
particle sizes up to 11.5 pm could be detected [11]. The existence of those
particles combined with the small oil film thickness makes it likely that
those particles are responsible for the strong fluctuation of the COF. After
a certain sliding distance (here roughly 50 m), equilibrium-like condi-
tions (including the processes of formation, agglomeration, break down
and re-agglomeration of particles as well as the flattening of the con-
tacting asperities) can be found which results in a more stable evolution
of the COF [17,18]. Consequently, the COF reaches stable values of
around 0.125 and 0.15 for sliding radii of 1.5 and 6 mm, respectively.
Finally, it can be concluded that no significant influence of the sliding
radius on the resulting frictional response was found for the lowest oil
viscosity. It is worth to mention that the experiments were repeated three
times. All experiments showed the same experimental trend. Due to the
instantaneous increase and the fluctuating behavior of the COF, no mean
values and error bars are depicted in order to improve the visibility of the
presented data.

In contrast to that, the frictional curves recorded for oil with a vis-
cosity of 20 cSt (Fig. 2 b) show a completely different behavior and
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evolution of the COF over time. Taking the standard deviation into
consideration, both curves start at roughly the same COF of around 0.09
irrespective of the sliding radius. For a short period of time the COF re-
mains constant and stable which can be related to a thicker oil film
(41.82 nm) and therefore no asperity contact or formation of wear par-
ticles as could be seen in the experiments performed with PAO 8 (see
Table 2). Then, the COF shows a pronounced increase. For a sliding
radius of 1.5 mm, this transition takes place at roughly 10 m sliding
distance, while the COF measured for a sliding radius of 6 mm remains
much longer constant and shows a significant increase at about 85 m. The
observed transition from a low and stable to a high COF can be well
correlated to a break-down of the oil film and the formation of wear
particles due to increasing contact between the rubbing surfaces [23].
The subsequent fluctuations observed in the COF can be traced back to
the interaction of wear particles with the contacting surfaces and con-
tacting asperities. The decrease of the COF afterwards can be again
associated with the formation of equilibrium-like conditions regarding
the formation and break down of wear particles (including agglomera-
tion and re-agglomeration) and a smoothing of the contacting surfaces.
Furthermore, wear particles are carried out of the contact zone due to the
centrifugal forces acting on the oil which can result in a reduced COF. As
can be seen in this figure, the transition is delayed by a factor of 8 for
tribological experiments with larger sliding radii of 6 mm implying a
strong influence of the tribological testing conditions, especially the
sliding radius and the oil viscosity. For the smaller sliding radius, the
angular velocity w is increased from approximately 13 to 53 s '
Assuming that the oil mass can be considered as constant, this leads to an
increase of the centrifugal forces by a factor of 4. The centrifugal force F,
can be determined by the angular velocity w, the mean molecule mass m
of the oil and the sliding radius r [24]:

F. = @*rm. 2

The centrifugal force which is normalized with respect to the mass of
the oil is summarized in Table 3 for each radius and angular velocity. The
centrifugal forces cause an oil transfer out of the contact zone. This leads
to a depletion of lubricant in the contact zone and therefore to an oil film
breakdown. Consequently, an earlier oil film breakdown is induced by
higher centrifugal forces for a sliding radius of 1.5 mm.

For the highest oil viscosity, the frictional curves show a rather
similar behavior. Both curves start at roughly the same value of 0.09 and
show initially stable friction values. The similar behavior compared to
the experiments performed with PAO 20 can be ascribed to similar
estimated oil film thicknesses which exceed the surface roughness of the
specimen in both cases (see Table 2). After the initial low and stable
friction values, the COF measured for a sliding radius of 1.5 mm shows a
pronounced increase after a sliding distance of 15 m while the COF
measured for 6 mm remains rather constant over the entire sliding time.
This demonstrates a shift in the oil film breakdown towards greater
sliding distances compared to the measurements performed with lower
viscosity oils. Due to the higher viscosity of PAO 30 the centrifugal forces
have a less-pronounced influence on the oil in the contact zone which
leads to a reduced oil transfer. Finally, this favors an enlarged oil film
lifetime. In comparable spin coating processes the spin-off rate g, rep-
resenting a volume loss per unit time and unit circumference at a specific
sliding radiusr, is proportional to the square of the angular velocity w and
inversely proportional to the dynamic oil viscosity 5. Furthermore, q is a

Table 3
Resulting angular velocity and centrifugal force normalized with respect to the mass of the
oil for the sliding radii 1.5 and 6 mm.

sliding radius angular velocity normalized centrifugal force

(mm) (Sil) (m)
2

1.5 53.33 4.27

13.33 1.07

Tribology International 116 (2017) 256-263

function of the density of the oil p and the fluid level in the containment
h [25]:

p~w2-rh3

3.

q= 3)

As Eq. (3) shows, for equal radii and therefore equal angular veloc-
ities, the spin-off rate mainly depends on the viscosity since the initial
fluid level in the containment can be assumed to be the same for identical
oil volumes and the differences in oil density are negligible. This leads to
a decreased lubricant loss in the tribological contact zone for higher
viscosities and thus a less-pronounced influence of the centrifugal forces
for equal angular velocities. The lubricants used in this study were only
not-additivated, synthetic polyalphaolefins which are by nature charac-
terized by mostly saturated bonds and lower surface energies as other
lubricants. Furthermore, the difference in viscosity between the PAOs is
just based upon longer and/or more branched hydrocarbons and the
position at which the next branch is located within the chain. Therefore,
we believe an effect of varying adhesive properties on retaining the
lubricant in the contact can be neglected.

Summarizing, it can be stated that there is a clear correlation between
the sliding radius and the frictional behavior of the tested samples. For
experiments with PAO 20 or 30, the oil film lifetime increases with an
increasing sliding radius due to smaller centrifugal forces acting on the
oil. Additionally, the influence of the centrifugal forces on the oil film
lifetime is noticeable when performing tests with varying viscosity since
a higher viscosity results in a less pronounced influence of the centrifugal
forces and therefore a longer oil film lifetime. It is worth mentioning that
the COF is nearly the same at the beginning of each experiment irre-
spective of the viscosity used which ensures similar initial frictional
testing conditions.

The observed differences in frictional behavior regarding the two
sliding radii can be further investigated using an advanced electrical
resistivity circuit which allows for the measurement of the solid-solid
contact ratio. Fig. 3 exemplarily correlates the observed frictional
curves (measured for sliding radii of 1.5 and 6 mm as well as PAO 20)
with the measurement of the electrical test-rig depicted at selected points
along the frictional curve.

For both sliding radii, the first measuring point is located in the
region in which the COF is stable and low. The electrical output signal
reveals strong fluctuations being an indicator for mixed lubrication
[13]. Afterwards, the electrical signals of two additional points, one in
the sharp increase and another one after the increase, are displayed.
Irrespective of the used sliding radii, it can be seen that the increase in
the COF goes hand in hand with a significant change in the electrical
output signal. For the measuring point located in the sharp increase,
some less-pronounced fluctuations (especially for a sliding radius of
1.5 mm) and little differences between the electrical input and output
signal can be noticed. For the third measuring point, the electrical input
and output signal are basically identical. The observed behavior can be
explained with a transition from mixed lubrication to almost dry con-
ditions going hand in hand with a significant increase in the solid-solid
contact ratio.

Table 4 summarizes the mean values as well as standard deviations of
the measured solid-solid contact ratios after a respective sliding distance
as function of the oil viscosity and sliding radius. For PAOS, it is
noticeable that the solid-solid contact ratios start well above 80 (1.5 mm)
and 90% (6 mm), respectively. Afterwards, the contact ratio slightly in-
creases for a sliding radius of 1.5 mm while, for 6 mm, it remains more or
less constant having a high level. The high values of the contact ratios
correlate well with the instantaneous increase of the COF observed in
Fig. 2 a. Due to the low oil viscosity and the acting centrifugal forces, no
stable oil film can be established. In the case of PAO20, the initial values
of the solid-solid contact ratio are lower for both sliding radii (compared
to PAO 8) thus implying a slightly increased initial oil film thickness.
Over the course of the experiment mean contact ratios of about 99% are
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Table 4
Summary of the measured solid-solid contact ratios for PAO 8, 20 and 30 as well as the two sliding radii of 1.5 and 6 mm.
Sliding distance (m) PAOS8 PAO20 PAO30
Sliding radius (mm)
1.5 6 1.5 6 1.5 6
1 82.0 +2.3 92.2+78 70.2 + 14.0 58.4 +13.1 16.0 + 2.8 41.1 +38.4
5 73.2+09 89.0 + 11.0 93.2+6.8 80.6 + 0.5 74.8 + 10.6 50.8 + 14.8
20 78.0 £ 12.0 93.0 + 5.6 97.2+1.9 86.3 + 1.3 81.7 + 2.8 56.9 +19.2
50 74.9 +19.8 75.7 £17.9 98.5+ 1.6 86.7 + 1.7 79.0 + 1.0 53.6 + 4.0
100 93.2+0.1 84.1 +15.9 99.7 + 0.3 99.6 + 0.5 99.9 +0.1 443 £17.7
200 61.5+ 3.5 78.8 +17.5 99.7 + 0.2 99.8 + 0.2 97.1+29 53.0 + 22.1
300 70.8 +12.6 85.3+11.4 99.1 £ 0.9 100.0 £ 0.1 100.0 + 0.0 46.1 £ 29.0

reached for both radii. It is worth to mention that for a sliding radius of
6 mm those values are detected for significantly higher sliding distances
which correlates well with the delayed oil film breakdown for this sliding
radius (Fig. 2 b). Consequently, the influence of the centrifugal forces can
be also seen in the measured solid-solid contact ratios. Similar to the
presented temporal evolution of the COF in Fig. 2 c for the highest tested
oil viscosity (PAO 30), the solid-solid contact ratios also show distinct
differences depending on the sliding radius. While the contact ratios
steadily increase and finally reach roughly 100% for a sliding radius of
1.5 mm, the values for a sliding radius of 6 mm remain significantly lower
with mean values around 50%. This observation correlates quite well
with the observed frictional behavior since no oil film breakdown could
be detected for a sliding radius of 6 mm. Finally, it can be concluded that
the measurements of the solid-solid contact ratio confirm the frictional
results and show the influence of the centrifugal forces on the fric-
tional behavior.

Fig. 4 and Table 5 summarize the measured maximum oil film lifetime
for all viscosities and sliding radii. As already discussed, no significant
differences in the maximum oil film lifetime can be seen for the lowest oil
viscosity. However, for an oil viscosity of 20 and 30 cSt, this situation
changes significantly. The breakdown of the oil film is significantly
delayed for experiments performed with a larger sliding radius. In the
case of PAO 30 and a sliding radius of 6 mm, no breakdown of the oil film
or a transition in the lubrication regime can be observed.

In addition to that, the wear behavior of the samples was investigated
for all samples after the tribological tests.

The observed wear behavior for all samples correlates well with the
temporal evolution of the COF and the measurements of the solid-solid
contact ratio. For the samples with a lower oil viscosity (PAO 8 and
20), an oil film breakdown and a transition from mixed to almost dry was
observed during the measurements. The observed wear behavior fits well
into that picture since pronounced wear marks can be seen after the
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Fig. 4. Summary of the sliding distance at oil film breakdown for different viscosities and
sliding radii.
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Table 5
Sliding distances at which oil film breakdown occurred for PAO 8, 20 and 30 as well as the
two sliding radii 1.5 and 6 mm.

PAO 8 PAO 20 PAO 30
1.5 mm 6 mm 1.5 mm 6 mm 1.5 mm 6 mm
breakdown at 1.75m 5.50 2.75 89.50 50.00 -

entire sliding distance of 300 m (Fig. 5 a—e). For PAO 30 the situation
changes. The sample measured with a sliding radius of 1.5 mm also
shows pronounced wear marks whereas the sample measured with a
sliding radius of 6 mm barely shows any wear (Fig. 5 e and f). This goes
hand in hand with the measurements of the solid-solid contact ratio and
the temporal evolution of the COF since no breakdown in the oil film
could be detected for the sliding radius of 6 mm but for the sliding radius
of 1.5 mm at the end of the experiment, after 300 m sliding distance. The
presence of tiny wear marks for said sample (PAO 30, 6 mm sliding
radius) also demonstrates the initial state of mixed lubrication.

To further investigate the different wear behavior for varying sliding
radii the tribological experiments with PAO 20 were stopped after a
sliding distance of 50 m. As can be seen in the LSM images in Fig. 5 g and
h, the sample which was measured with a sliding radius of 1.5 mm shows
a pronounced wear track whereas the sample with a sliding radius of
6 mm only reveals tiny wear marks. Those differences in wear behavior
prove again the influence of the centrifugal forces on the oil film lifetime.
In this regard, also these experiments support the fact that higher cen-
trifugal forces result in an earlier oil film breakdown.

4. Conclusions

The aim of this experimental study was to investigate the influence of
the centrifugal forces on friction and wear of polished stainless steel
samples (AISI 304). Therefore, tribological experiments were performed
with two different sliding radii of 1.5 and 6 mm leading to a difference in
centrifugal forces by a factor of 4 assuming constant viscosity. Addi-
tionally, the viscosity of the used oils was varied (PAO 8, 20, 30) since the
spin-off rate has a threefold dependency on the viscosity. The following
conclusions could be obtained:

e The sliding distance until oil film breakdown strongly depends on the
sliding radius and accordingly on the angular velocity. Thereby,
greater sliding radii favor a longer oil film lifetime, which can be
explained with decreasing centrifugal forces for greater sliding radii.
The oil film lifetime highly depends on the used oil viscosity. A higher
oil viscosity results in longer oil film lifetimes since the influence of
the centrifugal forces on the oil in the contact zone decreases for
higher viscosities.

The results of the COF could be confirmed by measurements of the
solid-solid contact ratio which also demonstrate a remarkable in-
crease of solid-solid contact at shorter sliding distances for smaller
radii and lower oil viscosities.
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Fig. 5. LSM images of the wear behavior of all samples after 300 m sliding distance with PAO 8 (a) and (b) PAO 20 (c) and (d) and PAO 30 (e) and (f) as lubricant. Additionally, the wear
behavior for the sample measured with PAO 20 is shown after 50 m sliding distance for 1.5 and 6 mm sliding radius, respectively.

e The investigation of the wear behavior also affirms these results since Finally, this leads to a detectable difference in oil film lifetime in
the samples tested with higher oil viscosities or greater sliding radii dependence on the radius as well as the oil viscosity.
show less pronounced wear marks.
e Based on the Dowson-Hamrock approach for point contacts the Acknowledgements
minimum film thickness was estimated. For the lowest oil viscosity
(PAO 8), the small minimum oil film thickness does not allow to The present work is supported by funding from the Deutsche For-

establish a stable oil film since the minimum oil film thickness is schungsgemeinschaft (DFG, projects: MU 959/27-2 and HI 790/33-2
smaller than the surface roughness. Therefore, no differences for within the SPP 1551). A.R. gratefully acknowledges the Alexander von
varying sliding radii can be seen. However, for the oils with a larger Humboldt Foundation for the financial support of his postdoctoral
oil viscosity (PAO 20 and 30), the estimated oil film thickness is fellowship (Feodor Lynen research fellowship).

comparable and greater than the surface roughness of the specimens.
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1. Introduction

Insufficient lubrication in loaded tribological contacts such as
bearings and gears is a generalized problem that causes severe
damage [1]. Due to frictional heating within the contact zone, a
temperature gradient develops between the loaded contact (higher
temperature) and the unloaded regions (lower temperature). This
typically leads to a surface tension gradient within the lubri-
cant and consequently migration from hotter to cooler regions by
Marangoni-forces, finally yielding in a lack of lubricant in the zones
where it is most urgently needed [2]. In contrast to that, there are
stabilizing factors, such as capillary forces and the viscosity of the
lubricant, which hold the liquid in the zone of higher temperature.
All these factors are highly depending on temperature.

The possibly resulting inadequate lubrication conditions may
produce changes in the lubrication regime leading to increased con-
tact between the sliding surfaces, increased wear and component
failure.

To counter this, identifying and controlling the governing forces
involved in promoting or impeding lubricant migration becomes

* Corresponding author.
E-mail address: philipp.gruetzmacher@uni-saarland.de (P.G. Griitzmacher).

http://dx.doi.org/10.1016/j.apsusc.2016.02.115
0169-4332/© 2016 Elsevier B.V. All rights reserved.

decisive. Temperature gradients, surface chemistry and topog-
raphy effects play an important role in this context [3-5]. One
approach could be to overcome the acting Marangoni forces by
removing heat from the contact zone and thus compensating the
temperature gradient. Another solution, used in precision mechan-
ics for the lifetime lubrication of watches, may be the use of
very thin fluororganic epilame films as antispread barriers [6].
Furthermore, Morita et al. reported about chemical patterns con-
sisting of alternating hydrophobic and hydrophilic stripes which
can be tailored to influence the lubrication migration [7]. How-
ever, a problem often encountered with thin organic layers, or
chemical surface treatments in general, is the use of environmen-
tally hazardous chemicals and their reduced resistance against
abrasion [6].

Apart from chemical treatments, there are numerous tech-
niques to create well-defined topographies and thereby manipulate
wetting and lubricant spreading [3,8,9]. Introducing channel-like
structures in material surfaces have the benefit of using capillary
forces by guiding the lubricant to the tribologically stressed areas.
Lithography-based methods such as UV, electron beam or inter-
ference lithography are quite common in this context [8]. Some
mechanical approaches like micro-coining or roller burnishing are
also used to create different pattern geometries on metal surfaces
[10].



60 P.G. Griitzmacher et al. / Applied Surface Science 370 (2016) 59-66

Major drawbacks of most of the abovementioned methods
include their multiple processing steps and their limitations
in geometry and feature sizes. In this context, laser-patterning
techniques are very efficient because they allow for fast and pre-
cise surface treatment of various materials [11]. In particular,
ultrashort-pulsed lasers which are scanned over the substrate
surface have some benefits in creating well-defined surface
topographies due to their minimized heat input [12]. Another
promising approach is the use of interfering laser beams and the
resulting intensity distribution. This technique makes it possi-
ble to fabricate well defined, periodic surface patterns on metals
with a great variability in lateral feature sizes in one single laser
shot [13]. However, it should be mentioned that the maximum
achievable structural depths using laser interference patterning
are roughly between 1.5 and 2.5 wm [13]. In order to investigate
larger structural depths, femtosecond laser processing was used in
this study as well. The work by Rosenkranz et al. already clearly
revealed the impact of laser-induced surface patterns by direct
laser interference patterning (DLIP) on the spreading behavior of
an additive-free polyalphaolefin (PAO) oil, yet without taking into
account temperature gradients [14].

In the work presented here, the spreading dynamics of additive-
free, synthetic PAO 4 oil on polished stainless steel samples is
compared to that of laser-patterned steel surfaces, studied by a
newly developed test rig, which allows for controlled tempera-
ture gradients and a precise recording of the spreading dynamics of
lubricants on sample surfaces. Four different line-like patterns were
produced: periodicities of 5, 10 and 19 pwm with a structural depth
of approximately 1 wm were fabricated by DLIP; finally, sharper and
deeper patterns with a line-spacing of 300 wm and depth of 4 pum
were created by scanned, ultrashort femtosecond pulses. Apart
from larger structural depths for the femtosecond laser processing,
also the shape of the topography profiles differs from the ones
produced by nanosecond interference patterning. Therefore, both
techniques were applied in this study in order to reveal the effects
of said differences on the lubricant spreading behavior.

2. Materials and methods
2.1. Materials

Commercially available austenitic stainless steel samples (AISI
304: 20mm x 20 mm x 0.75 mm) with a mirror-like surface finish
(root mean square roughness (Rq) of 30nm) were used for the
spreading experiments. The chemical composition of the used steel
is given in Table 1 as specified by the supplier and confirmed by
energy-dispersive X-ray spectroscopy (EDS). Prior to the spreading
experiments, the samples were cleaned with a multi-step cleaning
procedure in an ultrasonic bath employing cyclohexane, acetone
and isopropanol 10 min each in the given order to remove polar
and non-polar contamination.

2.2. Laser interference patterning

A well-defined, line-like surface topography with a periodic-
ity of 5, 10 and 19 wm, which is defined by the laser wavelength
X and the angle between two interfering beams, was created by
DLIP on the stainless steel substrates [13,15,16]. For this purpose,

Table 1
Chemical composition of the used steel samples in wt.% as specified by the supplier
and confirmed by EDS.

Used steel specimens Fe Cr Ni Mn Si C Mo

Stainless steel (AISI 304) 68.9 18 10 2 1 0.1 /

a high-power pulsed solid-state Nd:YAG laser (Quanta Ray Pro 290,
Newport Spectra Physics) with a pulse duration of 10ns, a wave-
length of 355 nm and a repetition rate of 10 Hz was used. In order
to obtain interference, the primary beam travels through an optical
set-up which is described in a previous publication by Rosenkranz
etal. [14]. Finally, the line-like pattern with the characteristic peri-
odicity is produced on the substrate surface. The laser fluence was
kept constant at 29 J/cm? for all sample types in order to produce a
well-defined and homogeneous surface pattern. The DLIP was done
under ambient conditions using a single laser pulse. Further details
about the DLIP have been already published elsewhere [13,15,16].

2.3. Laser patterning using a femtosecond laser

One sample was patterned using ultrashort-pulse laser pattern-
ing (UPLP). To this end, a passively mode-locked ultrashort-pulsed
Ti: Sapphire laser (Spitfire, Newport Spectra Physics) was used with a
repetitionrate of 1 kHz and a wavelength of 800 nm. The underlying
physical principle of this laser system is chirped pulse amplifi-
cation which allows for the production of ultrashort laser pulses
(tuneable pulse duration ranging from ~100 fs up to approximately
4 ps). The pulse duration (full width at half maximum) used in this
study was 130fs and was measured by autocorrelation. The pri-
mary laser beam was focused on top of the steel sample with a
lens (focal length: 200 mm), which resulted in a beam diameter of
70 wm. The laser spot was scanned across the sample with a syn-
chronized, automatic (sample) translation table, placing each pulse
35 um apart within each line in order to produce a homogeneous
line-like pattern. The lines were given a separation (periodicity) of
300 pm. To achieve a higher structural depth and sufficient homo-
geneity, each pattern line was scanned four times. The UPLP was
performed under ambient conditions.

2.4. Topographical analysis

The topography of the samples was characterized by white
light interferometry (WLI: New View 7300, Zygo) prior to and after
the laser patterning (DLIP and UPLP) in order to study the sur-
face roughness and the quality of the patterns. Typical roughness
parameters such as the root-mean-square roughness Rq as well as
structure-dependent parameters such as periodicity and structural
depth were chosen to describe the surface topography of the laser-
patterned surfaces. In addition to that, the resulting topography
was imaged by scanning electron microscopy (SEM: Helios 600, FEI)
in secondary electron contrast after patterning.

2.5. Surface temperature analysis

The linearity of the temperature gradient on the sample and the
comparability of the temperature between sample table and spec-
imen was determined by a thermal imaging camera (FLIR i7). The
sample table was painted black in order to minimize the reflection
of the copper sample table.

2.6. Spreading velocity measurements

For the spreading experiments, a new experimental setup with
a copper table was designed which is illustrated in Fig. 1a. The
sample table is heated on one side by a heating cartridge (RS Com-
ponents) and cooled on the other side by water cooling in order
to achieve a temperature gradient of approximately 2 °C/mm. In
order to adjust the temperature gradient, the heating cartridge is
controlled by a voltage regulator. The temperature gradient at the
surface of the sample table is measured with NiCr-Ni thermocou-
ples. In order to affirm a negligible temperature difference between
the table surface and sample, thermal image measurements and a
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Fig. 1. (a) Schematic drawing of the experimental set-up with a temperature gradient. (b) Thermal image of the sample table with a steel sample on top, as indicated by the
dotted line. The sample is nearly not recognizable on the sample demonstrating a negligible temperature difference between sample and table. (c) Temperature gradient as

simulated by COMSOL Multiphysics.

thermal simulation were conducted. This is demonstrated in Fig. 1b
since the sample is almost not visible in the thermal image and the
simulation. A droplet volume of 1.5 .l was chosen in order to avoid
gravity effects on the droplet shape [3]. Additionally, this droplet
volume results in a drop size which allows for a good handling on
the patterned area and a sufficient wetting of multiple adjacent
surface patterns at the same time. For the experiment, the oil was
applied on top of the surfaces close to the hot side of the samples by
a pipette (Eppendorf). Since low viscosity oils lead to a significant
friction reduction and increase the energy efficiency in tribologi-
cal systems [17], a synthetic, non-polar and additive free PAO oil
with a low kinematic viscosity of 3.9 ¢St at 100 °C was used. The
properties of the oil are summarized in Table 2. A digital camera
(EOS 500 D, Canon) recorded the motion of the droplet. To evaluate
the spreading velocity, the pictures were analyzed with an image
editing software (a4i Analysis, Aquinto AG). The distance from the
hot substrate edge to the droplet front, which advances toward the
cold substrate edge, was measured until the droplet reached the
cold side of the patterned surface. Finally, the spreading velocity of
the droplet (v) was calculated.

2.7. Finite element method

The dispersion of the temperature gradient on the table and
sample surface was simulated by FEM (COMSOL Multiphysics,

Table 2

Properties of the used PAO oil as specified by the supplier.
Property PAO 4
Kinematic viscosity at 100°C in ¢St 3.9
Kinematic viscosity at 40°C in ¢St 16.8
Viscosity index 124
Specific gravity 0.82

version 4.3b) using a model of heat transfer in solids based upon
the thermal conductivity equation. Hence, it is determined by the
density p, the specific heat capacity at constant pressure Cp, the
absolute temperature T, the thermal conductivity k and Q, which
contains heat sources:

pCp - VT = V- (kVT)+Q (2.1)

In the stationary case, the first term pC;, is 0. Since the transi-
tion coefficients from the heating cartridge and the water-cooling
to the copper table are unknown, the temperatures on each side
are simply measured by thermocouples and Q can be set to zero.
This can be done, because of reasons of simplification, it is assumed
that there are no heat sources and instead two constant tempera-
tures are used. Therefore, the equation is merely dependent on the
thermal conductivity of the material and the temperatures on each
side of the sample table:

0=k VT (2.2)

where k is the thermal conductivity of copper (400 W/(mK)) and
T the respective temperature (hot side 429K, cold side 294 K). As
can be seen in Fig. 1 c this results in a linear temperature gradient
along the table axis.

The value for the thermal conductivity is selected from the mate-
rial browser of the used Multiphysics software.

3. Results and discussion
3.1. Topographical characterization

The cross-section plots for the line-like surface patterns pro-
duced by DLIP and UPLP with periodicities of 5, 10, 19 and 300 wm
are summarized in Fig. 2a-d. Those in Fig. 2 a, b and d show a rather
homogeneous height distribution. In the case of DLIP, the metal sur-
face is mostly molten at the interference maximum positions. This
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Fig. 2. Cross-section profiles of line-like surface patterns produced by DLIP (a-c) and UPLP (d) with periodicities P of 5, 10, 19 and 300 pm measured by WLI.

produces a movement of molten metal from the hot regions (inter-
ference maxima) to the cold regions (interference minima) which
is driven by the surface tension gradient of the molten metal, also
called Marangoni effect [16,18,19]. For a periodicity of 19 m, this
was too large for the molten metal to bridge the gap. Consequently,
adouble-peak pattern is formed (Fig. 2c). UPLP is a very precise pro-
cess with a small heat-affected zone, compared to DLIP, and thus
more homogeneous (Fig. 2d). As can be seen in Fig. d the double-
peak pattern also occurs in UPLP, however to a lesser extent, with
these shallower gaps reaching 25% of the entire structural depth,
versus 80% in the 19 wm DLIP sample.

Fig. 3 shows the SEM images of all produced patterns. The
double-peak pattern of the 19 wm sample is clearly visible (Fig. 3d)
as well as the morphological differences between the samples
patterned by DLIP, which show melt residues, and the sample
patterned by UPLP. In order to describe the patterned surfaces, the
root-mean-square roughness Rq, the periodicity and the structural
depth are summarized in Table 3. As can be seen from this table,
the roughness of the samples with a periodicity of 5 and 19 pm is
almost the same, whereas that of the sample with a periodicity of
10 wm is two times higher. Rq correlates well with the variation of

Table 3
Summary of the periodicity P, structural depth T and root-mean-square roughness
Rq measured by WLI

Sample P(um) T(pm) Rq (nm)
Reference / / 9+3
5pm 5 0.70 + 0.05 140 + 10
10 pm 10 1.21 £ 0.09 319+ 6
19 wm 19 0.94 + 0.10 154 + 20
300 pm 300 421+ 0.20 1296 + 37

the structural depth. Hence, the samples with a higher structural
depth have a higher Rq. In order to explain the larger structural
depth for the 10 wm periodicity, one must distinguish between
nominal and real laser fluence. The nominal laser fluence was kept
constant for all samples but the real fluence differs because, with
larger periodicity, it is distributed over fewer intensity maxima.
Therefore, the real laser fluence per maximum is higher which leads
to an increase in structural depth [20]. The deviation of the 19 um
sample from this trend can be explained by the smaller structural
depth between the double peaks [20]. Worth mentioning are also
the small standard deviations of Rq and the structural depth which
are less than 10%, demonstrating a well-defined topography. The
only exception is the sample with a periodicity of 19 pm showing
slightly higher standard deviations which can be traced back to a
more irregular surface pattern due to the double peaks.

3.2. Anisotropic spreading behavior

Fig. 1b and c shows the thermographic measurement and ther-
mal simulation of the experimental setup including the sample.
As can be seen, the temperature gradient on the sample table is
homogenous and linear. Therefore, a driving force transverse to
the spreading direction as well as a variation of the temperature
gradient with progressive lubricant spreading can be neglected.
Furthermore, the temperature gradient on the sample is almost
identical to that on the table thus allowing for a correct measure-
ment of the temperature gradient.

Fig. 4 shows the temporal evolution of the droplet spreading
over the samples imaged by the digital camera. A significant dif-
ference in droplet geometry is evident, which can be ascribed to
an anisotropic spreading behavior due to the surface patterns [14].
The spreading velocity over time for all samples is shown in Fig. 5.
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Fig. 3. SEM micrographs of periodic line-like surface patterns with a pattern periodicity P of 5, 10, 19 and 300 wm (femtosecond FS). The zoomed part in the bottom right

image represents a single groove of the sample patterned by UPLP.

Evidently, the spreading velocity parallel to the surface pattern is
higher compared to the perpendicular case, for all samples. This
can be explained by capillary forces, which are intensified by the
line-like surface pattern and act along the lines thus favoring prop-
agation in this direction [3]. Additionally, the grooves, which are
in the micrometer range, act as pinning centers which impede the
propagation perpendicular to the surface pattern [14]. For this rea-
son, the spreading velocity perpendicular to the structures is slower
for smaller periodicities.

