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Abstract

Combining carbon nanoparticle coatings with textured metallic surfaces forms an effective
solid lubrication system. As the adhesion of nanocarbons on metallic surfaces is poor, the
sustained lubricity of this system is based on storing the nanocarbons in the topographical
minima of the texture from where the particles are continuously supplied directly to the contact.
This dissertation investigates various aspects of this lubrication system, including the primary
lubrication and degradation mechanisms of the particles in the contact, and their lubricity under
extreme operating environments. Furthermore, the structural depth of the surface texture is
optimized to improve the lubricity of carbon nanoparticle coatings. The obtained results
strongly and consistently indicate that rolling is not the primary lubrication mechanism of
carbon nanotubes. Instead, a multi-step lubrication mechanism based on progressing particle
amorphization and the saturation of superficial dangling bonds is proposed. Among all the
tested carbon nanoparticles, carbon nanotubes exhibit superior lubricity in ambient conditions.
In contrast to the other particles, patch formation on the textures is observed with the carbon
nanotubes which likely contributes to their enhanced tribological properties. The carbon
nanotubes also demonstrate superior lubricity compared to the other examined lubricant
coatings (including conventional solid lubricants) under high loads and otherwise ambient

conditions.
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Zusammenfassung

Die Kombination von Kohlenstoff-Nanopartikel-Beschichtungen mit strukturierten
Metalloberflachen bildet ein effektives Festschmiersystem. Aufgrund der schwachen, nicht-
kovalenten Haftung von Nanokohlenstoffen auf metallischen Oberflachen, beruht die
Schmierfahigkeit dieses Systems auf der Speicherung der Nanokohlenstoffe in den
topografischen Minima der Struktur. Im Rahmen dieser Dissertation werden verschiedene
Aspekte dieses Schmiersystems untersucht, z.B. die primdren Schmier- und
Degradationsmechanismen, und ihre Schmierfahigkeit unter extremen Betriebsbedingungen.
Des Weiteren wird die Tiefe der Oberflachenstruktur optimiert, um die Schmierféhigkeit der
Kohlenstoff-Nanopartikel-Beschichtungen zu verbessern. Die Ergebnisse deuten darauf hin,
dass Rollen nicht der primére Schmiermechanismus der Carbon Nanotubes ist. Stattdessen wird
ein  mehrstufiger Schmiermechanismus  vorgeschlagen, der auf fortschreitender
Amorphisierung der Partikel sowie der Séttigung oberflachlicher, gebrochener Kohlenstoff-
Bindungen beruht. Unter Umgebungsbedingungen weisen Carbon Nanotubes die beste
Schmierfahigkeit aller getesteten Kohlenstoff-Nanopartikel auf, diese ist aller
Wabhrscheinlichkeit nach zumindest in Teilen auf die Bildung von Carbon Nanotube-Patches
auf den Oberflachenstrukturen zuriickzufuhren. Die Carbon Nanotubes weisen auch im
Vergleich zu den anderen untersuchten Schmierstoffbeschichtungen bei hohen Lasten und unter

atmospharischen Bedingungen eine tberlegene Schmierfahigkeit auf.
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Abbreviations and symbols

Abbreviation

Definition

ADF
CLSM
CNH
CNP
Cco
COF
(MW)CNT
CVvD
DLC
DLIP
DLW
EJ
EPD
h-BN
HD

ID

LD
Mg-Nit
Mt
NASA
PTFE
PVD
TEA
TEM
TMD
USP

Amplitude density function
Confocal laser scanning microscopy
Carbon nanohorn

Carbon nanoparticles

Carbon onion

Coefficient of friction

(Multiwall) Carbon nanotubes
Chemical vapor deposition
Diamond-like carbon

Direct laser interference patterning
Direct laser writing

Exajoules

Electrophoretic deposition
Hexagonal boron nitride

High depth

Intermediate depth

Low depth

Magnesium nitrate hexahydrate
Million tons

National Aeronautics and Space Administration
Polytetrafluorethylene

Physical vapor deposition
Triethylamine

Transmission electron microscopy
Transition-metal dichalcogenide

Ultrashort pulses
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Symbol Definition
Fr, Fn Frictional force, normal force
U Coefficient of friction
Rq Root mean square roughness
Ra Arithmetic average roughness
I Sampling length
Arithmetic mean of the absolute ordinate within the
y(x) :
sampling length
Rk Skewness
Riu Kurtosis
E’ Reduced Youngs’ modulus
R’ Reduced contact radius
Poisson ratio
Youngs’s modulus
Periodicity
TP Pulse duration
dopt Optical penetration depth
Tep Electron-phonon interaction time
Ce Electronic heat capacity
G Electron-phonon coupling constant
Minimal time needed to initiate expansion of the
et heated lattice
Theat Lattice heating time
tth Characteristic time of heat dissipation
Oeff Effective penetration depth
5 Thermal diffusion coefficient during electron-lattice
EQ

equilibrium

Xl
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1. Introduction

Tribology is the science and engineering of interacting surfaces in relative motion. It deals
with the study and application of friction, wear, and lubrication. Whenever movement occurs,
be it in the bearing of a mechanical system or a joint in a biological system, tribological
processes take place. The primary objective of tribology is to develop a better understanding of
the mechanisms of surface interactions, improve the efficiency and durability of mechanical
systems and reduce energy consumption and environmental impacts.

Most people are unaware to the ubiquity of tribology in everyday life. For instance, wearing
slippers at home gives us better grip on the floor, enabling quicker and more efficient
navigation. Breaking pads pressed against the rim of the bicycle wheel allow us to decelerate
and stop. Even the mouthfeel of food is heavily influenced by tribological phenomena.
Tribology also plays a major role in high-tech as it represents a crucial aspect in modern micro
electronical systems, integrated circuits, electrical vehicles, and aerospace. The consequences
of a major tribological failure became apparent in 2013 at NASA’s Kepler telescope when the
flywheel shaft system failed due to friction-induced problems *. This led to the loss of critical
control and stabilization functions and resulted in the discontinuation of the original mission
after only 4 years of service.

Friction is always associated with wear and, thus, material as well as energy loss which
represents an immense economic factor, particularly in a highly industrialized society. Based
on data from 2014, calculations by Holmberg and Erdemir have shown, that 23 % of the annual
energy consumption globally, which corresponds to 119 exajoules (EJ), originates from
tribological contacts. 87 % of that is used to overcome friction while the remaining 13 % goes
into remanufacturing wear parts and spare equipment due to wear and wear-related failures 2.
However, considering that the replacement of worn parts not only results in energy cost but also
leads to other problems such as maintenance cost and production losses, the total cost of wear
is significantly higher. Holmberg and Erdemir estimate that the total economic damage
worldwide originating from tribological contacts in all societal sectors is up to 2.5 trillion euros
annually of which 73 % is due to friction and due to 27 % wear 3. When relating the used energy
directly to emissions, friction and wear would account for 8,120 million tons (Mt) of emitted

CO- per year. In the transportation sector, friction losses are most significant as it accounts for
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roughly 30 % of the total energy use, compared to 20 % in the energy industry and
manufacturing whereas in the residential sector, it is only 10 % 2.

As humankind starts to transition away from fossil fuels to a more sustainable economy, the
associated technologies such as renewable energies dominate the public debate, however, the
significant impact tribology has on resource conservation is widely disregarded. Holmberg and
Erdemir have determined that implementing advanced tribological technologies in different
mechanical systems such as passenger cars, trucks and buses, equipment in the mining industry

and paper machines would save substantial amounts of friction and wear 2.
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Figure 1. (a) Calculated potential friction and wear savings over current state of the art by the
introduction of advanced tribology solutions in four case studies and their time scale of implement 2
The savings and timescale of implementation are based on the present transportation and industry
infrastructure and do not consider future trends (e.g., the introduction of electric vehicles). (b) Potential
annual savings in energy, cost, and CO. emissions globally (linearized) in different sectors during the

initial 8 years of advanced tribology implementation 2.

The calculations displayed in Fig. 1a indicate considerable differences in the duration required
for implementation. Truck and bus manufacturers are able to adopt new technologies faster as
there are fewer owners with large fleets hence the implementation time is considered relatively
short. In the paper and mining industry, however, the machines have extensive lifetimes and
return on invest is prioritized over immediate adoption. Fig. 1b shows the absolute potential
savings in the most relevant sectors during the initial 8 years after implementation which
amounts to 21 EJ, 453 billion euros and 1,460 Mt of CO, annually and worldwide. The
transportation and energy industry hold the greatest potential for savings, however, immediate
savings in these sectors would not be as significant due to longer implementation times.

One approach to mitigate friction and wear is by introducing a texture to either one or both

surfaces in a contact ° as the true contact area is reduced ©. The impact of surface texturing,



Combining carbon nanoparticle coatings with textured surfaces for enhanced solid lubrication

e.g. in the form of patterns with respect to tribological optimization can be observed in nature,
specifically in marine life. Paleontologists assume, that the bodies of animals such as sharks
evolved into streamlined shapes with specifically structured skin to minimize flow resistance
during locomotion (Fig. 2a and b). This adaptation is crucial for their survival as the majority
of shark species rely on speed and maneuverability to hunt. The ability to minimize flow
resistance is so significant ’-° that it inspired German companies Lufthansa Technik and BASF
to develop a polymer foil, that mimics shark skin 1°. The foil is designed for attachment on
specific parts of the aircraft fuselage to reduce aerodynamic drag and, thus, fuel emissions.
According to the two companies, this technology enables annual fuel savings of up to 1.1 %,
which in the case of a Boeing 777 corresponds to 4,800 tons of kerosene or 15,200 tons of
carbon dioxide 1°. The described efficiency gain has led Lufthansa Cargo and Swiss to introduce

this technology in their fleet from 2022 onwards 1.
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Figure 2. (a) Blacktip shark (Carcharhinus limbatus *, inlet: scanning electron micrograph of the
placoid scales of the shark from the dorsal body wall anterior to the dorsal fin *2). (b) Fuselage of a
Lufthansa Cargo aircraft equipped with the polymer foil **.

The shark skin foil represents a fine example of how biological structures influence and
improve the design of technical components to increase performance and efficiency. The most
effective approach to mitigating friction and wear, however, is lubrication. Liquid lubricants
(typically oil-based) are the most widely used form of lubrication today as they combine high
lubricity with simple applicability and accessibility while being cost-effective, which makes
them well-suited for a wide range of applications. However, oil cannot be used in extreme
environments as it solidifies in the cold or starts to evaporate at the latest between 300 °C and

350 °C and in vacuum. Operating under high load represents another challenging scenario

! Shutterstock



Combining carbon nanoparticle coatings with textured surfaces for enhanced solid lubrication

where lubricants are exposed to elevated temperatures. Firstly, this causes the viscosity of oil-
based lubricants to break down and results in decreasing film strengths. This is often followed
by a transition to a more unfavorable lubrication regime and in extreme cases, the contact
starves entirely. Secondly, oil tends to oxidize when exposed to heat. As a result, acidic
compounds are formed that corrode the surface, causing enhanced wear 4%, Naturally, oil is
also hazardous to the environment if not handled and disposed correctly. Conventional solid
lubricants such as graphite, diamond-like carbon (DLC), transition metal dichalcogenides
(TMD: e.g., molybdenum disulfide and tungsten disulfide) are more suitable for these
conditions and generally more eco-friendly, however, their individual lubricity also depends
strongly on the operational conditions and is, thus, limited.

Carbon nanoparticles such as carbon nanotubes (CNT), carbon onions (CO) and carbon
nanohorns (CNH) combine a variety of properties that make them suitable for high performance
solid lubrication. Due to sp? hybridization, these nanocarbons are highly conductive with strong
mechanical properties. This is paired with a cylindrical (CNT) or spherical (CO, CNH)
morphology, which means they are less susceptible to oxidation as they have little to no edge
area and can theoretically roll. Therefore, the lubricity of CNT, CO and CNH might be
significantly less dependent on its operating environment compared to that of conventional solid
lubricants.

As shown by Reinert et al. %8, the friction-reducing effect of a surface texture is brief as it is
worn off rapidly by the counter body. CNTSs, on the other hand, do not form a covalent bond
with the substrate hence CNT coatings are pushed out of the contact when exposed to frictional
stress. When both approaches are combined, however, the topographical minima of the texture
function as lubricant reservoirs that store the particles and prevent their removal. Moreover, the
particles are continuously passed from the reservoirs to the contact. This way, the weaknesses
of the individual approaches are negated, and an effective solid lubrication system is formed.

The objective of this dissertation is to study and optimize crucial aspects and properties of
this solid lubrication system. This includes the coating process, design optimization of the
surface texture, the elucidation of the fundamental lubrication mechanism of CNTs, the

lubricity in extreme environments and the long-term lubricity of this solid lubrication system.
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2. State of the art

2.1. Dry tribology and contact mechanics

Tribology is the scientific and engineering field that focuses on the study and understanding
of friction, wear, and lubrication of interacting surfaces in relative motion. The word
“tribology” is derived from the Greek words tribos (“rubbing”) and the suffix -logy (“science”
or “knowledge of”) and, thus, translates to “the science of rubbing” "8 Tribology
encompasses various aspects such as the design of lubricants, surfaces, and coatings as well as
the analysis of the causes and effects of friction and wear in mechanical systems. It is highly
interdisciplinary with relevance in various fields such as mechanical engineering, biology,
chemistry, material science and medicine. Advances in tribology reduce energy and resource
consumption which leads to significant cost and emission savings and increased efficiency.
Moreover, they enhance the quality of medical products such as artificial joints and thus directly
benefit people’s health.

Humans became familiar with the concept of friction during the Stone Age when they
discovered that fire could be created by rubbing together pieces of wood or striking pyrite °.
The earliest documented application of tribological principles dates back to the ancient
civilizations of Egypt and China 2%2!, The continuous placement of rolling wood sticks
underneath heavy objects enabled the ancient Egyptians to transport massive stone blocks used
for the construction of the Pyramids over long distances and on slopes 2. Further, there is
evidence, that they used water for its lubricity along with vegetable oils and animal fats .
Leonardo da Vinci is considered the first tribologist as he formulated two fundamental laws of
friction in 1493, however, his notes remained unpublished. Over 200 years later, afore-
mentioned laws were rediscovered by the French physicist Guillaume Amontons and published
in 1699 %2,
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2.1.1. Amontons’ laws

The discoveries of Da Vinci and Coulomb became known as Amontons’ laws (also referred
to as the fundamental laws of friction) and they are particularly useful for understanding and
predicting the behavior of friction. They are as follows:

- The friction force Fr is directly proportional to the applied normal force Fy pressing
two surfaces together (Amontons 1%t law) 23,
Fr=n-Fy @
with p denoting the coefficient of friction (COF).
- The friction force is independent of the apparent contact area (Amontons 2" law) %2,
- The friction force is independent of the sliding velocity (Coulomb’s law) .,
These laws provided the foundation for engineering designs involving mechanisms and

machines and were further expanded on by Bowden and Tabor.