Besides the anisotropic spreading behavior, a decline in the
spreading velocity over time for all samples and orientations can
be observed. In order to explain this effect, several contributions
have to be taken into consideration. At first, the viscosity increases
as the drop moves toward the cold side of the sample. Secondly, the
drop volume is depleted over time which leads to a pinning of the
droplet front as a consequence of contact angle hysteresis [21]. The
decrease in spreading velocity holds especially true for the paral-
lel orientation. As the liquid propagates along the line-like surface
grooves, the capillary length is reduced which leads to a decrease
in capillary forces and therefore penetration velocity, following the
Lucas-Washburn-equation [22,23]:

2 Yrcost
= 2 t (3.1)

where [ is the position of the traveling meniscus along the channel,
y is the surface tension of the liquid, r is the channel radius, 6 is the
static contact angle of the liquid on the channel wall and 7 is the
dynamic viscosity of the liquid phase. This relationship has been
verified experimentally [24]. Furthermore, numerous researchers
showed theoretically and experimentally that the linear behav-
ior, I2 ~t, holds also true for open micro channels with different

geometries [25-29]. Rye et al. found a general expression to
describe the liquid penetration in open micro channels [25]:

2 =K(e, 9)7% (3.2)

where K(«,0) is a geometric term which depends on the groove
angle o and the contact angle and T is the structural depth. The
spreading velocity of the droplet on the surface is strongly con-
nected to the liquid penetration into the surface grooves. Therefore,
a higher penetration velocity into the surface grooves will result in
a higher spreading velocity of the droplet on the surface. Since a
greater structural depth leads to a higher liquid penetration into
the grooves, due to higher capillary forces, those samples also
show a higher spreading velocity on the surface. Interestingly, the
spreading velocity in the perpendicular orientation is comparable
or even slightly above the spreading velocity on the reference sam-
ple. Conceivably the increased roughness of the patterned samples
compared to the reference (see Table 3) is the reason for this.
According to the wetting theory of Wenzel, the contact angle
on a rough surface decreases for a contact angle smaller than 90°
on a perfectly plane surface [30]. A smaller contact angle enhances
the spreading behavior and hence the propagation velocity. Despite
this, a slight tendency for a reduced spreading velocity of the sam-
ple with a periodicity of 5 wm compared to the reference can be
noticed looking at Fig. 5a and Table 4. This can be explained by
a more pronounced pinning as the periodicity is reduced which
might overcompensate the roughness effect. Being aware of the
influence of the periodicity, the values for the spreading veloci-
ties for the sample patterned by UPLP compared to the samples
patterned by DLIP in Table 4 give finally rise to the question for the
governing surface parameter. Despite a much larger periodicity of
300 pm, the spreading velocities of the UPLP samples for parallel
orientation as well as perpendicular orientation are comparable
or even slightly higher than those of the DLIP samples. This can be
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Fig. 4. Temporal evolution of the droplet propagation parallel and perpendicular to the surface patterns for several samples with different periodicities imaged by a digital
camera.

Table 4 ) ) ) explained by looking at the structural depths of the samples listed in
Summary of the measured temperature gradient and spreading velocity. Table 3. There seems to be a tendency fora higherspreading velocity
Sample AT(°C) v(mms-1) in the parallel orientation along with a stronger pinning in the per-
Reference 203 0367 + 0.077 penQ1cular orlenFatlon V\I'lth an increasing structural depth. These
5 wm parallel 2.02 0.607 + 0.155 findings are consistent with the theoretical model proposed by Rye
5 m perpendicular 2.02 0322 + 0.056 et al. (see Eq. (3.2)). The same spreading velocity/structural depth
10 pm parallel 2.05 0.744 + 0.090 dependency was found by Chen who investigated the penetration
10 pm perpendicular 205 0455 & 0.043 of a wetting liquid in open metallic grooves [29]
19 wm parallel 2.04 0.685 + 0.110 gliq pen Sroove :
19 wm perpendicular 2.05 0.501 + 0.092 Apart from topographical effects, it is well known that the
300 pwm parallel 2.06 0.841 + 0.140 surface chemistry can significantly influence the spreading and

300 wm perpendicular 2.06 0.464 + 0.073 wetting properties as already stated in the introduction. As a
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Fig. 5. Spreading velocities of samples patterned by DLIP and UPLP with periodicities P of 5, 10, 19 and 300 pm. For each periodicity the spreading velocity parallel and
perpendicular to the pattern is shown compared to the spreading velocity of the unpatterned reference sample.

consequence, in previous studies, the surface chemistry and the
anisotropic spreading behavior of laser-interference-patterned
steel samples (1.4301) were investigated [14,31]. As could be
shown, the surface topography is the governing factor with regard
to the spreading behavior whereas the surface chemistry plays only
aminor role because both the polished and laser-patterned surfaces
are covered with an oxide layer consisting of iron and chromium
oxides.

4. Conclusions

In this experimental study, a new test rig was designed which
allows for the recording of the spreading dynamics of liquids on
metallic surfaces under a controlled temperature gradient.

Here, periodic line-like patterns with different periodicities (5,
10, 19 and 300 wm) and structural depths (approximately 1 and
4 wm) were fabricated by laser interference (DLIP) and ultrashort
pulse laser patterning (UPLP) on stainless steel samples.

The temporal evolution of the oil spreading (additive-free PAO
oil) as well as the spreading velocity under the influence of a
temperature gradient of 2 °C/mm were studied for the patterned
surfaces and compared to a polished reference. The main findings
are the following:

¢ The spreading velocity parallel to the surface patterns is higher
compared to perpendicular to them for all samples, which can

be explained by increased capillary forces parallel to the surface
patterning and liquid pinning perpendicular to the patterns.

e Besides the anisotropic spreading behavior, a decline in the
spreading velocity over time for all samples and orientations can
be observed. This behavior can be attributed to the increase in
oil viscosity, depletion of drop volume and a decrease in capillary
forces in the parallel direction.

¢ The experimental findings for the spreading dynamics in the par-
allel orientation can be well described by the Lucas—Washburn
equation and the empirical equation of Rye et al.
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Guiding lubricant back to the tribological contact or preventing lubricant migration out of
the contact zone can be considered as an efficient approach to significantly reduce friction
and wear in machine components. This paper aims at studying the spreading behavior of an
additive-free lubricant (PAO 4) on coined stainless steel surfaces (AISI 304) under the effect
of a controlled temperature gradient of 2 °C/mm. Single channels and multi-channel sam-
ples were manufactured by roller coining and hot micro-coining, respectively. A systematic
study of the influence of the geometrical parameters on the resulting spreading behavior
has been performed. For polished reference samples, a preferential oil spreading parallel
to the temperature gradient was observed which can be correlated with Marangoni forces.
For single channels, the spreading velocity increases with an increase in structural depth.
Multi-channels show a pronounced anisotropic spreading behavior. Lubricant migration
towards the colder side of the sample can be prevented if the structures are oriented
perpendicular to the temperature gradient. For multi-channel surfaces, the spreading
behavior parallel to the temperature gradient is greatly influenced by the periodicity and
area density. Samples with a smaller periodicity and greater area density show a higher
spreading velocity of a droplet.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Surface structuring of metallic surfaces is a promising approach to optimize their tribological or wetting behavior. In
terms of tribology, surface structures can be directly applied to the contact area to significantly reduce friction and/or
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wear [ 1-4]. However, those structures are likely to wear off with time thus losing their intended functionality. In contrast
to that, applying surface structures in the close proximity of the contact area where they are not subject to wear creates
the possibility to indirectly affect the tribological performance by preventing lubricant migration out of the contact area or
guiding lubricant back into the contact area [5-7]. It is well known that the temperature in the contact area of a tribological
contact increases due to frictional heating. At local contact spots rather high interface temperatures tend to occur. As
a consequence, a temperature gradient evolves thus resulting in a surface tension gradient which can lead to lubricant
migration out of the contact area and thus to insufficient lubrication [8]. In rotating machine components, centrifugal forces
might additionally drive the lubricant out of the contact zone, also leading to lubricant starvation [9,5].

Therefore, a directional spreading behavior on surfaces is of great interest for tribological applications and microfluidic
technologies in which a liquid is transported in open channels. In those channels, capillary forces become important for
transporting liquid since conventional pumping methods fail [ 10]. There are many methods to generate such open channels
including photolithography, laser surface patterning or mechanical processes like grinding or embossing [7,11,12]. It is worth
to emphasize that the directional spreading behavior depends on the material, the surface chemistry and finally the size of
the fabricated structures [13,14].

Using standard photolithographic methods, Seemann et al. fabricated grooves with a rectangular cross-section in silicon
having a depth between 100 and 900 nm and a width between 400 nm and 3 pwm. They demonstrated that the contact
line of the liquid droplet is pinned by the edges of the structures which makes it possible to confine the liquid inside
the channels and guide it along them [15]. A number of manuscripts deal with the spreading behavior of liquids on laser
patterned surfaces [16,7,13]. Rosenkranz et al. showed an anisotropic spreading behavior for channel-like surface patterns
fabricated by direct laser interference patterning (DLIP). Thereby, the anisotropy of the spreading behavior increases with
decreasing distance between the channels which can be traced back to more structures in contact with the liquid and
therefore a stronger pinning of the contact line [16]. Another study deals with the wetting properties of water on micro-
grinded silicon surfaces. The grooves on the surfaces lead to an anisotropic spreading behavior with a preferential spreading
along the major axis of the grooves whereas the highest anisotropy is reached for the deepest structures. The reason for the
observed anisotropy was attributed to a pinning effect perpendicular to the grooves due to sharp micro-groove tops [17].

The flow behavior of Newtonian fluids in open micro-channels can generally be described by the Lucas-Washburn
equation [18-20]:

2= Mt

2n
where [ is the position of the traveling meniscus along the channel, y is the surface tension of the liquid, r is the channel
radius, 6 is the static contact angle of the liquid on the channel wall, 7 is the dynamic viscosity of the liquid phase and t

is the time. This indicates that the velocity of the liquid inside the channels decreases following a 4/t behavior. A general
expression has been found by Rye et al. to describe the fluid behavior in open micro-channels [21]:

(1)

T
P =K (a6) %t )

where K («, 6) is a geometric term which depends on the groove angle @ and the contact angle 6 and T is the structural
depth. Eq. (2) shows that the structural depth of the grooves represents a decisive factor regarding the influence on the
liquid penetration into channels.

The spreading behavior of liquids on surfaces with temperature gradients has also been investigated in the past. Chen
et al. explored the droplet migration of several organic liquids on silanized surfaces under the influence of a temperature
gradient between 2 and 4 °C/mm. They verified that the droplets always move towards the colder side of the sample and
therefore towards regions with high surface tension due to thermo-capillary forces. Furthermore, they demonstrated that
the contact angle hysteresis causes a pinning of the droplet which prevents spreading below a certain droplet radius [22].
The force by an imbalance of the surface tension along the droplet may even be high enough to cause a droplet to move
uphill on an inclined surface against the force of gravity. Chaudhury and Whitesides induced such a behavior of a water
droplet by chemically generating a gradient in surface free energy on silicon wafers [23]. Griitzmacher et al. investigated the
spreading behavior of Poly-(alpha)-olefin (PAO) oil on laser-patterned steel surfaces with a temperature gradient of roughly
2 °C/mm. They demonstrated a spreading behavior of oil from the hot to the colder side of the sample due to Marangoni
forces. Thereby, the spreading velocity parallel to the structures was increased with greater structural depths which can be
explained with higher capillary forces [7]. Furthermore, if the groove-like patterns are oriented in a direction perpendicular
to the temperature gradient, the spreading velocity can be slowed down because of pinning of the droplet at the edges of
the structures.

In this study, the effect of micro-coined surface structures on the spreading behavior of an additive-free PAO oil with a
kinematic viscosity of 4 ¢St (PAO 4) and a viscosity index of 124 on stainless steel surfaces under the influence of an applied
temperature gradient is investigated. Thereby, single channels manufactured by roller-coining and multi-channels fabricated
by hot micro-coining are studied. In this context, the structural depth as well as width and periodicity of the structures are
varied. In order to measure the droplet spreading an especially designed test rig is used which allows for a precise control
of the temperature gradient and the recording of the spreading dynamics.
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2. Experimental procedure
2.1. Material

Stainless steel substrates (thickness of roughly 1 mm) with the specification AISI 304 were used in order to fabricate
channel-like structures by roller coining and hot micro-coining. After coining, all samples were polished in order to remove
the oxide scale and to reduce the surface roughness. Prior to spreading experiments, an extensive cleaning procedure was
done for all samples in order to remove any contamination, dust or particles. In this context, a multi-step procedure in an
ultrasonic bath with cyclohexane, acetone and isopropanol was done for ten minutes each. Those are important steps in
order to ensure reproducible testing conditions for the spreading experiments.

2.2. Surface characterization

While light interferometry WLI (New View 7300, Zygo) and laser scanning microscopy LSM (LEXT OLS 4100, Olympus) were
utilized in order to check the as-fabricated channel-like structures in terms of homogeneity and accuracy. In addition, those
techniques were used to measure the structural parameters such as depth, width and periodicity as well as selected surface
roughness parameters of all samples. For the surface roughness, ten measurements at different locations of the samples were
performed in order to calculate mean values and standard deviations.

2.3. Roller coining

The single channels were fabricated by roller coining which is an incremental forming process using a single pre-
structured roller. The roller is made of HS 6-5-2 (1.3343) steel and the channel-like structure on the tool was created by
mechanical processing. After manufacturing, the tool was hardened to enable the structuring of stainless steel. Furthermore,
the roller coining set-up consists of a pneumatic system using a proportional valve and a pneumatic cylinder. The pneumatic
cylinder enables to adjust the force continuously since different structures may require different forming forces. In addition,
the tool position is self-adjustable which makes the set-up insusceptible against surface asperities. The applied pneumatic
pressure is controlled by LabVIEW while the forming force is measured using a load cell. Single channels with different
structural depths, namely 10, 15, 30, 35 and 45 pwm, were fabricated. For this purpose, the applied forming force was varied
between 100 and 390 N. Those forces were sufficient to precisely fabricate the desired structures since the contact area
between tool and substrate is rather small for the roller coining process. It is worth to mention that with increasing structural
depth, the width of the channel increases from 150 to 190 wm since the structures on the tool do not have upright walls.

2.4. Hot micro-coining

A closed die hot micro-coining setup was used to generate multi-channel structures on steel substrates. The tools which
are in contact with the hot sample (punch, cutting rings and die), are made of hardened hot working tool steel X37CrMoV5-1
(AISIH11). The coning structure of the die was fabricated by laser ablation. Conductive heating of the steel sample is required
in order to reduce the flow stress of the material. This approach leads to an increased form filling (ratio of coined depth to
structure height of the tool) and reduced load on the die. Using a current density of 35 A/mm? and a heating time of 5 s allows
to adjust a homogeneous temperature of 1200 °C in the coined area. All micro-coining experiments were conducted with
those parameters. More information with regard to the micro-coining process and set-up can be found elsewhere [24,25].

Two dies (die A and die B) with a nominal structural height but varying periodicity and width were used. The main
difference between die A and die B is the periodicity which is two times larger for die A. Two different structural depths
(20 wm and 30 wm) were fabricated with each die. Since the channel-like structures do not have upright walls the coined
width of the channels increases with the coining depth.

2.5. Spreading experiments

In order to study the oil spreading on the fabricated channel-like structures, an experimental set-up developed by
Griitzmacher et al. was used [7]. For the reader’s convenience, a brief description of this set-up is given here. The sample
table is made of copper and can be heated on one side by a heating cartridge (RS Components). On the other side, the sample
can be cooled down which is realized by water cooling thus making it possible to precisely adjust a temperature gradient
of 2 °C/mm. The temperatures needed to estimate the temperature gradient are measured with two NiCr-Ni thermocouples
placed symmetrically from the center with a distance of 37.75 mm.

For the spreading experiments, a droplet volume of 1.5 |11 was selected since any gravitational effects on the droplet shape
can be neglected for this volume [13]. Using a pipette (Eppendorf), the oil was applied close to the hot side of the sample. An
additive-free Poly-(alpha)-olefin with a kinematic viscosity of 3.9 cSt at 100 °C and a viscosity index of 124 was used for all
experiments. The respective properties of the oil are given in Table 1. To record the motion of the droplet, a digital camera
(EOS 500 D, Canon) was utilized. The spreading of the oil and the corresponding spreading velocity were analyzed using an
image processing software (GIMP 2) after certain times. The distance of the continuous movement of the droplet front from
the hot side to the cold side of the sample, was measured. Finally, the spreading velocity of the droplet was estimated.
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Table 1
Properties of the used PAO oil as specified by the supplier.
Property PAO 4
Kinematic viscosity at 100 °C in cSt 39
Kinematic viscosity at 40 °C in cSt 16.8
Viscosity index 124
Specific gravity 0.82
Table 2
Summary of the measured surface roughness parameters of the polished
reference.
Parameter Rq/pm Ry/pm Rk
Polished reference 0.02 £ 0.004 0.03 £ 0.05 0.001 4 0.001
Table 3
Summary of structural depth and width as well as measured skewness for all single-channel structures fabricated by roller coining.
Sample Coining force/N Structural depth/pm Width/pm Rk
D10 100 10.65 £ 0.51 150 + 10 —1.74 £ 0.09
D15 170 15.54 + 0.45 160 £+ 10 —1.71+£0.02
D30 250 29.67 £0.22 160 £ 10 —1.69+0.01
D35 320 35.86 +0.12 170+ 10 —1.64 £0.01
D45 390 4521+0.18 190 £+ 10 —1.57 £ 0.01
(b)
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Fig. 1. WLI micrograph (a) and corresponding surface profile (b) measured along the black line in (a) for the single-channel structure with a structural
depth of 30 wm.

3. Results and discussion
3.1. Single-channel structures

Prior to the spreading experiments, the surface topography of the polished reference samples and the as-fabricated single-
channel structures were studied by WLI. Selected surface roughness parameters were chosen in order to describe the surface
topography. Table 2 summarizes the measured values for the polished reference sample.

As can be seen in Table 2, the respective roughness values are in the nanometer range which reflects the mirror-like
surface finish and the high surface quality of the reference samples. The measured value for the skewness is around 0.
Consequently, no pronounced valleys or peaks can be found which also correlates well with the mirror-like surface finish.

Fig. 1 displays exemplarily the resulting surface topography of the single-channel structure with a structural depth of
30 pm after roller coining.

As can be seen in Fig. 1, the single-channel structures can be fabricated with high accuracy and rather steep wall angles,
which make those samples interesting for spreading experiments. In Fig. 1(b), it can be seen that the roller coining leads to
a certain material pile-up which, can be explained by severe plastic deformation involved in the manufacturing process.

Table 3 summarizes the structural depth and width as well as the measured skewness of all single-channel structures
fabricated by roller coining.

Table 3 demonstrates that the structural depth increases with increasing coining force while keeping the width fairly
constant. All presented standard deviations are well below 10% which underlines the high reproducibility and accuracy of the
roller coining process. It is possible to observe that the standard deviations are slightly reduced with an increase in coining
force. This can be traced back to reduced elastic effects inside the setup [26]. With regard to the measured skewness, it can
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Fig. 2. Spreading behavior (a) and spreading velocity (b) measured parallel and perpendicular with respect to the temperature gradient on a polished
reference sample.
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Fig. 3. Temporal evolution of the spreading behavior measured for a single-channel structure with a structural depth of 30 wm.

be seen that all single-channel structures have a negative skewness with values ranging between —1.74 and —1.57. Those
values can be well explained by the plateau-like surface topography of the single-channel structures. Additionally, a slight
decrease of the skewness with increasing coining force can be noticed.

Before investigating the spreading behavior of the single-channel structures, polished samples were used in order to
study the reference state. Since the spreading behavior is studied using a certain temperature gradient, as introduced in
Section 2.5, two different directions, namely parallel and perpendicular with respect to the temperature gradient, need to
be distinguished. Fig. 2 shows the spreading behavior as well as the respective spreading velocity measured for a polished
reference.

The figure clearly reveals that the spreading behavior parallel to the temperature gradient is more pronounced compared
to the values observed in the perpendicular direction. This can be well correlated with the applied temperature gradient. It
can be noticed that the standard deviations slightly increase over time, which can be explained by a pinning of the contact
line which gets more pronounced over time due to a decreasing droplet volume. In addition, the velocity profile of both
directions shows an asymptotic behavior with a slightly increased velocity in direction of the temperature gradient over
time.

Afterwards, the respective spreading behavior of the single-channels structures was studied with the channels being
oriented parallel to the temperature gradient. Fig. 3 shows the temporal evolution of the spreading behavior measured on a
single-channel structure with a structural depth of 30 wm.

Based upon this figure, it can be seen that the droplet propagation inside the channels is faster than the propagation on
the surface. Consequently, it can be concluded that the oil in the channel runs ahead of the oil droplet on the surface. Since
it can be assumed that the oil spreading inside the channels and the droplet spreading on the surface are closely connected
the lubricant velocity inside the channels (lubricant penetration) is measured.

Fig. 4 presents the spreading behavior and spreading velocity in the channels of all fabricated single-channel structures.

It can be clearly seen that both the spreading behavior and the spreading velocity increase with an increasing structural
depth. There seems to be a clear connection between the spreading velocity inside the channels and the radius of the
respective channels. To explain the increasing velocity, several factors have to be taken into consideration. First, an increasing
capillary radius goes hand in hand with higher capillary forces. This can be well correlated with an enlarged spreading
velocity. In addition, the resistance against motion (spreading) in the direction of the temperature gradient due to friction
at the channel walls decreases with an increase in capillary diameter since a smaller portion of the liquid is in contact with
the channel walls.

Furthermore, a decline in spreading velocity over time can be noticed. This can be attributed to an increase in lubricant
viscosity as lubricant migrates towards the colder side of the sample where the temperature drops from roughly 125 °C to
51 °C (measured at the positions of the thermocouples). Additionally, the capillary length is reduced as liquid travels inside
the channels towards the colder side of the sample which results in smaller capillary forces following the Lucas-Washburn-
equation (see Section 1). It can be seen from Eq. (1) that there is a /t dependency of the position of the meniscus I or in
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Fig. 4. Spreading behavior (a) and spreading velocity (b) in the channel (parallel to the temperature gradient) measured for all single-channel structures.

Table 4
Summary of structural depth and width as well as periodicity for all multi-channel structures fabricated by hot micro-coining.
Sample Force/kN Structural depth/pm Width/pm Periodicity/pum
A20 40 22.84+2.18 259+ 16 795 +5
A30 50 3353+ 1.76 278 +2 799 +5
B20 50 21.12 + 141 210+ 10 493 +7
B30 70 30.80 + 1.52 214 +7 496 +5

other words on the spreading velocity. This 4/t behavior can be clearly observed in Fig. 4. The general equation for open
micro-channels by Rye et al. (see Eq. (2), Section 1) allows the conclusion that the main influencing factor is the structural
depth.

3.2. Multi-channel structures

In a next step, the spreading velocity of multi-channels fabricated by hot micro-coining was investigated to find the most
effective structures to either guide lubricant or stop lubricant migration. Thereby, the grooves are oriented perpendicular or
parallel to the temperature gradient, respectively.

The geometrical parameters of the micro-coined structures are varied to investigate the influence of the structural depth
as well as the structural width and periodicity. As can be seen from the low standard deviations presented in Table 4, the
hot micro-coining process is, similar to roller coining, highly accurate.

From Fig. 5, it can be seen that, irrespective of the structure geometry, no lubricant migration along the temperature
gradient towards the cold side of the sample can be observed if the micro-coined structures are oriented perpendicular
to the temperature gradient. This effect results from the pinning of the droplet’s contact line at the sharp edges of the
structures [27,28]. This pinning is so pronounced that Marangoni forces acting in direction of the temperature gradient are
not sufficient to overcome/overpass a single structure. The droplet is rather elongated along the primary axis of the structures
due to capillary forces. Hence, the forces induced by the micro-coined structures dominate the Marangoni forces triggered
by the temperature gradient. This indicates that the used structures are suitable to manipulate the lubricant migration and
to overcome forces coming from a temperature gradient. Consequently, lubricant migration towards the cold side of the
sample can be prevented, if the surface structures are oriented perpendicular to the temperature gradient.

To elicit the possibility of guiding lubricant along the major axis of the micro-coined structures, the samples are oriented
in such a way that the structures point in the direction of the temperature gradient. As already seen for the single channels,
the lubricant penetration inside the channels is faster than the droplet spreading on the sample surface. Thereby, the liquid
inside the channels runs ahead of the droplet thus pulling the droplet over the surface by creating space in the channels as
the lubricant migrates inside the channels. It can be assumed that the global spreading behavior is more decisive for most
applications. Consequently, this behavior will be discussed in detail for the multi-channel samples in the following section.

Fig. 6 shows the lubricant spreading on different multi-channel samples. It can be observed that the samples which
were coined with the same die but a higher coining pressure resulting in a greater structural depth and width show a
rather similar spreading behavior. However, comparing samples fabricated with two different dies and having therefore
different periodicities, there is a clear tendency for a higher spreading velocities with decreasing periodicity. A smaller
periodicity leads to a higher number of surface structures in contact with the liquid considering a similar initial contact area
of the droplet with the sample. More surface structures in contact induce higher capillary forces since it can be assumed
that capillary forces arising from the individual channels can be summed up. Furthermore, the pinning of the contact line
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Fig. 6. Spreading behavior versus time for all multi-channel structures with different structural parameters.

increases with smaller periodicities. If the droplet pinning is stronger and thus the liquid spreading across the structures
is prevented, a higher amount of liquid is available which can be guided along the channel-like structures thus further
increasing the spreading velocity.

Summarizing, the geometrical parameters like structural depth and width seem to have a minor effect on the global
spreading behavior of a droplet for the multi-channel samples. In contrast to that, the area density and periodicity of the
structures have a significant effect on the spreading behavior.

4. Conclusions

The aim of this study was to investigate the spreading behavior of a lubricant (PAO 4) on micro-coined stainless steel
surfaces under the effect of a controlled temperature gradient of 2 °C/mm. Single channels were manufactured by roller
coining whereas multi-channel structures were produced by hot micro-coining. For single channels, the coining force was
increased successively to increase the structural depth as well as width. For multi-channel structures, two different dies have
been used to change the periodicity and thus the area density of the samples. Additionally, the coining force was increased
to produce deeper and wider channels. The following conclusions can be drawn based upon the experimental results:

e A preferential oil spreading on a polished reference in the direction of the temperature gradient can be observed. This
can be well correlated with Marangoni forces, leading to a lubricant migration towards the colder side of the sample.
e Experiments with single channels demonstrate that the lubricant penetration inside the channels is faster than the
droplet spreading on the surface. Thereby, the spreading velocity inside the channels increases with an increasing
depth of the single channels. A decline in the spreading velocity inside the channels can be well described with an
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increasing lubricant viscosity as the lubricant approaches the colder side of the sample and by the Lucas-Washburn
equation which predicts a smaller spreading velocity over time.

e Multi-channels show a pronounced anisotropic spreading behavior. Thereby, lubricant migration towards the colder
side of the sample can be prevented if the structures are oriented perpendicular with respect to the temperature
gradient. If the structures are oriented parallel to the temperature gradient, the structural depth and width only play
a minor role with respect to the spreading behavior whereas the periodicity and therefore the area density have a
strong impact on the spreading behavior. Samples with a smaller periodicity and greater area density show a higher
spreading velocity of a droplet on the surface.
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© 2018 Elsevier Ltd. All rights reserved.

* Corresponding author.

E-mail address: philipp.gruetzmacher@uni-saarland.de. (P.G. Griitzmacher).

https://doi.org/10.1016/j.matdes.2018.04.035

0264-1275/© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Over thousands and millions of years of evolution, nature has cre-
ated human beings, animals and insects with outstanding properties,
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which are able to adapt to extreme conditions. An impressive example
is the lotus leave, which combines superhydrophobic properties with
self-cleaning. In order to achieve that, hierarchical structures are cov-
ered with a wax to modify the surface topography and the surface
chemistry at the same time [1-3]. The gecko foot is another example
in the context of functional multi-scale surfaces [4-6]. More examples
based upon hierarchical surface topographies such as the non-fogging
and super-hydrophobic eyes of mosquitos [7] or the colorful wings of
butterflies [8-10] can be found in nature.

Moreover, nature provides unique solutions to adapt to extreme
conditions such as moisture harvesting in very arid regions. The skin
of the Texas horned lizard consists of capillaries on different size scales,
which induce a preferential flow of water towards the snout of the liz-
ards [11]. It is straight forward to postulate that creating surfaces,
which mimic natural surfaces with outstanding properties in terms of
guiding liquids and adjusting specific wetting properties, can have a
huge impact in mechanical components dealing with microfluidic phe-
nomena. In this context, the key aspect is to understand the connection
between the material's properties, the surface structure on different
scales (ranging from the nano- to the macro-scale) as well as the
resulting macroscopic properties [12]. Regarding wetting properties, it
is well known that wetting depends on the surface chemistry and the
surface roughness [13-16].

Numerous manuscripts have been published dealing with different
experimental techniques to fabricate multi-scale surfaces and their im-
pact on the resulting wetting properties. Cha et al. created
superhydrophobic silicon surfaces by combining deep reactive ion and
plasma etching [17]. A similar approach was presented by Kwon et al.
ending up in contact angles of larger than 173° and small tilting angles
of about 0.6° [18]. Using embossing and femtosecond laser processing,
Zhang et al. demonstrated that self-organized conical spikes with
nano-scale roughness can greatly affect the wettability and the degree
of anisotropy [19]. Besides that, surface structures with a preferential
orientation can strongly affect the wetting properties. Chen et al. fabri-
cated superhydrophobic 200 pm wide strips on silicon to tune the pin-
ning behavior of water droplets [20]. Hans et al. patterned copper
alloys by direct laser interference patterning (DLIP) and proved an an-
isotropic wetting behavior for line-like surface patterns with features
sizes on the micron scale [21]. In addition, Rosenkranz et al. pointed
out that the periodicity and the aspect ratio (structural depth divided
by periodicity) of laser patterned surfaces are the most influencing fac-
tors with regard to the anisotropic spreading behavior [22]. Based upon
[22], Rosenkranz et al. created multi-scale surfaces by combing DLIP and
micro-coining. They demonstrated that multi-scale surfaces showed the
greatest anisotropic spreading behavior [23]. All these studies aim at
fabricating channel-like structures with a preferential orientation,
which pin the droplet's front in the direction perpendicular to the struc-
tures and elongate the droplet by inducing capillary forces parallel to
the structures [24-26]. Thereby, the pinning of the droplet's front in-
creases with a decreasing periodicity of the structures as well as deeper
structures with sharper edges [22,24,27]. Similarly, the capillary forces
increase with an increasing capillary radius or structural depth as well
as smaller periodicity since this results in a larger number of channels
in contact to the liquid [22,27,28].

An interesting application for surfaces with an anisotropic spreading
behavior are lubricated tribological components on which a tempera-
ture gradient evolves with time. As a result of frictional heating a tem-
perature gradient and thus a surface tension gradient arises on the
surface [29]. In these contacts, the acting Marangoni forces lead to a mi-
gration of lubricant from hotter to colder regions and therefore to a mi-
gration of lubricant out of the tribological contact where it is most
urgently needed [30-33].

The aim of this study is to investigate the effect of multi-scale pat-
terns on the spreading behavior of an additive-free Poly-(alpha)-olefin
(PAO) oil with a dynamic viscosity of 3.19 mPa.s (PAO 4) and a viscosity
index of 124. Therefore, stainless steel (AISI 304) was patterned by a

combination of micro-coining and DLIP as well as by micro-coining
and ultrashort-pulse laser patterning (UPLP). To study the effect of a
temperature gradient on the lubricant migration the experiments
were performed on an especially designed test rig, which allows for a
precise adjustment of the temperature gradient on the sample's surface.

2. Experimental procedure
2.1. Materials

Flat, mirror-polished stainless steel specimens (AISI 304) with a
thickness of approximately 1 mm and a diameter of 25 mm were used
as a base material. The chemical composition of the steel is summarized
in Table 1.

After micro-coining, a gentle polishing treatment was done to lower
the surface roughness. After each individual fabrication step (micro-
coining and laser patterning), the samples were cleaned using a multi-
step procedure in an ultrasonic bath. The procedure was started with
cyclohexane, followed by acetone thus ending up in isopropanol. The
cleaning time for each step was kept constant at 10 min. This procedure
ensures the removal of any polar and non-polar contamination as well
as of dust and other particles.