2.1.2. Technical surfaces and contact between solids

The two physicists Frank Philip Bowden and David Tabor are regarded as the pioneers of
modern tribology for providing a physical explanation for the laws of friction 2°. Firstly, they
recognized that technical surfaces are rough on an atomic scale (Fig. 3a). This translates to the
microscopic scale, where technical surfaces consist primarily of asperities and grooves. In
tribological contacts, only the asperities of the surfaces touch and the real contact area of rough
surfaces is small, particularly in comparison to the apparent contact area (Fig.3b) 26.
Consequently, friction and wear at the onset of sliding are governed by intense stresses at the
asperity contacts and extreme concentrations of frictional energy, even at modest nominal loads.
Bowden and Tabor measured the conductivity between two contacting metal surfaces and
observed that the conductivity was proportional to the normal load ?. By applying greater loads,
more asperities came into contact and the average area of asperity contact (real contact area)
grew due to plastic deformation, which lead to an increase in conductivity. Thus, Bowden and

Tabor concluded that the real contact area must be proportional to the applied load.
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Figure 3. Schematic illustration of the interface between two contacting technical surfaces. (a) Contact
on an atomic scale and (b) comparison between apparent and real contact area with top views of static
and sliding contact (partially adapted from 2%).

The specific topographies of the contacting surfaces have a significant impact on the
tribological behavior. Topography and surface roughness are closely related aspects that
describe the physical characteristics of a surface. Topography refers to the three-dimensional
feature arrangement on a surface (including height variations and contours) that shapes the
roughness, while roughness parameters quantitatively describe the topographical variations
present on the surface. There is a wide variety of parameters which can be used to determine
the roughness, each offering specific insights into the surface texture. The most commonly used
parameters to quantify roughness are:

- Root mean square roughness (Rq):

1 (1
Ry= | [boolds @
- Arithmetic average roughness (Ra):

= Joly (o)l dx 3)
with | as the sampling length and y(x) as the arithmetic mean of the absolute ordinate within
the sampling length. However, surfaces with different topographies can exhibit similar
roughness parameters. A more comprehensive description of the surface topography requires
information on the probability distribution of surface heights and the spatial distribution of
asperities and grooves across the surface 2°. Based on a given surface profile (Fig. 4a),

integrating the corresponding amplitude density function (ADF, Fig. 4b) yields the Abbott-
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Firestone curve (Fig. 4c) 282, Different parameters that provide useful information on the
surface topography can be derived from the ADF and the Abbott-Firestone curve, i.e., the
skewness (Rsk, measure of the surface profiles’ asymmetry in the amplitude density function)
and the kurtosis (Rky, measure of the sharpness of the peak of the distribution curve). These two
parameters allow for an assessment on the load bearing capacity, which has significant

implications for initial friction and wear, as well as lubrication strategies.

30 30 30
E Surface profile Amplitude density Abbott-Firestone
20 20 function 20 - curve
E 10; 10 10 1
2
%’) 0 0 0 Fmm—m———
2 10 -10 10

304 -30
0 0.5 1.0 1.5 20 0% 5% 10% 15% 0% 25% 50% 75% 100%
Lateral position (mm) Fraction at that height Bearing ratio

Figure 4. (a) Exemplary surface profile with (b) the corresponding amplitude density function and (c)
the derived Abbott-Firestone curve (adapted from ).

When two surfaces come into contact and there is relative motion or an attempt at relative
motion between them, friction arises. Friction is a fundamental force that opposes relative
motion or the tendency of motion between two contacting surfaces and is caused by the
interaction between the atoms and/or molecules of the involved surfaces. Friction is always
associated with energy dissipation where kinetic energy is converted into heat, sound energy,
deformation (elastic and plastic), and the breaking of atomic bonds which can lead to the
generation of wear particles and thus abrasion-related material removal. On an atomic level,
phonon dissipation (a phonon is a quantized vibrational mode in a crystalline lattice) is well-
established and among the most significant friction models as it has been verified in numerous
studies 3°-2%. During phonon dissipation, interatomic bonds in the surface of the interface
materials are distorted by mechanical stress, resulting in the generation of atomic lattice
vibrations. Rising vibrational energy leads to an increase in temperature, which is why phonon
excitation is associated with heat generation. This phenomenon is described by the Prandtl-
Tomlinson model and the Frenkel-Kontorova-Tomlinson model, the core idea of which is the
transformation of spring deformation energy into vibration energy . Furthermore, frictional

heat between sliding surfaces is also generated by electron dissipation, which describes the
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lattice scattering of excited electrons 6%, Friction-induced electron dissipation is based on the
Coulomb drag effect occurring between two closely juxtaposed surfaces. The Coulomb forces
between the charges lead to a momentum and energy transfer between the layers, resulting in
the observed drag effect 1. Both phonon and electron dissipation are still being researched,
however, they generally occur in concert and interdependently, which complicates their isolated
investigation ®. In addition to that, there are four non-contact frictional energy dissipation
mechanisms: Van der Waals friction, electrostatic friction, phononic friction (phonon
dissipation occurs both in contact and contactless), and adsorbate drag friction. The above
mechanisms have all been experimentally verified 342 however, especially the mechanisms
related to quantum mechanics such as phonon dissipation are not well understood and require

further research.

Tangential Load E Critical

force = tangential

Reduced
Load tangential

‘Lift-off’

Extra depth

Soft substrate

Figure 5. Schematic illustration depicting the transition process from stationary to sliding contact of a
hard asperity on a soft substrate. (a) Stationary contact with a small tangential force unable to overcome
the static friction. (b) Threshold stage where the tangential force reaches a critical level and the asperity
sinks deeper into the substrate material. (c) Sliding contact is initiated by the lift-off effect and an
immediate reduction of the tangential force (adapted from %),

There are two types of friction, static and kinetic friction. Static friction represents the force
that hinders the initiation of movement between two contacting objects. The magnitude of this
static frictional force adjusts itself to correspond with the magnitude of the externally applied
force, but only up to a certain limit. When the applied force fails to overcome the resisting static
friction, the object in question will not move. Kinetic friction (also known as dynamic friction)
describes the force that hinders or opposes relative motion between two contacting objects
which are in motion and is typically lower than static friction. Kinetic friction remains relatively
stable for a specific material pairing, assuming that external conditions like temperature and

roughness remain consistent. Maintaining the motion of an object requires less effort than
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setting it in motion, due to the concept of inertia and the natural tendency of objects to maintain
their state of motion (Newton’s first law). From examining hard asperities on soft substrates,
Challen et al. have derived a qualitative description of the transition from stationary contact to
sliding %3. As illustrated in Fig. 5, three distinct stages were observed:

(1) Stationary contact (static friction, Fig. 5a): The tangential force is minor and thus

insufficient to fully shift the load to the leading side of the asperity.
(2) Threshold (Fig. 5b): The tangential force reaches a critical level at which the asperity

is pressed against the leading side, causing it to dig in further into the substrate.

(3) Sliding contact (kinetic friction, Fig. 5¢): The asperity lifts off as movement is initiated.

Simultaneously, the tangential force decreases.
The occurrence of fluctuations between static and kinetic friction is a common tribological
phenomenon and referred to as stick-slip. During stick-slip, sliding is jerky meaning the sliding
velocity of an object consistently fluctuates between nearly immobile and extremely rapid
motion. In tribological applications, mitigating stick-slip is comparably significant to reducing

the overall COF due to the detrimental impact of the induced vibrations.

2.1.3. Fundamental wear mechanisms

Wear is the progressive loss of material from a solid surface due to mechanical interactions
and has been the subject of scientific interest due to its enormous economic importance for
decades. Replacing worn components requires the manufacturing of spare parts as well as their
transportation and fitting. In addition, there may be production losses due to standstill. This
process is therefore immensely costly and energy-intensive, causing further CO2 emissions.
Understanding the wear mechanisms is thus crucial for optimizing the performance, efficiency,
and service life of any mechanical systems. There are various fundamental wear mechanisms,
which usually occur simultaneously:

- Adhesive wear: When two solid surfaces are in contact, adhesion occurs due to
intermolecular forces between the surface atoms and/or molecules that join the contact
points (micro-welding). During sliding, the contacting asperity junctions plastically
deform and are subsequently sheared off. When the joint asperities are broken, one of

two cases occurs:
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(1) Adhesion strength at the junction is below softer metals’ shear strength. In that case,
breaking occurs at the metal-metal interface without material transfer.

(2) Adhesion strength at the junction is greater than the softer metals’ shear strength. In
that case, breaking occurs within the softer metal and part of the softer material is
transferred to the harder metal (as shown in Fig. 6a). This phenomenon is known as
adhesive wear.

Metals are especially susceptible therefore adhesive wear is of great practical

significance. The most substantial adhesive wear arises between identical metals, i.e.,

iron-iron contacts 2. Outside of tribological stress, adhesion is effectively prevented by

the presence of oxide layers and/or contaminant layers of organic matter, oxygen, or
water, among others. Factors influencing adhesive wear include roughness, contact

pressure, temperature, and material properties.

E] Adhesive wear E Abrasive wear
Adhesion =————3 Sliding direction

Ploughing ® Sliding direction

Transfer

® Sliding direction

Fracture

W

Figure 6. (a) Schematic illustration of adhesion-related material transfer. (b) Schematic illustration of

three most prominent abrasive wear mechanisms: cutting, ploughing, and fracture (adapted from %),

- Abrasive wear: Material loss caused by hard particles passing over a surface is known
as abrasive wear and it occurs whenever a solid object is loaded against particles of a
material that have equal or greater hardness 28. Abrasive wear is influenced by the
hardness of the materials involved as well as particle concentration, shape, and size.
Within the realm of abrasion, there exist multiple variants that generally act in

conjunction (Fig. 6b) 28
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(@) Cutting: This is a common abrasive wear mechanism where hard particles or
asperities on one surface mechanically incise or sever the softer material of an
opposing surface, causing material removal through a process resembling
miniature cutting or chiseling at the microscale.

(b) Ploughing: During this abrasive wear process, hard particles, or asperities on
one surface embed into the surface of a softer material, displacing material and
creating grooves due to applied load and relative motion, akin to ploughing
through at the microscale.

(c) Fracture: Fracture wear (also known as subsurface fatigue) occurs within the
material’s bulk or subsurface region due to localized stresses induced by
abrasive particles and leads to the initiation of and propagation of cracks. Over
time, these cracks grow and merge, eventually causing the material to fracture.
This type of wear is commonly observed in in components subjected to repetitive
loading such as springs or gears.

- Fatigue wear: Fatigue wear describes the accumulation of superficial microcracks and
their propagation leading to spalling and pitting. It results from repeated cyclic loading,
causing progressive surface damage and eventual material failure. Fatigue often occurs
in rolling or sliding contacts, such as gears and bearings. Key factors influencing fatigue
wear include stress amplitude, frequency, and the presence of surface defects. In
contrast to fracture, fatigue specifically refers to localized surface damage.

- Tribology-related oxidation: This type of wear results from the synergistic action of
chemical oxidation and mechanical wear. Sliding or rolling contacts induce material
deformation, exposing fresh surfaces susceptible to oxidation which leads to surface
degradation and wear. In this context, the term corrosion is frequently used in the
literature. To specify the terminology, corrosion is a broad term encompassing any wear
mechanism influenced by chemical or corrosive processes, while oxidative wear
specifically refers to wear induced by atmospheric oxygen 2. It is characteristic for both
wear types to feature high wear rates which are often accompanied by a reduced friction
coefficient %8,

There are additional, more specific types of wear in the literature, which often represent variants
of the main mechanisms, i.e., erosive wear, which is associated with abrasion, or fretting, which
is based on adhesion, however, these will not be discussed in further detail 28, In summary, wear
is a complex process during which multiple wear mechanisms are active simultaneously with

one typically being dominant.
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2.1.4. Friction curves and running-in

A friction curve is obtained through tribological experiments and crucial for the
understanding of the frictional behavior of materials, lubricants and tribosystems in general. It
provides valuable information about the COF development and thus surface interactions,
lubrication effectiveness and enables the prediction of wear damage. As shown in Fig. 7, a
friction curve can be divided into different regimes 4*:

- Run-in: Refers to the initial period of contact between two surfaces in relative motion.
During this regime, the topographies, surface structures and material properties of the
surfaces change and adjust. The running-in is a highly complex process due to
contributions of various mechanisms that eventually find a balance, resulting in a
stabilization of the friction behavior.

- Steady-state: The condition of a given tribological system in which the average friction
coefficient, wear rate, and other specified parameters have reached and maintained a
relatively constant level 4. Steady-state behavior occurs both in lubricated and
unlubricated conditions. In dry sliding, localized contact pressures decrease over time
due to a reduction in roughness. This is often due to the formation of a more stable and
wear-resistant surface layer.

- Transition: A transition from one lubrication regime to another represents a significant
change in the frictional behavior between two sliding surfaces. It occurs when the
tribological conditions change (i.e., from lubricated to dry and vice versa), leading to
different mechanisms governing the interaction between the surfaces. Transitions are
essential to understand in tribology as they substantially impact the performance and

wear characteristics of mechanical systems.
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Figure 7. Exemplary friction curve displaying the different lubrication regimes: running-in, transition

and steady-state (lubricated and unlubricated).

Running-in is an especially critical stage in the life cycle of any mechanical system as it can

affect the reliability, performance, and durability of the involved components considerably.

After discussing the general wear mechanisms in chapter 2.1.4., the more specific mechanisms

associated with running-in are presented below:

Asperity truncation: During running-in, highly concentrated contact stresses at the tips
of the highest interacting surface asperities (microscopic roughness) lead to their rapid
truncation where protruding asperities are more likely to wear off first. In the process,
surface roughness is gradually reduced, and a state of surface conformity between the
sliding surfaces is established. This results in improved load distribution and reduced
friction and wear in the long run.

Wear debris formation: Surfaces sliding against each other during running-in generate
wear particles which often act abrasively and thus contribute to further wear. However,
as running-in progresses, the quantity of wear particles typically diminishes.
Microstructural changes: Specifically in metals, friction-related stresses cause a
multitude of microstructural alterations during running-in, a prominent example would
be stress-induced phase transformations 4°46, The creation and rearrangement of
dislocations and other defects due to plastic deformation often leads to a strengthening
of the material properties (work hardening). A surface that yields plastically at the
beginning eventually reaches an elastic shakedown limit. This means that the near-

surface layers no longer deform plastically due to reaching a work-hardening condition
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which is sufficient to support the contact pressure in an elastic manner #4. This typically
occurs during an advanced stage of running-in and the wear rate of the contacting
materials typically decreases and stabilizes. Grain size is also influenced. It was shown
that coarse near surface microstructures of Ni undergo grain refinement during
tribological load whereas finer microstructures are coarsened #’. This results in

comparable grain sizes over time, irrespective of the original microstructure.
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Figure 8. (a) Possible contributions of different mechanisms for a type (d) run-in. A combination of
asperity truncation and surface oxide removal causes the first peak whereas the second peak is primarily
due to the contribution of abrasive wear debris along with continued surface oxide removal (adapted

from *). (b) Overview of the various curve shapes observable during running-in according to Blau *°.

- Material transfer: In a sliding contact, adhesion can lead to the transfer of a thin
material film from one surface onto the other. This film may act as a protective layer,
reducing subsequent wear and improving the tribological performance of the system.

- Thermal effects: Friction between sliding surfaces causes localized heating of the
asperities which can induce a multitude of other processes. As the thermal expansion
coefficients of different materials may vary, they expand at different rates, causing
plastic deformation and surface irregularities to be smoothened. In certain materials,
localized heating can induce phase transformations in the near-surface layers of the
material %6. These transformations alter the microstructure, lead to changes in surface

topography, and even surface hardening 0. The generated heat can further lead to
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localized softening of the material surfaces. Softened material deforms more easily
which contributes to the reduction of asperities and thus surface smoothing.
It is important to emphasize the complexity of running-in due to the overlapping contributions
of most of the above-mentioned mechanisms. This is illustrated in Fig. 8a using the example
of a type (d) run-in.

To improve our understanding of this phenomenon, Peter Blau conducted a survey on the
available tribology literature in the early 1980s and identified eight different shapes of run-in
curves, which are presented in Fig. 8b “8. The displayed shapes cannot be uniquely related to a
singular process or unique combination of processes. In fact, analogous curve shapes may
emerge from dissimilar interfacial processes and must therefore be analyzed in the context of
the given tribosystem #°. The most common and significant run-in curve types and their possible
causes are discussed in greater detail below. Types (b)-(d) are related and thus grouped into a
curve family. All variants in that family share a similar initial peak that is associated with the
wear of the asperities of the original surface due to high local contact pressures. In the case of
type (b), the COF remains constant after surface conformity is achieved. This variant is common
in either dry or boundary lubricated metallic contacts 4448, Compared to type (b), a type (c) run-
in features a slight friction increase after the initial peak which Blau attributes to subsequent
debris formation or material transfer 4. This behavior is frequently encountered in the case of
dry oxidized metallic surfaces and in combinations involving ferrous or ferrous-nonferrous
materials 44. The final variant of the curve family, type (d), exhibits an even greater friction
increase compared to type (c) that is linked to a more tenacious and protective initial oxide
layer %4, Type (f) is characteristic for clean, pure metals and associated with crystallographic
reorientation occurring within the near-surface layers, leading to a reduction in their shear
strength and a decrease in friction. A type (g) curve shape can be observed in graphite-graphite
contacts or metal sliding on graphite 4. The running-in process involves the creation of a thin,
lubricating film, explaining the initial COF decrease 4. The following rise in friction could be
caused by the generation of debris or material transfer.

In summary, running-in curves provide valuable data for researchers working on novel or
improved lubrication systems. Understanding the running-in behavior helps to design improved
surface interactions which leads to reduced wear and friction-related energy losses and

enhances the reliability of mechanical systems.
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2.1.5. Hertzian contact model

The Hertzian contact theory is a mathematical model used to describe the deformation and
stress distribution in elastic bodies during contact and was developed by Heinrich Hertz in the
19" century. The Hertzian model postulates the interaction between two elastic bodies, typically
represented as perfectly smooth and homogeneous spheres, which are in contact with each
other. The model is based on the theory of elasticity, which describes the behavior of solid
materials under the action of external forces. According to this theory, when a force is applied
to an elastic body, it deforms elastically, meaning it undergoes temporary deformation and
returns to its original shape once the force is removed. Deformation of the bodies is described
by the equations of elasticity, specifically the equations for the deformation of spheres under
the action of a concentrated force. These equations consider the elastic properties of the
materials, such as their Youngs’ modulus and Poisson ratio (measure of lateral contraction). As
shown in Fig. 9, the contact area is also circular hence the mathematical description for sphere-

sphere contact is also valid for sphere-plane contact.

Circular
contact area

p—

Circular
contact area

Figure 9. Contact between two spheres and a sphere and plane both with identical contact areas (marked

in orange) (adapted from *%).

The model calculates the contact area between the bodies, known as the Hertzian contact area,
and determines the distribution of stresses within this area. Understanding how stresses are
distributed helps in predicting failure modes, material behavior under different loads, and
designing structures able to withstand the applied forces without experiencing excessive

deformation or failure. In terms of stress, non-conformal contacts such as sphere-sphere and
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sphere-plane represent the most extreme form of contact as the pressure is concentrated on the
smallest area. To determine the maximum Hertzian contact pressure (in the literature often
referred to as Hertzian pressure) between two bodies A and B, the reduced Youngs’ modulus

E’ and the reduced contact radius R’ must be calculated first 52

E— [1 vA_I_l vB] ()

where va and vg are the Poisson ratios and Ea and Eg the Young’s moduli of the contacting

bodies. The reduced contact radius between two spheres A and B is defined as follows:
1 1 1

Rt R ©
once E’ and R’ are known, the radius of the contact area a can be determined:
1/3
3FyR
a= () ®)
AE1
where Fy represents the normal load. The maximum contact pressure is defined as:
3F 1 en2]Y3
Pmax = Zmzlvz = ;[6FN (E) ] (7)

The stresses are highest at the center of the contact area and decrease as the distance from the
center increases. These parameters are crucial for designing and evaluating the performance of
various mechanical systems, such as bearings and other structural elements. In summary, the
Hertzian contact model is based on the following assumptions:

- The contacting materials are homogeneous, and the strains are small hence the contact
is fully elastic without plastic deformation.

- Thearea of contact is substantially smaller compared to the dimensions of the contacting
solids.

- The contacting bodies are not in motion. This means the contact stress is caused
exclusively by the normal load, thus no tangential forces act between the solids (no
friction).

- Surface roughness is negligible.

As evidenced by the listed assumptions, the Hertzian contact model is a highly simplified
representation of the complex behavior of real surfaces. However, it is often utilized to define
(elastic) limits and provides a useful approximation for many engineering applications
involving elastic bodies in machinery and biomedicine.

Since its inception, the Hertzian model has served as a foundation for more advanced contact

mechanics theories and models. More sophisticated models such as the one by Greenwood and

Williamson incorporate additional factors, such as roughness and elasto-plastic behavior. This
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makes it more suitable for real-world applications where surface roughness and plasticity are
significant factors influencing contact mechanics. However, much like the Hertzian model, the
Greenwood-Williamson model is also based on oversimplified assumptions. In addition to that,
the Hertzian contact model is prevalent in the literature, thus, for comparison purpose and its

simplicity, it remains the most widely used contact model.

2.2. Surface patterning

The patterning of surfaces can mitigate friction and wear in dry and lubricated
contacts >3-, In dry conditions, the improvement is based on two factors:

(1) Introducing surface patterns leads to a reduction of the real contact area. This effect,
however, tends to be temporary as the patterns gradually wear off and the contact area
increases again along with the COF 13:2°,

(2) Ifthe topographical are sufficiently large, they as reservoirs that capture and entrap wear
debris that would otherwise enhance ploughing in the contact and, thus, further
accelerate friction and wear %,

In lubricated contacts, the reservoirs additionally store lubricants which are gradually released
into the contact area, thereby considerably extending the lubrication 5, Patterns can be
introduced to a surface by various techniques, e.g. laser-based processes (direct laser writing;
short: DLW, direct laser interference patterning; short: DLIP), mechanical techniques (coining,

stamping) and chemical processes (etching, nanolithography).

2.2.1. Principles of laser processing

Laser-based techniques offer several advantages as they are highly precise, flexible,
extremely fast, versatile, and compared to the other techniques do not require harmful chemicals
or vacuum. Laser-based techniques are also non-contact, thus eliminating the need for
expensive coining moulds that wear out over time and have to be replaced. Although highly
precise, DLW is a relatively slow technique limited to creating small patterns at a time. In
contrast, DLIP is capable of processing large areas within short periods and the dimensions of

the structures can be in the sub-micron range which is not achievable with DLW %62,
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During DLIP, a short-pulsed laser beam is split into 2 or more partial beams which are then
parallelized with a prism and brought to interference directly on the surface of the processed
material as shown in Fig. 10a. Constructive and destructive interference results in the formation
of an intensity pattern (Fig. 10b) which can be controlled by adjusting angle, polarization, and
intensity of the laser beams. Using different beam configurations, a variety of interference
patterns can be created. These intensity distributions are then transferred to the material surface

to produce respective surface patterns.
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Figure 10. Schematic illustration of (a) laser set up with beam guidance, (b) a resulting intensity pattern
between two interfering (continuous) laser beams and (c) overlapping laser spots for scanning large
areas %,

Interference patterns can be used to create a variety of periodical surface patterns. While 2-
beam interference creates line and cross patterns (by rotating the sample by 90°), 3- or 4-beam
interference leads to dimple patterns. To pattern large areas, the laser spot is scanned over the
surface with an adjustable degree of overlap in x and y direction (Fig. 10c). The distance
between individual features is referred to as periodicity A.

DLIP is applicable to a wide range of materials including polymers 34 semiconductors 6°66
and ceramics . However, its feasibility and effectiveness on a specific material depends on
various factors which is why DLIP is predominantly used on metals due to their high absorption

and thermal conductivity.
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2.2.2. Laser pulse-metal interaction

During the physical interaction between laser pulse and metal surface, the electromagnetic
field of the photon interacts with a superficial electron. The electron absorbs the photon’s
energy causing the electron to elevate to a higher energy state or even to be ejected from the
surface (photoelectric effect). The amount of energy absorbed by the material is related to the
laser intensity and pulse duration, as well as material properties such as thermal conductivity,
reflectivity, and absorption. Laser pulses used for DLIP are distinguished between short and
ultrashort pulses (USP), with the transition threshold being 10 ps (1012 s) 6869,

Short laser pulses are typically in the micro- and nanosecond regime where the interaction
between light and matter is dominated by thermal effects, more specifically, localized
temperature increases at the intensity maxima lead to superficial melting of the substrate. The
presence of a temperature gradient in the molten material induces a variation in surface tension,
resulting in Marangoni convection causing a material flow from regions of higher temperature
to regions of lower temperature where the intensity is at its minimum °, After that, the material
re-solidifies and the resulting topographies are shaped by material throw-ups 671,

In the USP regime where pulse durations are in the pico- and femtosecond range, the ablated
surface material is not just melted and re-solidified but removed 72. In principle, two main
ablation types are distinguished: spallation and phase explosion. To understand the
circumstances under which they occur, sequence and duration of each of the consecutive
physical excitation mechanisms during and after the light-metal interaction need to be
considered. When metal surfaces are exposed to USP, the energy is absorbed and deposited in
the electron system which is characterized by the pulse duration tp and the optical penetration
depth dopt . The energy absorption profoundly disrupts the electron-lattice equilibrium and
electron-electron relaxation causes the absorbed energy to be converted into thermal energy.
Subsequently, the thermal energy is transferred within the electron system and to the lattice by
electron-phonon coupling which takes 1-10 ps, depending on the material "7, The electron-
phonon interaction time tep = Ce/G, Where C. stands for the electronic heat capacity and G is
the electron-phonon coupling constant, describes the time required to transfer the energy from
the thermalized electrons to the lattice 3. The subsequent transfer of thermal energy within the
lattice from the heated zone to the surrounding area is characterized by the mechanical
expansion time tmecn (Minimal time needed to initiate expansion of the heated lattice) 7.

Another significant factor is the lattice heating time teat Which equals either tep Or o, Whichever
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is longer 3. When theat Of the irradiated zone is shorter than tmech, lattice heating can be regarded
as isochoric (volume of the irradiated zone remains constant) as a result of which enormous
thermoelastic pressures are generated 73. This condition is referred to as “stress confinement”
in the literature and is expressed by the notation max {1, Tep} = Theat < Tmech ~>'>¢. This means
that for pulses longer than tep, the heating time theat Of the material is given by the pulse duration
p. If simultaneously tp is below the characteristic time of heat dissipation via heat conduction
tin = Ser?/Deo (With derr denoting the effective penetration depth and Deg the thermal diffusion
coefficient during electron-lattice equilibrium), the thermoelastic stress remains confined in the
irradiated volume, consequently, the surface temperature peaks "*76. This is followed by the
aforementioned pressure build-up causing thermal expansion of the surface, thus, stress-
confinement near the surface is no longer fully but partially fulfilled and this results in a
mechanically driven separation (spallation) of molten material in concert with a thermally
dominated phase explosion 727377, The current research suggests that spallation remains absent
when the stress confinement condition is not fulfilled 7277, The higher the degree of stress
confinement, the more the ablation character is dominated by photomechanical spallation
whereas no confinement favors photothermal phase explosion. In the case of partial stress
confinement, the ablation character is represented by a mixture of both 7. It should be
emphasized that during every ablation process, the two regimes occur simultaneously with one
being more dominant than the other.

The second requirement for spallation to occur besides stress confinement, is a well-defined
minimum fluence (energy delivered per area), referred to as ablation threshold in the
literature 879, During spallation, the rapid expansion of the overheated material generates a
high-power shock wave that propagates into the bulk of the metal and is reflected from its rear
side as a backward rarefaction wave. If the resulting tensile stress exceeds the tensile strength
of the liquid metal, it fractures, and cavities are formed beneath the surface resulting in a foam-
like material. Expanding subsurface vapor cavities lead to spallation which is followed by the
expulsion of a liquid layer. When the fluence surpasses the spallation threshold,
photomechanical disruption of the melt zone can lead to the expulsion of entire layers along
with sizeable droplets 2. As the fluence increases further, the photothermal phase explosion
character of the ablation process becomes gradually more dominant over spallation ">, During
phase explosion, the magnitude of the accumulated energy causes the lattice bonds to break and

the material to evaporate 8.
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Figure 11. 2D crater profiles on an iron surface after single-pulse femtosecond ablation with the peak

fluence above the spallation (brown profile) and the phase explosion threshold (green profile) (adapted

by lonin et al.* from ).

However, the interaction between laser pulse and matter is so short that only a fraction of the
material can undergo a sustained evaporation whereas the remaining material transitions to a
state of overheated liquid instead . This transition involves extreme temperatures and results
in the formation of a high-pressure amalgamation of liquid droplets and vapor which is then
forcibly ejected from the processing area. The transition from the spallation to the phase
explosion regime is characterized by a significantly increased concentration of vaporized atoms.
This shift reflects the contrasting physical mechanisms governing material ejection in these two
regimes. During phase explosion, the expulsion of an overheated melt layer is predominantly
driven by explosive vapor expansion, rather than the relaxation of the confined elastothermic
stresses 2. This distinction is also expressed by the resulting craters on stainless steel as shown
in Fig. 11, where phase explosion ablation after femtosecond single pulses causes deeper craters
with a differently structured cross-section 2. In addition to a relatively plane outer crater created
by spallation, the phase explosion crater exhibits a second inner crater. This also demonstrates
that the melt ejection during phase explosion removes significantly more material than

spallative ablation 84,
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2.2.3. Surface topographies

Due to the multiplex interaction mechanisms of short and ultrashort pulses with metallic
surfaces including surface melting & re-solidification, spallation and phase explosion, the
material response varies considerably and as a result, differing topographies are formed
(Fig. 12).

ps-LP ns-LP

fs-LP

Figure 12. Scanning electron micrographs of resulting craters on stainless steel surfaces after irradiation
with different numbers (N) of nano- (ns-LP), pico- (ps-LP) and femtosecond (fs-LP) laser pulses with
the according cross sections (adapted from ™).