For the spreading experiments, a synthetic Poly-alpha-olefin oil
(provided by Castrol) was used. Since this oil does not contain any addi-
tives, the potential influence of said additives on the resulting spreading
properties can be neglected. A summary of the physical properties of the
oil used is given in Table 2.

2.2. Analysis of the surface topography

The resulting surface topography of the laser patterned, the micro-
coined as well as the multi-scale samples was investigated by laser
scanning microscopy LSM (LEXT OLS 4100, Olympus). Special emphasis
was laid on the homogeneity and accuracy of the as-fabricated samples.
Structural parameters of all specimens such as periodicity, depth and
width as well as surface roughness parameters such as the root-mean-
square roughness and skewness were evaluated. Ten measurements at
randomly selected positions of the sample were conducted to calculate
mean values and standard deviations.

2.3. Direct laser interference patterning (DLIP)

A pulsed solid-state Nd:YAG laser (Quanta Ray PRO 290, Newport
Spectra Physics) with a fundamental wavelength of 1064 nm, an average
power of 20 W, a pulse duration of 10 ns and a frequency of 10 Hz was
used to fabricate channel-like structures with features sizes in the lower
micron regime. For the laser patterning, the wavelength was set to
532 nm and the samples were produced under normal atmospheric
conditions using just one laser shot. The laser patterning using the ns-
laser was based upon an interference approach. First, the primary
beam passed through an attenuator, a shutter system and a lens (focal
length 2000 mm) in order to adjust the laser power precisely, to select
individual laser pulses and to increase the power density, respectively.
Afterwards, the primary beam was split into two beams by means of a
suitable beam-splitter. A mirror system guided the individual sub-
beams to the surface where both sub-beams interfered with each
other. The laser power and laser fluence were kept constant for all spec-
imens at 4.4 W and 50 J/cm?, respectively. Thereby, a sample area of
15 mm x 20 mm was patterned. Further details related to DLIP have al-
ready been published elsewhere [34,35]. Based upon previous research

Table 1

Chemical composition of the steel in wt% as specified by the supplier.
Specimens Cr Ni Mn Si C Fe
Stainless steel (AISI 304) 18 10 2 1 0.1 Balance




P.G. Griitzmacher et al. / Materials and Design 150 (2018) 55-63 57

Table 2

Properties of the used PAO oil as specified by Castrol.
Property PAO 4
Dynamic viscosity at 100 °C in mPa.s 3.19
Dynamic viscosity at 40 °C in mPa.s 13.73
Viscosity index 124
Specific gravity 0.82

work published by the authors studying the anisotropic spreading of oil
on laser patterned surfaces [22,23], samples with a periodicity of 5 um
and a structural depth of 1 um were selected for the current study.

24. Ultrashort-pulse laser patterning (UPLP)

A passively mode-locked Ti:Sa ultra-short pulse laser (Spitfire, New-
port Spectra Physics) with a repetition rate of 1 kHz and a wavelength of
800 nm was used to produce channel-like structures with different
structural parameters. The underlying physical principle of this laser
system is based upon chirped pulse amplification, which enables the
production of pulses with pulse durations in the range of pico- or fem-
toseconds. The pulse duration (FWHM) measured and controlled by au-
tocorrelation was kept constant at 130 + 20 fs for all fabricated samples.
The primary beam with a diameter of approximately 10 mm was fo-
cused using a lens having focal length of 100 mm onto the specimen's
surface. The steel substrate was located in the focal point and mounted
on an automatic translation table (x-y-stage), which was synchronized
with the laser. In contrast to DLIP, the laser patterning performed by the
fs-laser is more comparable to sequential laser writing. Consequently,
individual channels were fabricated separately based upon the inter-
connection of the translation stage and the controllable laser output
(on/off times). Two different periodicities, namely 50 and 100 pm,
were fabricated while keeping the structural depth and width constant
at4 and 16 pm, respectively. In order to generate a structural depth of 4
um, the individual channel needed to be overpassed four times while
keeping the velocity of the translation stage constant at 10 mmy/s. The
laser power and the resulting laser fluence were set to 60.4 mW and
13.3 J/cm2, respectively. As for the DLIP samples an area of 15 mm
x 20 mm was patterned.

2.5. Micro-coining

In order to fabricate micro-coined samples, a closed die hot micro-
coining setup was used. The coining tool (punch, ring and die) was
made of hardened steel X37CrMoV5-1 (AISI H11) and the structure of
the die was generated by laser ablation. Prior to micro-coining, the
steel sample was conductively heated to lower the flow stress of the
material. In addition, the load on the die was reduced due to heating
thus reducing the risk of tool damage. A current density of 35 A/mm?
and heating time of 5 s were selected to adjust a temperature to 1200
°C in a short period of time. The experimental parameters were kept
constant for all samples fabricated by micro-coining. A die with a nom-
inal structural height of 100 um was used to produce the micro-coined
samples with a structural depth of 22 um and a structural width of
260 pm. The respective structural depth was adjusted by changing the
coining force. In this manner, samples with an outer diameter of
25 mm were produced whereby an area of 20 mm in diameter was cov-
ered with the line-like pattern. More information regarding the process
and the set-up can be found elsewhere [36,37].

2.6. Spreading experiments

The resulting spreading behavior of lubricant on all surfaces was
studied using an experimental set-up developed by Griitzmacher
et al., which is schematically shown in Fig. 1 (a) [27]. The underlying
principle shall be described briefly. A precisely adjustable temperature

a) w

Pipette

Copper sample table

b) c)
i S
>

AT=2°C/mm

Fig. 1. (a) Schematic illustration of the experimental set-up as well as the measuring
strategy in order to characterize the lubricant spreading (b) without and (c) with
temperature gradient. The dotted line in (b) and (c) represents the initial droplet with a
length 1, parallel to the pattern directly after deposition. The solid line shows the droplet
after a certain time with an increased droplet length L.

gradient was realized by a heating cartridge (RS Components) on one
side and water cooling on the other side of the sample stage made of
copper. Consequently, a temperature gradient of 2 °C/mm was set. Fur-
ther details have already been published elsewhere [27].

For the spreading experiments, a lubricant droplet was applied to
the specimen using a pipette (Eppendorf). In this context, a droplet vol-
ume of 1.5 pl was selected in order to avoid any influence of gravitation
[21]. The motion of the droplet was recorded by a digital camera (EOS
500 D, Canon). The spreading of the lubricant was analyzed using an
image processing software (GIMP 2) after certain times. For preliminary
tests without temperature gradient, the length of the droplet parallel to
the pattern was measured. In contrast, the distance of the continuous
movement of the droplet front from the hot side to the cold side of
the sample was measured for the experiments with temperature gradi-
ent. The two different measuring strategies for experiments with and
without temperature gradient are schematically shown in Fig. 1
(b) and (c), respectively.

3. Results and discussion
3.1. Spreading experiments without an applied temperature gradient

In order to investigate the possibility to guide lubricant over the fab-
ricated samples, experiments without a temperature gradient were per-
formed. Since the droplet propagation along the structures is of interest,
only the length of the droplet parallel to the structures was considered.

In a first step, only single-scale patterns were investigated. Prior to
the experiments, the samples' topography was characterized by LSM.
The respective images are summarized in Fig. 2.

As can be observed from Fig. 2, all produced samples show a homog-
enous height distribution as well as a regular distance between the
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Fig. 2. Overview of all single-scale samples as well as their respective profiles perpendicular to the patterns along the red line measured by LSM. Shown are samples produced by (a) DLIP,
(b) micro-coining and (c and d) UPLP. For UPLP, two different periodicities, namely (c) 50 um (d) and 100 pm, were fabricated. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

structural features according to the desired periodicity. This is also
reflected by selected surface parameters and their respective standard
deviations given in Table 3.

The standard deviations measured for the structural depth, the
width and the periodicity are below 10%, which reflects the high homo-
geneity of the produced surfaces. The differences in the structural pa-
rameters in terms of size can be attributed to a variation in the
production process. Thereby, micro-coining is a forming process,
which is capable to produce the largest structures of the used tech-
niques in a fast and reliable way [36]. The differences between the pat-
terns created by DLIP and UPLP can be explained by different
experimental set-ups and different underlying laser-matter interac-
tions. For UPLP, the laser beam is merely focused onto the sample's sur-
face whereas DLIP creates smaller structures by overlapping two sub-
beams, which interfere with each other. Due to the pulse duration of
10 ns, DLIP is based upon melting and resolidification. In contrast,
UPLP leads to a direct ablation of the material and therefore prevents
the formation of molten material [38]. This makes it possible to create
deeper structures by UPLP. The roughness of the samples increases by
definition with the structural depth of the samples. Regarding the skew-
ness Sy, it can be observed that all samples, except for the sample pat-
terned by DLIP, show a negative skewness. Those values account for a
rather plateau-like surface topography, which is reasonable considering
the unstructured portions between the channels. On the other hand, the

sample patterned by DLIP shows a positive skewness, which results
from the peaky surface topography without plateaus between the chan-
nels (see Fig. 2). As already outlined in the introduction, wetting prop-
erties and consequently lubricant spreading are determined by both
surface topography and surface chemistry. In this context, it is worth
to mention that the polished reference is covered by a native oxide
scale, which is typically a mixture of iron and chromium oxide (solid so-
lution) [39]. After DLIP, it could be shown that the resulting oxide scale
increased and consisted of two well-separated layers. On top of the sur-
face, an iron oxide layer can be found, which is followed by chromium
oxide layer. This observation can be well correlated with the high tem-
peratures involved in DLIP and the thermal stability of iron and chro-
mium oxide [39]. With respect to UPLP, Raillard et al. demonstrated
for steel surfaces that UPLP leads to an increase of the iron oxide layer
thickness by a factor of roughly 2 [40]. Since the used pulse duration
in this study is comparable with the one Raillard et al. used, it is reason-
able to assume that the UPLP samples are covered with an oxide layer.
Due to the high temperatures involved in micro-coining, those samples
are also covered by a similar oxide scale. Consequently, it can be stated
that the surface chemistry of all samples is assumed to be comparable.
Observed changes in the lubricant spreading can therefore mainly
traced back to differences in the surface topography.

After characterizing the surface topography, the propagation of the
liquid's meniscus position for all single-scale patterns over time was

Table 3

Summary of selected surface parameters of all single-scale samples measured by LSM.
Sample Structural depth/pum Width/pum Periodicity/um Sg/um Ssk
Micro-coined (A) 22.8442.18 259 4 16 795 +£5 8.75 4+ 0.27 —0.85 + 0.02
5 um DLIP 0.80 + 0.04 3.77 £+ 0.06 4.94 + 0.06 0.30 & 0.01 0.29 £+ 0.29
50 pm UPLP 4.15 4+ 0.00 16.70 £ 0.35 51.43 + 0.64 1.78 £ 0.05 —1.15 £ 0.02
100 um UPLP 4.02 4 0.01 16.23 £ 0.83 100.73 £ 0.55 1.18 - 0.04 —2.09 + 0.07
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investigated without any temperature gradient. Camera images cap-
tured at 1, 5 and 15 s after the deposition of the droplet are shown in
Fig. 3. It can be clearly seen that the lubricant shows a preferential
spreading parallel to the channels for all samples. This can be traced
back to capillary forces induced by the channels, which act parallel to
the channels. Furthermore, the channels function as pinning centers,
which prevent lubricant propagation perpendicular to the pattern.
After 15 s, the elongation of the droplet is the greatest for the 50 pm
UPLP sample while the width for this sample is the smallest compared
to all other samples.

A more detailed illustration of the results including mean values and
standard deviations is given in Fig. 4.

As in Fig. 3, the smallest lubricant spreading can be observed for both
the samples fabricated by DLIP and micro-coining. Comparing both
samples with each other reveals that the structural depth of the
micro-coined sample is increased by a factor of roughly 30 while the pe-
riodicity is also increased by a factor of 160 (see Table 3). Consequently,
the number of structural features in contact is greatly reduced for the
micro-coined pattern and therefore despite its significantly increased
depth a comparable pinning effect as well as comparable capillary forces
can be observed for both samples. Both UPLP samples demonstrate a
faster lubricant spreading than the DLIP and the micro-coined sample,
which can be traced back to a larger structural depth and a smaller pe-
riodicity. Thereby, a faster lubricant spreading can be observed for the
UPLP sample with a periodicity of 50 um even though both samples
have nearly the same structural depth and width (see Table 3 and
Fig. 2). Nevertheless, as demonstrated in previous studies by
Rosenkranz et al. as well as Griitzmacher et al., the periodicity of the pat-
terns plays a decisive role [22,27]. A smaller periodicity results in a
higher number of pinning centers as well as higher accumulated capil-
lary forces due to a greater number of channels in contact with the oil.
Consequently, this leads to a greater anisotropic droplet distortion and
therefore faster lubricant spreading. Since the comparison between
the two UPLP samples shows more pronounced effects for the sample
with a periodicity of 50 um, this pattern was used in the following for
the multi-scale patterning combining micro-coining and UPLP.

Fig. 5 shows two multi-scale surfaces fabricated by a combination of
micro-coining and either DLIP (A + ns) or UPLP (A + fs). In this context,
it is worth to mention that micro-coining is the first step followed by the
respective laser patterning [41]. Thereby, the laser patterns are not

S um DLIP

100 pm UPLP

50 um UPLP

Fig. 3. Temporal evolution of the fluid front measured for the DLIP sample (5 um ns), the
two UPLP samples (50 pm and 100 pum fs) and the micro-coined sample (A) without any
temperature gradient.
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Fig. 4. Temporal evolution of the droplet propagation for the micro-coined (A), the DLIP (5
pm ns) and the two UPLP samples (50 um UPLP, 100 um UPLP) without any temperature
gradient.

destroyed by the coining process and are homogenously distributed
over the entire sample surface with features on the fillets between the
channels as well as inside the channels. Due to the large scale differ-
ences between the DLIP pattern and the micro-coined pattern, the
line-like laser pattern is barely visible. However, a closer look reveals
the laser pattern in the LSM image as well as in the profile plot (Fig. 5
(a)). On the other hand, the UPLP pattern is clearly visible on the larger
micro-coined pattern due its larger structural depth and periodicity and
shows a homogeneous height distribution over the entire surface of the
sample (Fig. 5 (b)).

It is worth mentioning that the roughness of the multi-scale samples
increases compared to the purely coined sample due to the additional
superimposed laser pattern (see Tables 3 and 4). The skewness of
both multi-scale samples is almost identical compared to the purely
micro-coined pattern, which underlines the topographical dominance
of the micro-coined pattern.

Fig. 6 shows the temporal evolution of the fluid front for both multi-
scale samples. As for the single-scale patterns, a clear preferential
spreading can be observed. Thereby, this effect is even more pro-
nounced for the sample combining micro-coining and UPLP (A + fs).

By comparing the droplet propagation of the multi-scale samples
with that of the single-scale patterns (Fig. 7), it can be seen that both
multi-scale samples (A + ns and A + fs) show a faster lubricant spread-
ing than the respective single-scale patterns. Thereby, especially the
sample produced by a combination of micro-coining and UPLP (A
+ fs) shows the fastest lubricant spreading of all tested samples.

In order to explain these findings, different aspects need to be taken
into consideration. First of all, the additional laser pattern increases the
droplet pinning and thus inhibits the droplet propagation perpendicular
to the pattern. This reduces the lubricant spreading perpendicular to the
pattern and increases in turn the lubricant spreading parallel to the pat-
tern. Secondly, due to the additional channels of the laser pattern in con-
tact with the oil the capillary forces are increased, which further
accelerates the lubricant spreading along the channels. In this context,
these effects are stronger for deeper channels, which promotes the
fastest lubricant spreading for the multi-scale sample produced by
UPLP. Finally, according to the theory by Wenzel, the increased rough-
ness due to the additional laser pattern results in a smaller contact
angle and therefore a greater tendency to oil spreading on the sample
surface [42]. Bearing in mind that the contact angle 6 between the
liquid's meniscus and the channel walls affects the capillary forces F
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Fig. 5. Overview of the two multi-scale samples (a) A + ns and (b) A + fs as well as their respective profiles perpendicular to the patterns along the red line measured by LSM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

following the equation [43]:
Fx = py cosf, 1)

with vy being the surface tension of the liquid and p the channel perim-
eter, it becomes clear that the reduced contact angle increases the cap-
illary forces and thus the lubricant spreading.

It is worth mentioning that the velocity of lubricant spreading de-
creases for all samples over time (decreasing slope over time, which
can be observed in Figs. 4 and 7). This behavior is consistent with the be-
havior of liquids in capillaries, which can be described by the Lucas-
Washburn equation [44,45]. Rye et al. modified the Lucas-Washburn
equation and came up with a general equation [46]:

P’ =K(a, 9)7%; )

where [ is the position of the travelling meniscus along the channel, K
(a,0) is a geometric term, which depends on the groove angle « and
the contact angle 6, y is the surface tension of the liquid, 1) is the dynamic
viscosity of the liquid phase, Tis the structural depth and ¢ is the time. As
can be seen from Eq. (2) the velocity of the liquid flow in capillaries is
predicted to decrease proportional to 1/v/t, which is reflected by the
curve shapes in Figs. 4 and 7 [47].

3.2. Spreading experiments with an applied temperature gradient

Subsequently, the spreading dynamics of a lubricant along the pro-
duced structures were investigated using an applied temperature gradi-
ent of 2 °C/mm. Since the experiments without temperature gradient
demonstrated that the sample with a periodicity of 50 um was the
more effective pattern with respect to UPLP, only this pattern was fur-
ther investigated.

Similar to the experiments without temperature gradient, a prefer-
ential lubricant spreading parallel to the pattern can be observed from
the evolution of the fluid fronts in Fig. 8. Thereby, the elongation due
to capillary forces and the pinning effect perpendicular to the patterns
is especially pronounced for the multi-scale samples. In contrast to the
experiments without temperature gradient, there is a lubricant migra-
tion from the hotter side of the sample (left-hand side) to colder regions
(right-hand side) due to Marangoni forces.

Table 4

Summary of selected surface parameters of the multi-scale samples measured by LSM.
Sample Sq/Hm Sek
Multi-scale (A + ns) 9.86 + 0.92 —0.77 £ 0.04
Multi-scale (A + fs) 9.16 + 0.58 —0.76 £ 0.02

In Fig. 9, the temporal evolution of the droplet propagation under
the effect of a temperature gradient is shown.

The experimental trends observed in the experiments without tem-
perature gradient can be only partially confirmed. Especially the micro-
coined sample (A) shows a much faster lubricant spreading in case of an
applied temperature gradient. Compared to the experiments without
temperature gradient, additional Marangoni forces lead to a droplet mi-
gration towards the cold side of the sample. The capillary and
Marangoni forces are balanced by the viscous drag force (wall friction)
[28,48]. The Reynolds number of the fluid is even for the fastest veloci-
ties smaller than 102, representing laminar flow. The flow profile can
thus be assumed “Poiseuille-like” and the friction depends on the geom-
etry of the channel [49]. The influence of the wall friction of the respec-
tive samples can be discussed by relating the volume of the channels to
their real surface area (measured by LSM). Those measurements are
summarized in Table 5 and demonstrate that the ratio of volume to sur-
face area for the micro-coined sample is increased by a factor of 18 com-
pared to the DLIP sample and by a factor of 7 compared to the UPLP
sample. Consequently, the viscous drag force for the micro-coined sam-
ple is smaller than that for the laser patterned samples, which leads to a
faster lubricant spreading.

Nevertheless, the differences in lubricant spreading between the
UPLP and the DLIP sample became much smaller compared to the ex-
periments without temperature gradient. This can be explained by the
greatly enhanced roughness of the UPLP pattern. For the fast lubricant
spreading, the spiky surface topography of the UPLP sample parallel to
the pattern leads to an additional pinning effect in this direction thus
impeding droplet migration. Furthermore, the smaller differences be-
tween these patterns may be explained by the variation in the measure-
ment procedure. In case of an applied temperature gradient, the droplet
migration is only measured in one direction (towards the cold side of

A + ns

Fig. 6. Temporal evolution of the fluid front for the two multi-scale samples (A + nsand A
+ fs) without any temperature gradient.
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Fig. 7. Temporal evolution of the droplet propagation for the micro-coined (A), the DLIP (5
um ns), the UPLP (50 pm fs) as well as the two multi-scale samples (A + ns and A + fs)
without any temperature gradient.

the sample) whereas for the experiments without temperature gradient
the droplet length is measured. Therefore, the capillary forces induced
by the surface structures also act in the direction opposite to the
droplet's motion and thus the direction of measurement. This leads to
a smaller difference between the DLIP and UPLP samples since the
UPLP pattern induces higher capillary forces.
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Fig. 8. Temporal evolution of the fluid front for the DLIP sample (5 um ns), the UPLP sample
(50 um fs), the micro-coined sample (A), as well as the two multi-scale samples (A + ns
and A + fs) under the effect of a temperature gradient.
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Fig. 9. Temporal evolution of the droplet propagation under the effect of a temperature
gradient for the micro-coined (A), the DLIP (5 pm ns), the UPLP (50 pm fs) and the two
multi-scale samples (A + ns and A + fs).

Similar to the experiments without temperature gradient, the multi-
scale samples show a faster lubricant spreading than the respective
single-scale patterns, which can be traced back again to a stronger pin-
ning, greater capillary forces and a higher tendency for spreading due to
the additional laser pattern. Especially the multi-scale sample fabricated
by micro-coining and DLIP (A + ns) demonstrates a faster lubricant
spreading compared to the experiments without a temperature gradi-
ent. This can be mainly traced back to the smaller wall friction and
thus smaller resistance against Marangoni forces of the purely micro-
coined pattern. In accordance with the experimental findings for
single-scale laser patterns, the differences between the two multi-
scale samples with respect to the lubricant spreading also decrease in
case of an applied temperature gradient. This can be again explained
by the increased roughness of the UPLP pattern as well as greater capil-
lary forces for the A + fs sample acting against the droplet's propaga-
tion. This leads especially towards the end of the experiment to a
greater depletion of oil volume which increases the droplet pinning
[27].

4. Conclusions

In this study, the spreading behavior of a lubricant (PAO 4) on micro-
coined, laser patterned as well as multi-scale stainless steel surfaces was
investigated. The possibility to guide lubricants over surfaces is particu-
larly interesting for lubricated, tribological components to improve their
lubricating condition and to avoid lubricant migration. In that case, a
base oil such as the one in this study with additives such as antioxidant
or high-pressure additives can be used. Two different laser patterning
techniques (DLIP and UPLP) were used to create single-scale patterns.
With each of those techniques a multi-scale pattern was created by
combining micro-coining with the respective laser patterning tech-
nique. The spreading experiments were conducted with and without a
controlled temperature gradient of 2 °C/mm. Based upon the presented
results, the following conclusions can be drawn:

Irrespective of the manufacturing technique, all patterns can be pro-
duced with high accuracy and homogeneity in terms of structural
depth, width and periodicity. The multi-scale patterns show a homog-
enous distribution of the secondary laser patterns over the entire
micro-coined surfaces.

Experiments without a temperature gradient show a preferential
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Table 5

Channel area, channel volume as well as the ratio of channel volume to channel area for the all samples. The measurements were performed by LSM for an area of 313 x 313 um.

Sample Channel area/um? Channel volume/um? Volume to area ratio
Micro-coined (A) 0.12 - 105+ 1.20 - 10° 1.20 - 10° £ 0.91 - 10% 9.62 £ 0.09

5 um DLIP 0.11 - 10° + 5.43 - 10° 0.06 - 10° + 1737 - 10° 0.57 + 0.11

50 um UPLP 0.13 - 10° + 4.28 - 10° 0.17 - 106 + 6.10 - 10° 137 £ 0.07
Multi-scale (A + ns) 0.15 - 10° 4 2.89 - 10° 1.57 - 10° + 5,67 - 10° 10.67 & 0.21
Multi-scale (A + fs) 0.15 - 10° + 2.80 - 10° 1.53 - 10° + 11.83 - 10° 10.09 + 0.18

lubricant spreading parallel to the pattern for all samples. Thereby, the
slowest lubricant spreading is observed for the DLIP and the purely
micro-coined sample due to their low structural depth and high peri-
odicity, respectively. The UPLP samples show the fastest lubricant
spreading for all single-scale patterns. In particular, the UPLP sample
with the smaller periodicity possesses the fastest lubricant spreading
as a result of a higher number of channels in contact to the lubricant.
Both multi-scale samples show a faster lubricant spreading compared
to the respective single-scale patterns. This can be attributed to addi-
tional capillary forces induced by the superimposed laser patterns as
well as a higher tendency for lubricant spreading due to an increased
roughness.

For experiments with an additional temperature gradient, the purely
micro-coined sample shows a faster lubricant spreading in relation
to the other single-scale samples. LSM measurements proved that
the volume to surface area ratio is higher for the micro-coined sam-
ples, which results in less wall friction and therefore a smaller resis-
tance against the Marangoni forces induced by the temperature
gradient. Similar to the experiments without temperature gradient
the lubricant spreads faster on the two multi-scale surfaces than on
the respective single-scale patterns.
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Effects of Multi-Scale Patterning on the Run-In Behavior
of Steel-Alumina Pairings under Lubricated Conditions

Philipp G. Griitzmacher,* Andreas Rosenkranz, Adam Szurdak, Carsten Gachot,

Gerhard Hirt, and Frank Miicklich

In nature, many examples of multi-scale surfaces with outstanding tribological
properties such as reduced friction and wear under dry friction and lubricated
conditions can be found. To determine whether multi-scale surfaces positively
affect the frictional and wear performance, tests are performed on a ball-on-disk
tribometer under lubricated conditions using an additive-free poly-alpha-olefine
oil under a contact pressure of around 1.29 GPa. For this purpose, stainless
steel specimens (AlSI 304) are modified by micro-coining (hemispherical
structures with a structural depth of either 50 or 95 um) and subsequently by
direct laser interference patterning (cross-like pattern with 9 um periodicity) to
create a multi-scale pattern. The comparison of different sample states
(polished reference, laser-patterned, micro-coined, and multi-scale) shows a
clear influence of the fabrication technique. In terms of the multi-scale
structures, the structural depth of the coarser micro-coining plays an important
role. In case of lower coining depths (50 um), the multi-scale specimens show
an increased coefficient of friction compared to the purely micro-coined

question that arises is how to overcome this
multi-scale phenomenon and to manipu-
late friction on different scales. Nature
found a smart way to deal with that by
creating hierarchical surface patterns.™*
In bio-mimetics, this design idea is used to
create well-defined surfaces with specially
tailored frictional properties, which are
transferred from nature to applications.”!

The tribological effectiveness of single-
scale surface features has been demon-
strated in numerous research works in-
cluding dry and lubricated conditions.® ™"
In terms of dry friction, the beneficial
effects of surface structures can be mainly
traced back to the storage of wear debris
and a reduced contact area.l'*'* Consider-
ing lubricated conditions, the improve-

surfaces, whereas larger coining depths (95 jvm) result in stable and lower

friction values for the multi-scale patterns.

1. Introduction

Friction, a multi-scale phenomenon, is affected by various
factors such as adhesion, deformation, fracture, and third-body
interaction on different scales ranging from nanometer- up to
millimeter.[Y) The features which influence friction extend from
atoms up to asperities and the surface itself” This scale
dependency is well known and gets obvious when measuring
the coefficient of friction (COF) at nano- and macro-scale.>*) The
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ments can be attributed to the storage of
produced wear particles,"* a reservoir
effect for lubricants,” and an additional
hydrodynamic pressure build-up.*®

There are various methods to manufac-
ture artificial topographies with variable
pattern parameters such as structural
depth, pitch, diameter, or area density
including lithographic methods,"”) embossing/coining,™® and
laser surface texturing.!'” Laser surface texturing and in
particular direct laser interference patterning (DLIP) is a
suitable technique to structure various materials with patterns
having um and even sub-um features.”” In order to modify
surfaces coated with tetrahedral amorphous carbon, Roch et al.
used DLIP and could demonstrate an either reduced or increased
COFs under dry sliding conditions depending on the pattern
periodicity (varied between 2 and 10pum). The observed
differences were attributed to an interplay between decreased
hardness (higher COF) and a reduction of the effective contact
area (lower COF).”!] In another study, Rosenkranz et al. could
show under mixed lubrication a significant increase of the oil
film lifetime (i.e., the time until the COF increases significantly)
by using cross-like patterns fabricated by DLIP on steel
substrates. The best effects were achieved, if the structural
depth of the pattern is in the range of the oil film thickness.
Those experimental finding were explained by the storage of oil,
as well as wear particles in the topographical minima positions
and an additional hydrodynamic pressure.’!

In order to produce larger feature sizes on metallic substrates
(micro-) coining/embossing seems to be a viable process route,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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which also offers the capability for mass production.?

Fabricating hemispherical dimples with varying area densities
and depths, Rosenkranz et al. studied the effect of the pattern
parameters on the frictional response on the COF under
lubricated conditions. Beneficial effects of the induced struc-
tures in terms of friction reduction could be shown, while the
greatest effects (friction reduction by a factor of ~4) were
achieved with small area densities and structural depths.!*
Furthermore, Koszela et al. could show a significant improve-
ment in wear resistance by structuring bronze samples with
circular-shaped oil pockets. The best results could be achieved
with the biggest dimple depth of 115 um.?*

Despite the fact that nature demonstrates plenty of beneficial
effects for multi-scale surface patterns, those patterns have, in
contrast to single-scale structures, only been rarely investigated
in terms of their frictional and wear behavior. Most of the tested
patterns are rather “multishape” structures combining at least
two pattern geometries with rather similar dimensions. In this
way, Segu et al. used laser surface texturing to create circular and
elliptical dimples on steel. They showed a reduced COF with
more pronounced effects for deeper dimples, which was
attributed to an increased hydrodynamic lubrication effect.””
Wang et al. studied multi-scale surfaces with indeed structures
on two different scales for silicon carbide sliding under water
lubrication. Those surfaces showed a higher critical load for
multi-scale samples compared to single-scale and unstructured
specimens.?®! This study proves the great potential of artificially
produced multi-scale patterns to obtain beneficial tribological
effects even though not all structural aspects have been
considered.

Therefore, the goal of this research work is to investigate the
frictional and wear performance of multi-scale surfaces (steel
AISI 304) combining a larger micro-coined surface pattern with
a cross-like laser surface pattern (DLIP). The tribological
behavior of the produced multi-scale surface patterns is
compared to single-scale micro-coined and laser patterns, as
well as to a polished reference using a ball-on-disk setup in
rotational sliding mode.

2. Materials and Methods

2.1. Materials

For the experiments, stainless steel (AISI 304) blanks with a
thickness of 1mm and a polished surface (root mean square
roughness R, of 30nm) were used. Table 1 summarizes the
chemical composition of the used steel measured by energy-
dispersive X-ray spectroscopy (EDS). The samples were cleaned
prior to the tribological testing using a multi-step cleaning
procedure in an ultrasonic bath to remove polar and non-polar

Table 1. Chemical composition of the used steel samples in wt% as
specified by the supplier and confirmed by EDS.

Used steel specimens Fe Cr Ni Mn Si C Mo

Stainless steel (AISI 304) 68.9 18 10 2 1 0.1 /
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contaminants. As solvents cyclohexane, acetone, and isopropa-
nol were used. The samples were submerged in each of the
solvents for 10 min in the given order.