Ultrashort pulses tend to create more defined topographies exhibiting sharper edges with minor
or no throw-ups and achieve higher aspect ratios (ratio between depth and width of a surface
structure) compared to their short-pulse equivalent +88_ However, USP processing can lead
to protruding deposits at the edges due to material re-deposition after vaporization and is
enhanced with increasing shot numbers, as shown by the femtosecond cross-sections in Fig. 12.
Schéfer et al. demonstrated that such deposits should be avoided when the laser patterns are
intended as lubricant reservoirs since they block lubricant supply to the contact *°. In addition,
heat conduction is negligible with ultrashort laser pulses so the energy transfer to the adjacent

lattice is minimal and the thermal impact on the surrounding areas greatly reduced %8, The
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ability to create periodic patterns with different topographical nuances enables DLIP to

optimize patterns to a specific application.

2.3. Solid lubrication

2.3.1. Conventional solid lubricants

Liquid or oil-based lubricants continue to dominate in mechanical applications due to their
excellent lubricity, versatility (i.e., viscosity adjustment to specific conditions), efficient heat
dissipation, and ease of application. However, liquid lubricants suffer from viscosity changes
at high temperatures and tend to leak or evaporate, limiting their utility in high-temperature or
vacuum environments. In addition, high loads can cause oil films to thin out or rupture entirely,
consequently, surface separation can no longer be maintained, resulting in increased friction
and wear. Moreover, the ecological consequences are catastrophic if oil-based products leak
into the environment.

Solid lubricants have garnered increasing attention in recent years due to their ability to
overcome the limitations of conventional liquid lubricants in extreme operating environments.
For those reasons, solid lubricant particles are often used as additives to enhance the properties
of commercial oil-based lubricants 8. Prominent representatives of this materials class include
transition-metal dichalcogenides (TMDs) such as molybdenum disulfide (Mo0Sz) and tungsten
disulfide (WSy), carbon-based materials like graphite and diamond-like carbon (DLC),
polytetrafluorethylene (PTFE), hexagonal boron nitride (h-BN), and soft metals (i.e., gold, tin,
and silver). Conventional solid lubricants are generally used in environments, where oil is
completely ineffective, however, their lubricity is restricted to specific operating conditions.
For example, graphite requires humid, oxygen-rich atmospheres to lubricate effectively 8-
TMDs lubricate exclusively in dry inert gas or ultrahigh vacuum below 300 °C (MoS,),
respectively, 400 °C (WSy) %192, Soft metals are primarily applied in rolling rather than sliding
contacts and lubricate most effectively in vacuum or high temperatures . PTFE represents a
special case as its low friction behavior is linked to unacceptably high wear rates and limited to

moderate temperatures (< 300 °C) 93-%,
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2.3.2. Carbon nanoparticles as solid lubricants

In sp? hybridized carbon nanoparticles, each carbon atom forms three equivalent ¢ bonds
with its neighboring atoms, resulting in in honeycomb-like arrangement of hexagons for the
carbon atoms. The remaining, non-hybridized p, orbital is perpendicular to the graphene plane
and forms a delocalized = bond system. This material class includes particles with promising
lubrication properties, in particular multiwalled CNT 5759% put also CO and CNH as
demonstrated by Hirata et al. " and MacLucas et al. %, respectively. Tab. 1 provides an

overview of the morphology and the dimensions of the different carbon nanoparticle types.

Table 1. Overview of the structure, morphology, and TEM images of CNT, CO and CNH particles
including their diameter range. The various colorings signify different layers. The white bars in the TEM
images represent 200 nm.

CNT (multiwall) (6{0) CNH

cylindrical structure spherical structure

‘S\q \‘..‘ -

NS> Z27,
‘3\2.0‘ 7

Due to their spherical or cylindrical morphology, which are either largely or completely

closed, carbon nanoparticles have significantly less edge area and, thus, fewer (highly reactive)
dangling bonds compared to conventional solid lubricants like graphite and TMDs which

typically exhibit a layered sheet structure (Fig. 13). This means closed structures are less
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reactive and, more specifically, less susceptible to oxidation. Therefore, CNT, CO, and CNH
should have an advantage concerning lubrication at higher temperatures over their layered
counterparts.

Owing to the sigma bond, carbon nanoparticles exhibit high tensile strength and Young’s
moduli %1%, At the same time, CNTSs in particular are also flexible due to their cylindrical
structure combined with a high aspect ratio, which results in their agglomerates being
compressible *’. In addition to that, the delocalized n-electrons ensure high thermal conductivity
hence, compared to conventional solid lubricants, generated heat is likely to dissipate more
effectively thus delaying tribo-oxidation 91, Both are interesting properties for solid lubricants

that are expected to perform at high loads.

Graphene sheet CNT CO

Figure 13. lllustration of the edge area of a graphene sheet (single layer of graphite), a singlewall CNT
and a CO (no edge area for CNH either).

The lubrication mechanism of carbon nanoparticles like CNT, CO and CNH remains
unknown, however, considering their closed cylindrical or spherical morphology in
combination with high mechanical stability, the question arises whether their lubricity is based
on arolling or gliding mechanism or a combination thereof. Hirata et al. conducted ball-on-disc
testing of COs (synthesized from diamond clusters) on a silicon wafer at room temperature and
measured extremely low friction coefficients both in air at 55 % relative humidity and in
vacuum. During further experiments conducted by Hirata and coworkers in a similar setup as
described previously, carbon onions were subjected to friction testing at elevated temperatures
of up to 300 °C either in ambient conditions or vacuum against an AlSI 440C stainless steel
ball 1%2. The COs maintained lubricity in both environments with a COF around 0.20 in air and
roughly 0.03 in vacuum. The extremely low COF measured at room temperature combined with
the fact that most conventional solid lubricants perform effectively either in humidity or

vacuum, not in both, is indicative of a mechanism based on rolling.
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Based on their structure, the lubricity of carbon nanoparticles has the potential to be
considerably less dependent on their operating environment than that of conventional solid
lubricants. In the case of COs, this is supported by tribological testing results at elevated
temperature tests. However, to determine, whether carbon nanoparticle coatings perform
superior to conventional solid lubricants, they must be compared directly in further tribological

tests under identical conditions.

2.4. Carbon nanoparticle coatings on patterned

metallic surfaces

Generally, the lubricity of conventional solid lubricants is restricted to specific operating
conditions (Tab. 2). For instance, graphite lubrication is humidity-dependent °°, TMDs require
dry inert environments or ultrahigh vacuum to achieve effective lubricity, whereas PTFE cannot
provide low friction and low wear concurrently due to irregular and patchy transfer films.
Because of poor conductivity and heat dissipation, PTFE is further limited to low-speed sliding

applications and moderate temperatures (melting point: 327 °C) %,

Table 2. Overview of the macroscale tribological properties of widely used solid lubricants. The

lubricity of various solid lubricant materials in either dry or humid operating environments is framed in

green %,
Solid lubricant coating Deposition methods Coating thickness Typical friction
(pm) coefficient
Graphite Evaporation, pyrolysis 0.2-5 Dry: 0.5-0.6;
Humid: 0.1-0.2
Diamond like carbon Sputtering (rf and dc), 1-3 Dry: 0.001-0.05;
(near frictionless carbon) ion-beam, PECVD Humid: 0.2-0.3
Tetrahedral amorphous carbon lon beam, cathodic 0.01-1 Dry: 0.7;
arc, pulsed laser Humid: 0.1
Ultrananocrystalline diamond MPCVD, HFCVD 0.5-1.5 Dry: 0.05-0.13;
Humid: 0.007-0.1
MoS, and WS, Sputtering (rf and dc), 0.2-2 Dry: 0.02-0.06;
thermal evaporation Humid: 0.15-0.25
CVD, ALD initial and increasing
Graphene/graphene oxide CVD, chemical and 0.001-0.002 Dry: 0.15-0.2;
mechanical exfoliation Humid: 0.15-0.2
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Although DLC (doped) also lubricates in humid air, its lubricity is substantially enhanced in
dry and inert air or nitrogen atmospheres and/or high vacuum. However, DLC coatings are
deposited using elaborate processes like physical vapor deposition (PVD), sputtering and/or
chemical vapor deposition (CVD) that require reactors with high or partial vacuums. As
described in the previous chapter, CNPs represent interesting solid lubricants, however, since
they do not form covalent bonds with the substrate, adhesion to the underlying substrate is
weak. Consequently, lubricating carbon nanoparticle coatings are rapidly removed from plain
metal surfaces due to a lack of covalent surface bonding, resulting in the removal of the CNPs
from the wear track when subjected to sliding 1%, Introducing a texture to tribologically
stressed surfaces decreases friction only temporarily as it gradually wears off. However, when
CNP coatings are combined with textured metal surfaces, the disadvantages of these two
individual approaches can be compensated and their strengths retained 7. This was shown by
Reinert et al. who evaluated the influence of the roughness of a stainless-steel substrate on the
lubricity of CNT and CO coatings %. While CNT coatings were able to maintain lubricity over
500 cycles regardless of the surface roughness, the lubricity of the COs was strongly dependent
on the surface roughness and improved with decreasing roughness. In a different study
conducted by Reinert and co-workers, well-defined, and line-patterned steel surfaces (DLIP-
processed) were coated with CNTs and formed a solid lubrication system that enables effective
and reproducible solid lubrication over extensive periods of time ®'.

Once the surface structures’ topographical minima are filled with particles and experience
frictional load, they serve as reservoirs that impede lubricant removal and from where the
particles are continuously supplied directly to the contact. Reinert et al. formulated a detailed
mechanism consisting of multiple steps which is listed below (Fig. 14a) °':

(1) Upon contact with the coating, CNTs experience partial adhesion to the alumina ball.
This induces a displacement of the CNTs towards the grooves.

(2) Concurrently, pressure is exerted on the peaks of the laser texture across the coating,
resulting in plastic deformation and detachment of metallic material.

(3) Owing to adhesion, superficial CNTs are drawn towards the contact region, preventing
direct contact between the alumina ball and the steel substrate and provide lubrication.
The laser structure inhibits complete CNT transfer by retaining the majority of the
particles within the reservoir.

(4) Alongside the CNT storage capacity of the reservoirs, metallic or oxidic wear particles

may also be retained, consequently mitigating abrasive wear.
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(5) As depicted in the FIB cross-section in Fig. 14b (the last stroke proceeded from left to
right), the compressed CNT bodies in the grooves tilt during their contact with the
passing counter body, resulting in a subtle elevation on one side. This suggests, that the
protruding CNTs will be retracted into the direct contact zone once the sliding direction
is reversed. This phenomenon arises from the aforementioned adhesion between the
alumina ball and the CNT body during sliding.

(6) Another factor contributing to the elevation is the elastic rebound of the compressed

CNT volume following the stroke.

counter body

compressed
CNTs

. ; : . ’F:

wear partlcles

—> substrate

Figure 14. (a) Schematically illustrated cross-section of a solid lubrication system combining a line
patterned surface with a CNT coating. Reinert et al. described the phenomena occurring in this system
as follows: (1): CNT adhere to the counter body; (2): Deformation and detachment of substrate peaks;
(3): CNTs get into the contact where they provide lubrication; (4): Wear particles are absorbed and
stored in the CNT reservoirs; (5): Compressed CNT bodies tilt and stand up on one side due to the
stroke; (6): Elastic rebound of the CNT body after the stroke. (b) FIB cross-section of CNT-coated wear
track after sliding showing the lifted CNT bodies *'.

This reservoir mechanism represents the basis for a solid lubrication system capable of
lubricating effectively over significant periods of time. Moreover, the reservoirs capture and
store generated wear particles, thereby preventing them from entering the contact. Due to
compression upon contact with the counter body and a subsequent shift, the upper part of the
compressed CNT body protrudes the surface and, thus, re-establishes contact with the counter
body.

As elucidated in chapter 2.3, based on structure and properties, it is conceivable, that the
lubricity of carbon nanoparticles like CNT, CO and CNH is less dependent on its operating
environment than conventional solid lubricant coatings and could therefore be used for a wider

range of applications. From the state of the art, the following scientific questions arise:
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VI.

Since the applicability of a carbon nanoparticle-based lubrication system is particularly
reliant on the coating technique, how can the deposition rates be optimized without
compromising the homogeneity of the coating? In addition, can the coating thickness
development be investigated and simulated using existing models (e.g., Hamaker) to
save characterization time in the future?

Is it possible to further optimize the effectiveness of such a solid lubrication system?

. Do carbon nanoparticles degrade during sliding and if yes, what are the degradation

mechanisms? Do the particles degrade differently?

. Which mechanisms underlie the lubricity of carbon nanoparticles? Do they roll and,

thus, function as nano-scale bearings?

How is the long-term lubricity of different carbon nanoparticle coatings and do they
differ from each other? Does the differing particle morphology influence the tribological
performance?

Compared to coatings made from conventional carbon nanoparticles, how do carbon
nanoparticle coatings lubricate in extreme operating environments and is their lubricity

less dependent on their operating environment?
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3. ODbjectives

The scientific questions arising from the state of the art, particularly from chapter 2.4

translate into the following, specific objectives:

Objective 1 (derived from I): To research the thickness development of CNT coatings on
austenitic stainless-steel substrates during EPD using different parameters. Depositions
shall be conducted with pristine and oxidized CNTSs, using two different additives over a
range of voltages to investigate their respective impact. It is further to be determined
whether the coating thickness development is linear and can, thus, be accurately
approximated by the relatively simple Hamaker equation. This represents an important
aspect regarding applicability and upscaling of the EPD process.

Objective 2 (derived from I1): To optimize the design of the line pattern for minimal friction
and wear on austenitic stainless-steel surfaces, the influence of the patterns’ structural depth
on the CNT- and CO-coated surface during sliding is investigated. To achieve that, steel
surface patterns with three different structural depths are produced, subsequently coated

with either CNT or CO and subjected to tribological testing.

Objective 3 (derived from I11): The degree of degradation of CNT and COs after friction
testing is to be investigated to gain novel insights regarding the lubrication and degradation
mechanisms at play. Comparative friction testing shall be used to determine whether these
particles degrade at a different speed or magnitude. A further objective is to examine

whether there exists a correlation between lubricity and particle degradation.

Objective 4 (derived from 1V): To understand the underlying lubrication mechanisms of
CNT coatings between sliding surfaces, a combined approach of tribological experiments
with subsequent wear track characterization and molecular dynamics simulation shall be
adopted. If experiment and simulation can be correlated, the simulation can provide

valuable insights into the atomistic mechanisms that occur.
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Objective 5 (derived from IV and V): To examine the long-term lubricity of CNT-, CO-
and CNH coatings on line-patterned steel surfaces against two of the most technically
relevant counter body materials (bearing steel and alumina). During according friction tests,
the influence of the counter body material as well as the particle morphology on the lubricity

of the respective particle type shall be investigated.

Objective 6 (derived from VI): To research whether the lubricity of carbon nanoparticle
coatings is less dependent on their operating environment compared to conventional solid
lubricants. For that purpose, a set of benchmark tests on line-patterned stainless-steel
substrates shall be conducted under extreme operating conditions including elevated
temperatures, vacuum, and high loads. During those benchmark tests, the lubrication
performance of carbon nanoparticle coatings is directly compared to that of conventional

solid lubricant coatings.
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4. Methodology

4.1. Tribometry

Tribometry is a specific branch of tribology that describes the measurement and
quantification of friction and wear between two sliding surfaces and relies heavily on the use
of tribometers which are the primary instruments utilized for measuring parameters related to
friction and wear, most importantly the COF. This is achieved by subjecting both surfaces to
controlled relative motion while applying a constant load and measuring the occurring

tangential forces.

E] Pin-on-flat (rotatory) Pin-on-flat (reciproca- [[¢] Ball-on-flat (rotatory)
ting)

Rolling ball
Force sensor for ball

djustable weights
Tribometer arm

Adjustable weights
Tribometer arm

F To

£
computer

Force sensor
Pin
Sample

Testing substrate
Translating plate

Force sensor for arm
Tribometer arm
Testing substrate
Rotating disc

Testing substrate
Rotating disc

Toirorating moter To notor To rotating motor

Figure 15. Schematic depiction of various tribometer configurations. (a) Rotatory pin-on-flat
configuration, (b) linear reciprocating pin-on-flat configuration and (c) rotatory ball-on-flat
configuration. In each configuration, the COF is computed by dividing the tangential friction force,
ascertained from the force sensor, by the known load created by the adjustable weights or the motion of

the tribometer arm °°,

As illustrated in Fig. 15, tribometers come in various designs and can operate in different
configurations such as pin-on-flat or ball-on-flat. Pin-on-flat is conformal contact whereas ball-
on-flat is non-conformal contact, which represents the configuration with the most extreme
contact pressures. In addition, different sliding motions such as linear-reciprocating and

rotatory are conducted during tribometry, linear-reciprocating and rotatory. Linear-
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reciprocating substrates slide back-and-forth along a straight trajectory. In a tribometer, this is
typically used to simulate real-world scenarios where surfaces experience oscillating motions
in different types of machinery. Rotatory sliding, on the other hand, simulates scenarios where
surfaces undergo rotational motions as in numerous mechanical systems. Due to the diverse
range of inquiries in tribology, various tribometers have been engineered for specific
application scenarios and measurement tasks. Custom built tribometers are equipped to measure
under harsh conditions such as vacuum, extreme temperatures and humidities as well as
elevated loads, and monitor the relevant parameters during friction testing. However, the
interpretation and transferability of obtained tribometry data is scientifically demanding. Given
that tribological parameters always reflect system characteristics, providing isolated values like
friction coefficients without detailing the setup and the testing conditions does not hold any
scientific value. Additionally, many tests are not standardized and do not undergo independent
validation.

Tribometers provide essential perspectives on the behavior of materials under different
friction and wear conditions hence they are used for research and development, for example, to
design efficient braking systems, develop high-performance engine components, and study the
wear of artificial joints. The contribution of tribometry to the advancement of the durability,

reliability, and efficiency of mechanical systems is irreplaceable.

4.2. Electrophoretic deposition

4.2.1. Fundamentals

A reliable and well-established method to apply nanoparticles as a homogeneous coating is
electrophoretic deposition (EPD). EPD was discovered in 1808 by Russian scientist Ruess, who
observed the movement of clay particles in water induced by an electric field %7, Its practical
application was first patented in the USA in 1933 when the use of thoria particles for the
deposition on a platinum plate cathode as an electron tube emitter was demonstrated 18,

EPD is a solution-based coating technique that consists of two steps: electrophoresis and
deposition. Prior to deposition, the particles are dispersed in a suitable solvent and move
towards an immersed electrode of opposite charge under the influence of an electric field

(electrophoresis). Although the principle of electrophoresis is straightforward, the finer nuances
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of the process are complex and influenced by a wide range of factors such as the applied voltage,
solid content and solution viscosity, dielectric constant of the solvent, zeta potential and size of
the coating particles as well as dispersion stability. Deposition represents the second step of
EPD during which the particles accumulate and coagulate on the deposition electrode. The exact
deposition mechanism remains unclear although several hypotheses have been proposed and
described in the literature 109112,

Assuming linear growth, Hamaker introduced an equation to model the deposition yield
during EPD which was published in 1940 13

W)= Jj fwEA-Cydi ®

where w is the deposition yield, A the coated area, E the electric field strength, C, the particle
concentration, f an efficiency factor (also referred to as ”sticking parameter”, considers what
fraction of particles reaching the deposition electrode actually contributes to the layer) and the

electrophoretic mobility p:

_ £20%
p== 9

with ¢ as the dielectric constant of the solvent, g, as the dielectric constant of the vacuum, & as
the zeta potential of the dispersed particles and n as the dynamic viscosity.

EPD requires both a conductive substrate with an appropriate counter electrode, and the
particles to have a surface charge to interact with the electric field. The surface charge further
stabilizes the dispersed particles in the solution by preventing immediate sedimentation and
agglomeration. As a rough guideline, a solution can be considered stable with a zeta potential
of £ 30 mV and beyond, whereas the sign of the potential determines the deposition direction
(cathodic or anodic) 4. Due to its versatility and modest requirements, EPD is applicable to a
wide range of materials including LiFePO4 (for Li-ion batteries) 1, biomaterials ¢, graphene
oxide 1", MoS; 18 and particularly carbon nanoparticles such as CNT 57:59.104.118-121 "C (g 120,121

CNH %120 ‘and graphene 122123,
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4.2.2. Electrophoretic deposition of carbon nanoparticles

In the past, a multitude of different techniques have been utilized to produce carbon
nanoparticle coatings. This includes spray coating 12, dip coating 12126, drop casting 27128,
and spin coating 2%, However, EPD has emerged as the technique with superior coating
homogeneity and reproducibility.

Due to the incorporation of oxygen-containing functional groups such as hydroxy or carboxy
groups 3, carbon nanoparticles generally have a negative surface charge and as shown in

Fig. 16a, deposit in random orientation on the positive electrode (anodic deposition).
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Figure 16. (a) Schematic illustration of an anodic CNT deposition at with a top view scanning
electron micrograph of a CNT coating. (b) Uncoated and CNT-coated steel threads demonstrating the

ability of EPD to homogeneously copy complex geometries.

A considerable range of solvents have been used for dispersing and depositing carbon
nanoparticles. Among the most commonly used are isopropanol (IPA) and ethanol as
nanocarbons have good electrophoretic mobility in them and the solution is sufficiently
stable 104120132134 " Additionally, both solvents are widely available and relatively safe from a
health perspective. Besides organic solvents, aqueous solutions have also been used as solvents
for depositing carbon nanoparticles 1913136 \Water is low cost and poses minimal

environmental risks, however, hydrogen formation due to electrolysis represents a major safety
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hazard. Further, bubble development particularly at higher deposition voltages prevents the
formation of dense and uniform coatings 7.

The process of depositing carbon nanoparticles can be supported by using additives that act
in different ways to improve dispersion and accelerate the deposition process. Triethylamine
(TEA) is believed to enhance the negative surface charge by increasing the dissociation rate of
the hydroxy- and carboxy groups and potentially adding the element of steric repulsion thus
improving particle dispersion. Metal salts like Mg(NO3)2 represent another class of additives
which have been effective at increasing CNT yield %4 and alter the wetting behavior of the
resulting coatings 14138, In solution, Mg(NOs3)2 dissolves into NOs™ and bivalent Mg?* ions. The
latter is suspected to form non-covalent complexes with the monovalent negative surface groups
hence the effective surface charge is overcompensated and thus reversed. As a result, deposition
occurs on the cathode 104,

EPD allows the production of homogeneous carbon nanoparticle coatings even on complex
substrate geometries (Fig. 16b). At the same time, it is simple and cost-effective. Furthermore,
it is scalable and thus suitable for industrial use as it and enables precise process control through

several parameters.

4.3. Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) is an advanced optical imaging technique
utilized in materials and life sciences, as well as the semiconductor industry. It enables 3-
dimensional, high-resolution visualization of samples by selectively focusing a laser beam onto
a specific focal plane while excluding out-of-focus light through spatial filtering. The
fundamental principle of CLSM revolves around the generation of a focused laser beam,
typically in the visible or near-infrared spectrum, which is directed onto the specimen. This
laser light interacts with the sample, causing fluorescence emission or reflection. A pinhole
aperture, situated in front of the detector, is utilized to selectively capture emitted or reflected
light originating exclusively from the focal plane of interest. By sequentially scanning the laser
across the specimen and detecting the emitted or reflected light through the pinhole, a series of
two-dimensional optical sections (or slices) are acquired. The resultant optical sections are

computationally reconstructed to generate a three-dimensional representation of the specimen.
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Compared to conventional light microscopy, CLSM utilizes a spatial pinhole which blocks
out-of-focus light. As a consequence, CLSM provides superior optical sectioning which
facilitates the reconstruction of complex three-dimensional structures. Furthermore, higher
resolution images are achieved and the reduction of out-of-focus blur increases contrasts.
Finally, CLSM generates digital images that can be easily processed, analyzed, and quantified
using specialized software. This enables advanced post-processing techniques, such as
deconvolution, stitching, and 3D rendering.

Within this work, CLSM was used to determine surface roughness parameters Ra. and Rq as

well as the structural depth of the DLIP-induced line-patterns (mean height R).

4.4. Raman spectroscopy

4.4.1. Fundamentals

Raman spectroscopy is an analytical technique used to investigate the vibrational modes of
molecules and provides information about the molecular structure and chemical composition of
a material. The underlying principle of Raman spectroscopy is based on the inelastic scattering
of light. When a sample is radiated with monochromatic light, most of the incident photons
undergo elastic scattering (Rayleigh scattering). However, a small fraction of the photons is
scattered inelastically, resulting in an energy shift, known as the Raman effect. The Raman
effect occurs when the incident photons interact with the vibrational modes of the molecules in
the sample. These vibrational modes are specific to the molecular structure and can be thought
ofas the “fingerprints” of the molecules. When the incident photons interact with the molecules,
they can transfer energy to or gain energy from the vibrational modes, resulting in a shift in
their energy levels. The energy shift of the scattered photons can be measured using a
spectrometer, which separates the scattered light into its different wavelengths. However, for a
molecule to be Raman active, the vibrational mode must cause a change in the polarizability of
the molecule. This means that the molecule must have some asymmetric characteristics, for

example, stretching and bonding motions often result in changes in polarizability.
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The Raman spectrum is obtained by plotting the intensity of the scattered light as a function
of its energy shift. The spectrum typically consists of a series of peaks corresponding to the

different vibrational modes of the molecules in the sample.

4.4.2. Carbon characterization

In the case of carbon, Raman spectroscopy is particularly useful for characterizing the
different carbon materials. Carbon itits different forms and allotropes (diamond, graphite, CNT,
etc.) exhibit distinct Raman spectra due to their unique structural arrangements. Diamond for
example, has a highly ordered crystal structure, and its Raman spectrum exhibits a sharp peak
known as the diamond band. Graphite on the other hand, has a layered structure, and its Raman
spectrum shows two prominent peaks known as the G and the D band. CNTs, which are
cylindrical, also display characteristic bands in their Raman spectra. The position, intensity, and
shape of the Raman bands provide valuable information about the carbon material being
analyzed. The position of the bands corresponds to the vibrational frequencies of the molecular
bonds, which can be used to identify specific functional groups of structural features. The
intensity of the bands is related to the abundance of the different carbon species present in the
sample. The shape of the bands can also reveal details about the degree of disorder or
crystallinity of the carbon material. Furthermore, Raman spectroscopy can be used to study
other properties of carbon, such as strain, doping, and defects. Changes in these properties can
be detected through shifts or modifications in the Raman spectra. This makes Raman
spectroscopy a versatile tool for investigating the structural and chemical properties of carbon-
based materials.

In summary, Raman spectroscopy is a powerful technique for characterizing carbon
materials and allows scientists to identify different forms of carbon and study their structural

properties.
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5. Results and discussion

5.1. Included Publications
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Figure 17. Graphical illustration of the outline, showing the different focus points of the publications

included in this dissertation.

Parametric analysis of the coating thickness development of

electrophoretically deposited carbon nanotube coatings

The objective of this publication was to investigate the temporal coating
thickness development during the electrophoretic deposition of pristine and
oxidized CNTs on stainless steel. The coating process was conducted in
dependence of the deposition voltage and the additives (TEA and Mg-Nit)
which are used to assist during coating. The development of the coating
thickness was approximated using Hamaker’s law, and its prediction accuracy
was tested. The results indicate that elevated voltages lead to increased CNT
deposition rates and solutions with Mg-Nit had higher deposition rates
compared to TEA. Within the initial 5 min, the evolution of coating thickness
could be characterized as approximately linear when using Mg-Nit and the
initial 20 min when using TEA. Ultimately, Hamaker’s law provided a good
estimation for the coating thickness development of CNT coatings on stainless
steel when TEA was utilized as an additive.
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Influence of structural depth of laser-patterned steel surfaces

on the solid lubricity of carbon nanoparticle coatings

Coatings of carbon nanoparticles on patterned surfaces create a solid
lubrication system that utilizes the pattern’s recessions as lubricant-retaining
reservoirs. This study explored the influence of the recession’s structural
depth, coated with CNTs and COs, on their ability to reduce friction and wear.
Employing DLIP, line patterns with varying structural depths were generated
on stainless-steel platelets, followed by electrophoretic deposition to form
homogeneous carbon nanoparticle coatings. Tribological experiments
revealed that the shallower the structure, the lower the COF, with CNT
coatings consistently achieving lower friction coefficients than the CO
coatings. Furthermore, CNT-coated surfaces did not show any oxidation
compared to minor oxidation on their CO-coated equivalents.

Degradation analysis of tribologically loaded carbon

nanotubes and carbon onions

This study represents a follow-up that examined the tribological films that
were formed in the wear tracks of the samples described in publication 11
with respect to structural degradation. The findings showed that CNT lubricity
was linked to increased particle defectivity, more specifically, the more
effective CNT lubricity, the greater the particle degradation. Although strong
structural deterioration was observed for both particle types following the
friction tests, the COs exhibited greater degradation compared to CNTSs.

IV

Multiwall carbon nanotubes for solid lubrication of highly

loaded contacts

In previous tribological experiments, CNTs showed strong degradation after
friction testing at low loads despite their mechanical stability. In this work,
experimental friction testing and subsequent wear track characterization was
combined with Molecular Dynamics simulations to study the observed
phenomenon and to gain novel insights into the friction mechanisms of carbon
nanotubes on metallic surfaces. The simulations showed that the extent of
particle degradation after sliding can be explained by an extreme
concentration of the applied load at crossed contact points between individual
CNTs. The described crossed contact was identified in the resulting tribofilm
using high-resolution electron microscopy and confirmed the remarkable
agreement between experiment and simulation which lead to the development
of a multi-step lubrication mechanism.
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Long-term lubricity of carbon nanoparticle coatings on

periodically laser-patterned metallic surfaces

This paper examines the long-term lubricity of different carbon nanoparticle
coatings such as CNH, CNT, and CO, on line-patterned stainless-steel
substrates. Simultaneously, the influence of particle morphology (cylindrical
vs. spherical) on the lubricity can be analyzed. Ball-on-disc tribometry is
conducted with alumina and 100Cr6 as counter body materials. The friction
tests reveal that CNTs maintain effective solid lubrication against both counter
body materials. While COs and CNH sustain lubricity against 100Cr6, they
exhibit diminished performance against alumina. In addition, the formation of
CNT patches on the pattern is observed. These patches separate the sliding
surfaces and represent a contributing factor to the CNTs superior lubricity
compared to CO and CNH.