2.2. Micro-Coining

Micro-coining is a forming process in which a pre-structured
tool is used to imprint the pattern of the tool into the surface of
a workpiece. Regarding the used forming force, different form
filling levels (ratio of structure depth of the workpiece to
structure height of the tool) can be obtained. In order to coin
high strength materials, like stainless steel (AISI 304), the
workpiece needs to be heated up to reduce the flow stress, thus
decreasing the load on the die.”>?**”) Without this pre-
heating, the tool stresses would become too high during the
coining process, which could lead to tool damages. In Szurdak
et al., the influence of the coining temperature on the
maximum tool stress was studied by FEM simulations./*®!
Temperatures higher than 540 °C were determined, in which
the tool stresses will not induce plastic deformation of the tool.
Therefore, the heating parameters that result in the lowest load
on the die were used in this study. Consequently, the current
density and heating time were set to 35 A mm™2 and 5,
respectively. This leads to a maximum sample temperature of
approx. 1200°C.

The used closed die hot micro-coining setup, as well as the
coining die are described in detail in refs.*>**! Basically, the hot
micro-coining process can be subdivided into three steps:
heating, cutting, and coining. First, the sample is heated by
conductive heating. Afterwards, the sample gets cut and coined
in one tool movement with a constant tool velocity of 5 mms ™.
The cutting of the sample is required in order to obtain a closed
forming area thus preventing material flow out of the forming
area and improving the form filling homogeneity of the coined
sample. A variation of the coining force enables the manufactur-
ing of structures with different levels of form filling or pocket
depths, respectively.

Thus, circular dimples with structural depths of 50 and
95 wm, diameters of 181 and 212 um, as well as a pitch of
558 wm were fabricated by hot micro-coining (hereinafter called
A2 and A3, respectively). The selection of those structural
parameters was chosen based upon an earlier study. In this
study, one of these patterns (A2) showed beneficial effects
compared to a polished reference and the other (A3) showed no
improvement or even a slightly worsened behavior regarding the
frictional behavior.”) Consequently, the influence of the multi-
scale patterning on a possible improvement or downgrading
(friction and wear) can be addressed.

It is well known that hot micro-coining leads to a significant
change of the microstructure underneath the surface due to the
involved plastic deformation and the used heat treatment. In
order to allow for reproducible tribological testing conditions,
the polished reference samples were coined with a flat die
keeping all coining parameters constant. This ensures a
similar temperature and deformation history of the reference
samples compared to the micro-coined ones. Those reference
samples were also used for the subsequent treatment with
DLIP.
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2.3. Direct Laser Interference Patterning

A high-power pulsed solid-state Nd: YAG laser (Quanta Ray Pro
290, Newport Spectra Physics) with a pulse duration of 10ns, a
wavelength of 355nm and a repetition rate of 10 Hz was used.
The optical setup, consisting of a shutter, an attenuator, a lens, a
beam splitter, and a mirror through which the primary laser
beam travels to create interference is described in ref.* The
periodicity of the laser patterns is defined by the laser wavelength
2 and the angle between two interfering beams.**2%3" By using
two interfering sub-beams, a line-like surface topography
is induced. Using DLIP, a well-defined, cross-like surface
topography with a periodicity of 9 wm and a structural depth of
1pm was produced by DLIP on steel blanks, as well as
superimposed on the previous micro-coined samples in order to
produce the multi-scale surfaces. The choice of those structural
parameters is highly correlated to the homogeneity of the
resulting surface pattern. Surface patterns with an intermediate
periodicity, around 10 pm, can be produced with the highest
homogeneity.**!

In order to create a cross-like pattern, the samples are
structured with two line-like patterns which are rotated by 90°
relative to each other. To produce a well-defined and homoge-
nous surface pattern, the laser fluence was kept constant at
29] cm™ for all samples. DLIP was performed under ambient
conditions using a single laser pulse. Further details about the
DLIP have been already published elsewhere.2%3%3!

2.4. Production of Multi-Scale Patterns

The multi-scale surfaces are produced by the two aforemen-
tioned methods. Thereby, the samples are first coined and
subsequently superimposed by a cross-like laser pattern in order
to prevent damaging of the laser pattern by the coining
process.*”!

2.5. Topographical Analysis

The topography of the samples was characterized by white light
interferometry (WLI: New View 7300, Zygo) and laser scanning
microscopy (LSM: LEXT OLS 4100, Olympus) after each
fabrication step (DLIP and micro-coining) in order to study
the surface roughness and the quality of the patterns. Structure-
dependent parameters such as periodicity and structural depth
were chosen to describe the surface topography of the produced
surfaces. Furthermore, said characterization techniques were
used to image the samples prior to and after the tribological
tests.

2.6. Tribological Experiments

The tribological tests were done using a ball-on-disc tribometer
(CSM Instruments microtribometer) in rotational sliding mode
with a constant normal force of 5N and track radius of 5mm.
The tribological counter body was an Al,O; ball (surface
roughness R;~150nm and hardness 1800 HVI1) with a
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Table 2. Properties of the PAO oil used as specified by the supplier
(Castrol).

Property PAO 40
Kinematic viscosity at 100°C/cSt 39.6
Viscosity index 147
Specific gravity 0.85

diameter of 6mm. Due to the high hardness of alumina
(around 1800 HV1 or 17.65 GPa), plastic deformation and wear
of the counter body are negligible during the tribological tests.
The estimated Hertzian contact pressure is about 1.29 GPa. The
sample is located in a rotating lubricant containment which is
filled with 7 ml unformulated Poly-alpha-olefine (PAO 40) oil in
order to ensure reproducible testing conditions. The properties
of the oil used are summarized in Table 2. The tribometer is
embedded in a climatic chamber to control temperature (25 °C)
and relative humidity (45%). The friction force was measured by
linear variable differential transducers. A sliding velocity of
0.01ms~' was selected for this study. This sliding velocity
reflects, for the polished reference specimen, the transition from
mixed to full film EHL.??

3. Results and Discussion

3.1. Topographical Characterization

The coined surfaces are analyzed prior to and after DLIP using
LSM. The corresponding overviews are given in Figure 1. As can
be seen in Figure 1 c and d, the small structures with a depth of
around 1pm created by DLIP are homogeneously distributed
over the entire sample with features on the fillets between the
dimples, as well as inside the dimples. To produce a pattern
without gaps the laser pattern has to be overlapped at certain
areas, as can be seen in Figure 1 ¢ and d by the line-like
interruptions in the pattern. However, it is worth mentioning
that the size of those overlapping areas has been optimized to be
as small as possible.

The two different coined patterns are produced with the same
die but varying coining pressures. By increasing the coining
pressure, the structural depth can be increased from about
50 um (A2) to roughly 95um (A3), as can be seen in the
respective profiles displayed in Figure 1. Since the walls of
the hemispherical tool structures are not perfectly upright, also
the area density is slightly increased from 8.3 to 11.3% when
increasing the pocket depth.

3.2. Friction and Wear Behavior

Figure 2 summarizes the temporal evolution of the COF for the
polished reference, the purely coined (A2, depth 50 um) and
laser-patterned (cross-pattern with 9 um periodicity) samples.
Besides that, the figure shows the frictional behavior of the
corresponding multi-scale sample (A2 combined with 9 um
cross-pattern).
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100

0 1000 0

Figure 1. Overview as well as profile information of the coined samples A2 and A3 with a depth
of 50 a), ¢) and 95 wm b), d), respectively. The top view as well as the profiles are shown before

a), b) and after laser patterning c), d). All data are given in micron.

The polished reference sample starts with a COF of roughly
0.11 and stays constant over the entire measuring time of 200
sliding cycles. The smooth trend of the COF without any increase
combined with the fact that no pronounced wear tracks can be
observed for the reference (Figure 3) at a sliding velocity of
0.01 ms ™" leads to the conclusion that the prevailing lubrication
regime can be assigned to EHL. This goes hand in hand with the
estimated nominal Hertzian contact pressure of 1.29 GPa. This
implies that elastic deformation of the rubbing surfaces and a
viscosity increase with pressure become relevant. This correlates
well with results published in ref.[?*

As can be seen in Figure 2, the COF of the laser-patterned
sample starts at around 0.20 and shows a decrease in the first 75
sliding cycles. Afterwards the sample reaches steady-state
conditions. The observed effects can be attributed to the
wearing-off of the highest surface asperities during run-in
and a degradation of the laser pattern.'”! The increased surface
roughness and spiky surface topography increase the contact
pressure, which makes a transition from full-film EHL (observed
for the reference) to mixed lubrication likely.”®! Furthermore, the
load bearing capacity of the laser-patterned surface is reduced
compared to the plateau-like surface of the reference, which can
also lead to more pronounced wear features and an increased
wear rate (see the severe wear marks in Figure 4b). Said effects of
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the laser pattern lead to the generation of wear
particles and a modified contact area, which
results in a higher COF over the entire
measuring time compared to all other sam-
ples.’>?*l Summarizing, the higher contact
pressure as well as the reduced load bearing
capacity lead rather to increased friction as
well as wear and consequently to a down-
graded tribological behavior of the purely
laser-patterned samples.

The COF of A2 starts at roughly 0.07 and
shows a slight increase in the first sliding
cycles. According to Blau, this can be
explained by an initial high wear rate in which
the sharpest asperities are worn off and the
surface becomes smoother.>*! After a certain
decrease of the COF in the subsequent cycles,
the COF remains fairly constant at around
0.05. Compared to the polished reference, A2
leads to a friction reduction by a factor of
roughly 2. It can be assumed that the acting
lubrication regime can be associated with full
film EHL. The significant friction reduction
can be explained by a pressure build-up and an
additional oil supply induced by the surface
structures.”?!  Considering this significant
friction reduction measured for the purely
micro-coined sample, the idea was to investi-
gate whether a further friction reduction can
be achieved by superimposing a cross-like
laser pattern and thereby creating a multi-
scale pattern.

However, as can be seen in Figure 2, the
respective multi-scale pattern (coining A2+
laser) shows a worsened frictional behavior
compared to the purely coined sample. The

1000

0,25 ' ' polished reference
purely laser-patterned sample
0.20 purely micro-coined sample (A2)
4 multi-scale sample
0,151
[
S
0,10
0,05 -
0,00 T T T T 1
0 50 100 150 200

number of sliding cycles

Figure 2. Temporal evolution of the COF of the polished reference, the
purely coined sample (A2), the purely laser-patterned sample (cross-
pattern with 9 um periodicity) and the multi-scale sample combining
coining and DLIP.
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Figure 3. Surface of the polished reference after 200 sliding cycles at two different positions

imaged by LSM.

initial COF is around 0.10 and afterwards, the COF slightly
decreases over sliding time to end up in a final value of roughly
0.08. With respect to the value of the polished reference, the
multi-scale surface leads to an improvement in the frictional
behavior by roughly 20%. However, compared to the purely
micro-coined surface, the COF of the multi-scale pattern is
increased by roughly 60%.

In order to explain the worsened frictional behavior of the
multi-scale surface, the wear behavior of those samples needs to
be taken into consideration. The purely coined sample just
demonstrated rather tiny wear scars with negligible depth and
volume, which is in good agreement with™*! and are, therefore,
not displayed here. Figure 5 shows the entire wear track of the
multi-scale surface (combining A2 and the laser pattern), as well
as a magnified image of an individual structure imaged by LSM.
The arrow in the figure represents the relative motion between
the ball and the sample surface. As can be seen in Figure 5, the
multi-scale surface demonstrates a well-pronounced wear track.
As a consequence, it can be assumed that the additional

500
Width of wear track / ym

Figure 4. Images of the purely laser-patterned sample captured by LSM before a) and after the
friction experiment with 200 cycles. The inset in the red box shows the wear track along the
red line.
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cross-pattern results in an increased contact
pressure due to the spikier and less plateau-
like surface topography compared to the
micro-coined samples. This can lead to
undesired edge effects and stress raisers.
Furthermore, changes in the lubrication
regime as well as a reduced load bearing
capacity may be induced thus increasing the
COF. The observed friction reduction with
regard to the polished reference can be
attributed to the additional oil supply coming
from the secondary oil effect induced by the
multi-scale surface.

Interesting to note is the deflection of the
tribological counter body during the encoun-
ter with the deeper coined structures. The
deviation from its spherical path is clearly
visible in both depicted images. Apparently,
the ball is always pushed in the direction away
from the structure (see blue colored rectangle 1a in Figure 5).
The deflection of the ball might demonstrate a force acting on
the tribological counter body, which is generated by a pressure
build-up due to the structures. This pressure build-up is due to a
converging gap which is formed between the ball and the
structure. In the region marked by the blue rectangle (1a) in
Figure 5, the ball is pushed toward the left when it runs over the
first coined dimple on its path, since this dimple lies on the right-
hand side of the wear track and the force acts in the opposite
direction. In contrast to that, the three subsequent dimples
which lie on the left-hand side of the wear track push the ball to
the right. Looking at the colored regions in Figure 5, it becomes
apparent that this deflection behavior is not coincidental since it
appears at opposite sides of the wear track. This phenomenon
can especially be seen at the top, bottom, and side positions,
where the wear track is guided over several of the coined dimples
lying in a straight line instead of being guided along a track
between those dimples.

Figure 6 summarizes the temporal evolution of the COF
of the reference, the purely coined (A3, depth
95 wm), and the laser-patterned (cross-pattern
with 9 wm periodicity) samples. In addition to
that, the figure shows the frictional behavior
of the corresponding multi-sale sample (A3
combined with cross 9 pm).

It is noticeable in Figure 6 that the initial
COF of the coined sample A3 is roughly 0.17.
After a pronounced decrease in the first 100
sliding cycles, the COF stays fairly constant at
around 0.11. Compared to A2, the COF of A3
is enlarged over the entire measuring time.
With respect to the polished reference, the
COF of sample A3 is significantly increased in
the first 50 sliding cycles. In the following
sliding cycles, the COF of the reference and A3
are rather similar without a pronounced
friction reduction. Due to the steep dimple
geometry, positive effects (additional pressure
build-up) might be overcompensated by edge
effects and stress concentrations. Moreover,
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Figure 5. Overview of the entire wear track of multi-scale sample
(laser + coining A2) recorded by LSM. Additionally, a magnified LSM-
micrograph of an individual multi-scale structure is given. The colored
regions show interesting areas of the wear track with a similar behavior on
opposite sides. The arrow indicates the relative motion between ball and
the sample surface.

surface structures with a larger structural depth have a higher
probability for cavitation, thus reducing the oil film thickness
and load bearing capacity.****) Taking the worsened frictional
behavior of A3 into consideration, the idea was to check whether
the additional laser pattern leads to an improved frictional
performance.

The initial COF of the multi-scale surface is about 0.11. After a
less pronounced decrease in the COF, the COF remains constant

0,25

polished reference

—— purely laser-patterned sample
purely micro-coined sample (A3)
multi-scale sample

0,20

0,15

COF

N YRy T (] R TP Y
MiA M "

0,10

0,05 4

0,00 - . : . . . .
0 50 100 150 200
number of sliding cycles

Figure 6. Temporal evolution of the COF of the polished reference,
the purely coined sample with a depth of 95um (A3), the purely
laser-patterned sample (cross-pattern with 9 wm periodicity) and the
multi-scale sample.
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at roughly 0.10. Regarding the purely coined sample as well as
the purely laser-patterned sample, the multi-scale surface leads
to a friction reduction over the entire sliding time. It can be
assumed that the cross-pattern helps to reduce pronounced
cavitation due to a better lubricant distribution in the contact
zone. By reducing cavitation, a larger local oil film thickness can
be present in the tribological contact thus improving the load
bearing capacity and reducing the COF. Therefore, the
tribological behavior is improved compared to the purely coined
sample.

Considering Figure 7, which shows the wear behavior of the
multi-scale pattern (combining A3 and the laser cross-pattern)
imaged by LSM, a similar behavior as already discussed for the
other multi-scale pattern in Figure 5 can be observed. The
deflection of the alumina ball from its track is again most
prominent at those positions, where it encounters several coined
dimples in a row. The rather similar wear behavior of both multi-
scale patterns is not surprising, since both samples have a
similar deformation and temperature history as well as a
comparable geometry. Furthermore, the COF of both multi-scale
patterns is rather similar with values of roughly 0.10 (see
Figure 2, 6). Compared to the purely laser-patterned samples, the
multi-scale patterns show a greatly reduced wear with a still
intact laser pattern after 200 sliding cycles. Those differences in
wear behavior can be traced back to different lubrication regimes
for the laser-patterned samples (mixed lubrication) and the
multi-scale surfaces (mixed EHL).

The aim of this paper was to address the run-in behavior of the
multi-scale surfaces. We are completely aware that after 200
sliding cycles the COF of the single-scale laser pattern still
increases and that the multi-scale surfaces has not reached its

Figure 7. Overview of the entire wear track of multi-scale sample
(laser +coining A3) recorded by LSM. Additionally, a magnified
LSM-micrograph of an individual multi-scale structure is given. The
colored regions show interesting areas of the wear track with a similar
behavior on opposite sides and the arrow indicates the relative motion
between ball and the sample surface.
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lowest COF value. For this reason, as well as to study the stability
of those multi-scale surfaces, long-term experiments are an on-
going research topic. The results of those experiments will be
presented in a follow-up paper.

4, Conclusions

For the specific testing conditions, materials, patterning
methods, and lubrication conditions used in this study, the
following conclusions were obtained:

1) The measured COF under fully-flooded conditions strongly
depends on the used patterning technique and the structural
parameters of the respective pattern. Consequently, it can be
stated that the depth of the coined structures plays an
important role whether the multi-scale patterns show either
beneficial or detrimental frictional effects. Thereby, the COF
of the multi-scale pattern is decreased for deep structures
(95 pm) and increased for shallower ones (50 pm).

2) The purely laser-patterned sample starts with rather high
friction values and shows a slight decrease afterwards ending
up in steady-state conditions. This behavior can be attributed
to the wearing-off of the laser pattern and the highest surface
asperities during run-in. The laser-patterned sample shows
an increased COF over the entire time compared to all other
samples. This can be traced back to the spiky surface
topography of the laser pattern which increases the contact
pressure and makes the transition from full-film EHL to
mixed lubrication likely. This is supported by severe wear
marks observed by LSM.

3) For the purely micro-coined surfaces, lower coining depths of
around 50 pm lead to the best tribological performance
under full-film EHL due to a pressure build-up in the
lubricant and an additional oil supply from the coined
pockets. In contrast to that, the corresponding multi-scale
sample shows a worsened behavior compared to the only
micro-coined samples due to an increased surface roughness
and thus stronger edge effects, as well as accompanied stress
raisers.

4) For larger structural depths around 95 pm, the purely micro-
coined surfaces are less efficient over the entire measuring
time because the deeper dimples are more prone to
pronounced cavitation and do not allow for a sufficient
pressure build-up. The multi-scale surfaces show advanta-
geous effects and are characterized by a stable, as well as
relatively low COF. The additional laser patterns assist in
reducing cavitation, and therefore contribute to an enhanced
lubrication in the contact zone which results in an enhanced
frictional behavior.

5) The wear behavior of the tested samples also changes with
the used patterning technique. The laser-patterned samples
show pronounced wear scars with a completely destroyed
pattern after 200 sliding cycles, whereas the purely micro-
coined samples just demonstrate tiny, negligible wear marks.
In case of the multi-scale surfaces, again more pronounced
wear features can be found which can be traced back to an
increased contact pressure induced by the spikier surface
topography of the laser pattern.
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The present study experimentally examines the effect of selected single-scale and multi-scale surface patterns
fabricated by roller-coining and/or direct laser interference patterning on the frictional performance of journal
bearings. For this purpose, surface patterns showing beneficial effects in preliminary laboratory tests were se-
lected and fabricated onto the shaft of journal bearings made of stainless steel (AISI 304). The frictional per-
formance of these patterns was evaluated on a special test rig by recording Stribeck-like curves. The results show

greatly reduced coefficients of friction and a shift in the transition from mixed to hydrodynamic lubrication to
smaller rotational speeds for all patterned samples compared to the reference sample. The observed friction
reduction matches well with results observed in the previous laboratory tests.

1. Introduction

Tribology, involving friction, wear and lubrication, is an important
aspect in our daily life since it can be directly connected with energy
efficiency, maintenance intervals and costs of machine components but
also with quality of life. The latter can be realized when thinking about
tribological problems occurring in contact lenses or artificial joints both
being addressed in bio-tribology [1-3]. Historically, tribology is asso-
ciated with moving mechanical components under a certain normal
load such as bearings, piston rings or cam followers. In this context,
friction and wear greatly influence the efficiency and lifetime of these
components. In passenger cars, roughly one third of the entire energy is
needed to overcome frictional losses [4]. A similar picture can be found
in mining industry, where roughly 38% of the energy is used to com-
pensate friction and wear losses [5]. Holmberg et al. estimated that the
friction and wear losses can be reduced by approximately 60% when
using advanced next-generation technologies. Those technologies
comprise new coatings, modern surface engineering, improved lu-
bricants, new material systems as well as a better mechanical design
[4,5]. It is straight forward to conclude that this would have a tre-
mendous impact on aspects such as energy efficiency and reliability but
also sustainability and CO,-emissions [6].

During the last 20 years, surface engineering, in particular surface
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patterning, has emerged as an interesting approach to precisely tailor
tribological properties. Starting with the pioneering work by Etsion
et al. [7], numerous manuscripts have been published demonstrating
the successful use of surface patterning to improve friction and wear
under dry and lubricated conditions including boundary, mixed, elas-
tohydrodynamic and hydrodynamic lubrication [8-10]. Depending on
the experimental conditions and the underlying lubrication regime,
different aspects contribute to the observed friction and wear reduction.
In this context, the reduction of the real contact area [11], the trapping
of wear particles [12-15], the reduction of stress raisers and edge ef-
fects [16], the storage of lubricant [12-14], the build-up of an addi-
tional hydrodynamic pressure [12,13,17] can be named as potential
contributions. Over time, several techniques such as laser surface pat-
terning, embossing/micro-coining, lithographic methods and many
more, have been used to fabricate patterns on different scales [9,18].
Thereby, the selection of the appropriate technique depends on the
respective frictional characteristics and contact conditions of the cor-
responding tribological system [9]. Taking the available techniques into
consideration, it can be stated that laser surface patterning and
embossing/micro-coining are fast, reliable and environmentally-
friendly methods, which enable the fabrication of patterns with variable
pattern geometries and feature sizes on different scales.

One of the components, which is responsible for frictional losses in
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Table 1

Surface roughness parameters measured prior to and after machining and burnishing using a tactile measuring device.
Process step Ro/um Ry/pum R,/um Rsi/pm
Initial bar 0.88 + 0.18 1.14 * 0.24 6.04 * 1.17 -1.21 + 0.30
Machining 0.44 + 0.01 0.53 + 0.01 2.60 + 0.14 0.01 + 0.06
Burnishing 0.16 + 0.02 0.20 * 0.02 1.07 * 0.09 -0.67 + 0.20

mechanical systems, are bearings [19,20]. For instance, journal bear-
ings are used in many applications such as combustion engines, tur-
bomachinery, construction and oil-field equipment [20-22]. Those
bearings especially suffer from high friction and wear if start-stop-cy-
cles occur during operation [20]. Furthermore, bearings installed in
heavy-duty machinery often work under mixed or even boundary lu-
brication and therefore show a tendency for increased friction and/or
wear [22]. It could be shown that the surface roughness has a sig-
nificant effect on the performance of journal bearings [23]. As a con-
sequence, there have been increasing efforts to modify the surface
roughness (i.e. by introducing surface patterns) to understand the in-
fluence of the roughness on the resulting performance, and to further
reduce friction and wear in journal bearings. Lu and Khonsari fabri-
cated dimples on the inner surface of the journal bearing's bushings by
machining and chemical etching [24]. Their results showed that friction
in a journal bearing can be reduced by an appropriate selection of the
pattern geometry. Tala-Ighil and Fillon qualitatively verified the results
of Lu and Khonsari by a numerical study [19]. Furthermore, they
showed that an improved frictional performance is strongly linked with
the operating conditions. Moreover, they proved that larger dimples
(diameter = 4 mm) are more effective than smaller ones. Sinanoglu
et al. investigated the effect of shafts' surface patterns on the frictional
performance in journal bearings [25]. They concluded that the load
bearing capacity for shafts with a trapezoidal profile is better than for
saw profiles. Additionally, greater profile heights have a positive effect
on the load bearing capacity. Brizmer and Kligerman theoretically ex-
amined the use of micro-dimples manufactured by laser surface pat-
terning to improve the performance of journal bearings [26]. Their
main finding is that partial patterning can, in contrast to a patterning of
the entire surface, improve the bearing's performance. Due to the sub-
stantial improvements in terms of the frictional and wear behavior due
to surface patterning, it can be expected that especially the surface
topography will be the focus of future design guidelines for those
bearings [19,27].

The goal of this study is to experimentally investigate the effect of
selected single-scale and multi-scale surface patterns on the frictional
performance of journal bearings. For this purpose, surface patterns
showing beneficial effects in preliminary lab-experiments were se-
lected. Those patterns were fabricated onto the shaft of a journal
bearing and the tribological performance was tested on a special test rig
by recording Stribeck-likes curves. Thereby, the rotational velocity was
changed to adjust mixed and hydrodynamic lubrication as well as to
record the transition between those regimes.

The results of preliminary tests in which micro-coined, laser-pat-
terned and multi-scale (combining micro-coining and DLIP) samples
have been tested using a ball-on-disc tribometer have been published in
Refs. [14,16,28]. For the reader's convenience, a short summary of
these results shall be given here. It could be demonstrated that the
patterned samples usually led to a friction and wear reduction com-
pared to a polished reference irrespective of the patterning method
used. Nevertheless, the effectiveness of the patterns strongly depended
on the used fabrication technique and geometry of the respective
samples. Thereby, micro-coined samples with the lowest area densities
(10%) and structural depths (25 um) showed the best frictional beha-
vior with a maximum friction reduction by a factor of 4 compared to the
polished reference [16]. Regarding the laser-patterned samples, it was
verified that cross-like patterns with smaller periodicities are more
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beneficial [14]. Finally, multi-scale patterns consisting of deeper micro-
coined dimples (depth of 50 pm) superimposed by a cross-like surface
pattern showed an improved frictional behavior compared to the purely
micro-coined samples. In contrast, the coefficient of friction (COF) was
increased for multi-scale patterns if micro-coined samples having lower
depths (25 pm) were superimposed with an additional laser pattern
[28].

2. Experimental procedure
2.1. Material and preprocessing

The shafts were fabricated by machining and burnishing of cold
drawn bars made of stainless steel (AISI 304). The burnishing tool EG5T
(Ecoroll, Germany) was used to improve the surface roughness after
machining. In order to achieve a low surface roughness of the shaft, the
roughness before burnishing and the axial displacement of the tool had
to be low. Additionally, a high number of overpasses was required.
With regard to the burnishing force, a low force is not sufficient to
smoothen the surface whereas a high force can possibly increase the
roughness again. Consequently, the burnishing force was varied be-
tween 1.1 and 2.3 kN taking the material's hardness of 386 + 16 HV3
into account. This hardness is typical for a work hardened material. The
axial movement of the burnishing tool was set to 0.1 mm/turn and the
circumferential speed was 90 min~'. Prior to burnishing, the samples
were thoroughly cleaned with ethanol. In total, three passes with a
constant burnishing force were done whereby PAO40 oil was used as a
lubricant. The lowest surface roughness was achieved for a burnishing
force of 1.5kN after three overpasses (see Table 1).

2.2. Analysis of the surface topography

To control the burnishing process and the roller-coining, the surface
topography was measured using a digital light microscope (Keyence
VHX-1000). Additionally, the surface roughness was determined with a
tactile measuring device (Mahr MarSurfPS1). The measurements of the
surface roughness were performed according to DIN EN ISO 4288. The
wear marks as well as the geometry of the produced patterns were
imaged by laser scanning microscopy LSM (LEXT OLS 4100, Olympus)
and white light interferometry WLI (New View 7300, Zygo). Ten mea-
surements at randomly selected positions of the sample were conducted
to calculate mean values and standard deviations.

2.3. Direct laser interference patterning (DLIP)

To fabricate laser patterns with features sizes in the lower micron
range, a pulsed solid-state Nd:YAG laser (Quanta Ray PRO 290, Newport
Spectra Physics) with a fundamental wavelength of 1064 nm, an average
power of 20 W, a pulse duration of 10 ns and a frequency of 10 Hz was
used. By harmonic generation, a wavelength of 532nm can be pro-
duced. This wavelength was used to fabricate surface patterns under
normal atmospheric conditions. For this purpose, the primary laser
beam was split up into two sub-beams and then these sub-beams were
overlapped again with each other on the sample's surface thus inducing
interference. Thereby, the primary beam passed through an attenuator,
a shutter system and a lens (focal length 2000 mm) to adjust the re-
spective laser power precisely, to select individual laser pulses and to
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increase the power density, respectively. The optical element, which
split the primary beam into two beams, was a suitable beam-splitter.
Finally, a mirror system guided the individual sub-beams to the surface.
By overlapping two beams, a sinusoidal intensity distribution was ob-
tained, which in turn led to a line-like surface topography on the sample
in just one shot. The laser fluence was kept constant for all specimens at
1.96 J/cm?, respectively. Further details related to DLIP have already
been published elsewhere [29,30]. In order to fabricate cross-like sur-
face patterns two line-like surface patterns were overlapped whereas
the sample was turned by 90° after the first patterning step.

The generation of surface patterns by DLIP on curved surfaces such
as the used shaft of the journal bearing required the incorporation of a
rotation motor into the experimental setup. The motor needed to have
an adequate precision to connect the individual laser pulses to a
seamless pattern. The motor was controlled by an Arduino and there-
fore could be synchronized with the other parts of the setup. The radius
of the shaft was not a crucial factor since the Nd:YAG laser has a high
coherence length and small differences in focus distance can be con-
sidered as negligible. Possible deviations in the periodicities account for
less than 6% [31].

2.4. Roller-coining

Since surface patterns with a depth over 2um and a width over
30 pm cannot be fabricated by DLIP, these micro-dimples were fabri-
cated by roller-coining. The roller-coining set-up consisted of a pneu-
matic system to control the forming force and a coining tool to fabricate
the required pattern [32]. The pneumatic system is shown in Fig. 1. A
computer-controlled proportional valve (SENTRONIC D, Asco) and a
pneumatic cylinder (DSNU, Festo) were used. Thus, the setup allowed to
continuously adjust the forming force by changing the pneumatic
pressure as well as to self-adjust the tool-position to overcome asperities
without changing the forming force and therefore pocket depth.

The roller-coining tool was made of tool steel HS6-5-2 (1.3343).
After machining the tool into a tapered shape, it was vacuum-hardened
and structured by laser ablation (Photonik-Zentrum Kaiserslautern). Due
to the tapered shape only one dimple is coined simultaneously during
the roller-coining process, which increases the flexibility and the con-
trol of the entire process. Two tools with different structures, namely Al
and A2, were fabricated based upon results of previously published
work [16,28]. Following the preliminary results obtained by laboratory
tests the tools had a depth of 22.9 um (A1) and 44.3 um (A2) as well as
an area density of 10%.

The roller-coining set-up was integrated into a conventional turning
machine to pattern the shafts. In order to control and to measure the
pneumatic pressure, a self-developed LabVIEW code and a NI USB-6009
DAQ system were used. Additionally, an HBM C2 load cell was used to
measure the forming force. A close positioning of the load cell to the
tool allowed for drawing conclusions with respect to the coined depth

Digital pressure
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Tool
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Fig. 2. Roller-coining of a shaft made of stainless steel (AISI 304).

and thus on the quality of the pattern without the influence of stick-slip
generated by the pneumatic cylinder. Apart from the pocket depth, the
axial distance between the coined pockets was important since this
parameter affects the area density. Thereby, the tangential distance
(parallel to the tool rolling direction) was determined by the tool and
cannot be varied during the process whereas the axial distance (per-
pendicular to the tool rolling direction) was determined by the move-
ment of the turning machine. The roller-coining process is shown in
Fig. 2.