VI

Combining carbon nanoparticle coatings and laser surface

texturing for enhanced lubricity under high loads

This article focused on the lubricity under high loads (20 N) of different solid
lubricant coatings including various carbon nanoparticles such as CNT, CO,
and CNH as well as conventional solid lubricants (MoSz, WS>, graphite).
Line-patterned stainless-steel substrates were used as substrate whereby the
patterning prevented lubricant depletion. Ball-on-disc friction testing was
conducted against 100Cr6 and alumina counter bodies. The primary coating
technique was electrophoretic deposition, air spraying was applied for WSy).
CNT exhibited superior lubricity and the longest wear life against both 100Cr6
and alumina. Material transfer was identified as a crucial aspect for effective
and enduring lubrication.
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ARTICLE INFO ABSTRACT

Keywords:
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In this study, the coating thickness evolution of pristine and oxidized carbon nanotubes (CNT) on stainless steel
substrates is investigated. Potentiostatic electrophoretic deposition (EPD) is used as a coating technique with two
different additives, triethylamine (TEA) and magnesium nitrate hexahydrate (Mg-Nit). Moreover, the depositions
are conducted at different voltages (50, 100 and 150 V). Confocal laser scanning microscopy is used to determine
the thickness of the CNT depositions after 1, 2, 5, 10, 20 and 30 min. Furthermore, the ability of Hamaker’s
law to accurately predict coating thickness development is investigated for the thickness evolution on stainless
steel.

Independent of the additive, the results show that higher voltages lead to increased deposition rates. Com-
paring the two additives, Mg-Nit generally allows for a higher CNT deposition rate than TEA and forms thicker
layers. Coating thickness development can be approximated as linear during the initial 5 min with Mg-Nit and
during the initial 20 min with TEA. Finally, Hamaker’s law allows for a fairly accurate approximation for the

thickness development of CNT coatings with TEA on stainless steel.

1. Introduction

Electrophoretic deposition (EPD) is a technique that enables the de-
position of charged particles from a colloidal suspension onto a con-
ductive substrate to obtain homogeneous coatings. After being devel-
oped in 1808 by Reuss, EPD was applied for the first time in 1933 to
coat platinum cathodes [1]. During EPD, particles dispersed in a suit-
able solvent move under the influence of an electric field (electrophore-
sis) towards an oppositely charged electrode immersed in the suspen-
sion and deposited on it over time. Primarily, EPD is known as a tech-
nique to deposit ceramic particles and has as such been successfully
used for a wide range of mostly ceramic particles such as TiO, [2],
CeO, [3], Al,05 [4,5], yttria stabilized zirconia (YSZ) [6], hydroxya-
patite [7,8] and bioglass [9] dispersed in various solvents. Considering
practical aspects, EPD is a simple and cost-effective, yet efficient coat-
ing technique that requires modest equipment and has the ability to
form homogeneous coatings even on geometrically complex substrates.
At the same time, it is scalable and provides extensive process control
by adjusting deposition time, voltage, electrode spacing and suspension
composition.

Hamaker developed a linear equation in 1940 aiming to model the
deposition process of EPD [10]. With different notations according to
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Cho et al. [11], Hamaker’s equation can be written as follows:

1
w(t):/f-y~E~A~CS~dt D
0

eeg

with w being the deposition yield in kg, yu = the electrophoretic

2
mobility in % where ¢ is the dielectric constant of the solvent, ¢, the
dielectric constant of the vacuum in %, £ the zeta potential in V and

n the viscosity in Pa - s, E the electric field strength in E, A the coated
area in m?, C, the particle concentration in % and f an efficiency factor
(also referred to as “sticking parameter”), depending on whether each
particle reaching the anode will contribute to the layer. Assuming the
simplification that all factors are time-independent, the integral trans-

forms to a multiplication:
wt)=f-u-E-A-Cy-t 2)

Ever since Thomas et al. deposited multiwall carbon nanotubes
(CNTs) onto a metallic surface [12], EPD has started to generate wider
interest for being applicable to sp2-hybridized carbon nanoparticles, as
it has proven to be an effective technique to form homogeneous car-
bon nanoparticle coatings. This applies particularly to CNT coatings for
tribological applications [13-15], wettability tuning [14], in superca-
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pacitors [16] or vertically aligned CNTs on carbon fiber [17]. More-
over, EPD has proven to successfully deposit carbon onions [18,19],
carbon nanohorns [20], but also graphene quantum dots [21] and other
graphene-related materials [22].

In order to obtain coatings with EPD, the dispersed particles must
have a surface charge in suspension. Carbon nanoparticles with sp? hy-
bridization generally show a negative surface charge stemming from the
deprotonation of oxygen-containing functional groups such as hydroxy
or carboxy groups [23]. These groups are incorporated during synthesis,
primarily at the caps but also on the side walls [24]. This is facilitated
by their curved structure and the associated increased reactivity due
to pyramidalization of the z-orbitals [25]. However, further oxidizing
CNTs in a strongly acidic environment enhances the incorporation of
functional groups and, thus, the negative surface charge which will in-
fluence the deposition kinetics. Functionalization may be advantageous
as shown by Gojny and Schulte, where functionalizing CNTs lead to im-
proved interfacial adhesion of CNTs in epoxy composites [26].

Deposition results during EPD can be improved by using additives,
of which there is a wide variety, such as salts like nickel chloride
[27] or quaternary ammonium salts [28] and nitrates, most promi-
nently aluminium nitrate [29] and magnesium nitrate hexahydrate (Mg-
Nit) [30,31]. The latter, along with triethylamine (TEA) [13,14], are
amongst the most commonly used additives for CNT deposition. When
using Mg-Nit, Mg?* ions non-covalently attach to the negative surface
groups causing the deposition to occur on the cathode. The use of TEA
on the other hand leads to an anodic deposition [32].

In this work, the layer thickness evolution of CNT coatings on stain-
less steel substrates is studied during potentiostatic EPD with TEA and
Mg-Nit as additives. Secondly, a linear approximation of CNT layer
growth based on Hamaker’s law was performed in order to precisely
predict coating thickness, which can save a significant amount of char-
acterization time and, therefore, increases applicability.

2. Materials and methods
2.1. Materials

Multiwall CNT acquired from Graphene Supermarket (Calverton,
USA) were used in this study. According to the provider, the outer diam-
eter varies between 30 and 85 nm, with a length of 10-15 pm and a car-
bon fraction above 94 %. Triethylamine (99.0 %, Chemsolute, Germany)
and magnesium nitrate hexahydrate (Merck, Germany) were used as ad-
ditives. As substrates, platelets (20x20x1 mm?) of AISI 304 austenitic
stainless steel (BRIO Kontrollspiegel GmbH, Germany) with mirror pol-
ished (Sq = 9 nm) surface were utilized.

2.2. Functionalization and dispersion preparation

Prior to the deposition, a batch of CNTs were functionalized with a
HNO3;/H,S0,4 mixture (v/v ratio 3:1). In a first step, the CNTs were dis-
persed in the acid mixture via ultrasonication (Bandelin, Sonorex Super
RK 514 Bh, 35 kHz-860 W) for 10 min. Next, the CNTs were oxidized in
the mixture for 72 h at 80°C under reflux. Subsequently, the CNTs were
filtered and washed with deionized water until the pH of the permeated
water reached 7. Finally, the functionalized CNTs were dried in an oven
overnight at 100°C.

Each dispersion consists of 80 ml of isopropanol (IPA) and 8 mg (cor-
responds to a concentration of 0.1 mg/ml) of either pristine (p-CNTs)
or oxidized CNTs (0-CNTs). In addition, either 10 ml of TEA or 2 mg
of Mg-Nit were used as additives to support the deposition process. The
four following suspensions were used:

- IPA + TEA + p-CNT
- IPA + TEA + o-CNT
- IPA + Mg-Nit + p-CNT
- TPA + Mg-Nit + 0-CNT
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Fig. 1. Top view confocal laser scanning micrograph of a frontier between a
CNT-coated part of the sample surface (right) and another part where the coating
was removed (left). The coating thickness was determined by measuring the
height difference between these two regions of interest using CLSM.

The CNTs were dispersed with an Ultra-Turrax (T25 digital, IKA,
Germany) shear mixer for 5 min at 5000 rpm followed by 10 min of
ultrasonication in the same device mentioned above.

2.3. Electrophoretic deposition

Two stainless steel platelets serving as electrodes were immersed in
the dispersion and connected to a DC power supply (Consort EV3020,
Carl Roth, Germany). Deposition was conducted in potentiostatic mode
at three different voltages (50 V, 100 V and 150 V) for the following
deposition times: 1, 2, 5, 10, 20 and 30 min. For each set of parameters
one sample was coated.

2.4. Characterization

To assess the degree of functionalization, X-Ray Photoelectron Spec-
troscopy (XPS) was used to determine the oxygen content. XPS mea-
surements were performed with an ESCA MKII spectrometer (Vac-
uum Generators) in normal emission mode using Al-Ka excitation
(hew = 1486.6 eV) and a 150°-type hemispherical analyzer. Survey spec-
tra were recorded with a pass energy of 50 eV, detail spectra (for analysis
of elemental composition) were recorded with a pass energy of 20 eV.
The calibration was made to the Au-4f , , line at 83.80 eV.

Zeta potential measurements were performed with a Malvern Pana-
lytical Zetasizer at a temperature of 20°C with a refractive index of 2.47
and an absorption of 0.99.

A Haake Rotational Rheometer (RheoStress 1, Thermo Fisher Scien-
tific) was used to determine the viscosity of the EPD dispersions. Steady
shear measurements were conducted at room temperature in constant-
stress mode. The ratio of cup to bob radii was 1.0847 with a gap of 1.45
mm.

To determine the thickness of the CNT coatings, an Olympus LEXT
OLS4100 confocal laser scanning microscope (CLSM) with a 50x objec-
tive (NA: 0.95) at a laser wavelength of 405 nm was used. As illustrated
in Fig. 1, coating thickness was measured by comparing two regions of
interest and forming the difference. To verify the CLSM data, coating
thicknesses were also measured using scanning electron micrographs
that were prepared using a Helios NanoLab 600 dual beam workstation
(SEM/FIB, by Field Electron and Ion Company) at an acceleration volt-
age of 5 kV and a current of 1.4 nA.

3. Results and discussion
3.1. Dispersion, CNT and coating characterization

Fig. 2 shows the XPS survey spectra of p- and 0-CNTs. The spec-
tra display mainly the Cls and Ols peaks as well as the C-KVV and
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Table 1
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Overview of the characterization data. Carbon and oxygen content of p- and 0o-CNTs measured by XPS. Zeta potential of the CNTs in different
dispersions with and without additives. Viscosity for the dispersions and for IPA.

Pristine Oxidized
Carbon (at. %) 98.62 96.40
Oxygen (at. %) 1.38 3.60
Additive - TEA Mg-Nit - TEA Mg-Nit
Zeta potential (mV) -15.27 + 1.50 -10.99 + 1.16 -6.34+0.98 -29.63 + 1.89 -20.73 +1.31 +14.30 £ 0.86
Viscosity (mPass) - 1.89 + 0.08 2.37 + 0.09 - 1.95 + 0.08 2.24 +0.07
' J T 1 T l T gen content. The additional oxygen is incorporated to a large de-
C_1S' ' C-1s gree in the form of oxygen-containing functional surface groups such
) as carbonyl and hydroxy groups [23,36], but mainly carboxy groups
5 [371.
E To determine the CNTs’ surface charge in solution, the zeta poten-
£ tial was measured while the particles are dispersed in different suspen-
é sions (results shown in Table 1). Comparing p- and o-CNTs reveals that
CKW S the acid-functionalization causes the zeta potential in pure IPA to be-
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Fig. 2. XPS survey spectra of p- (blue) and o-CNTs (red). Inset: C1s detail spec-
tra.

O-KKL Auger peaks with no traces of other elements. The Cls detail
spectra (inset) of both samples display a narrow main contribution
at 284.3 eV (as characteristic for sp2 C bonds) and the small broad
shake-up r satellite around 290.5 eV [33]. Between the main peak and
the = satellite only small contributions from C-O, C-OH and/or C=0
species contribute to a small shoulder of the main peak. The analysis
of the Cls and Ols spectra (peak intensity above Shirley background
[34] scaled with the photoemission cross sections by Yeh and Lin-
dau [35]) provides atomic ratios of C:O = 98.62:1.38 and 96.40:3.60
for p- and o-CNTs, respectively (see Tab. 1) showing that the acid-
functionalization leads to a considerable increase of the CNTs’ oxy-

come more negative, roughly by a factor of 2.5. This outcome was to be
expected due to the further incorporation of carbonyl, hydroxy or car-
boxy groups. Carboxy groups in particular are known to deprotonate in
solution, and form carboxylate anions which dominate the interaction
with the additives and provide the CNTs with negative surface charges
[371.

Adding TEA to the deposition suspension seems to attenuate the
CNTs negative zeta potential (regardless of oxidation state). We believe
that, to a certain degree, TEA protonates to ammonium (NH,*) and sub-
sequently non-covalently complexes some of the carboxylates on the sur-
face of the CNTs, thereby mitigating the negative charge. The presence
of Mg-Nit has the same yet more enhanced effect. In solution, Mg-Nit
dissolves into Mg?+ and NO3~. The former also forms complexes with
the surface groups. In the case of 0-CNT, the zeta potential completely
shifts to become positive.

The viscosities of the different dispersions were determined to model
the coating thickness development according to Hamaker’s equation. In
general, low-viscosity suspensions are preferred as they pose less resis-
tance to particle motion during EPD. The data presented in Table 1 in-
dicate that CNT/Mg-Nit dispersions exhibit an increased dispersion vis-
cosity compared to CNT/TEA dispersions. This can be explained by
higher electrostatic forces from bivalent Mg*? ions leading to stronger
attracting forces between the CNTs which generally increases the vis-
cosity. In addition to that, the viscosity of pure TEA is low (0.347
mPaes [38]) resulting in an overall viscosity decrease of the CNT/TEA
dispersion.

Fig. 3. Top view scanning electron micrographs showing the coating thickness development of 0-CNTs deposited with TEA (a) after 1 min at 50 V, (b) 2 min at 50

V and (c) 2 min at 100 V.
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Fig. 4. Coating thickness development (measured using CLSM) in the presence of TEA and Mg-Nit for pristine (a-c) and oxidized (d-f) CNTs at 50, 100 and 150 V.