2.5. Journal bearing test rig

The frictional behavior of the shafts was investigated using a special
test rig for journal bearings, which is schematically shown in Fig. 3.

For this purpose, turned journal bearings (CuSn12NiC-GCB) with a
diameter of 25mm and a width of 20 mm were used. The average
hardness was about 122.5 + 7.5 HBW 5/250. The bearings were in-
dividually manufactured for each shaft to achieve a relative clearance
of 1.4%o. The roughness was about R, 0.4 um (R, 4 um). The bearings
were lubricated with an additive-free Poly-alpha-olefin oil. A base oil
without additives allowed to avoid chemical reactions between the oil
and the rubbing surfaces. Additionally, tribolayer formation as ob-
served in a previous study with additive-rich oil and similar materials
can be neglected [33]. The properties of the oil used as well as the
testing parameters are summarized in Table 2. In order to reduce the
impact of local heating, the bearing system was preheated to 40 °C
utilizing circumferentially positioned heating cartridges located in the
bearing housing. In this study, the shaft speed was reduced stepwise
from 600 to 25rpm (equivalent to a decrease in linear speed from
0.785m-s~! to 0.033ms™ 1) with a holding time of 120 s for each ro-
tational speed to study the frictional behavior under mixed and hy-
drodynamic lubrication.

The stationary pressure was kept constant at 1Nmm ™2 for all
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Fig. 1. Circuit diagram of the roller-coining setup consisting of a pneumatic system and the coining tool.
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Fig. 3. Schematic representation of the journal bearing test-rig.

Table 2

Properties of the used PAO oil and summary of the testing parameters.
Lubricant PAO 4
Kinematic viscosity (40 °C)/mm?3s~?! 16.8
Kinematic viscosity (100 °C)/mm?s~! 3.9
Testing parameters
Bearing temperature/°C 40
Oil inlet pressure/bar 2
Stationary pressure/N-mm’2 1
Rotational speed/rpm 25-600
Linear speed/m-s ™! 0.033-0.785
Relative clearance/%o 1.4

experiments conducted. The radial load was applied to the housing of
the bearing using a flexible load unit [34]. A friction gauge, which is
connected directly to the housing of the bearing, was used to determine
the frictional force. The drive speed, radial load, friction force, inlet-
and bearing temperature were continuously measured during the ex-
periments. The bearing COF was calculated from the measured friction
torque Mg accordingly: COF = Mg-(Fg-r)~!, where Fy is the radial load
and r is the radius of the bearing. In order to compare the frictional
behavior of different surface patterns, Stribeck-like curves were derived
by averaging the COF of each speed step using data from the three
cycles.

3. Results and discussion
3.1. Fabrication of surface patterns by roller-coining

Roller-coining experiments with varying pneumatic pressure (i.e.
forming force) were performed to determine the process parameters
that ensure a high homogeneity of the patterns as well as high form
filling (ratio of coined pocked depth to tool height). In Fig. 4a, the
deviation of the pneumatic pressure and forming force is shown for
roller-coining of Al.

It can be seen that the pneumatic pressure and coining force only
vary by 2 and 7%, respectively. The higher deviation of the forming
force is caused by stick-slip phenomena of the pneumatic cylinder. The
maximum deviation of the coining depth is about 1.3 um. Based upon
this figure and the presented deviations, it can be emphasized that the
roller-coining set-up allows for high reproducibility (see also Table 3).

In Fig. 4b, the form filling over the forming force is shown for both
samples (A1l and A2). Similar to hot micro-coining an asymptotic curve
was determined [16]. However, in contrast to hot micro-coining, a
complete form filling was not obtained due to large elastic deforma-
tions. These elastic deformations can be correlated with the cold
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forming process and additional work hardening of the shaft during
burnishing. Both leading to a higher strength of the material thus in-
creasing elastic deformation. The forming forces were selected to be
108 N and 188 N to fabricate Al and A2, respectively. The form filling is
about 65% for A1 and 78% for A2.

After the coining process, the bulges produced at the edges of the
dimples were removed by a final burnishing step. Due to the plastic
deformation the pocket depth was slightly reduced.

3.2. Topographical characterization

All surfaces were characterized prior to and after the respective
patterning steps. The goal of this research work is to study the frictional
behavior of promising surface patterns, determined in preliminary la-
boratory tests, under more realistic conditions in a journal bearing.
Therefore, particular consideration is given to the homogeneity of the
produced patterns. The example of a multi-scale surface combining the
micro-coined pattern Al and the cross-like laser pattern, as shown in
Fig. 5, demonstrates a geometrically well-defined dimple on the shaft's
curved surface. Furthermore, the cross-like laser pattern is homo-
genously distributed over the entire surface.

An overview of the resulting surface topography of all fabricated
samples as well as their respective profiles is given in Fig. 6. Due to the
wall angle, which can be seen in the surface profiles, an increasing
structural depth simultaneously leads to an enlarged dimple diameter.
The multi-scale samples show a homogenous distribution of the laser
pattern over the entire sample surface with features inside the dimples
as well as between them (Fig. 6 (d) and (f)).

Table 3 summarizes the structural parameters of the fabricated
samples and shows the high reproducibility of both patterning techni-
ques. The standard deviations of all parameters are, with exception of
the depth of the laser pattern, well below 10%. Thereby, the absolute
value of the deviation in depth is with 0.2 pm still very small.

3.3. Tribological results

To investigate the effectiveness of surface patterns that have been
studied in preliminary laboratory tests [14,16,28] under more realistic
conditions in a mechanical component, the patterns were successfully
fabricated on shafts of journal bearings. Subsequently, the frictional
response of the patterned shafts was evaluated on a special test rig for
journal bearings. In these experiments, the rotational speed was de-
creased stepwise from 600 rpm to 25 rpm (equivalent to a decrease in
linear speed from 0.785m-s™! to 0.033m s~ ') while keeping all other
parameters constant. Fig. 7 shows exemplarily the temporal evolution
of the COF for three repetitions for the laser-patterned, the micro-
coined (A1) and the multi-scale (A1 + L) sample. As can be seen in this
figure, the COF of all samples is fairly stable for all rotational speeds
and repetitions. Additionally, the evolution of the COF can be con-
sidered as reproducible since no significant differences can be observed
between the different repetitions.

For these rotational speeds and the materials used, the system's
eccentricity of the unpatterned journal bearing was calculated ac-
cording to DIN 31652-2. The resulting film thickness ratio is depicted in
Fig. 8. For rotational speeds higher than 100 rpm, the minimum lu-
bricant gap height hy,;, becomes thicker than the combined surface

roughness of the rubbing surfaces hjy, (1/ R} shatt + Ribearing ® 4.1 ,um),

which induces a significant friction reduction.

In accordance with the calculated film thickness, the burnished re-
ference demonstrates a Stribeck-like behavior with a rather high COF of
0.23 for the lowest velocities, as can be seen in Fig. 9. With increasing
rotational speed (> 100rpm), a gradual decrease in the COF is ob-
served, which can be traced back to a further separation of the rubbing
surfaces. This is in good agreement with the calculated film thickness
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Fig. 4. (a) Deviation of the coining force and pneumatic pressure over coined length during roller-coining of A1 and (b) form filling (ratio of coined pocked depth to

tool height) versus forming force of both samples Al and A2.

ratio, which shows that the film thickness exceeds the combined surface
roughness for rotational speeds greater than 100 rpm. Due to the oc-
currence of wear marks on the shaft's surface it can be assumed that the
acting lubrication regime at the lowest rotational speed can be asso-
ciated with mixed lubrication. For the highest rotational speeds
(> 500 rpm), the COF is rather constant with values of approximately
0.12. In addition, the calculated film thickness ratio exceeds values of 3.
Taking these two aspects into consideration with the low contact
pressure of 1 MPa, it is highly likely that this can be correlated with the
transition from mixed to hydrodynamic lubrication.

Compared to the burnished reference, all patterned samples show a
reduced COF over the entire range of rotational speeds. For the lowest
rotational speed of 25 rpm, the patterned samples demonstrate a COF
between 0.16 (micro-coined) and 0.19 (multi-scale), which accounts for
a friction reduction of about 20-30% compared to the burnished re-
ference. With increasing rotational speed, a sudden drop in COF can be
observed for all patterned samples whereas the COF of the burnished
reference only slightly decreases. For rotational speeds larger than
150 rpm (equivalent to 0.4ms ™), all patterned samples show a con-
stant and low COF of roughly 0.05. This decrease in COF can be traced
back to a transition from mixed to hydrodynamic lubrication. Based
upon Fig. 9, it can be observed that this transition for all patterned
samples is shifted to smaller rotational speeds. Since the patterned
samples show the transition to hydrodynamic lubrication at con-
siderably lower rotational speeds, the COF of these samples is reduced
by a factor of 2-2.5 compared to the burnished reference. It is worth
mentioning that, for the purely micro-coined sample A1, this transition
takes place at the lowest speed. Several studies have also observed a
shift in the lubrication regime to smaller velocities and/or higher
normal loads induced by surface patterning in lab experiments
[12,13,17]. Kovalchenko et al. performed tests with laser-patterned
steel disks on a pin-on-disk tribometer and concluded that laser pat-
terning can expand the hydrodynamic lubrication regime [12,13].
Wang et al. found a 20% increase in the critical load for laser-patterned
SiC disks during cylinder-on-disk sliding tests [17]. Additionally, our
preliminary laboratory tests also showed a transition from mixed to
hydrodynamic lubrication at lower sliding speeds for purely micro-

Table 3

coined samples [16]. The improved frictional behavior of the patterned
samples can be traced back to the build-up of an additional hydro-
dynamic pressure thus leading to a greater separation of the rubbing
surfaces and an increased load bearing capacity. Furthermore, the
patterned surfaces can act as oil reservoirs feeding lubricant into the
contact area, which is beneficial especially for lower relative velocities
(i.e. in mixed lubrication) [15,16]. It is worth to emphasize that the
reduction in the COF compared to the reference is greatest in the
transition zone with factors of up to 3. The friction reduction for both
lubrication regimes is similar to the preliminary laboratory tests pub-
lished by Rosenkranz et al. [16], which underlines the possibility to
transfer these results to real application. Comparing the patterned
samples with each other shows that the differences in the COF between
those samples are rather small. In this context, the laser-patterned
sample demonstrates the highest COFs and the transition to hydro-
dynamic lubrication at the highest rotational speed. Interestingly, the
multi-scale sample shows an intermediate COF between the micro-
coined and laser-patterned samples and thus a slightly downgraded
frictional behavior compared to the purely micro-coined sample.
Higher COFs measured for multi-scale patterns due to an additional
laser pattern have already been observed in our preliminary laboratory
tests [28]. It can be assumed that the spikier and less plateau-like
surface topography of the laser pattern leads to an increased contact
pressure thus inducing undesired edge effects and stress raisers. Con-
sequently, the load bearing capacity decreased, which leads to an in-
creased COF of the multi-scale sample.

Similar to the lab tests published in Refs. [16,28], micro-coined
samples with an increased structural depth (A2) and the respective
multi-scale samples (A2 + L) were tested. As can be seen from Fig. 10,
there is a significant reduction in the COF with factors up to 4.6 com-
pared to the reference sample and a shift in the transition from mixed to
hydrodynamic lubrication to smaller rotational speeds. The beneficial
effects compared to the reference can be again traced back to a reduced
real contact area, the possibility to store lubricant as well as the ability
to trap wear particles in the patterns and to the build-up of an addi-
tional hydrodynamic pressure.

Comparing the patterned samples reveals that the purely micro-

Summary of the structural parameters of all fabricated samples measured by WLI. Summarized are the structural depth d and width w as well as the periodicity (for

multi-scale patterns the periodicity of the primary micro-coined pattern is given).

Sample Depth/um Width/pm Periodicity/um Area density/% Aspect ratio (d/w)
Laser-patterned L 0.64 = 0.2 5.8 = 0.2 5.7 =+ 0.1 - 0.11
Micro-coined Al 16.3 = 0.5 116.9 = 3.0 591.5 + 47.2 2.9 0.14
Micro-coined A2 353 = 21 155.2 = 5.0 577.5 = 24.6 5.7 0.23
Multi-scale A1 + L 17.1 = 0.7 1245 + 35 565.4 + 14.4 3.2 0.14
Multi-scale A2 + L 35.3 + 1.3 155.8 = 2.3 553.9 * 18.8 6.0 0.23
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Fig. 5. 3D image of the multi-scale surface (A1 + L) on the shaft's curved surface captured by WLI. (a) Shows a single dimple with the superimposed laser pattern and
(b) the shaft's surface in a lower magnification where the curvature of the shaft is clearly visible.

coined sample demonstrates the highest COF for rotational speeds up to
100 rpm. In contrast, the laser pattern and the multi-scale surface show
a friction reduction by 30% compared to the micro-coined sample A2.
In addition, the multi-scale sample and the laser pattern demonstrate a
rather similar frictional behavior for these speeds. For higher rotational
speeds (200-600 rpm), hydrodynamic lubrication prevails and the
single-scale samples (purely micro-coined and purely laser-patterned)
show a comparable frictional behavior with almost identical COFs. In
contrast, the multi-scale sample leads to a significant friction reduction
by a factor of 2 and 4.6 compared to the two single-scale patterns and
the reference, respectively. Regarding the reference sample, these dif-
ferences can be mostly traced back to differences in the acting lu-
brication regime, since the patterned samples work under hydro-
dynamic lubrication at rotational speeds greater than 200 rpm, whereas
the reference sample shows the transition from mixed to hydrodynamic
lubrication at considerably higher rotational speeds.

Especially under mixed lubrication (low rotational speeds), the
purely micro-coined sample A2 shows a downgraded frictional behavior
compared to the corresponding micro-coined sample Al with a shal-
lower structural depth. This correlates well with the preliminary ex-
periments, which also showed higher COFs for deeper micro-coined
patterns [16]. It is likely that the steeper wall angles of sample A2 lead
to stress raisers due to pronounced edge effects, which results in a
smaller load bearing capacity and thus higher COFs. The improved
frictional behavior observed for the laser-patterned and multi-scale
sample under mixed lubrication can be correlated with the smaller
structural depth of the laser pattern. It has been found that friction is
highly reduced when the structural depth is in the same rang the oil
film thickness thus leading to reduced COFs for the shallower patterns
[14,35]. Furthermore, the laser pattern is in contrast to the micro-
coined pattern distributed over the entire sample's surface, which
makes it easier to store wear particles.

As pointed out in Refs. [36] and [16], patterns with an increased
structural depth are more prone to induce cavitation under hydro-
dynamic lubrication. This results in a reduced load bearing capacity
thus downgrading the frictional behavior for deeper coined patterns
such as A2. Additionally, larger structural depths are also known to
generate a recirculation zone (flow vortex) in the dimples, which results
in a local reduction of the pressure gradient and thus a decrease in load
bearing capacity [37]. For the multi-scale surface, reduced cavitation
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phenomena can be assumed due to a better distribution of the oil in the
contact zone. The reduction of cavitation leads to an increased load
bearing capacity and thus lower COFs under hydrodynamic lubrication.
Additionally, the distribution of the lubricant on the sample and the
lubricant's flow inside the dimples may be changed by the additional
laser pattern, which potentially reduces the recirculation zone and
therefore increases the load bearing capacity. The observed friction
reduction by superimposing an additional laser pattern on deeper
micro-coined dimples correlates well with the preliminary laboratory
tests [28]. These tests likewise showed an improvement for multi-scale
patterns with larger micro-coined depths.

4. Conclusions

The goal of this study was to experimentally investigate the effect of
selected single-scale and multi-scale surface patterns on the frictional
performance of journal bearings. For this purpose, surface patterns
showing beneficial effects in preliminary lab-experiments were selected
and fabricated onto the shaft of journal bearings. Based upon Stribeck-
like curves measured on a specially designed test rig for journal bear-
ings, the following conclusions can be drawn:

- Despite the curvature of the shaft's surface, single- and multi-scale
surface patterns are homogeneously fabricated with a high accuracy
and reproducibility.

The burnished reference demonstrates a Stribeck-like behavior with
a high COF of 0.23 for the lowest velocities and a gradual decrease
of the COF for higher rotational speeds. These results are in good
agreement with the calculated film thickness ratio.

Compared to the burnished reference, all patterned samples show a
reduced COF over the entire range of rotational speeds. In addition,
the transition from mixed to hydrodynamic lubrication is shifted to
smaller rotational speeds for all patterned samples. For the lowest
rotational speed of 25 rpm, the patterned samples demonstrated a
friction reduction of about 20-30%. With increasing rotational
speed, a sudden drop in COF is observed for all patterned samples
whereas the COF of the burnished reference only slightly decreases.
For rotational speeds larger than 150 rpm, all patterned samples
show a rather constant and low COF. The maximum friction re-
duction by a factor of 4.6 compared to the burnished reference is
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found for the multi-scale sample (A2 + L) combining deeper micro-
coined dimples with a cross-like surface pattern.

- The observed friction reduction under mixed lubrication (roughly a
factor of 2-3) and hydrodynamic lubrication (up to a factor of 4.6)
matches very well with results observed in previous laboratory tests.
This underlines the unique possibility to directly transfer results
obtained on a simplified ball-on-disk test rig to journal bearings
working under more realistic conditions.

Acknowledgements

The present work is supported by funding from the Deutsche
Forschungsgemeinschaft (DFG, projects: MU 959/27-2 and HI 790/33-2
within the SPP 1551). A. Rosenkranz gratefully acknowledges the
Alexander von Humboldt foundation for the financial support of his
postdoctoral fellowship (Feodor Lynen research fellowship). F. Konig
and G. Jacobs gratefully acknowledge the DFG for the funding of the
graduate school GRK 1856 ,Integrated Energy Supply Modules for
Roadbound E-Mobility”.

507

Tribology International 127 (2018) 500-508

0.25
o O Reference
o Laser
10.20- - A Al
= |- L 4 Al+L
g g
g a o
= 0.15 4 Op o
-
) 4 =] o
;g 0.10 1
g 44
S Al
0.05- aldaddd 4 4 4 4 4
0.00 T T T T T T T
0 100 200 300 400 500 600

Rotational speed / rpm

Fig. 9. Evolution of the COF as a function of rotational speed. Shown are results
for the burnished reference, the purely coined sample Al, the purely laser-
patterned sample and the multi-scale sample combining coining and DLIP
(A1 + L).

0.25
v O Reference
o Laser
- 0.20 1 - v A2
= v no > A2+L
=]
B > %q
£ 0.15- v ul:,l:|
-
-2 0.10 Bv o
= >
-
2 B
S 'Ev
0.05 V VV ¥ ¥ ¥ v v
L I I > >
0.00 r T T T T T T
0 100 200 300 400 500 600

Rotational speed / rpm

Fig. 10. Evolution of the COF as a function of rotational speed. Shown are
results for the burnished reference, the purely micro-coined sample A2, the
purely laser-patterned sample (cross pattern with 6 um periodicity) and the
multi-scale sample combining coining and DLIP.

References

[1] Dunn AC, Tichy JA, Uruena JM, Sawyer WG. Lubrication regimes in contact lens
wear during a blink. Tribol Int 2013;63:45-50. http://dx.doi.org/10.1016/j.
triboint.2013.01.008.

Fisher J, Dowson D. Tribology of total artificial joints. Proc Inst Mech Eng Part H J.
Eng. Med 1991;205:73-9. http://dx.doi.org/10.1243/PIME_PROC_1991_205_
271.02.

Di Puccio F. Biotribology of artificial hip joints. World J Orthoped 2015;6:77.
http://dx.doi.org/10.5312/wjo.v6.i1.77.

Holmberg K, Andersson P, Erdemir A. Global energy consumption due to friction in
passenger cars. Tribol Int 2012;47:221-34. http://dx.doi.org/10.1016/j.triboint.
2011.11.022.

Holmberg K, Kivikyt6-Reponen P, Harkisaari P, Valtonen K, Erdemir A. Global
energy consumption due to friction and wear in the mining industry. Tribol Int
2017;115:116-39. http://dx.doi.org/10.1016/j.triboint.2017.05.010.

Holmberg K, Erdemir A. Influence of tribology on global energy consumption, costs
and emissions. Friction 2017;5:263-84. http://dx.doi.org/10.1007/s40544-017-
0183-5.

Etsion L. Improving tribological performance of mechanical seals by laser surface
texturing.pdf. Proceeding 17th int. Pump user symp. Symp. 2000. p. 17-21.
Etsion I. State of the art in laser surface texturing. J Tribol 2005;127:248-53. http://
dx.doi.org/10.1115/1.1828070.

Gachot C, Rosenkranz A, Hsu SM, Costa HL. A critical assessment of surface tex-
turing for friction and wear improvement. Wear 2017;372-373:21-41. http://dx.

[2

—

[3]

[4]

[5

fad}

[6

[}

[7

—

[8

=

[9

—



P.G.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Griitzmacher et al.

doi.org/10.1016/j.wear.2016.11.020.

Neumann S, Eng M, Jacobs PG. Reducing friction and leakage by means of micro-
structured sealing surfaces — example mechanical face seal. 10th int. Fluid power
conf. 2016. p. 493-506.

Rosenkranz A, Reinert L, Gachot C, Miicklich F. Alignment and wear debris effects
between laser-patterned steel surfaces under dry sliding conditions. Wear
2014;318:49-61. http://dx.doi.org/10.1016/j.wear.2014.06.016.

Kovalchenko A, Ajayi O, Erdemir A, Fenske G, Etsion I. The effect of laser texturing
of steel surfaces and speed-load parameters on the transition of lubrication regime
from boundary to hydrodynamic. Tribol Trans 2004;47:299-307. http://dx.doi.
0rg/10.1080/05698190490440902.

Kovalchenko A, Ajayi O, Erdemir A, Fenske G, Etsion I. The effect of laser surface
texturing on transitions in lubrication regimes during unidirectional sliding contact.
Tribol Int 2005;38:219-25. http://dx.doi.org/10.1016/j.triboint.2004.08.004.
Rosenkranz A, Heib T, Gachot C, Miicklich F. Oil film lifetime and wear particle
analysis of laser-patterned stainless steel surfaces. Wear 2015;334-335:1-12.
http://dx.doi.org/10.1016/j.wear.2015.04.006.

Pettersson U, Jacobson S. Influence of surface texture on boundary lubricated
sliding contacts. Tribol Int 2003;36:857-64. http://dx.doi.org/10.1016/S0301-
679X(03)00104-X.

Rosenkranz A, Szurdak A, Gachot C, Hirt G, Miicklich F. Friction reduction under
mixed and full film EHL induced by hot micro-coined surface patterns. Tribol Int
2016;95:290-7. http://dx.doi.org/10.1016/j.triboint.2015.11.035.

Wang X, Kato K, Adachi K, Aizawa K. The effect of laser texturing of SiC surface on
the critical load for the transition of water lubrication mode from hydrodynamic to
mixed. Tribol Int 2001;34:703-11. http://dx.doi.org/10.1016/50301-679X(01)
00063-9.

Bruzzone AAG a G, Costa HLL, Lonardo PMM, Lucca DA a. Advances in engineered
surfaces for functional performance. CIRP Ann - Manuf Technol 2008;57:750-69.
http://dx.doi.org/10.1016/j.cirp.2008.09.003.

Tala-Ighil N, Fillon M. A numerical investigation of both thermal and texturing
surface effects on the journal bearings static characteristics. Tribol Int
2015;90:228-39. http://dx.doi.org/10.1016/j.triboint.2015.02.032.

Mufti RA, Priest M. Theoretical and experimental evaluation of engine bearing
performance. Proc Inst Mech Eng Part J J. Eng. Tribol 2009;223:629-44. http://dx.
doi.org/10.1243/13506501JET487.

He M, Cloud CH, Byrne JM. Fundamentals of fluid film journal bearing operation
and modeling. Proc. Thirty-fourth turbomach. Symp. 2005. p. 155-75.

(Jane) Wang Q, Shi F, Lee SC. A mixed-TEHD model for journal-bearing conformal
Contact—Part II: contact, film thickness, and performance analyses. J Tribol
1998;120:206. http://dx.doi.org/10.1115/1.2834411.

Tala-Ighil N, Fillon M, Maspeyrot P. Effect of textured area on the performances of a
hydrodynamic journal bearing. Tribol Int 2011;44:211-9. http://dx.doi.org/10.

508

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Tribology International 127 (2018) 500-508

1016/j.triboint.2010.10.003.

Lu X, Khonsari MM. An experimental investigation of dimple effect on the stribeck
curve of journal bearings. Tribol Lett 2007;27:169-76. http://dx.doi.org/10.1007/
s11249-007-9217-x.

Sinanoglu C, Nair F, Karamis MB. Effects of shaft surface texture on journal bearing
pressure distribution. J Mater Process Technol 2005;168:344-53. http://dx.doi.
org/10.1016/j.jmatprotec.2005.02.252.

Brizmer V, Kligerman Y. A laser surface textured journal bearing. J Tribol
2012;134:31702. http://dx.doi.org/10.1115/1.4006511.

Priest M, Taylor CM. Automobile engine tribology—approaching the surface. Wear
2000;241:193-203https://doi.org/10.1016/50043-1648(00)00375-6.
Griitzmacher PG, Rosenkranz A, Szurdak A, Gachot C, Hirt G, Miicklich F. Effects of
multi-scale patterning on the run-in behavior of steel-alumina pairings under lu-
bricated conditions. Adv Eng Mater 2018;20. http://dx.doi.org/10.1002/adem.
201700521. 1700521.

Miicklich F, Lasagni AF, Daniel C. Laser interference metallurgy — using interference
as a tool for micro/nano structuring. Int J Mater Res 2006;97:1337-44. http://dx.
doi.org/10.3139/146.101375.

Lasagni AF, Holzapfel C, Weirich T, Miicklich F. Laser interference metallurgy: a
new method for periodic surface microstructure design on multilayered metallic
thin films. Appl Surf Sci 2007;253:8070-4. http://dx.doi.org/10.1016/j.apsusc.
2007.02.092.

Bieda M, Schmaédicke C, Wetzig A, Lasagni AF. Direct laser interference patterning
of planar and non-planar steels and their microstructural characterization. Met.
Mater. Int 2013;19:81-6. http://dx.doi.org/10.1007/s12540-013-1013-6.

Szurdak A, Hirt G. Development and experimental verification of a new roller-
coining setup to texture flat and curved surfaces. Appl Mech Mater
2015;794:128-35. http://dx.doi.org/10.4028/www.scientific.net/AMM.794.128.
Paulus A, Jacobs G. Tribolayer formation on bronze CuSn12Ni2 in the tribological
contact between cylinder and control plate in an axial piston pump with swashplate
design. 10th int. Fluid power conf. 2016. p. 251-62.

Peels JA, Meesters CJM. Ontwerp en constructieve aspecten van een 2kN- glijla-
geropstelling. Constr Met (CTICM) 1996;34:40-3.

Ramesh A, Akram W, Mishra SP, Cannon AH, Polycarpou AA, King WP. Friction
characteristics of microtextured surfaces under mixed and hydrodynamic lubrica-
tion. Tribol Int 2013;57:170-6. http://dx.doi.org/10.1016/j.triboint.2012.07.020.
Dobrica MB, Fillon M, Pascovici MD, Cicone T. Optimizing surface texture for hy-
drodynamic lubricated contacts using a mass-conserving numerical approach. Proc
Inst Mech Eng Part J J. Eng. Tribol 2010;224:737-50. http://dx.doi.org/10.1243/
13506501JET673.

Cupillard S, Cervantes MJ, Glavatskih S. Pressure buildup mechanism in a textured
inlet of a hydrodynamic contact. J Tribol 2008;130. http://dx.doi.org/10.1115/1.
2805426. 21701.



Controlling friction by multi-scale surface patterning inside and outside the contact zone

VII Surface texturing in machine elements - a critical discussion for
rolling and sliding contacts

Andreas Rosenkranz', Philipp G. Griitzmacher?, Carsten Gachot®, Henara L. Costa*

! Department of Chemical Engineering, Biotechnology and Materials, FCFM, Universidad de Chile, Santiago,
Chile

2 Chair of Functional Materials, Saarland University, 66123 Saarbriicken, Germany

3 Institute of Engineering Design and Product Development, Tribology Research Group, TU Wien, 1060 Vienna,
Austria

# School of Engineering, Universidade Federal de Rio Grande, Campus Carreiros, 96203 900 Rio Grande, RS,
Brazil

Submitted to “Advanced Engineering Materials”

Own contribution:

Scientific discussion; paper writing

Abstract:

Surface texturing has the ability to reduce friction and/or wear under different lubrication conditions
which makes it particularly interesting for machine elements since they may experience different con-
ditions during their operation or sometimes even over one cycle/stroke. Therefore, surface texturing
has gained significant attention over the last three decades in the tribological. However, despite the
great effort by both researchers and industry to introduce surface texturing in machine elements, many
questions remain unclear regarding the optimal design of textures, as well as the positive and negative
effects on the component’s performance. The aim of this review article is to critically summarize the
state of the art of surface texturing applied to machine elements, with a special emphasis on piston
rings, seals, roller bearings and gears. After a brief introduction, the first section focuses on surface
texturing in sliding components (piston rings and seals), whereas the second section deals with surface
texturing in rolling components (roller bearings and gears). Based upon the main evidence from the
literature, the final section provides more general design guidelines for surface texturing in machine

elements.

Cite this as:

A. Rosenkranz, P.G. Griitzmacher, C. Gachot, H. Costa, Surface texturing in machine elements - a critical dis-

cussion for roll-ing and sliding contacts, Adv. Eng. Mater. 2019, submitted.

50 Philipp Griitzmacher



WILEY-VCH

Surface texturing in machine elements - a critical discussion for rolling and sliding

contacts

Andreas Rosenkranz”, Philipp G. Griitzmacher, Carsten Gachot, Henara L. Costa

Prof. A. Rosenkranz

Department of Chemical Engineering, Biotechnology and Materials, FCFM, Universidad
de Chile, Santiago, Chile

Email: arosenkranz@ing.uchile.cl

P. G. Griitzmacher

Chair of Functional Materials, Department of Materials Science and Engineering,
Saarland University, 66123 Saarbriicken, Germany

Prof. C. Gachot

Institute of Engineering Design and Product Development, Tribology Research Group,
TU Wien, 1060 Vienna, Austria

Prof. H. L. Costa

School of Engineering, Universidade Federal de Rio Grande, Campus Carreiros, 96203
900 Rio Grande, RS, Brazil

Keywords: Surface texturing; piston rings; seals; roller bearings; gears

Abstract: Surface texturing has gained great attention in the tribological community
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particularly interesting for machine elements since they may experience different
conditions over the lifetime or sometimes even over one cycle/stroke. However, despite
the great effort by both researchers and industry to introduce surface texturing in machine
elements, many questions remain unclear regarding the optimal design of surface
textures, as well as the positive and negative effects on the component’s performance.
The aim of this review article is to critically summarize the state of the art of surface
texturing applied to machine elements, with a special emphasis on piston rings, seals,
roller bearings and gears. After a brief introduction, the first section focuses on surface
texturing in sliding components (piston rings and seals), whereas the second section deals
with surface texturing in rolling components (roller bearings and gears). Based upon the
main evidence from the literature, the final section provides more general design

guidelines for surface texturing in machine elements.