In Fig. 3, top view scanning electron micrographs at different
stages of the thickness development of o-CNTs deposited with TEA
are shown. The first deposition after 1 min at 50 V shows individ-
ual 0-CNTs (randomly oriented) together with a few o-CNT agglom-
erates as well as the underlying substrate (Fig. 3a). When the depo-
sition time is doubled (Fig. 3b), the coating covers the substrate al-
most completely, however, the underlying substrate is still recogniz-
able in some locations (orange markings). Fig. 3c shows, that dou-
bling the voltage over a deposition period of 2 min results in a coating
that fully covers the surface and incorporates large agglomerates (green
markings).

3.2. Development of CNT coating thickness

Fig. 4 shows the temporal coating thickness development of pristine
(Fig. 4a-c) and oxidized (Fig. 4d-f) CNTs deposited with either TEA or
Mg-Nit as an additive at 50 V, 100 V and 150 V measured by CLSM.
The CNT coatings generally grow thicker as deposition time increases,
regardless of the oxidation state or the additive. Moreover, higher volt-
ages typically lead to higher deposition rates which is consistent with
the literature [39,40]. Initially, the thickness development can be ap-
proximated as linear. In the presence of Mg-Nit, this applies during the
first 5 min (95.8% < R2 < 99.3%). Afterwards, the curve kinks down-
wards in most cases. This agrees well with the findings of Gardeshzadeh
and Rasouli who investigated the deposition yield of multiwall CNTs
dispersed in ethanol with Mg-Nit as an additive [40]. TEA exhibits simi-
lar behaviour, however, linear growth is maintained for roughly 20 min
(93.0% < R? < 99.7%).

The difference in coating thickness between TEA and Mg-Nit tends to
be more pronounced at higher voltages and longer deposition periods.
However, p- and 0-CNTs deposited in the presence of Mg-Nit at 150 V
demonstrate that longer deposition periods and higher deposition rates

do not necessarily result in thicker coatings. In those cases, the depo-
sition rate starts to decline, and it appears as if a maximum is reached
around 20 min (Fig. 4c and f). This maximum represents a saturation
state where the CNT deposition shields and, thus, neutralizes the elec-
trical field of the underlying electrode. This is in agreement with results
obtained by Singh et al. for graphene oxide-polymer composite at 10 V
[41].

Consequently, layer thickness decreases as both individual CNTs and
CNT agglomerations detach from the deposition due to the lack of an
attractive force. Decreasing CNT concentration in the suspension over
the course of the deposition is another factor contributing to the slow-
down of the deposition rate [40]. Saturation seems to occur in TEA
also, as demonstrated by the o-CNTs’ flattening deposition rate after
20 min at 150 V (Fig. 4f) or possibly exceeded it already. Achieving
saturation below 150 V seems to require deposition periods beyond
30 min.

Within a study published in 2004, Wang and co-workers used EPD
to coat copper substrate with ZnO nanoparticles [42]. The development
of layer thickness was studied over time at deposition voltages of 20, 60
and 100 V. Initially, the ZnO layer grew almost linearly. After a certain
period of time, the line starts to flatten and eventually plateau. Overall,
these results correspond well with ours.

With just over 20 pm, o-CNTs with Mg-Nit at 150 V produce the
thickest coatings. Several factors contribute to this. First, the highest
voltage results in the strongest electrical field and hence the high-
est deposition rate prior to saturation. Secondly, functionalization in-
creases the amount of superficial carboxyl groups and, thus, leads to
an enhancement of the negative surface charge [23,43], as corrobo-
rated by the respective zeta potentials listed in Table 1. Moreover, Yi
and Chen proved that Ca%* forms bidentate rather than monodentate
complexes with carboxyl groups on the surface of multiwalled CNTs
[37]. Ca®* binds more effectively to the carboxyl groups on highly
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oxidized CNTs compared to lower oxidized CNTs because there is a
greater probability that a larger proportion of carboxyl groups will be
in sufficient proximity to form bidentate complexes on highly oxidized
CNT surfaces. In isopropanol, Mg-Nit dissolves to nitrate and Mg2*,
which behaves similarly to Ca®* (both bivalent). Once again, this is
supported by the zeta potentials (Table 1) which shows that the ad-
dition of Mg-Nit leads to a positive charge on 0-CNTs opposed to the
p-CNTs.

Focused ion beam (FIB) was used to prepare cross-sections of the
CNT coatings and their thickness was measured using SEM to validate
the CLSM measurements. Contrary to the standard FIB procedure, pro-
tective Pt coatings were omitted due to the CNTs mechanical flexibil-
ity which otherwise resulted in the compression of the coatings. Fig. 5
shows electron micrographs with coating thicknesses of pristine and ox-
idized CNTs deposited with TEA and Mg-Nit after 20 min at 150 V,
which are in good agreement with coating thicknesses measured by
CLSM (additional FIB cross-sections after a deposition time of 10 min
at 50 V are shown in S1 in the Supplementary Information). As pre-
viously mentioned, the increase in coating thickness can be approxi-
mated as linear during the initial 20 min of deposition using TEA and
during the initial 5 min using Mg-Nit as an additive. Fig. 6 shows the
linear regression lines fitted to the coating thicknesses deposited at 50
V, 100 V and 150 V obtained by CLSM. The corresponding Hamaker
lines, which were calculated using experimentally determined parame-
ters (Tables 1 and 2), are plotted alongside. To assess whether Hamaker
is suitable for accurately predicting coating thickness evolution, we
introduce a slope ratio g = %’m (B = 1 represents perfect
conformity).

Independent of oxidation or deposition voltage, fpa is relatively
close to 1, hence Hamaker’s equation can be used for a rough ap-

Carbon Trends 11 (2023) 100265

Fig. 5. FIB cross-sections of the CNT coatings
(without protective coating) after a deposition
time of 20 min at 150 V with (a) pristine CNTs
with TEA, (b) oxidized CNTs with TEA, (c) pris-
tine CNTs with Mg-Nit and (d) oxidized CNTs
with Mg-Nit.

Table 2

Overview of the parameters used for Hamaker modelling.
A 2.6410~% m?
E 3333.33 Vm™! (50 V)
(assuming an electrode distance 6666.66 V-m~! (100 V)
of 1.5 cm) 10000.00 V-m~! (150 V)
Cs 0.10 kgm~3
e (IPA) 20.18 [44]
£ 8.85107!2 AsV-1:m™!

proximation of the coating thickness when the CNT suspension con-
tains TEA as an additive. This is not the case for Mg-Nit suspen-
sions since fyg.n;i; deviates strongly from 1, meaning that the actual
deposition rate is considerably higher than predicted by Hamaker’s
equation.

Analyzing each of the parameters considered by Hamaker, it is
reasonable to state that the vast majority of them remain constant
throughout the deposition. Particularly, considering that there are no
significant changes in Zeta potential and viscosity, therefore, the elec-
trophoretic mobility will remain constant. The same is true for the
applied electric field (interelectrode distance is constant) and deposi-
tion area. Thus, the only two parameters in Hamaker’s equation that
indeed change with time are the efficiency factor f and the concen-
tration. Considering that the concentration is expected to diminish
with time, the only compensating parameter left is f. The increase in
yield can thus be traced back to a high compactness of the CNTs de-
posited with Mg-Nit (as observable in Fig. 5c and d), likely associated
to a stronger interaction of the bivalent ions with the applied electric
field.
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Fig. 6. Linear coating thickness development with TEA during the initial 20 min of deposition for (a) pristine and (b) oxidized CNT. Linear coating thickness
development with Mg-Nit during the initial 5 min of deposition for (c) pristine and (d) oxidized CNT. The dotted lines represent the corresponding Hamaker lines.

4. Conclusion

Within this study, the temopral coating thickness development of
pristine and oxidized CNTs on stainless steel substrates were investi-
gated. EPD was used as a coating technique with dispersions containing
two different additives over a range of voltages. The following are the
key findings of this work:

W Regardless of additive or oxidation state, the coating thickness grows
linearly during the initial phase of the deposition. The duration of
that period depends on the additive.

H After deposition times of 20 min and more, coating growth indicates
saturation. This becomes particularly evident at higher voltages.

B Regarding the additives, Mg-Nit typically exhibits higher deposition
rates and, thus, forms thicker coatings than TEA over the same de-
position period.

W Hamaker’s equation can serve as a rough estimation for the thickness
of CNT coatings deposited from dispersions containing TEA.
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Abstract: Carbon nanoparticle coatings on laser-patterned stainless-steel surfaces present a solid lubrication
system where the pattern’s recessions act as lubricant-retaining reservoirs. This study investigates the influence
of the structural depth of line patterns coated with multi-walled carbon nanotubes (CNTs) and carbon onions
(COs) on their respective potential to reduce friction and wear. Direct laser interference patterning (DLIP) with
a pulse duration of 12 ps is used to create line patterns with three different structural depths at a periodicity
of 3.5 um on AISI 304 steel platelets. Subsequently, electrophoretic deposition (EPD) is applied to form
homogeneous carbon nanoparticle coatings on the patterned platelets. Tribological ball-on-disc experiments are
conducted on the as-described surfaces with an alumina counter body at a load of 100 mN. The results show
that the shallower the coated structure, the lower its coefficient of friction (COF), regardless of the particle type.
Thereby, with a minimum of just below 0.20, CNTs reach lower COF values than COs over most of the testing
period. The resulting wear tracks are characterized by scanning electron microscopy, transmission electron
microscopy, and energy-dispersive X-ray spectroscopy. During friction testing, the CNTs remain in contact,
and the immediate proximity, whereas the CO coating is largely removed. Regardless of structural depth, no
oxidation occurs on CNT-coated surfaces, whereas minor oxidation is detected on CO-coated wear tracks.

Keywords: solid lubricant coatings; carbon nanotubes; carbon onions; direct laser interference patterning (DLIP)
surface structuring; electrophoretic deposition (EPD)

1 Introduction

Friction and wear reduction have been intensively
studied for centuries because of their crucial importance
in mechanical systems. An effective approach to
mitigate friction between two surfaces moving relative
to each other is introducing a well-defined surface
pattern. It minimizes the real area of contact and
possibly entraps abrasive wear particles, thus effectively
keeping them out of contact [1-6]. Direct laser

interference patterning (DLIP) might be the most
versatile and productive among various techniques
to create such topographies. During DLIP, multiple
high-power laser pulses are brought to interference
directly on the substrate’s surface, which allows for
the creation of periodic surface structures such as
line-, cross-, and dimple patterns [7, 8].

Despite environmental concerns and limited
applicability in harsh conditions for example, in space
applications under vacuum, oil-based lubricants remain
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the most widely used form of lubrication with few
alternatives. However, solid lubricants like graphitic
materials and transition metal dichalcogenides have
gained increasing attention in recent decades,
particularly for extreme environments [9, 10]. Amongst
the group of graphitic materials, multi-walled carbon
nanotubes (CNTs) and carbon onions (COs), have
proven their ability to provide effective solid lubrication
either as reinforcement phase in composites [11-18]
or as a coating [19-29]. Further studies have shown
that CNTs and COs can achieve superlubricity under
a specific set of conditions due to the formation of
an incommensurate contact [30-33]. Their lubrication
ability is attributed to a combination of their mechanical
properties based on the sigma bonds formed between
sp*hybridized carbon atoms and particle morphology
[34-37]. While CNTs are cylindrical, COs are spherical,
theoretically allowing the particles to rotate and
therefore act as a nanoscale roller bearing. This can
lead to extremely low coefficients of friction (COF).
Hirata et al. [26] conducted ball-on-disc testing with
COs spread on a silicon wafer and found a COF value
well below 0.1 both in air and vacuum at a normal
load of 0.95 N.

On austenitic stainless steel, purely DLIP-processed
surfaces wear off rapidly when rubbed against a
counter body of similar or higher hardness at sufficiently
high loads. On the other hand, carbon nanoparticles
are quickly removed from the contact area on a flat
sample as they do not form a covalent bond with
the chromium oxide layer [22-24]. As shown in a
comprehensive review article by Rosenkranz et al. [38],
a synergetic approach of textured surfaces combined
with solid lubricant coatings like diamond-like
carbon (DLC), polytetrafluorethylene (PTFE), and
2-dimensional (2D) layered materials can overcome
each approach’s limitations. A study conducted by
Reinert et al. [23] demonstrated a combination of
line-patterned steel surfaces and CNT coatings.
Effective solid lubrication was provided over extended
periods because the pattern’s recessions act as
reservoirs from where the lubricant is supplied to
the contact area. Neither patterned/uncoated nor
unpatterned/CNT-coated samples could provide
long-lasting lubrication unless both approaches were

combined, in which case a COF of 0.20 was reached
and sustained over 10,000 cycles. A ball-on-disc
tribometer was used with an alumina ball as a
counter body at a load of 100 mN. Surfaces were
DLIP-processed with pulses in the nanosecond range
resulting in structural depths around 1 pum and
subsequently coated with CNTs by electrophoretic
deposition (EPD).

In recent years, EPD has been increasingly used to
deposit various carbon nanoparticles due to its ability
to form homogeneous coatings on geometrically
complex substrates while being simple and cost-
effective [20, 22-24, 39-41]. Consequently, EPD is a
preferred method for manufacturing uniform particle
films on steel surfaces.

In a closely related work, Schafer et al. [22] studied
the influence of the structural depth of laser-patterned
stainless-steel surfaces, EPD-coated with CNTs. Direct
laser writing (DLW) with ultrashort laser pulses
in the femtosecond range created cross-patterns with
structural depths of 1 and 3 um. The lubrication
performance was measured with a ball-on-disc micro
tribometer, working in rotational mode at a normal
load of 1 N. Despite having a larger lubricant storage
volume, friction experiments with deeper patterns
did not lead to an extended lifetime of the lubrication
but behaved similarly to the uncoated patterns. This
was attributed to the formation of material depositions
along the structure’s edges, impeding or even blocking
the lubricant supply into the contact area.

The present study aims at improving our
understanding of such lubrication systems. Stainless
steel surfaces are laser-patterned to create line patterns
with three different structural depths, thereby changing
the slope’s angle of the individual line structures.
This variation is thought to have a pronounced impact
on the laser pattern’s ability to supply the contact
with lubricious carbon nanoparticles. Surfaces in
this work were processed with a pulse length of 12 ps
(representing the transition regime between short
and ultrashort laser pulses) and generally produced
surfaces with slightly different topographies and surface
chemistry compared to the nano- or femtosecond
regime. Subsequently, EPD was used to coat the
as-processed surfaces with CNT and CO films. Platelets
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of commercially available AISI 304 austenitic stainless
steel were used as substrate material due to the
materials’ technical relevance and comparability with
previous works. The lubrication systems’ tribological
properties were determined, and the resulting wear
tracks were analyzed to determine which structural
depth in combination with which carbon nanoparticle
coating reduces friction and wear most effectively and
permanently.