1. Introduction

In times of globally increasing population and energy consumption, decreasing resources
for fossil fuels as well as more consciousness about the anthropogenic greenhouse effect
(global warming), energy efficiency and sustainability are considered as key aspects.!
Bearing in mind that fossil fuels (oil and coal) may be depleted in the next 50 - 100 years,*”
4 and that the average temperature possibly increases by several degrees in the next 80
years,’ the desire for more efficient and sustainable processes and components is stronger
than ever before. Consequently, new approaches to tackle this increasing energy demand
need to be developed. According to the important work carried out by Holmberg and
collaborators, under the auspices of the International Energy Agency,®’ the annual

worldwide energy consumption is about 549 EJ, whereas about 27 % of this energy is
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used for transportation, especially road transportation using cars and trucks.®® Thereby,
it is astonishing to note that about 20 % of this energy is needed to overcome friction and

wear losses, underlining the tremendous impact of these aspects in a global context.®-1°

To efficiently reduce friction and wear, several aspects can be considered. The easiest
approach is to use lubricants (oil or solid lubricant) to separate both rubbing surfaces thus
avoiding solid-solid contact and decreasing friction as well as wear. This is reflected in
the annual usage of lubricant (mainly oil) of about 40 million tons.!! However, the main
problem with this approach is that the lubricants’ disposal is mostly toxic and therefore
harmful to the environment. Moreover, lubricant additives can cause further harm to the
environment. For example, the anti-wear additive ZDDP leads to the formation of
phosphorus oxides, sulfur oxides and ash, which reduce the effective life of exhaust
catalysts. This has led to legislation that strongly restricts the use of ZDDP in lubricants,
but no commercial anti-wear additive has so far been able to successfully replace ZDDP.!2
Taking additionally the diminishing resources for raw oil into consideration, it becomes
obvious that the use of lubricants cannot be the only preferred long-term solution to
reduce friction and wear. Holmberg et al. suggested that friction and wear can be
significantly improved when considering new materials, modified mechanical designs,
environmentally-friendly biologically-degradable lubricants and advanced surface
engineering strategies.®% 1% The latter can be subdivided into advanced coating systems
and novel approaches to modify surface topography such as the generation of well-

defined surface features known as surface texturing.

In the last 70 years, the modification of the surface topography/roughness has proven to
be a successful approach to effectively reduce friction and wear under dry and lubricated
conditions. The first experimental evidences go back to Hamilton et al. and Anno et al. in

the 1960°s.13:1% In the 1990’s, the pioneering work of Etsion et al. related to laser surface
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texturing (LST) can be considered as the renaissance of this topic.!>!® Since then, surface
texturing has gained increased attention in the tribological community. Lots of
experimental and numerical studies have been published in the last two decades trying to
assess the underlying mechanisms of surface texturing in terms of potential friction and
wear reduction. Depending on the acting lubrication regime, different aspects have to be

considered.

Under dry conditions, surface texturing helps to lower the real area of contact, which
reduces the resulting friction force and hence the coefficient of friction (COF).!” In
addition, surface textures store wear particles, produced during rubbing, thus reducing
abrasion and lowering friction.!® In the presence of a lubricant, the effects of surface
texturing strongly depend on the prevailing lubrication regime. Thereby, the well-known
Stribeck curve and the A-ratio (resulting oil film thickness divided by the combined
surface roughness of both rubbing surfaces) can be used to distinguish between different
lubrication regimes. For A-ratios smaller than 1, boundary lubrication is predominant with
pronounced solid-solid contact and a strong influence with formed monolayers. In this
lubrication regime, surface textures reduce the real area of contact and trap wear
debris.!”2? In addition, surface texturing can also help to induce the formation of pressure-
induced tribolayers under boundary lubrication.?! For 1<A<3, the lubricant regime is
typically assigned to mixed lubrication, in which the normal load is partly carried by the
oil film and partly by the surface asperities.?? In this lubrication regime, surface textures
act as an oil reservoir thus inducing a secondary oil effect, trap wear debris and contribute
to an additional hydrodynamic pressure.?*-26 For A > 3, the lubrication regime is full-film
hydrodynamic lubrication, where both rubbing surfaces are completely separated by a
thick oil film. Surface texturing typically aims at generating an additional hydrodynamic

pressure thus generating a significant contribution to the load bearing capacity.?’? As
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can be noticed, different effects contribute to improved frictional and wear properties
induced by surface textures. The underlying mechanisms have been extensively studied
from an experimental and numerical point of view. Comprehensive reviews summarizing
the fundamental effects of surface texturing related to friction and wear reduction in
laboratory experiments have been published by Gropper et al. and Gachot et al.’%3!
Gachot et al. pointed out that it is almost impossible to create design guidelines for surface
textures to be effective under a wide range of experimental conditions, even using
idealistic laboratory set-ups and test rigs.*® Moreover, it has been emphasized in the
literature the need to carefully study and characterize the individual tribological system
with respect to operating and lubrication conditions. Using such approach, design
recommendation for surface textures to reduce friction and wear can be derived for

individual systems, set-ups, test-rigs and conditions.

Transportation, as one of the main sources for energy consumption, greatly involves
tribological aspects. In this field, tribological problems are a perfect source for further
optimization that could lead to improved friction and wear performance and hence energy
efficiency. A detailed analysis by Holmberg et al. on the engine and transmission system
of cars directly identifies bearings, piston rings, gears and seals as main machine elements
largely contributing to frictional losses.” These elements work under different operating
conditions regarding loads, velocities, and lubrication conditions. Recalling the
difficulties to derive general design guidelines for surface texturing even in highly
simplified laboratory set-ups and test-rigs makes obvious the need for a detailed analysis
of the tribological system under realistic conditions. Only with such approach, design
recommendation for surface textures aiming at reducing friction and wear in specific

machine elements present in transportation systems may be derived.
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This review article critically evaluates the potential of surface texturing in four machine
elements, namely the piston-ring system, seals, roller bearings and gears. For seals and
the piston-ring system, the contact is conformal thus resulting in relatively small contact
pressures. In contrast, roller bearings and gears present non-conformal contacts with
contact pressures on the order of 1 to 4 GPa. The effect of surface texturing is significantly
different between conformal and non-conformal contacts. Thus, the influence of surface
texturing for conformal components (piston rings and seals) will be first presented,
followed by the non-conformal components (roller bearings and gears). Each section
summarizes the main functions of the component and highlights the challenges and
problems related to the use of surface texturing. Afterwards, the use of surface texturing
for the respective machine elements is critically discussed. Cases for which surface
texturing is beneficial or even detrimental are identified. Based upon this analysis, general

design guidelines for surface textures are derived for each component.

2. Surface texturing in sliding contacts
2.1. Introduction

The majority of the research literature reporting on the use of surface texturing in machine
elements is related to situations involving sliding motion of fairly conformal surfaces.*
Particular emphasis has been given to the use of surface texturing in sliding bearings,
where the textures are believed to increase film thickness and load bearing capacity thus
reducing friction. Gropper’s review provides a broad perspective on the main mechanisms
involved in the tribological behavior of textured sliding bearings (parallel, inclined and

journal bearings), derived from both numerical and experimental studies.®' This section



WILEY-VCH

will review the most relevant aspects related to the surface texturing of two other

important conformal, sliding contacts: piston rings and seals.

Contact pressures are relatively low in piston rings and seals, often leading to the presence
of a full film separating the surfaces under lubricated conditions, although for piston rings
the variable velocity along the piston stroke gives rise to mixed or even boundary
lubrication at the dead centers. Thus, the ability of the textures to boost lubricant supply
and generate lift is highly relevant for this component. Another aspect is that textures may
lead to a full film separating the surfaces at lower speeds or higher loads than smooth
surfaces. The relevance of each mechanism, as well as an overview of the main
advantages and drawbacks of surface texturing in piston rings and seals are summarized

in this section.

2.2. Effect of surface texturing in the piston-ring system

The piston ring cylinder liner contact is very important for the overall car’s energy
efficiency since it accounts for up to 60 % of the engine’s frictional losses and largely
determines the oil as well as the fuel consumption. >3 It can be estimated that a reduction
of the frictional losses by 6 % would result in a reduction of fuel consumption by 1 %.
This is highly relevant when taking into account more stringent guidelines for the exhaust
emissions (NOx, CO and CO;) as well as the desire to design more efficient and
environmentally friendly engines. To tackle this problem, the lubrication conditions of
the piston ring pack need to be carefully studied. Tian demonstrated that hydrodynamic
lubrication is the predominant regime for almost the entire cycle/stroke.’> However, as
the system experiences variations of the angular velocity during one cycle, near the top

dead center (TDC) and the bottom dead center (BDC), the decreasing velocity reduces
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film thickness, so that mixed and boundary lubrication prevail. Moreover, axial motion
of the piston ring as well as thermal and elastic deformation need to be considered.
Finally, the inhomogeneous distribution of lubricant over the circumference of the
cylinder surface as well as insufficient lubrication occurring at the TDC and BDC further
complicate the problem. To reduce frictional losses and to improve the lubrication
conditions especially close to the TDC and BDC, different aspects such as the lubrication
supply mechanisms, the rheological properties of the lubricant and the modification of
the surface topography by surface texturing can be taken into account. In this context,
since different lubrication regimes ranging from boundary to hydrodynamic lubrication
depending on the position of the piston along the stroke can be found for this system, the
use of surface textures is especially promising since it has been shown to improve the

tribological performance under different lubricated conditions.

The performance of surface texturing in this system has been investigated both
experimentally and numerically. This section aims at revising the most relevant findings.
First, studies that combine experimental and numerical analyses are summarized, since
this combination is considered as a powerful tool to understand the mechanisms involved.
In sequence, experimental works that have provided significant information despite
lacking analytical or numerical analysis are described. Finally, relevant numerical
investigations without experimental support are presented. Together, they help creating a
broader picture of the effects of surface texturing on the tribological performance in the

piston-ring system.
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2.2.1 Combined experimental and numerical work

Pioneering experimental and numerical work for textured piston rings have been
presented by Etsion and his co-workers. Kligerman et al. developed an analytical model
to investigate the benefits of laser-textured piston rings. By solving the Reynolds equation
and simultaneously considering the radial motion of piston rings, benefits of full and
partial surface texturing were evaluated. For partial texturing, they verified that the
texture’s position had only a minor influence on friction. Related to the texture’s
geometry, friction was not significantly affected by the dimples’ diameter, but
continuously decreased with increasing area density. A maximum friction reduction was
found for a textured portion of 60 %.3* Following Kligerman’s predictions, Ryk et al.
experimentally verified the beneficial effects of partially textured piston rings. Frictional
tests under full and starved lubrication conditions using hemispherical textures (depth of
7 um, area density of 50 % and textured portion of 60 %) demonstrated a maximum
friction reduction of 45 % for partially textured piston rings.’> Moreover, Ryk et al.
compared the performance of a textured piston ring with an untextured barrel-shaped
piston ring, which is considered as the optimum shape for conventional piston rings.
Partially textured piston rings reduced friction by 25 % compared to the barrel-shaped

one as can be seen in Figure 1.3¢
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Figure 1. Comparison of the averaged friction force versus rotational velocity for a non-
textured barrel-shaped and a partially textured piston ring having the ideal structural
parameters predicted by Kligerman. Reproduced with permission.*® 2016, Elsevier.

Etsion and Sher studied the fuel efficiency of partially textured piston rings using a 2500
cm? four-cylinder Diesel engine with a total engine running time of 1800 h. Using the
texture parameters predicted by Kligerman et al. and verified by Ryk et al., a 4 %

reduction in fuel consumption was verified for partially textured piston rings.?’

Using a simplified 1-D model, Tomanik studied effects of LST in terms of friction
reduction for the bore, top and oil control piston rings considering flat and barrel-shaped
geometries.*® In accordance with Etsion et al., Tomanik verified beneficial effects of
partial texturing, especially when using small pitch distances (high densities). Tomanik
proved that LST can significantly improve the hydrodynamic performance of flat oil
control rings thus reducing friction and wear. Surface textures with dimple sizes of a few
micrometers placed in the middle of the stroke and close to the TDC were effective.’®
Profito et al. expanded Tomanik’s work to a 3-D deterministic mixed lubrication model
considering mass-conservative cavitation to study friction and wear of oil control rings.
Surface roughness parameters prior to and after 100 h engine tests for textured surfaces

were used as input parameters for the Greenwood-Tripp model to account for changes in
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the surface topography and potential effects of wear. Profito’s model allowed to study
global and local effects of wear on hydrodynamic pressure, shear stress and asperity
contact pressure depending on the position in the stroke. After 100 h engine time, the
hydrodynamic pressure significantly increased compared to the initial unworn stage,
which was explained by a pronounced reduction in cavitation and an increased wetted

area.’®

Significant contributions related to laser-textured piston rings have been presented by the
tribology group at Imperial College London. Vladescu et al. developed a reciprocating
test-rig to simulate the contact between the liner and the piston’s top ring. Ultra-fast
picosecond LST was used to fabricate grooves, chevrons and cross-hatches with a
constant depth of about 8 pm and widths between 60 and 80 um. Using a fully formulated
SAE 40 engine oil and different oil temperatures, experiments were conducted under full-
film, mixed and boundary lubrication. For full-film lubrication, the frictional force
increased towards the middle of the stroke and LST showed detrimental effects with
increased friction values. For mixed and boundary lubrication, the frictional response
over the stroke angle reflected a U-shape due to a squeeze effect and LST showed a
friction reduction of up to 50 % for chevrons and transversely oriented grooves. In terms
of average power loss, transverse grooves led to an overall reduction of 55 %.%° To shed
more light onto the involved mechanisms, Vladescu et al. studied transient effects when
individual grooves (spacing of 3.3 mm, breadth of 80 um and depth of 8§ um) crossed the
tribological contact. In case of boundary and mixed lubrication, the frictional force was
reduced when the pockets crossed the contact due to an abrupt change in film thickness
and reduced asperity contact. In contrast, individual grooves increased friction and the
non-textured reference outperformed the textured surfaces under full-film lubrication.*!

To study the effect of surface texturing on wear, Vladescu et al. fabricated grooves with
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variable breadth (40, 80 and 300 pum) and tested them under high load, low speed

conditions using an additive-free mineral oil. Initially, the non-textured reference showed
the lowest frictional force. However, after 5 minutes, a significant friction reduction for
the textured surfaces was observed showing the best performance for the textures with

the highest depth and density (Figure 2).4?
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Figure 2. Temporal evolution of the frictional force for the non-textured reference and
selected surface textures (width x depth x separation all given in micrometers).
Reproduced with permission.*? 2016, Elsevier.

The wear volume of textured surfaces correlated well with the oil volume supplied to the
contact in each stroke.*” To fundamentally understand the involved mechanisms,
Vladescu et al. developed an out-of-contact ultrathin-film interferometry approach using

multiple wavelengths to study oil film formation in the cylinder liner contact. This set-up
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allowed for the first time to study film formation under full-film, mixed and even
boundary lubrication in a cylinder liner contact with high accuracy. Under full-film
lubrication, an increased frictional force in the middle of each stroke was related to
increased oil film thickness and thus increased shearing forces. For mixed lubrication,
surface texturing helped to increase oil film thickness thus reducing asperity contact and
hence the frictional force.*! Moreover, the use of this set-up coupled with laser induced
fluorescence enabled to study the effect of surface texturing on lubricant distribution and
cavitation. The authors impressively demonstrated cavitational phenomena at the reversal
points for non-textured samples. They proved that surface textures prevent the oil flow
away from the wear track and ensure fully-flooded conditions even at the reversal points,
which significantly reduced cavitation and improved the lubricant’s distribution.** The
experimental results of Vladescu et al. were numerically supported by modeling of
transient effects of grooves carried out by Profito et al.. Hydrodynamic contributions were
modeled based upon the averaged Reynolds equation using flow factors following the
Patir and Cheng’s approach. An asperity contact model using the Greenwood-Tripp
approach was used to account for asperity interactions under boundary and mixed
lubrication.* This work enabled a direct comparison of the resulting frictional response
and the acting oil film thickness for different lubrication regimes, which is of utmost
importance to explain the fundamental mechanisms. The simulated COF and oil film

thickness for different lubrication regimes are given in Figure 3.
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Figure 3. Simulated evolution of the COF and oil film thickness when an individual
texture feature passes through the contact for boundary, mixed and hydrodynamic
lubrication.** 2017, open access, Elsevier.

Under boundary conditions, the sudden friction reduction, when a texture entered the
contact, was traced back to an increase in the local oil film thickness and a significant
reduction in the effective contact area. For mixed lubrication, a small friction peak
appeared when the texture entered the contact due to the film’s rupture thus reducing
hydrodynamic support. This frictional increase was then overcompensated due to inlet
suction thus increasing the oil film and reducing friction again. Similar to other studies,

no beneficial effects of surface textures were observed under full-film lubrication.**
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Khonsari et al. put considerable effort to optimize surface texturing in piston rings
designing textures with different shapes, area densities, depths and diameters. They
applied the textures at the piston ring’s inlet and outlet (Figure 4) thus proposing a new

design especially suited for reciprocating sliding conditions.*

Figure 4. Texture design with features at the inlet and outlet especially suited for
reciprocating machine elements. Reproduced with permission.*> 2016, Elsevier.
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They demonstrated that intermediate area densities (25 %) led to the best performance
thus reducing friction by up to 52 %. Surface textures with the smallest depth (5.3 um)
experienced the lowest COF, while textures with the largest depth (25 pum) showed
detrimental effects with increased COFs. They verified a significant friction reduction for
all shapes with the best results obtained for trapezoid textures.*> Moreover, they
developed a set-up to mimic radial motion, elastic deformation and a potential twist
between the cylinder liner and the piston rings thus reflecting more realistic working
conditions. A trapezoid texture (in terms of the texture’s cross-section) led to a significant
friction reduction, which was more pronounced for higher viscosities and lower speeds.
Additionally, this optimized texture showed beneficial effects in terms of power loss as
well as better sealing characteristics.*® Additionally, this group presented an innovative
approach by combining surface texturing and plasma coating, which led to a reduced run-

in time and lower frictional forces (initial and steady-state).*’

Morris et al. developed a novel numerical tool considering asperity and hydrodynamic
contributions as well as transient thermal effects to effectively predict lubricant’s
temperature and viscosity for piston ring cylinder liner contacts. Neglecting thermal
effects, the lubrication regime was mainly associated with full-film lubrication (except at
the TDC). Taking thermal effects into consideration, mainly mixed or boundary
lubrication were found for the entire stroke.*® Inspired by textures tested by Costa and
Hutchings,?” Morris et al. studied chevrons fabricated by LST both experimentally and
numerically and found optimal chevron depth of about 3 um with an inclusion angle of
80°. Moreover, they concluded that the area density should be as high as possible and that
the arrangement of the chevrons had a significant effect on friction reduction. Compared
to the results published by Costa and Hutchings,?’ the optimized chevrons further reduced

friction by 4 %.* Morris et al. numerically studied the influence of textures placed at the
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TDC on friction and cross-correlated their results with in-situ real time friction
measurements based upon a floating liner set-up. The lubricant’s dynamic viscosity was
calculated for each crank angle and a gas flow model was included to evaluate the
pressure on the inner rim of the compression ring. Under these more realistic conditions,
chevrons with a depth of 1 um were shown to be more effective in terms of friction
reduction, which led to the recommendation to use shallower textures thus avoiding

extensive oil loss.>°

2.2.2 Experimental work

Grabon et al. fabricated hemispherical textures (density of 13 %, depth of 5 um and
diameter between 150 and 200 um) by plateau honing and burnishing on the liner surface
and studied the frictional response under different lubricated conditions. In case of a
sufficient oil supply, the burnished surfaces induced a friction reduction by a factor of 2,
whereas under starved lubrication, a 15 % friction reduction was observed.’! Furthermore,
Grabon et al. investigated the effects of honing process parameters on the tribological
efficiency in short-term experiments using a fully formulated oil preheated to 80 °C. They
concluded that lower honing angles result in reduced COF. The obtained results
correlated well with surface roughness parameters (cylinder roughness height) measured
by WLIL3!% Similar results were also observed for tribological experiments studying the

evolution of the cylinder liner topography under low temperatures (-20 °C).>*

Koszela et al. studied the combination of texturing and coating (diamond-like carbon) on
liner surfaces. The liner surfaces were plateau-honed, textured by plastic deformation and

then DLC coated (thickness of 1.5 um). The textures (diameter between 250 and 350 um

and depth between 4 and 6 um) were located in each cylinder bore between the piston’s
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top and bottom dead center. It was shown that the maximum power increase was found

for liners presenting both surface texturing and DLC coating.>

2.2.3 Numerical work

Apart from contributions made by Tomanik and Profito, further numerical work has
paved the way to obtain more realistic models for the piston ring cylinder liner contact
considering cavitation, mass conservation and asperity contact. Lubrecht et al. developed
a simplified 1-D model (neglecting inertia) to study transient effects of cross-textures
placed in the high-velocity regime in the middle of the stroke. The authors demonstrated
that the pressure around and in the textures can be greatly reduced, which significantly
alters the film thickness.*? El Mansori et al. presented a 3-D hydrodynamic model to
investigate frictional effects of grooved textures placed on cylinder surfaces (middle of
the stroke) also considering their real surface topography. By solving the Reynolds
equation and integrating the results, they demonstrated that a minimum width of 20 um
and an optimal groove density exist to significantly reduce COF.>® Zhou et al. presented
a theoretical model using computational fluid dynamics (CFD), which takes into account
the velocity and the pressure depending on the crank angle. Intermediate area densities
(16 - 22 %) demonstrated to be more beneficial for low velocities, while low densities
were favorable for higher velocities. The aspect ratio did not depend on the acting

1.57 These authors

velocity, so that the authors advised that it should be kept constant at 0.
came up with an optimal surface texture design with variable texture parameters over the

entire cylinder length as schematically shown in Figure 5.
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Figure 5. Optimized surface texturing for piston rings taking into consideration the
respective velocities over the stroke length. Reproduced with permission.’’ 2012,
Elsevier.

The theoretical model developed by Zhou et al. verified the superior behavior of this new
design in terms of dimensionless film thickness compared to surfaces with fixed structural

parameters.>’

Usman and Park presented a 2-D transient mixed lubrication model for partially textured
barrel-shaped piston rings (dimples and grooves) considering shear rate effects and warm
internal combustion engine conditions. Shallow grooves oriented perpendicular to the
sliding direction gave the best frictional performance over 90 % of the entire stroke.
Shallow micro-dimples turned out to be beneficial at the TDC and BDC. Furthermore,
they pointed out that deep micro-textures tended to have detrimental effects irrespective

of their geometry.>®

Additionally, Usman and Park investigated the tribological
performance of partially textured piston rings in contact with deformed liner surfaces

under realistic working conditions using a mixed lubrication model considering cavitation

and mass conservation. They verified that neglecting the deformation of the bore surface
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led to unrealistic computational results and to an overestimation of the minimum oil film
thickness. Moreover, they demonstrated that transverse grooves led to improved

lubrication conditions under high velocities and shortened durations of asperity contact.>

Checo et al. developed a cavitation model considering mass conversation for textured
liners in contact with barrel-shape piston rings, which allows for the study of transient
effects of elliptical textures moving through the contact. The simulation was performed
under fully flooded, low load conditions as a function of the curvature radius of the piston
ring. The authors showed that the effect of texturing largely depends on the piston ring’s
profile. In this context, the larger the curvature and thus the more conformal the contact,
the greater the friction reduction induced by surface texturing. A decrease in the average
COF ofup to 73 % as well as an increase in the film thickness by 86 % were demonstrated.
In contrast, for smaller curvatures, even detrimental effects of surface texturing were
verified.®® Similar results were presented by Biboulet and Lubrecht using a simplified
analytical model.®! Zavos et al. developed a 2-D CFD model for textured piston rings
based upon the full Navier-Stokes equations considering a realistic free ring model but
neglecting cavitation. In this context, it needs to be stated that the free ring model predicts
lower pressures at the ring’s outlet due to possible leakage. Zavos et al. clearly
demonstrated the beneficial effects of surface texturing for free and secured rings with a
maximum friction reduction of 59 % for rectangular textures with the highest number of
dimples. The optimal value for the aspect ratio in terms of friction reduction varied
between 0.2 and 0.28.°%6>  Recently, Hu et al. presented an efficient mixed lubrication
model for cross-hatched surface textures considering mass conservation, flow continuity
and the plateau roughness. In this approach, the lubricant stored in each texture was
considered as an additional lubricant supply. By considering flow continuity between the

three piston rings, the authors demonstrated that the minimum oil film thickness was
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greatly reduced for the first two rings. Furthermore, they numerically verified that the
lubricant stored in the textures significantly improved the lubricant conditions, thus

reducing asperity contact and frictional forces as well as wear.%*

2.2.4 Summarizing remarks

The piston ring cylinder liner contact is a highly sophisticated tribological sub-system
due to the changing lubrication conditions and kinematics along the stroke. The use of
surface textures to reduce friction and wear in this system requires advanced methods to
in-situ record the resulting oil film thickness. New methods and experimental work
presented by Vladescu et al. have paved the way for a more detailed understanding of the
effect of surface texturing in this system under full-film, mixed and boundary
lubrication.**-43:%5 Related to the test-rigs used, more emphasis needs to be put in
facilitating set-ups mimicking the real kinematics occurring in a piston ring cylinder liner
contact. The strategy to place different textures’ geometry along the stroke depending on
the respective lubricated conditions seems to be promising and more research work
should be dedicated in this direction. In addition, placing surface textures at the inlet and
outlet of the piston ring is considered to be a smart way to improve the lubrication
conditions in linearly reciprocating contacts. The design of new texture’s shape such as
trapezoid textures or the combination of surface texturing with coatings is another way to
further improve the tribological performance of this system. A combination of the
aforementioned aspects may be highly interesting and innovative to induce further
friction and wear reduction. It is strongly recommended that experimental studies should
be complemented by numerical simulations trying to assess the effects of surface

texturing in this system. In this regard, the use of 3-D models considering cavitation,
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mass-conservation, real kinematic conditions such as radial motion, vibrations and
fluttering as well as potential wear need to be included. Models presented by Profito et

al. have shown very promising results.?%#

2.3.  Effect of surface texturing in seals

When a shaft passes from one fluid-containing vessel to another, mechanical seals, such
as rotating shaft seals, are needed to prevent fluid leakage. Sealing is achieved by two
components whereby one is stationary and the other rotates against it. Reduced friction
and wear and thus longer lifetimes are achieved using thick lubricant films to avoid
contact between the rubbing surfaces. In contrast, leakage is minimized by reducing the
clearance between the surfaces. A compromise between both aspects is essential to reduce
both leakage and friction.® Surface texturing can improve friction and leakage of
mechanical seals thus enhancing the load-capacity, which ensures sealing of conformal

contacts with low uniform clearances.®’

Pioneering work by Fogg demonstrated the existence of fluid films between seal-like
mating surfaces such as those found in thrust bearings.®® Later, it was shown that these
oil films can exist without any leakage occurring.®® Based upon Fogg’s findings, Denny
carried out experiments with plane thrust surfaces for radial-face seals and verified a
lubricating film between the surfaces, which generated significant pressure build-up.®’
Since then, many attempts have been made to efficiently separate the seal surfaces and to
improve their tribological performance. The wunderlying mechanisms comprise
hydrostatic, hydrodynamic and thermal effects, which all are greatly affected by the
surfaces’ topography.’® The basic surface geometries initially investigated were flat

parallel surfaces, wavy surfaces, surfaces with angular misalignment and coned surfaces.
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Thereby, sinusoidal or wavy surfaces showed an increased hydrodynamic pressure, thus
improving the load carrying capacity coming from an asymmetric pressure distribution

induced by cavitation.”’7?

Rotary-shaft seals were the first lubricated machine elements that were textured to
improve their tribological performance. In 1966, Hamilton et al. applied protruding
asperities on a stator surface by photoetching and found that these asperities increased
hydrodynamic pressure and thus load carrying capacity.!* Similarly, Anno et al.
investigated the effect of photoetched asperities on load support and leakage.'*”3 All
tested shapes led to a similar increase in load support, but leakage reduction induced by

texturing was superior for etched depressions (dimples) than for protruding asperities. '

Three decades later, Etsion and Burstein presented a numerical model to investigate the
effects of pores and dimples on the seal’s performance.!® An optimum area density of 20
% and diameters between 5 and 75 um, depending on viscosity, sealed pressure and area
density led to an optimized frictional and leakage performance. Later, Etsion et al.
suggested an optimum value of 0.05 for the aspect ratio (depth/width).”* Their
experimental findings were validated using numerical results based upon the 2-D, steady-
state Reynolds equation for an incompressible Newtonian fluid assuming laminar flow.!
Using this simplified model, they showed the major influence of the aspect ratio regarding
the resulting pressure distribution, whereas the other geometrical parameters were of
minor importance. Kligerman and Etsion numerically investigated the effects of LST for
dry gas seals and demonstrated a maximum friction reduction of up to 40 %.” In contrast
to oil-lubricated seals, the use of smaller aspect ratios (0.02) was recommended. These
results were experimentally validated whereby a maximum reduction in friction torque
by 40 % and a drop in face temperature of 20 °C were demonstrated.”® Etsion and Halperin

used LST to partially texture high-pressure hydrostatic mechanical seals with a higher
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area density close to the high-pressure side, whereas the low-pressure side remained
untextured.”’ Partial surface texturing generated a hydrostatic lift with similar effects
compared to a Rayleigh step or for face coning (inclined faces), as shown in Figure 6 a.
Additional hydrodynamic lift can be generated due to a converging contact with different
film thicknesses across the faces.>! Experimental studies and numerical work proved the
possibility to increase the sealing pressure capability and to reduce the friction torque by

up to 50 % (see Figure 6 b).
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Figure 6. Effects of partial texturing: a) Function principle and net positive pressure
distribution due to partial texturing. The effect is similar to that achieved with a radial
step.>! 2016, open access, Elsevier. b) reduction in friction torque and increase in sealed
pressure capability by using partially textured hydrostatic mechanical seals compared to
untextured, original seals. Reproduced with permission.” 2004, Springer Nature.

Similarly, Etsion’s group demonstrated the effectiveness of partial texturing in
hydrostatic gas seals to improve load carrying capacity;”” and to maximize gas film
stiffness.’’ Again, an additional hydrodynamic pressure was attributed to the similarity
between partial texturing and a radial step. The best performance was achieved for area

densities between 50 and 70 %.7°-%° In addition, they observed a reduced daily leakage

(20 %) in field tests, attributed to a better mechanical integrity of the textured seal.’!
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Furthermore, a reduction in friction torque of 65 % was verified due to an increased

hydrodynamic pressure thus inducing a greater separation of the surfaces and an increased

fluid film stiffness.?!

After the pioneering work of Etsion et al., various studies have been published assessing
the effects of surface texturing on the seal’s performance. Several aspects have been taken

into consideration such as an increase in hydrodynamic pressure and thus load carrying

82,83 2 9

capacity, potential wear reduction,® a reduction in leakage,” and a reduction in
surface temperature.’® The mechanisms behind performance improvement, optimum
geometric parameters and shapes as well as accurate modeling approaches have been

extensively investigated, which are summarized in the following sections.

2.3.1 Optimum geometric parameters

Wang et al. textured SiC seals with hemispherical textures with area densities between
2.8 and 22.5 % while keeping depth and diameter constant. Tribological tests under water
lubrication demonstrated an increase of 20 % in the critical load for the transition from
full-film to mixed lubrication for textures with the smallest area density.®* However, a
later parametric study verified that higher area densities and greater depths were more
beneficial to increase the critical load (up to three-fold increase).®>%¢ The authors
concluded that the additional supply of water from the dimples favored a tribochemical
reaction that led to the formation of silicic acid, thus lowering friction. Moreover, they
emphasized that the main effect induced by the textures in this study was to provide
sufficient water for the tribochemical reactions.®® However, these results were not
supported by a detailed analysis of the surface chemistry in the worn areas. Wan and

Dang-Sheng generated dimples (200 um diameter, 10 pm depth, 10 % area density) in
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steel discs and found an increased critical load (by a factor of 2.5) and critical speed (by
a factor of 1.4) until the COF suddenly increased.®” This was traced back to an additional
oil supply, but without further experimental evidence. Chen et al. used ultrashort-pulse
LST to fabricate micro-stripes on SiC mechanical seals resulting in a COF reduction of
20 %.%8 Wang et al. studied the effect of LST on friction and temperature of two-phase
mechanical face seals (sealed liquid partially vaporized) with hemispherical dimples
having a depth of 10 or 40 pm, a diameter of 1000 or 2000 um and a constant area density
of 20 %. For most textured seal rings, a significant reduction in friction and temperature
without any leakage was observed due to an increased load carrying capacity. However,
if both diameter (2000 um) and depth (40 um) were too large, excessive vaporization

started to occur thus leading to increased temperature and higher friction.®

Yu et al. investigated the temperature rise in laser-textured SiC rings (diameter of 90 um,
depth of 25 pum, area density of 20 %) sliding against carbon seal rings. Apart from a
friction reduction, they demonstrated that the temperature in the textured SiC ring could
be reduced by roughly 40 % by surface texturing.”® It should be emphasized that the
temperature rise in mechanical seals is a serious problem since excessive frictional heat
can significantly degrade the seal as well as the lubricant, thus inducing leakage and a

change in the lubrication regime.

2.3.2 Optimum shape and orientation

The effects of circular, square, diamond, hexagonal and triangular textures were
numerically investigated by Siripuram and Stephens. They showed that the texture’s
shape had only a minor effect on the resulting COF, whereas the area density greatly

affected the COF. However, the optimum area density depended on the texture’s shape.”!
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In contrast, Shi et al. numerically demonstrated a significant influence of the texture shape
(micro-grooves vs. micro-dimples) on the load carrying capacity of gas seals. For small
area densities, micro-grooves showed an improved performance, while micro-dimples
outperformed micro-grooves for higher area densities. The greatest load carrying capacity

was found for elliptical micro-dimples with an area density of about 40 %.%?

Qiu and Khonsari also studied friction and wear of circular and elliptical textures
fabricated by LST on seal rings.”®> They showed an optimum aspect ratio for a fixed area
density (0.1 and 0.138 for an area density of 25 and 40 %, respectively) as well as an
optimum area density for a given aspect ratio (increasing area density leads to lower
COFs), which agrees well with their additional numerical work.”* One particularly
interesting aspect of their work is the visualization of cavitation inside the dimples with
a high-speed camera, which is depicted in Figure 7. Additionally, they demonstrated that
circumferentially-oriented elliptical dimples outperform other dimple shapes or
orientations.”® Despite the improvements in COF, Qiu and Khonsari also verified an
increase in wear for the laser textured rings, which potentially reduces the component’s

lifetime.

Figure 7. Increasing size of cavitation areas inside dimples with increasing sliding speed:
a) 100 rpm; b) 200 rpm. Cavitation inside the dimples increased film thickness and thus
reduced COF. Reproduced modified with permission.” 2011, Elsevier.
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Xie et al. studied the tribological performance in water of SiC rings with circular and
triangular textures (20% area density, 7 um depth). They found that the triangular textures
experience a strong frictional anisotropy. If the triangular textures pointed against the
sliding direction, its apex was located in the convergent region and friction was minimal.
In contrast, friction was maximum if the triangular textures pointed in the opposite
direction. The circular textures showed intermediate friction values.”> Numerical studies
helped to explain the experimental findings and verified a higher resistance to outlet fluid
flow if the apex was in the convergent region, which generated greater pressures and
thicker films.”> Meng et al. numerically investigated the sealing capability of different
seals having diamond, elliptical, rectangular and triangular textures. Based upon their
simulations, the sealing performance depended on the dimples’ inclination as well as on
the dimple’s depth and diameter. Rectangular textures offered the best sealing
performance due to a maximum additional pressure build-up. In addition, it is worth to
mention that all shapes demonstrated negligible leakage.”® Bai et al. numerically
investigated the influence of texture shape for gas seals and found that elliptical dimples
could improve the opening force by 20 % compared to circular dimples. Nevertheless,
leakage was shown to simultaneously increase with greater opening force.”” A later work
found that the COF of surfaces with double-row elliptical dimples having different
inclinations decreased by 59 % and the face temperature rise decreased by 58 % compared
to single-row elliptical dimples having the same inclination angle.”® This was attributed
to an accumulation of lubricant between the dimple rows and thus stronger hydrodynamic
effects. In a recent study, Shen and Khonsari first used a mathematical optimization
method to find the optimum texture shape and subsequently evaluated optimum texture
shapes experimentally. It was demonstrated that chevron-like textures created the

maximum load carrying capacity by increasing the hydrodynamic pressure. This reduced
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COF values and expanded the hydrodynamic lubrication regime.?” Similarly, Wang et al.
used a multi-objective optimization approach and found that the optimum shape in terms
of load carrying capacity and leakage for gas seals is an asymmetric chevron shape.!%
Furthermore, they concluded that it is not recommendable to increase the load carrying
capacity to its maximum since the leakage rate may simultaneously increase drastically.
This interdependency between load carrying capacity and leakage rate is shown in Figure

8.
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Figure 8. Dimensionless load carrying capacity W plotted against dimensionless leakage
rate Q. An increase in load carrying capacity simultaneously leads to an increase in the
leakage rate. “Type a” corresponds to the optimum asymmetric chevron shape which
exhibits the greatest load carrying capacity under the same leakage rate. Reproduced with
permission.!? 2018, Elsevier.

Bruneticre et al. developed a numerical model to investigate the influence of the texture’s
shape (e.g. cylinder, square, truncated pyramid, triangle) on the seal’s performance.!%!- 192
They demonstrated that triangles had the greatest load carrying capacity with a

significantly decreased leakage. The numerical results were experimentally confirmed
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showing a reduction in friction of around 50 % and improvements in terms of temperature
rise by roughly 40 %.!9 Moreover, they analyzed the effects of a deviation of the real
texture’s shape from a perfect shape since real textures show roughness and other defects,
which are typically not considered in numerical studies.!®* The authors verified that
leakage was greatly affected by roughness and the real dimple shape (e.g. deformed
dimple edges) whereby either beneficial or detrimental effects in terms of leakage can be
induced depending on the dimple’s shape. In addition, the film thickness depended on the
real dimple shape. Finally, they concluded that a proper control of the texture shape is
crucial for surface texturing and an accurate study requires consideration of the real

texture shape.

2.3.3 Modeling

Hamilton used the half-Sommerfeld model to study the effect of textured surfaces in
mechanical seals. In this model, the Reynolds equation was solved analytically whereby
the negative pressure was eliminated.!* Etsion et al. used this approach for their earlier
studies on mechanical seals.!¢ Later, they developed an improved model by using the

Reynolds cavitation model (Swift-Stieber model).!>

More recently, it has been emphasized that models using non-mass-conserving cavitation
boundary conditions cannot accurately predict the load carrying capacity of textured
surfaces.’!"1%! This was demonstrated by Qiu and Khonsari by comparing two non-mass-
conserving cavitation models with a mass-conserving Jakobsson-Floberg-Olsson (JFO)
model for fully-textured, smooth mechanical face seals. In contrast to non-mass-
conserving models, the JFO model accounts for rupture and reformation of the lubricant

film.!% The results proved that the JFO model gives lower peak and overall pressure as
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well as load-carrying capacity, which can be explained by the higher pressure build-up
for non-mass-conserving models. Hence, it is not recommended to use Swift—Stieber or
half-Sommerfeld models for textured surfaces.!> The textures modeled by Qiu and
Khonsari had smooth surfaces outside the pockets. Since their results showed very limited
load generation for the textured seals, they contradicted experimental observations in the
literature, which often show a significant enhancement in load generation. Thus, they
added roughness by using flow factors following the Patir and Cheng formulation.”* They
found that roughness had a positive but limited effect on load-carrying capacity.
Additionally, optimum texture parameters (aspect ratio and dimple density) were
identified, which greatly depended on rotational speed and cavitation pressure. Maximum
load carrying capacity was achieved for an aspect ratio of around 0.005 for lower sliding
speeds and about 0.015 for higher sliding speeds. Furthermore, the load carrying capacity
was also affected by the area density whereby the optimum area density (between 40 and
65 %). According to their results, leakage was highly dependent on both roughness and

texture depth whereby larger depths or surface roughness led to increased leakage.

Based upon work by Qiu and Khonsari,’* Brunetiére et al. also considered roughness
between the dimples by solving the Reynolds equation coupled with a mass-conserving
algorithm, as presented in Figure 9.'°! Surface roughness generated a load-carrying
capacity above a certain threshold of velocity.!% Regarding the pressure distribution,
there was good correlation with results presented by Qiu and Khonsari. For smooth
surfaces outside the textured area, the opening force generated by surface texturing was
too small to balance the closing forces and therefore unable to separate both contacting
surfaces. Thereby, especially the generated net force was very small since the local
pressure was attenuated by negative effects of the cavitation area. A global pressure effect

completely separating the surfaces was not observed. In contrast, the authors showed a
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significant increase in hydrodynamic pressure and thus a friction reduction under mixed
and hydrodynamic lubrication if roughness was added to the dimpled surfaces.
Furthermore, an area density higher than 10 % and an aspect ratio greater than 0.04 were
suggested to allow for the maximum friction reduction.!®! The seals’ performance under
mixed lubrication was also studied by Brunetiére et al. by considering asperity contact
(Hertz contact model), since optimal performance for mechanical seals is typically
obtained at the transition from mixed and hydrodynamic lubrication. When roughness

was considered, friction could be decreased significantly not only under hydrodynamic

102,107

but also under mixed lubrication.

Figure 9. Models for a perfectly flat textured surface vs. a rough textured surface.
Reproduced with permission.'®! 2012, Elsevier.

2.3.4. Summarizing remarks

Mechanical seals are an essential component used in conjunction with almost all
mechanical equipment. Thereby, the lifetime of other components in the system, like
bearings, might be limited by the seal’s integrity.%® In this context, surface texturing can
be a viable method to reduce friction and wear and as a consequence increase the seal’s

and the component’s lifetime. Seal-type contacts are ideal for applying surface textures
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due to their conformal contact conditions as well as small requirements in terms of load
carrying capacity. In this context, pioneering work on mechanical seals by Etsion et al.
found an optimum area density of 20 % with oil lubrication. Furthermore, the aspect ratio
is considered as the most significant texture’s parameter, which needs to be optimized
with respect to the seal’s operation conditions.”® Friction, wear, leakage and surface
temperature can be significantly reduced if optimized texture parameters such as depth,
width, area density, aspect ratio, shape and texture orientation are considered. The
textures’ optimization should be carried out with the highest possible caution to avoid
detrimental effects such as stress concentration or higher leakage induced by surface
textures. Modeling approaches using mass-conserving codes can give accurate results and
thus facilitate the texture design/optimization. However, a precise implication of the
textures’ shape and surface roughness should be performed since flat surfaces and perfect
shapes as usually used in modeling rarely exist in real applications. In summary, it can be
stated that considerable research work has been dedicated to understand the underlying
mechanisms and effects of surface texturing in mechanical seals with respect to the
potential increase in the load bearing capacity and hydrodynamic pressure. However,
until today, the underlying phenomena have not been entirely understood and explored,

which paths the way for further research activities in this field.

3. Surface texturing in rolling contacts
3.1. Introduction

Although the effects of surface texturing for sliding components have been largely
reported in literature, studies regarding the influence of surface texturing for rolling

components are scarcer. There are important reasons for the more restricted use of surface
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textures in rolling machine elements. First, rolling components present non-conformal
contacts, and thus the contact areas are rather small.!”” Since texturing methods have

108

limitations in terms of the texture’s sizes,'“® it is difficult to ensure that individual

texture’s features are smaller than the contact areas.!?’

Consequently, the lubricant may
escape from the contact because textures guide the lubricant away from the contact.?”!%
Second, rolling machine elements rely on elastohydrodynamic lubrication (EHL) to form
a lubricant film between the contacting surfaces. Thereby, one of the main mechanisms
involved in EHL, which favorably influences the tribological behavior is the large
increase in viscosity due to high contact pressures (typically between 1 and 4 GPa).!!?
Deep surface textures can reduce the pressure in the lubricant, thus reducing beneficial
effects coming from the increased viscosity in EHL contacts.!!! Third, rolling machine
elements are prone to the occurrence of rolling contact fatigue (RCF).!'?> Smooth non-
conformal contacts loaded below the yield stress and in the absence of any tractive force
would have a stress field near the contact just given by the Hertzian pressure distribution.
This still holds true to a reasonable extent if the surface presents surface topography but
the lubrication regime results in thick films, since surface traction is negligible for large
A-ratios. However, if the lubricant film is thin, traction is present and rough surfaces
change the contact’s stress distribution, generating increased and localized stresses near
the asperities.!!'> Cracks can initiate at these high stress locations and lead to contact
fatigue.!!'? Because of that, the general design principle for rolling elements is that they
should be as smooth as possible and that any type of surface topography (as opposed to a
perfectly smooth surface) could be detrimental to RCF. Therefore, the possibility of

surface texturing promoting RCF has been a frequent concern for rolling machine

elements, particularly among industrial manufacturers.
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In case of gears, the whole situation is further complicated as the contact is neither pure
sliding nor rolling. The minimum sliding friction can be found at the characteristic pitch
point of a gear whereas maximum sliding occurs at the tip interface. Due to high loads
and roughness requirements involved, the introduction of surface textures in gear parts is
quite challenging.!'* Another relevant point is that gear parts are mostly case-carburized
components and the interaction of such a hardened material with laser sources can be seen
critical with regard to microstructural changes in particular by reducing hardness thus
limiting the applicability of LST.!!> In addition, another fundamental question is where
to apply surface textures on gear tooth surfaces due to complex geometries involved with
narrow tolerances. The maximum load is shared by gear teeth surfaces around the pitch
point, where rolling action dominates and due to the high load in these regions no textures
should be introduced as they may wear off fast. It is however reasonable to locate surface
textures in high slip areas i.e. off-locations to the pitch point where frictional losses can
be up to 15 %.!'* The problem associated with the location of surface textures in high slip

zones can be associated with accelerated wear due to insufficient lubrication.

It will be shown that despite the challenges for surface texturing in rolling components,
the use of surface texturing has potential to decrease RCF and improve lubrication of
rolling machine elements. Therefore, surface texturing in rolling machine elements has

regained interest from researchers and manufacturers in recent years.

3.2.  Effect of surface texturing in roller bearings

Roller bearings are largely used in mechanical systems to reduce friction between rotating
parts. From a tribological point of view, the contacting surfaces under relative motion are

the inner raceway, the outer raceway, the rollers (balls, cylinders or cones) and the roller
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cage. In terms of manufacturing, surface texturing of roller bearings is more difficult and

is mostly carried out on the surfaces of either the outer raceway or rollers.

The effects of surface texturing on the tribological behavior of roller bearings will be
analyzed from two viewpoints. First, the main findings related to RCF life of textured
roller bearings will be summarized thus extracting the main mechanisms involved.
Despite the conventional view that surface texturing is detrimental for RCF, some cases
will be presented where surface texturing helped to increase RCF life. Then, the effects
of surface texturing on lubrication will be reviewed. However, it is important to
emphasize that both phenomena (RCF and lubrication) are in fact intertwined and that the
effects of surface texturing cannot be treated completely separately, as some of the work

will show.

3.2.1 Effects on rolling contact fatigue (RCF)

RCF involves the initiation of microscopic fatigue cracks in the contacting surfaces or
within the sub-surface due to cyclic shear stresses. The coalescence and growth of these
cracks lead to material removal from the surface.!'® Surface roughness alters significantly
the contact’s pressure distribution. Due to the cyclic nature of the movement in roller
bearings, local cyclic plastic deformation occurs at the vicinity of the surface asperities.!'!?
Consequently, contact fatigue phenomena are strongly related to surface

roughness/topography.

A numerical model was proposed to account for the effects of roughness on RCF life,
based upon the damage accumulation theory. Different surface topographies were

produced by three manufacturing processes. The surface topographies produced by each
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process were measured and input into the numerical model. The results indicated that
surface roughness induced significant fluctuations in the contact pressure, in turn
resulting in variations in the stress field close to the surface. Effective stress factors were
calculated for these processes, which rose substantially at the near-surface layer. The
depth for the high values of effective stress factors was only around 0.1 - 0.2 of the
Hertzian contact width, suggesting that surface roughness increases fatigue risk only

113 In another model, the effects of a single

within a thin surface or near-surface layer.
hemispherical bump as well as of numerically generated 3-D complex rough surfaces on
RCF life were investigated, showing similar findings in terms of stresses near the

surface.!!¢ A fatigue life model predicted reduction in fatigue life as a consequence of the

high stresses near the surface.

The negative impact of surface roughness on contact fatigue has led to the common sense
that perfectly smooth surfaces, such as polished surfaces, should present optimal RCF
life,!!7 which has delineated manufacturing technologies of roller bearings. In this
context, it is worth to emphasize that Zhang et al. have made considerable research
contributions in the field of developing grinding and polishing methods to achieve a
surface roughness in the range of a few nanometers.!!'®!!° Nevertheless, the potential for
surface textures containing arrays of depressions (pockets) rather than protruding features
to improve RCF life of roller bearings has been largely suggested in the literature,
although in many cases not proved.!?® One rationale for this possible improvement is that
an array of depressions may potentially decrease the interaction between asperities, which
may increase the fatigue life.!?! Another possibility is the introduction of residual stresses
when the texturing method involves intense plastic deformation, such as localized

121

blasting, since surface compressive stresses can increase RCF life.’=' In addition,

microstructural changes that might result from surface texturing could affect RCF.
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Microstructural changes accompanying surface texturing are particularly relevant for
methods involving localized removal of material by high temperature methods, such as
laser surface texturing. After pico- and femtosecond-laser texturing of roller bearings
raceways, a martensitic microstructure was found in near-surface zones, whereas
martensitic-bainitic and bainitic microstructures were observed in the areas surrounding
the pockets.!?? This was traced back to ongoing phase transformations occurring during
the crystallization of the liquid phase formed during laser texturing. The author suggested
that these microstructural changes may help to reduce friction and increase RCF life of

roller bearings, but no experimental evidence was presented.

One of the pioneering studies showing beneficial effects of depressions on the RCF life
was presented by Akamatsu et al. They produced small randomly-distributed indentations
on smooth needle rollers and rings and measured RCF life for different lubrication
conditions (A-ratios varying from 0.64 to 2.10).'2* The surfaces were characterized using
the parameter Ry (skewness), which represents the asymmetry of the height distribution
curve. Positive values of Ry indicate a surface composed of plateau-peaks, i.e., presenting
protruding features, whereas negative values of Ry represent a surface consisting of
plateau-valleys, i.e., presenting depressions. The roller bearings with more negative
skewness values presented longer RCF life. For lower A-ratios, fatigue life increased by
more than 13 times. However, for higher A-ratio values (thicker EHL films), life increase

was smaller (around three times).

The aforementioned results obtained by Akamatsu et al. had an important impact for
researchers as well as roller bearing manufacturers and experienced a significant
discussion in the scientific community. Zhao et al. modeled the conditions used in
Akamatsu’s work as an attempt to understand the underlying mechanisms responsible for

124

the improved fatigue life.'** As a first approach, they modeled the effects of the
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depressions on EHL film thickness, but their results did not demonstrate any increase in
film thickness. Afterwards, they discussed how surface texturing can help to reduce
friction. They concluded that the main reason for an improved RCF life of textured
bearings was the lubricant stored in the pockets, which helped to reduce friction. They
proposed that, for low A-ratios, the texture pockets act as lubricant reservoirs, from where
the lubricant is brought into the contacting asperities via hydrostatic and squeeze effects.
The reduction of micro-slip among contacting asperities reduces friction, increasing RCF
life. Indeed, friction is strongly related to the occurrence of RCF. Tallian et al. showed
how friction causes surface-initiated fatigue,'?> leading to a considerable decrease in
contact fatigue life due to an increased shear stress in the near- surface region of roller

bearings, which is the main cause for RCF.!26

The effect of the texture’s geometry on RCF has been investigated in the literature, but
not to a large extent. Vrbka et al. investigated the effects of surface texturing with arrays
of dimples (diameters between 35 and 65 um; depths between 0.6 and 1.45 um; and area
densities between 9 and 32%) on rolling contact fatigue of roller bearings for a slide-to-
roll value (SRR) of 0.05. Improvement in RCF life with surface texturing has been shown
particularly relevant for textures more densely packed and with shallower features. The
fact that denser textures presented longer RCF life was attributed to a reduction in the
interaction between the surfaces when the total area of the dimples increased. Moreover,
the additional supply of lubricant, which reduces local traction at the asperity contacts, is
more effective for denser textures. A further beneficial effect was attributed to the fact
that the lubricant entrapped within the dimples goes ahead of it or lags behind it and
elastically deforms the rubbing surfaces, further contributing to reduce asperity contact.
On the other hand, it was proposed that a film constriction occurs at the leading edge of

the dimple, reducing film thickness. This could increase asperity interaction and therefore
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reduce RCF. Since this constriction is more significant for deeper dimples, it was

suggested that this detrimental effect surpasses the beneficial effects for deeper dimples.

121,127

Recently, a method for calculating the relative fatigue life of textured ball bearings,
combining rolling bearing quasi-dynamics, micro-TEHL analysis, non-Gaussian surface
simulating techniques and stress analysis by finite element modeling, showed that
textures oriented transversely to the movement direction increased fatigue life.!?® This
was attributed to an increase in film thickness and will be further discussed in the next

section.

One important point about the studies correlating surface texturing and fatigue life is the
statistical significance of the effects. Since fatigue tests are expensive and time
consuming, the number of repetitions of the tests is often small and therefore the

differences found from RFC life tests may not be statistically significant.!?!

3.2.2 Effects on lubrication

Optical interferometry was used to visualize EHL point contacts containing regular arrays

of both protruding features and pockets, for different slide-to-roll ratios,'?

showing how
the passage of individual texture features changes film thickness locally in the contact.
Similar works can be found in the literature showing either increase or decrease of EHL
film thickness in textured surfaces.!**!*! For example, it has been shown that transverse
grooves and ridges increase film thickness, which has been attributed to their contribution
on the hydrodynamic pressure in the contact. On the other hand, longitudinal features and

regular arrays of bumps typically reduce film thickness, because they channel lubricant

away from the contact.
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Numerical simulations have also been used to analyze the effect of surface topography
on EHL.!*? Similar to experimental studies, numerical work has proved an increase in
film thickness for transversal features and reduction for longitudinal features.!3* Micro-
cavitation effects have been introduced in recent models and made it possible to predict

conditions for which surface textures can increase EHL film thickness.!**

Experimental studies of textured EHL contacts have shown that very shallow pockets
(depth below 1 pm) with lateral dimension smaller than the contact area increase film
thickness when they cross the contact. However, deeper pockets lead to collapse of the

lubricant film.!!!

Also, surface texturing has only shown to increase film thickness in experimental studies
when the texture motifs are substantially smaller than the contact width.!3%13¢ Since EHL
contacts present small contact areas, the width of the surface features needs to be small

to be suitable for EHL contacts.

Most of the aforementioned works showing effects of surface texturing on EHL
lubrication are related to sliding conditions, but roller bearings work under conditions of
low slide-to-roll ratio (SRR). Fewer studies can be found for effects of surface texturing
on lubrication under rolling conditions. For example, optical observation of textured EHL
contacts show that the lubricant film’s shape present a typical horse-shoe shaped
constriction.'?® In addition, oil entrapment at the asperities in the peripheral region of the
contact is often observed. Therefore, the possibility of positive effects of surface texturing
on lubrication described for certain sliding conditions could also occur under
rolling/sliding conditions. It should be emphasized that the experimental studies in the

previous section showing the positive impact of surface texturing on fatigue life used low
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12L123.127 They mostly attributed the increase in fatigue life to

sliding-to-roll ratios.

lubrication improvement.

An initial discussion in Akamatsu’s pioneering work regarding the improvement of
fatigue life of roller bearings containing surface depressions already suggested an
improvement in lubrication.!?* Zhai’s subsequent work pointed out that the mechanism
was not just related to an increase in film thickness, but merely to the fact that the

depressions stored lubricant, which was released in the contact when needed.!?*

The experiments described above showing an increased EHL film thickness with surface
texturing under certain conditions suggest that even under low slide-to-roll conditions,
both mechanisms (increase in film thickness and lubricant storage) can help to improve
the lubrication conditions and increase the RCF life of roller bearings. This has been
proposed by Shi et al. when they modelled life prediction of textured ball bearings. The
lubrication model used in their calculations showed that lubricant film formation by
hydrodynamic effects was favored for transverse textures placed perpendicularly to the

entrainment velocity.!?®

However, surface texturing of roller bearings is challenging since the texture’s width and
depth should be considerably smaller than those used in conformal contacts. Typically,
the width needs to be in the order of only a few micrometers and the depth in the sub-
micrometer range. Texturing techniques able to produce such small features are few and

generally more expensive. %110

Another important issue related to lubrication of surface textured roller bearings is the
activation of additives present in the lubricant. Commercial cylindrical roller bearings
were textured by direct laser interference patterning (DLIP) and tested in tribological tests

corresponding to the conditions defined in the standard DIN 51819-3. The tests used a
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mineral base oil containing ZDDP additive as lubricant. The textured roller bearings
presented lower friction (30%) and significantly lower wear (two orders of magnitude)
when compared with untextured bearings.?! When the worn surfaces were analyzed by
optical (Figure 10 a) and laser scanning microscopy (Figure 10 b), tribofilms were
observed near the peaks of the textures. Raman analysis in the regions with and without
the tribofilms showed the formation of typical compounds present in ZDDP mechanically
activated tribofilms. It seems that localized high pressures induced by the surface texture
activated the decomposition of ZDDP and the formation of protective tribofilms thus
reducing wear. The decomposition of ZDDP is fundamental for the formation of
protective tribofilms.!? It should be emphasized that the texturing technique (DLIP) used
in this work enables the fabrication of surface textures with small features at relatively
low cost.** Since larger features have shown to be detrimental for film formation in EHL
contacts, the positive impact of surface texturing of roller bearings on the activation of
ZDDP additive could be counterbalanced if texturing methods that produce larger

features were used.
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Figure 10. Textured AISI 52100 steel roller bearing surface after rubbing in the presence
of mineral oil + ZDDP: (a) optical microscopy; (b) laser scanning microscopy (LSM). P1
marks a position with blue-colored tribofilm on the top of the textures, whereas P2
highlights a region of valleys without blue color.?! 2017, open access, MDPI.

3.2.3 Summarizing remarks

This section showed that the use of surface textures in roller bearings is still scare when
compared to other machine elements, in particular sliding components. The main reason
is the concern regarding RCF life of textured bearings. Another difficulty is the need for
textures with small diameters and depths, which are difficult to manufacture. Despite
these restrictions/challenges, it has been shown that textures can improve the lubrication
of roller bearings under certain conditions without compromising their RCF. First, the
depth of the individual pockets should be in the sub-micrometer range. Second, their
width should be substantially smaller than the elastic contact width. Third, channel-like
features are generally detrimental, since they can induce lubricant leakage from the
contact. Fourth, in the case of directional textures, they should be aligned perpendicularly

to the direction of movement. In addition, care should be taken when choosing the
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technology to manufacture the textures. It should be able to produce, preferably cheaply,

textures with small depths and diameters.

3.3.  Effect of surface texturing in gears

Gear transmission represents the most important way of mechanically transmitting
rotational motion and torque. Most commonly used gear parts are planetary-, bevel-,
helical-, worm-, rack and pinion gears.!'* Gears are used in different applications such as

industrial machines, vehicles, wind parks or power plants.

A typical gearbox includes a plurality of gear sets all disposed in the gearbox housing.
Each gear set includes at least two gears meshing with one another. Figure 11 highlights

the most relevant parameters for properly describing gears.!?’
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Figure 11. Schematic of gear teeth and their most relevant parameters. Reproduced with
permission. '3’
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The non-conformal and highly loaded contact (in the range of several GPa) between the
gear teeth surfaces usually operates under boundary or mixed lubrication due to poor
lubricant retention.!'* Even for highly polished gears with low roughness values, the
calculated maximum film thickness, assuming the best combination of load, speed and
temperature, is less than the peak to valley distance, thus leading to strong asperity
interactions.!*® Because of that, there is an urgent need for techniques that can help to
effectively sustain a lubricant film between the meshing gears in a gearbox in order to
improve the lubrication conditions. Friction at the sliding and rolling tooth contacts is

responsible for the majority of losses in gear pairs.

The different amounts of rolling and sliding occurring at different locations of the gear
teeth results in variations in sliding friction, inducing vibration and thus gear failure.
Typical gear failures are micro-pitting, pitting and scuffing. Surface fatigue phenomena
such as micro-pitting and pitting occur due to cyclic loading of gear parts thus resulting
in crack initiation and growth. Micro-pitting refers to a composite of small initial cracks,
provoked by insufficient lubrication, which can be recognized by its appearance due to
diffuse light scattering at the crack network. Micro-pitted areas can finally result in pitting

with small holes in the metallic surface.

Scuffing as a catastrophic failure refers to a sudden damage when sliding surfaces are
locally welded together. Due to insufficient lubrication and increasing sliding friction
between gear teeth, temperature increases and the protective lubricant film collapses thus
welding parts together and leading to material transfer when the gear teeth separate again.
Scuffing strongly depends on the applied load, sliding speed, surface quality and
lubrication state.!® This failure mode mainly occurs during running-in as gear
components need some operational time to achieve a smooth surface. In this context, there

are many approaches to smoothen gear teeth surfaces efficiently. According to Nakatsuji
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and Mori, electrolytically polished gear teeth with an arithmetic surface roughness Ra of

about 0.13 um showed reduced pitting tendency by 50 %.!4°

In this context, an important finishing technique for gears is superfinishing.!*® Surface
roughness of less than 0.1 pm can be achieved by superfinishing. The respective parts are
treated by the interaction of non-abrasive ceramic media (mostly alumina-based media)
with a reactive chemical (mostly consisting of phosphates, oxalates, sulfates, chromates
or even mixtures of them) in a vibratory finishing bowl thus using a dedicated surface
leveling/smoothing mechanism to produce gear parts with a reduced surface roughness.
The parts to be superfinished are placed in a finishing media, and a reactive chemical is
used to form a soft “conversion coating” on the respective surface. This coating is
chemically stable but mechanically unstable thus allowing for an easy removal through
the interaction with the non-abrasive finishing media. The repeated chemical reaction on
the surface and subsequent removal leads to a leveling effect where the chemical also acts
as a catalyst reducing the energy required to remove material from the surface of the
component while also controlling the refinement speed.!*® In 1984, Tanaka et al. had
already postulated that superfinishing may lead to a higher surface durability because of
the mirror-like surface finish leading to a pronounced reduction in asperity interactions.'*!
Britton et al. showed a decrease in friction of approximately 30 % by superfinishing at
maximum load and speed probably due to a significant reduction of asperity
interactions.!*® Krantz et al. studied the influence of superfinishing on surface fatigue for
case-carburized gears.!!> They present data from NASA Glenn gear fatigue tests, which
were run 300 millions of cycles. The direct comparison between ground and superfinished
specimens clearly reveals that in case of superfinishing, 7 specimens out of 15 operated

for 300 millions of cycles without any damage whereas for the ground samples only 3 out

47



WILEY-VCH

20 finished the test successfully. The overall superfinishing process has been reviewed

by Sroka and Winkelman.!'#?

Andersson et al. dedicated a lot of research work to investigate the influence of running-

in on the efficiency of superfinished gears.'#?

Their main finding was that superfinished
gears demonstrate a higher overall gear efficiency but obviously there is a particular
roughness limit up to which the efficiency can be improved. In the same context, Stanley
et al. stated that if surfaces are too smooth then adhesive forces may increase and thus
friction.!** Additionally, Zhu and Hu developed a general model for highly concentrated
contacts and according to their calculations there is an increased COF for smooth surfaces

under boundary lubrication in the speed range between 10-30 mm/s.!4>

Apart from methods to smoothen gear surfaces with the aim to increase the gear efficiency
and the resistance against surface fatigue, a few attempts have been made to apply surface
texturing in gear surfaces. One study dealing with texturing gears was performed by
Gupta et al., who studied the tribological performance of dimpled surface textures on spur
gear sets.!!* The surface textures were produced by chemical etching with non-uniform
dimple diameters (250, 400, 500 and 600 pm) and a final dimple density of around 11 %.
According to the above-mentioned reasons, the authors located the respective textures on
the face and flank regions of the gear teeth, as shown in Figure 12. Larger dimples were
produced close to the tip point where maximum sliding occurs based upon a research
work by Wang et al., who stated that larger dimple diameters lead to improved
tribological properties.®* A controversial aspect is that Wang et al. performed texturing
on SiC thrust bearings, so that the tribological conditions may be quite different from
those in gear teeth, even if we consider only the regions of the teeth where sliding prevails

over rolling.
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profile

teeth
profile

(b) (c)

Figure 12. Textured gear teeth produced by chemical etching. Reproduced with
permission.'!* 2018, Elsevier.

Testing of the textured gears revealed two main findings.!'* First, the textured gear sets
exhibited less wear compared to the untextured samples and moreover, the textured gear
contacts had only a low variation of sliding friction and thus a reduced vibration level,
which is decisive for gear applications. The basic mechanisms responsible for these
findings are not fully understood in their research work. It is supposed that the presence
of surface textures reduces the temperature rise in the contact and moreover wear debris

can be effectively trapped thus reducing abrasive contributions.

Tiwari et al. also reported on the use of dimpled textures for wind power gearboxes within
a US patent application publication.'#® They cited in their patent texturing methods such
as water-, abrasive jet machining, electrochemical methods and laser surface texturing
amongst others. Dimple diameters were in the range of 50 - 150 um with structural depths
of about 5 - 10 pm. The textures were located at the face region of the gear teeth contacts,

since it is away from the heavily loaded pitch area.

For particular applications such as helicopter gears with flank loads in the range of 1.5

GPa, textures could be beneficial if loss of lubrication occurs. According to EASA

49



WILEY-VCH

(European Aviation Safety Agency) requirements, a safe operation of the helicopter must
be guaranteed for at least 30 minutes after having recognized a severe oil pressure drop
in the system.!#’ In this case, surface textures could act as emergency backup to maintain

functionality of the gearbox.

Summarizing remarks

The texturing strategy obviously plays a vital role for gear parts. It is of utmost importance
to locate textures in regions of the gear teeth contacts, in which they can operate most
efficiently. In addition to the proper design strategy, it is necessary to consider the
material characteristics such as hardness and roughness. The effects of the respective
texturing method on the microstructure are highly relevant as it may be detrimental

concerning the previous material treatments such as case-carburizing.

On the one hand, LST using a pulse duration of nanosecond as a prominent texturing
technique could produce molten bulges in gear regions thus being detrimental for the
application by disturbing the lubricant film formation and also with regard to contact
fatigue. On the other hand, ultra-short pulsed laser systems (femto- or picosecond
systems) show significantly reduced thermal impacts with precise surface textures and
thus a better control of lubricant film formation. Avoiding bulges by the application of
ultra-short pulsed laser sources is furthermore of interest concerning the gear backlash
between gear pairs. Finally, the complex geometries of gears require a precise laser
handling system with a laser source of high stability and repeatability concerning the
texturing process. The introduction of properly designed surface textures by femto- or
picosecond laser must be accompanied by an ongoing development of the automation

process including the experimental periphery.
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The main drawback for the introduction of surface textures in gears might be due to the
high contact loads. Surface textures will probably not withstand this high load scenario
thus degrading quickly and therefore losing the ability to sustain a sufficient lubrication
of the contact. The precise location of surface textures in less heavily loaded regions is a

necessity as textures may degrade fast, losing their functionality.

4. Guidelines for surface texturing in machine elements

The successful use of surface texturing used in the main machine elements of
transportation systems faces many challenges. First, the effects of surface texturing on
tribological performance strongly depend on the contact conditions and lubrication
regime thus making the choice of appropriate textures difficult. Second, the underlying
mechanisms are not yet fully understood. Third, even in cases when the underlying
mechanisms are well understood, most components do not operate under one single set
of tribological conditions. Different parts of the same components may be subjected to
different velocities, normal loads, slide-to-roll ratios, lubricant supply conditions,
temperatures, etc., thus leading to different lubrication regimes. Therefore, different
texture patterns should be applied to different parts. Fourth, the manufacturing technique
should be able to texture parts of complex geometry, within the range of sizes most
adequate for the lubrication regime involved. Fourth, the technique should be cheap,
reproducible and with high resolution, ensuring that texturing in large-scale, industrial

conditions is reliable and cost-effective.

Based upon the evidences presented in the literature, this section aims at summarizing
texturing guidelines for each component (piston-ring system, seals, roller bearings and

gears) in terms of the sizes and shapes of the texture features, location of the textures on
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the component surface, texture distribution, and most relevant texturing techniques.
However, it is of utmost importance to consider that the effects of surface texturing in
real machine elements strongly depend on the operating conditions. Therefore, the points
raised should be only considered as initial guidelines. As far as possible, numerical
simulations using realistic conditions should help the design of textured machine

elements under specific operating parameters.

4.1. Piston-ring system

In the piston-ring system, surface texturing has been carried out on the bores or

32,38,44,49-53,55-57,60,64 as well as on the ril’lgS.34_38’4l’43’45_47’58’59’62’63 Texturing of the

liners,
rings has the advantage of resulting in smaller areas to be textured. In contrast, texturing
of the bores or liners should allow texturing to last much longer, since wear of the ring is
significantly higher than the wear of the bores.*® Another advantage for applying textures
on the bores is that since the velocity varies along the stroke, the textures can be tailored
according to the lubrication regime. For example, near the dead centers, where mixed or
even boundary lubrication prevails, higher area densities should be used, whereas in the
middle of the stroke, where a full film separates the surfaces of the rings and cylinders,
lower area densities may lead to better performance.’” When the rings are textured, partial
texturing provides further beneficial effects when compared with full texturing,34-3847-59

The percentage of textured area in case of partial texturing is recommended as around 50-

60%.3437

In terms of texture shapes, features that are able to retain the lubricant within the contact,

34-38,45,46,55,58,148

such as dimples, chevrons,*4%-%0 triangles, trapezoids,*” and interrupted

40,41,43,44,58,

grooves, % have generally shown superior performance than long grooves.
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Grooves are mostly used when the textures are applied onto the bores or liners, since they
are easier to manufacture, but the orientation normally follows a cross hatched pattern to
reduce lubricant leakage 3%40-43:51-54.56.64 Although the shape of the texture features have
not shown a very strong effect on the piston-ring system’s performance, small directional
features such as chevrons, trapezoids and angular interrupted grooves with their apex
aligned with the direction of piston movement seem more beneficial,**474%5% apparently
due to their ability to direct the flow into the high pressure regions, improving

hydrodynamic effects.

Different sizes have been reported in the literature for texture features, based upon
experiments and simulation. The width of the features is normally in the range between
30 and 100 pum,3*+37-38.41:44.49.50.61.65 g]though some works have reported values around 350-
400 pum.*47:55 Depths of the pockets are in the order of a few micrometers, with values
in the literature mostly in the range between 2 to 10 um. Most of the simulation results
show that the aspect ratio between the depth and width of the features is more important
than the values of width and depth themselves.?*37-3839 It has been pointed out that higher
aspect ratios may entrap more lubricant, leaving less oil for lubrication, thus leading to

starvation.

In terms of the texture distribution, most simulations suggest the largest improvements in
terms of lubrication and friction for higher area densities, so that it should be only limited
by the ability of the texturing technique to produce densely packed pockets or grooves.
3437 However, values between 10 and 50% have been successfully used,**-+*%> and some
simulations suggest that the effect of area density on the piston-ring system performance

should be minimal.>®>°
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Cross-hatched patterns are the easiest and cheapest to be produce and have been in use in
commercial cylinders for decades. They are mostly produced by plateau honing, 3!-3436
but also by laser honing.>%>%14% For the production of texture patterns, LST is today the
most vastly used technique.’>-37:4043:55.65.148  Advances in the technique have largely
reduced texturing times. In addition, the occurrence of hard rims around the pockets can
be reduced drastically by using pulsed lasers with ultra-short pulse duration, such as
femtosecond lasers. However, the challenge for even faster and cheaper technologies is
still an issue for a broader use of surface texturing in piston rings. One alternative that
seems promising is the use of electrochemical texturing, which does not produce any
changes in the material around the pockets, due to its low cost and high texturing speed.
For example, the use of soft photolithographic masks at low cost allows cheap and fast
texturing of cylindrical surfaces.!>*!>! Another approach consists of electrochemical
texturing whereby masking is carried out in the tool rather than in the workpieces, called
maskless electrochemical texturing (MECT).!>? This technique has been used to texture
gray cast iron cylinders,'>* presenting the further advantage of exposing the graphite

flakes in the matrix, thus inducing further friction reduction due a solid lubrication

mechanism.!>*

4.2. Seals

Surface texturing is carried out on the sealing face of the seal, which should be only
partially textured for further improvement in terms of load capacity, friction and leakage

performance.”-8!

Circular dimples are the most largely used for texturing seals,!6-78:81.86.87.90.100 “ Although

some works suggest that the shape of the textures does not seem to have a strong influence
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on the seal performance,”’ both numerical simulations and experiments have pointed
towards superior performance for directional textures, such as elliptical textures, °>%3 as

well as triangles pointed towards the sliding direction.”>!0!

Different width values (diameter for circular dimples) have been successfully used in
textured seals, from some tens of micrometers,'®7”-33% to hundreds of micrometers,?>%7,
or even the low millimeter range.® It seems that the width of the textures has only a minor
effect, as long as the aspect ratio and the area density are not changed. Depth values are
often in the range between 2 and 20 um, depending on the width of the textures, to ensure
aspect ratios normally in the range between 0.05 and 0.1, although some simulations have
suggested optimum performance for much lower values of aspect ratios (between 0.005
and 0.015). Simulations have suggested optimum area densities of around 50 %,
although most works in the literature have shown improved performance for textured

seals with area densities between 10 to 20 %.86:87:89.90

LST is again the technique mostly used for textured seals,”®-80:87:89.90.155  g]though other

techniques have also been suggested, such as reactive ion beam for ceramic materials.?>-3¢

4.3.  Roller bearings

It is common sense among manufacturers that the surfaces of roller bearings should be as
smooth as possible to improve their rolling contact fatigue.!!” However, surface texturing
of roller bearings has led to superior performance in terms of lubrication and RCF under
specific conditions. Texturing has been mostly carried out on the rolling

136

elements,!20-121.123.127.129.136 1yt algo on their counterparts,'3® in particular on the bearing

washers.?!
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Small dimples, particularly with circular shapes, have been used in those trials,?!:121:127

although short interrupted grooves have also been used.!>® There is some evidence in the
literature that directional features, such as triangles, could lead to lower friction for the
texturing of cylinders in line contacts, when compared to isotropic features, such as

157

circular and square dimples.”’ However, the effects of directional texturing on roller

bearings has not yet been tested under more realistic, sliding-rolling conditions.

From the lubrication point of view, the textures need to be shallow, so that positive results
have been mostly observed for texture depths below 2 um.2L12L127.156 Tn terms of width
of the textures (diameter for circular dimples), the textures are also smaller when
compared with those used under sliding conditions, since the contact areas in non-
conformal contacts are small. From the point of view of reducing asperity contact, which
can directly improve RCF, larger width and area densities are more beneficial.'?! Since it
is difficult to manufacture wide and shallow textures, the guideline has been to use
shallow textures with intermediate width values. Most works in the literature show values
of width in the range 30 - 40 um 21121127156 To reduce the amount of asperity contact, the

strategy should be to increase the area density without compromising the load support.

The choice of texturing technology for roller bearings is a difficult task. In their
pioneering work to use surface texturing in roller bearings, Akamatsu et al. used a
machining process involving tumbling of barrels to remove the asperities of conventional
rollers, leaving behind depressions in the surface.!?* Nanosecond laser ablation may be
restricted to produce very shallow features and may lead to problems by creating rims
around the pockets, thus strongly compromising their RCF life. In laboratory studies,
slow techniques such as by producing individual indentations have been used,!?!:127:156

but they are not applicable at industrial scale. One promising technique is DLIP!*® since

it does not involve ablation, but material is moved to create the textures as a result of the
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interference of at least two laser beams. The features produced are shallow, normally in
the range between 0.5 and 2 pm. Shallow textures are essential to ensure relatively thick

films between the surfaces, thus not compromising the RCF life of the roller bearings.

4.4. Gears

Traditionally, the surface of gears is improved by superfinishing.!!>138142 The use of
surface texturing in gears is still very incipient. When used, surface texturing has been
applied to the face and flank regions of the gear teeth. Texturing should be avoided around
the pitch point because it withstands the highest load, thus textures could wear off

quickly. !

Since there is very little work dedicated to evaluate the tribological performance of
textured gears, guidelines regarding optimized surface texturing conditions cannot be
drawn yet. So far, circular dimples have been used, with diameter between 50 and 650
um, depth between 5 and 50 um. It might be advisable to use different texture geometries
at different locations of the gear teeth, with larger diameters closer to the teeth tip.
However, further numerical and experimental work are highly recommended before

optimized surface textures can be identified for gears.

Another issue is the adequate choice of surface texturing technique. The use of laser
texturing techniques faces the challenge of a complex geometry of the gear teeth, this
requiring sophisticated positioning systems. In addition, ultra-short pulsed lasers should
be used to avoid rims around the pockets that could compromise the RCF life of the gears.

One potential technique is electrochemical texturing, particularly using soft
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photolithographic masks.!>!1>° This should overcome the challenge of texturing complex-

shape components and should also avoid the formation of hard rims around the pockets.
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Surface texturing has gained great attention in the tribological community since precisely
defined surface features can help to reduce friction and/or wear irrespective of the acting
lubrication regime. This review aims at summarizing the latest developments in the field
of surface texturing applied to machine components with a special emphasis on piston

rings, seals, roller bearings and gears.

Surface texturing

Andreas Rosenkranz”, Philipp G. Griitzmacher, Carsten Gachot, Henara L. Costa

Surface texturing in machine elements - a critical discussion for rolling and sliding

contacts
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Controlling friction by multi-scale surface patterning inside and outside the contact zone

5. CONCLUSIONS AND OUTLOOK

The present dissertation aims at improving the tribological behavior of steel surfaces by applying
bio-inspired multi-scale surface patterns inside and outside of the contact zone. Additionally, suitable
patterns are to be transferred to the application, in the of journal bearings’ shafts. For the generation
of multi-scale patterns, larger micro-coined patterns are combined with smaller laser patterns. Typical
spatial dimensions of the laser patterns comprise periodicities below 50 um and depths below 5 pm,
whereas micro-coining particularly creates patterns with periodicities and depths greater than 500 and
15 pm, respectively. With respect to laser patterning, especially DLIP effectively and precisely creates
even smaller patterns (periodicity < 20 pm and depth < 2 um). Hence, the combination of both tech-
niques is suitable to create multi-scale patterns. Especially smaller patterns comprising features smaller
than the Hertzian contact width can induce hydrodynamic pressure, whereas larger patterns are partic-
ularly effective in entrapping wear particles and creating lubricant reservoirs, thus enhancing the sec-
ondary lubrication effect. In this context, multi-scale patterns, applied inside the contact zone, are an
interesting approach to improve the tribological behavior of surfaces. Furthermore, multi-scale pat-
terns, applied outside the contact zone, are investigated with the aim of preventing lubricant migration
out of the tribological contact or guiding lubricant over the surface. Thus, surface patterns outside the
contact area can further improve the tribological behavior by helping to prevent starved lubrication,

which leads to significantly increased friction and/or wear.

First of all, reasons for lubricant migration out of the contact zone as well as means to improve
lubricant migration by hindering lubricant movement or guiding lubricants over the surface are inves-
tigated (Objective 1). Secondly, the efficiency and the underlying mechanisms of multi-scale patterns,
applied inside the contact zone, are demonstrated in preliminary ball-on-disk laboratory experiments
(Objective 2). Finally, suitable single-scale and multi-scale surface patterns are selected, transferred
onto the curved shafts of journal bearings, and compared with respect to their tribological behavior. In
this context, especially the comparability between preliminary laboratory experiments and the pat-

terns’ efficiency in a real machine element is of interest (Objective 3).

OBJECTIVE 1

Lubricant migration out of the contact zone can be caused by centrifugal forces or temperature
gradients. It is found that higher centrifugal forces cause a faster lubricant migration out of the contact,
thus decreasing the lifetime of the measured samples. By means of measurements of the solid-solid
contact ratio, a transition from mixed to boundary lubrication resulting from lubricant migration is
verified, which leads to significantly increased friction and severe wear. This transition is faster for
greater centrifugal forces and smaller lubricant viscosities. Hence, the potentially catastrophic conse-

quences of lubricant migration out of the contact zone are demonstrated.
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Regarding thermocapillary migration, it is shown that surface patterns oriented perpendicular to the
temperature gradient and thus, to the preferential direction of lubricant migration, can effectively hin-
der the lubricant movement towards colder regions. In this regard, deeper patterns are more effective
in pinning the droplet’s contact line and thus hinder lubricant migration. It is shown that patterns fab-
ricated by micro-coining can completely prevent thermocapillary lubricant migration, representing a
viable method to reduce lubrication migration by applying patterns outside the contact zone. Addition-
ally, channel-like single-scale laser and micro-coined patterns, as well as multi-scale patterns fabri-
cated by a combination of both techniques, are investigated in terms of their ability to guide lubricants
over the surface. All patterned surfaces inhibit an anisotropic lubricant spreading behavior with a pref-
erential lubricant spreading parallel to the channel-like patterns, which can be attributed to pinning
effects perpendicular to the patterns and capillary forces parallel to the patterns. Besides, the effect of
structural parameters is demonstrated, whereby stronger anisotropic spreading is observed with greater
structural depths and smaller periodicities. As the multi-scale samples exhibit greater capillary forces
and a stronger tendency for spreading induced by a greater roughness, these samples show the strong-
est anisotropic spreading behavior. In this context, artificially fabricated multi-scale samples are in-
vestigated for the first time regarding their influence on lubricant spreading. In case of parallel orien-
tation of the patterns with respect to an applied temperature gradient all patterns again show a faster
migration velocity than a polished reference sample. Similar to the experiments without temperature
gradient, the multi-scale samples show the fastest migration velocity. Hence, these results demonstrate
the possibility to improve lubricant migration by guiding lubricants over the surface. Summarizing,
lubricant migration out of the tribological contact zone, which leads to significantly increased friction
and severe wear, can be prevented by applying tailored patterns outside the tribological contact. This
approach has the additional advantage that the patterns do not wear off with time, which means that
they can outlive the component and prolong the lifetime of patterns applied inside the tribologically
loaded contact zone. Finally, patterns applied outside the contact zone can contribute to improved

friction and wear behavior, thus increasing the lifetime of the element.

OBJECTIVE 2

Multi-scale patterns inspired by nature are accurately fabricated on steel by a combination of micro-
coining and DLIP. In this context, the cross-like laser pattern is homogeneously distributed on the
primary micro-coined pattern consisting of hemispherical dimples. As shown by ball-on-disk experi-
ments the multi-scale patterns improve the frictional behavior and show smaller COFs compared to
the polished reference and the purely laser-patterned sample. However, compared to the purely micro-
coined pattern the multi-scale patterning approach can either show detrimental or beneficial effects
depending on the depth of the micro-coined pattern with which the laser pattern is combined. For
shallow micro-coined patterns, the additional laser pattern increases the COF due to its spikier topog-

raphy, resulting in higher contact stresses and reduced load-carrying capacity. On the contrary, for
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deeper micro-coined patterns combined with the additional laser pattern synergetic effects are ob-
served. This pattern improves the frictional behavior leading to smaller COFs, which can be traced
back to a better distribution of lubricant in the contact zone, reduced cavitational effects and thus
possibly higher hydrodynamic pressures. Hence, multi-scale patterns applied inside the contact zone

can, if appropriately designed, contribute to an enhanced frictional behavior with reduced COFs.

OBJECTIVE 3

Effective single- and multi-scale surface patterns, which have been selected in the preliminary la-
boratory experiments, are transferred successfully to the shafts of journal bearings. Despite the shaft’s
curved surface, all patterns are accurately fabricated showing good comparability between the labora-
tory samples and the shafts. The tribological experiments demonstrate a greatly improved frictional
behavior with significantly reduced COFs and a transition from mixed to hydrodynamic lubrication at
smaller rotational speeds for all patterned shafts compared to the polished reference shaft. Following
the preliminary laboratory experiments, the maximum friction reduction in mixed and hydrodynamic
lubrication accounts for 2 - 3 and 4.6, respectively. The positive effects of the patterns can be traced
back to an additional hydrodynamic pressure as well as the possibility to create lubricant reservoirs
and trap wear particles. The maximum friction reduction of 4.6 is observed for the shaft with the multi-
scale pattern comprised of deeper micro-coined hemispherical dimples and an additional cross-like
laser pattern. This again reflects the synergetic effects of the multi-scale patterning approach as well
as the excellent comparability between preliminary laboratory experiments and the tested journal bear-
ings. In summary, the unique possibility to transfer results from the laboratory into the application, in
the form of a journal bearing, is demonstrated. Furthermore, multi-scale patterns inspired by natural

occurring surfaces offer great potential to contribute to improved frictional behavior.

ONGOING WORK

As shown in the results, patterns applied outside the contact zone offer the potential to improve
lubricant migration by preventing the migration out of the contact zone or by guiding lubricant over
the surface. It is subject of ongoing research to apply single- and multi-scale surface patterns to ma-
chine elements, such as thrust bearings, to prevent lubricant migration out of the contact thus improv-
ing the elements’ lifetime. Apart from that, surface patterns outside the tribological contact zone are

considered to be beneficial to reduce side leakage of lubricants in journal bearings or mechanical seals.

Another promising approach to maximize the positive effects regarding a tribological improvement
is to combine surface patterns applied inside and outside the contact zone. Synergetic effects are to be
expected by combining these approaches, thus “directly” and “indirectly” reducing friction and wear.
Furthermore, by reducing lubricant migration and retaining the lubricant inside the contact zone, the

patterns applied inside the contact zone will exhibit less wear and thus have a longer lifetime.

53 Philipp Griitzmacher



Controlling friction by multi-scale surface patterning inside and outside the contact zone

OUTLOOK

The results of the present dissertation provide fundamental insights into the underlying mechanisms
of surface patterns inside and outside the tribological contact zone regarding the improvement of the
tribological behavior and lubricant migration. However, to obtain a comprehensive and holistic under-
standing of the process of friction reduction, supporting simulations are necessary. In this context, the
first steps have already been realized within the framework of this thesis by comparing the tribological
effects of purely micro-coined dimples under lubricated conditions in ball-on-disk experiments and

(2221 In both, experiments and simulations, the frictional performance could

accompanying simulations
be improved by applying hemispherical micro-coined dimples. It could be shown that the relative
position between counter-body and dimple is of great importance, whereby the greatest friction reduc-
tion was achieved when the dimple is crossed centrically by the ball. The significant friction reduction
by applying micro-coined dimples inside the contact area as well as the excellent comparability be-
tween simulations and experiment is shown in Fig. 20. Regarding an optimization of the dimples’
structural parameters, it was demonstrated that shallow dimples with diameters in the order of the

elastically deformed contact zone provide the greatest friction reduction due to the build-up of addi-

tional hydrodynamic pressure and an increase in lubricant film thickness.
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Figure 20: Comparison of the frictional behavior of micro-coined dimples in experiments and simulations. The
experiments show a significant friction reduction upon encounter with the micro-coined dimple compared to
the reference surface, which is the greatest when the dimple is crossed centrically (a). Likewise, the simula-
tions demonstrate a dependence of the relative position between dimple and counter body with a greater fric-

tion reduction for a central alignment (b). Modified from 1222,

Simulating the frictional performance of patterns inside the contact zone can be an effective and
time-efficient approach to identify optimum structural parameters and pattern geometries. This is es-
pecially true when considering patterns in machine elements since these experiments are complicated,
time-consuming, and costly. Nevertheless, simulations have to be carefully verified by experiments

since simulations can only deliver results that are predetermined by the assumptions on which the
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simulation is based. Furthermore, simulations of multi-scale patterns are highly sophisticated. Simu-
lations that capture multiple scales are either very time consuming or not very precise because a small
mesh size has to be chosen to capture the effects induced on the smaller scale, which is intensive to

compute. Hence, further research must be dedicated to this issue.

Finally, as demonstrated in the final paper of the present dissertation the tribological performance
of numerous machine elements can be improved by applying surface patterns. A future challenge will
be to integrate patterning tools into existing product lines to apply surface patterns to machine ele-
ments. Especially for multi-scale patterns, this is a challenging task. One possible approach to create
multi-scale patterns inline is based upon laser processing, which is versatile regarding the substrate
materials and possible pattern geometries. Thus, large surface features could be generated by DLW,

while smaller features are superimposed in a second step by DLIP.
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6. NOT INCLUDED PAPERS

Within the framework of the present dissertation, further research has been conducted which was

also published in internationally recognized, peer-reviewed journals. However, since these results con-

tribute only to a minor extent to clarifying the objectives of the dissertation mentioned above, these

papers were not included. Nonetheless, they shall be mentioned in the following:
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FIGURES

Figure I: a) Increasing worldwide CO2 emissions in tons of COz since 1971 due to the growth in 2
world energy demand from fossil fuels. In b) the CO2 emissions are broken down by sector.

Two-thirds of global emissions are produced by two sectors of which electricity and heat genera-

tion is by far the largest with 42 %, followed by transport, accounting for 24 % U],

Figure 2: Scale-like surface topographies of a) shark skin 3! and b) snakeskin [47), 5
Figure 3: Schematic of the laser-material interaction in the case of a) short and b) ultrashort la- 9
ser pulses [6°],

Figure 4: Representation of the effect of pulse duration on the thermal penetration depth in steel 10
according to equation (2). The pulse duration is varied from 5 ns down to 100 fs resulting in a

significant reduction in the depth of thermal penetration.

Figure 5: a) Schematic of the DLIP process set-up with the necessary equipment to guide the 12
beam and scan the sample: beam attenuator, shutter, beam splitter, mirrors, mask and translation

stage. Here, the beam is split into two beams to create a line-like intensity distribution. b) Gener-

ation of a periodic intensity distribution due to constructive (high intensity) and destructive (low

intensity) interference of two beams. The periodicity indicates the distance from one intensity

maximum to the next and depends on the angle of the two beams as well as the laser wavelength

N.

Figure 6: Schematic of the micro-coining process showing the different components used for 13
manufacturing micro-patterns.

Figure 7. Schematic of the photochemical patterning process. Before the process, the substrate 14
is cleaned. Subsequently, a photoresist is applied, which is then exposed to UV light at the posi-

tions not covered with the photomask to increase the resistance against the developing solution

(negative photoresist). Finally, the photo-resist is dissolved, and the substrate is chemically

etched, resulting in surface patterns.

Figure 8: Stribeck curve showing the different lubrication regimes, boundary, mixed and hydro- 16
dynamic lubrication.

Figure 9: Schematic illustration of the real area of contact and the apparent contact area of con- 17
tact between two rough surfaces or a surface with deterministic surface topography and a flat

surface P61,

Figure 10: Reduction of the real area of contact as a result of laser patterning. The images show 18
the real area of contact upon contact of a steel ball (diameter 6 mm) with a polished steel sample

(a) and with a laser-patterned sample having a periodicity of 9 pm (b). The ball was loaded onto

the sample with 1 N. Modified from 7.

Figure 11: Schematic of the entrapment of wear particles in the topographic minima of a pat- 19
terned surface. During sliding, plastic deformation of the substrate occurs resulting in the gener-

ation of wear particles. These particles are entrapped in the surface depressions and hence cannot

contribute to further abrasion of the surface.
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Figure 12: Asymmetric pressure distribution due to local cavitation at the patterns’ sites. The net 21
pressure is positive since the cavitation pressure of the lubricant limits the negative pressure.

Note that additional hydrodynamic pressure can only be generated when the cavitation pressure

is inferior to the supply pressure 221,

Figure 13: Examples of artificially manufactured multi-scale patterns. Shown are electrodepos- 23
ited lotus leaf patterns in nickel (a) *”), a combination of large and small dimples in silicon car-

bide (b) ["*%) and multi-shaped patterns manufactured by laser patterning on steel (c) 157,

Figure 14: Schematic illustration of the flow patterns on the solid-liquid interface and inside a 25
liquid droplet sitting on a surface with a temperature gradient. The advancing (é) and receding

(6) contact angles, which are related by Young’s equation with the interfacial tensions existing

at the solid-liquid (ysL), solid-gas (jsc) and liquid-gas (yLc) interfaces 174, differ as a result of the

applied temperature gradient. The droplet moves toward cold regions of the surface. Modified

from [173),

Figure 15: Schematic illustration of the lubricant’s migration out of the hot contact zone toward 27
the colder surrounding areas. The contact zone is heated by frictional heating resulting in a re-

duction of the interfacial tension and ultimately in the loss of lubricant out of the contact zone.

Figure 16: Schematic illustration of the lubricant loss from the contact zone due to centrifugal 28
forces in a ball-on-disk experimental set-up. The oil reservoir represents the lubricant film,

which is present in excess in the contact zone. Due to the acting centrifugal forces, the surface

area of the lubricant film significantly decreases possibly leading to a reduction of lubricant film

thickness. Reproduced from [89,

Figure 17: A droplet’s contact line with the contact angle #is pinned on an edge as the liquid 30
migrates from left to right. Upon contact with the edge, the contact angle can take any value with

respect to the horizontal reference value between fand « - ¢ + 6, which is represented by the

colored region. Only after exceeding a contact angle of - ¢ + &the droplet can migrate further

to the right. Reproduced from [206],

Figure 18: Overview of the respective papers regarding objective 1. Reasons for lubricant mi- 34
gration, the effects of lubricant migration on the tribological behavior, as well as topographical

designs to modify it are investigated.

Figure 19: Overview of the respective papers regarding objective 2 and 3. First, multi-scale pat- 38
terns are designed and tested for their tribological behavior. Effective patterns are then trans-

ferred to the shaft of a journal bearing, and the comparability with the preliminary results is

demonstrated.

Figure 20: Comparison of the frictional behavior of micro-coined dimples in experiments and 54
simulations. The experiments show a significant friction reduction upon encounter with the mi-

cro-coined dimple compared to the reference surface, which is the greatest when the dimple is

crossed centrically (a). Likewise, the simulations demonstrate a dependence of the relative posi-

tion between dimple and counter body with a greater friction reduction for a central alignment

(b). Modified from 222,
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