2 Experimental
2.1 Materials

We used commercially available multiwall CNTs grown
by chemical vapor deposition. The material showed
an outer diameter of 30-85 nm, a length of 10-15 pm,
and was purchased at Graphene Supermarket. COs
derived from the annealing of detonation nanodiamonds
(NaBond Technologies Co., purity > 98 %, individual
particle diameter: 4-8 nm) were used. Annealing was
conducted in a vacuum furnace (model: 1100-3580-W1,
Thermal Technology Inc.) at a temperature of 1,750 °C
for 3 h at a rate of 10 °C/min [42]. As a metal substrate,
mirror polished AISI 304 austenitic stainless steel
(Brio Kontrollspiegel GmbH) was used in the form of
20 mm x 20 mm platelets with a thickness of 1 mm.
Before usage, steel platelets were cleaned thoroughly
in acetone and isopropanol baths for 10 min each to
remove contamination.

2.2 Pulsed direct laser interference patterning

Line-patterned surfaces were prepared using a
Nd:YAG pulsed laser (Edgewave PX-series InnoSlab)
integrated into a laser system RDX 500 nano by
pulsar photonics. Two equally powerful sub-beams
at a pulse duration of 12 ps were used to create line
patterns with a periodicity of 3.5 um. The laser operates
with an elliptic laser spot (major axis: 80 pum, minor
axis: 57 um) at a wavelength of 532 nm and the
samples were processed at 55% of its maximum power
which corresponds to 0.5 W. The step width refers to
the shift of the laser spot between each shot, hence a
low step width corresponds to a high overlap and,
thus, a high fluence. The following step widths were
used for structuring: 1/5/10 pm, which translates into

v
ua Univer:

a respective fluence of 70/14/7 J/cm® Due to oxide
formation during laser processing, particularly on
surfaces structured at higher fluences, platelets were
cleaned after laser processing by ultrasonication
first in citric acid, followed by acetone, and finally,
isopropanol for 15 min each.

2.3 Surface characterization

To measure the line-patterned steel surfaces’ structural
depth, the mean height Rc was determined over a
sampling length of 259 um with an Olympus LEXT
OLS4100 confocal laser scanning microscope (CLSM)
using a 50x objective (NA: 0.95). The equipment
operates with a laser wavelength of 405 nm and a
vertical and lateral resolution of 10 and 120 nm,
respectively. For statistical representation, R was
measured over 10 different sampling lengths at three
different spots on the steel surface.

2.4 Solution preparation and electrophoretic

deposition

EPD solutions consisted of 80 mL of isopropanol used
as the solvent with 10 mL of triethylamine (TEA).
TEA synthesized by ACROS organics with a purity
of 99% was used as an additive to support particle
deposition. The particle concentration in the solution
was 0.1 mg/mL of solvent.

Subsequent particle dispersion was a two-step
process. During the first step, the solution was
homogenized in a shear mixer (Ultra-Turrax T25,
IKA) at 7,000 rpm for 5 min (CO) and 10 min (CNT).
Further dispersion was achieved by ultrasonication
(Bandelin Sonorex RK514BH) for 10 min (CNT) and
45 min (CO). After the dispersion, two steel platelets
were immersed in the solution. Substrate surfaces
were arranged in parallel, separated by 1.3 cm, and
connected to a DC voltage source. CNTs were
deposited at a voltage of 150 V, while for COs, the
voltage was set to 300 V. Both particles were processed
for 15 min with the deposition occurring on the
anode.

2.5 Tribological testing

The friction coefficients” temporal evolution was
measured with a ball-on-disc nano-tribometer (CSM
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Instruments) in linear-reciprocating mode transversal
to the line-pattern. The stroke length was set to 0.6 mm
and the velocity to 1 mm/s. A normal load of 100 mN
was chosen, corresponding to a Hertzian contact
pressure of 360 MPa. Alumina balls (grade 28, Anton
Paar GmbH) measuring 6 mm in diameter, with a
surface roughness of Ry = 55.5 + 12.8 nm were used
as a counter body. 10,000 measurement cycles were
conducted at room temperature and a constant
relative humidity of 4%. This humidity level was
explicitly chosen to exclude graphitic lubrication,
which is enhanced by the presence of water vapor
as it significantly facilitates interlamellar shearing of
individual graphite or even graphene crystals [9]. For
statistical representation, each sample was tested three
times. The resulting raw data were slightly smoothed
(Savitzky-Golay filter, 50 p) before being used to plot
the COF development graphs.

2.6 Chemical and microstructural characterization

Micrographs of the coatings, cross-sections, and wear
tracks were made with a Helios NanoLab 600 dual
beam workstation (scanning electron microscope
(SEM)/focussed ion beam (FIB)) by FEIL Subsequently,
the wear tracks were characterized by energy-dispersive
X-ray spectroscopy (EDS) with an EDAX detector.
While EDS was performed at an acceleration voltage
of 15 kV and a current of 11 nA, SEM micrographs
were taken at 5 kV and 1.4 nA. Transmission electron
microscopy (TEM) samples were extracted from the
center of the wear track in the direction parallel to
the sliding motion. The preparation was done using
a focussed ion beam (FIB-Helios Nanolab 600-FEI
Company) as detailed in [43]. A JEOL JEM 2010F was
utilized for TEM at an acceleration voltage of 200 kV.

z
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3 Results

3.1 Surface topography

To visualize the profiles of the patterns created by
DLIP-processing, CLSM was used for coarse-scale 3D
mapping. The maps shown in Fig. 1 span an area of
approximately 170 um x 170 um and demonstrate
pattern uniformity regardless of fluence and, thus,
structural depth. In addition to that, FIB cross-sections
were made and imaged by SEM. The FIB-cross sections
depicted in Fig. 2 (CNT-coated) and Fig. 3 (CO-coated)
show the topographies of the laser-patterned and
coated samples processed at different structural depths.
Pronounced curtaining is observable in the scanning
electron micrographs of both coatings, particularly in
the case of the COs and can be attributed to the high
porosity of the coatings as it prevents the formation
of a coherent protective platinum deposition. This
porosity is a consequence of the formation of large
and poorly interconnected agglomerates. Compared
to CNTs, COs form smaller agglomerates as a result
of which more homogeneous coatings are formed.
CNTs are cylindrical with a high aspect ratio and a
strong tendency to entangle. Convex flanks characterize
both the shallow (Figs. 2, 3(a), and 3(d)) and the
intermediate structures (Figs. 2, 3(b), and 3(e)), whereas
the deeper structures (Figs. 2, 3(c), and 3(f)) exhibit a
concave profile as well as higher burrs on each side
of the line-like structure.

The three different structural depths were achieved
by varying the laser spot’s step width along the line-like
structure. Laser processing at shorter step widths
means more significant spot overlap and higher
fluences, resulting in deeper structures with steeper
flanks. This is confirmed by the results listed in Table 1.

{ —r 0.726 pm
0um

Fluence: 70 J/icm? (HD)

Fig. 1 Coarse-scale 3D maps of the patterned surfaces processed with fluences of (a) 7, (b) 14, and (c) 70 J/em® resulting in different
structural depths (low depth (LD), intermediate depth (ID), and high depth (HD), respectively). The maps were made using CLSM
and display an area of approximately 170 um x 170 um (zoom: 1.1, z-factor: 9.1).
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Fig.2 FIB cross-sections of CNT-coated picosecond-laser processed steel surfaces at fluences of (a, d) 7, (b, €) 14, and (c, f) 70 J/cm?
resulting in structural depths of 0.24, 0.36, and 0.77 um, respectively.

(a) - 7-Jlem? (LD) ‘

Fig.3 FIB cross-sections of CO-coated picosecond-laser processed steel surfaces at fluences of (a, d) 7, (b, €) 14, and (c, ) 70 J/em?
resulting in structural depths of 0.20, 0.39, and 0.78 um, respectively.

Table 1 Mean height R and slope angles of the line-patterned steel surfaces processed at different fluences.

5 Mean height R (um) Slope angles (°)
Sample acronym Fluence (J/cm®)
CNT-coated OLC-coated CNT-coated OLC-coated
LD 7 0.237 + 0.006 0.196 + 0.002 9.7+1.6 10.0+3.0
1D 14 0.355+0.003 0.389 + 0.007 19.1+3.4 16.3+3.8
HD 70 0.770 = 0.007 0.779 + 0.020 47.0+4.8 48.6 2.9
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The standard deviation of the structural depths is
very low and lies between 0.8% and 2.6% for both
CNT-coated and CO-coated surfaces. Therefore, the
patterns can be described as highly homogeneous
throughout all measured surfaces. Comparing the
absolute depths of both substrates, patterned with
the same fluence, shows that the shallow patterns are
comparable. In contrast, the intermediate and deep
patterns are close to identical, demonstrating the
high reproducibility of the DLIP technique. For the
smallest structural depth, produced with the longest
step width, the substrate’s initial state (e.g., roughness,
absorptivity) will have a more significant effect on
the result, thus slightly affecting the reproducibility.

Differing structural depths result in flanks with
different slopes. Both features of the respective
structures are listed in Table 1. The values obtained
for CNT-coated and CO-coated structures do not
deviate in any statistically significant way and are
highly comparable.

3.2 Friction behavior

Figure 4 shows the temporal evolution of the COF.
In both friction tests, Ref represents a non-patterned,
mirror-polished stainless-steel substrate used as a
reference. When rubbing against the aluminum oxide
counter body, the COF of Ref rises sharply and reaches
an early steady-state at 200-250 cycles after which,
it oscillates between 0.7 and 0.8. According to Blau
et al. [44], the tribological behavior is characteristic
of dry metal-metal contact, where the metals’ surfaces
are either contaminated (e.g., hydrocarbons, adsorbed

water) or covered by oxides. Furthermore, the
obtained values lie within the range of what we
have measured under identical conditions in previous
works [20, 22-24].

The patterned and uncoated samples show similar
tribological behavior as the reference, regardless of
their respective structural depth. The COF of the LD
and ID samples increase immediately and sharply,
concurrent with the reference. In contrast, the increase
in COF for the HD sample is slightly delayed. HD’s
asperities are significantly deeper; therefore, more
material needs to be abraded until conformal contact
is achieved. Thus, the real area of contact between
surface and counter body remains reduced for more
extended periods. The running-in behavior of LD
and HD can be classified as type a according to Blau
[44], while ID shows a clear type b. Both behaviors
are typical for unlubricated metal contacts. The
steady-state COF of all patterned surfaces without
coating is comparable and oscillates around 0.7.

Coating the patterned surfaces with carbon
nanoparticles results in an entirely different frictional
behaviour. Generally, the samples combining both
laser-patterning and CO coatings demonstrate a small
COF peak at the very beginning of the test, which
could be associated with a re-arrangement of the
particles in the contact region until conformity is
achieved. The initial peak is followed by a friction
reduction down to COF values of 0.25-0.35. This
represents a significant improvement compared to
the reference or the merely laser-patterned samples,
which can be ascribed to the lubricity of the COs

1.2 1.2
= Ref e Ref
a = HD b = HD
(a) — (b) -
1.0 LD 1.0 LD
== HD/CO e HD/CNT
e |D/CO e |D/CNT
I e |D/CNT
0.8 4 0.84 A
L |
Q 0.64 0.6
o |
0.4 1 0.4
0.2+ 0.2
0.0 : T - T 0.0+ T T T T
0 2,000 4,000 6,000 8,000 10,000 0 2,000 4,000 6,000 8,000 10,000

Cycle number

Cycle number

Fig. 4 Evolution of the COF of laser-patterned AISI 304 surfaces uncoated as well as coated with (a) COs or (b) CNTs.
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combined with the function of the laser patterns as a
reservoir. The laser pattern’s structural depth greatly
influences the initial COF peak value, the minimum
COF, and the frictional performance towards the end
of the test. The COF of HD/CO jumps to 0.40 during
the first 20 cycles, followed by a steady decrease down
to 0.30. After roughly 2,000 cycles, a turning point
is reached, after which the COF increases steadily,
reaching 0.37 after 10,000 cycles. ID/CO results in a
lower peak value of 0.30 and a smaller minimum COF
of 0.26. Like HD/CO, after reaching its minimum
friction, the COF starts to increase again and attains
a final value of just below 0.40. After 6,800 cycles, the
oscillation of the COF grows stronger, resulting in a
pronounced peak with a maximum COF of 0.50 after
9,400 cycles. Simultaneously, the standard deviation
rises significantly.

The observed peak in the COF signal can be explained
by the gradual degradation of the laser-pattern and
the subsequent removal of the lubricious COs from
the contact. As a result of local CO depletion, the
contact area becomes inhomogeneous. This leads to
a destabilization of the tribological behavior, which
translates to a variable COF curve. The following
return to a lower COF can be traced back to the
replenishment of lubricant by tapping into a low-lying
CO reservoir. For the first 5,500 cycles, ID/CO and
HD/CO show near parallel COF development, with
ID/CO maintaining a slightly lower COF. At the
turning points, where the COF starts to increase, COs
replenishment from the reservoirs begins to fade. The
onset of oscillation in the case of ID/CO is a strong
indicator for an at least partially unlubricated contact,
leading to the degradation of the surface pattern
and the formation of wear particles. The tribological
performance of LD/CO differs notably from that of
the deeper structures. After forming a significant peak
during the first 80 cycles, the COF starts to decrease
and reaches 0.24 at roughly 1,300 cycles. The COF
remains constant for the following 8,700 cycles. A
high reproducibility is inferred from the very low
standard deviation.

Much like COs, combining laser patterns and CNT
coatings leads to a significant friction reduction
compared to the reference or the uncoated samples
(Fig. 4(b)). ID/CNT and HD/CNT exhibit an almost
identical COF development. Starting at around 0.22,

their COF increases steadily to 0.31 and remains
relatively constant after that. Both samples show low
standard deviation during that period. For the most
part, the COF of ID/CNT lies slightly below that of
HD/CNT. The COF of LD/CNT rises during the initial
800 cycles. This increase is more substantial than
ID/CNT or HD/CNT and could be explained by the
weak-reservoir effect, meaning reservoirs are initially
unable to retain the lubricant. After 1,300 cycles, there
is a sudden drop from 0.30 to 0.26, followed by a
gradual decrease reaching 0.20 at 4,000 cycles and
remaining at that level for the final cycles. All CNT-
coated/patterned surfaces can maintain a substantially
lower COF than Ref and the uncoated samples over
the entire test duration. Concerning the HD and ID
samples, their corresponding COF developments
indicate an increased lubrication lifetime of surfaces
coated with CNT instead of CO, whose COF starts to
increase after 2,000 and 3,000 cycles, respectively.

The shallowest CO-coated surfaces reach a COF of
0.24, whereas their CNT-coated equivalents achieve
effective solid lubrication with a COF of 0.20. However,
the detailed lubrication mechanisms of these particles
are still being researched. In contrast to CO coatings,
CNT coatings contain less coherent agglomerates
alongside individual particles (Figs. 2 and 3). These
particle types possess a higher range of motion and,
thus, an increased ability to roll, which could explain
a slightly lower COF.

An overall trend becomes apparent: the shallower
the coated structure, the lower its COF, regardless of
particle type. A possible explanation is related to the
slopes’ steepness (Figs. 2, 3(d)-3(f)) as shallow structures
have a low angular slope that facilitates particle
transport out of the structures and into the loaded
contact area.

There is a good agreement between the COF values
of the CNT-coated samples with those obtained by
Schifer et al. [22]; the latter work conducted micro
tribometer tests on CNT-coated, cross-patterned
stainless steel substrates with a depth of 1 and 3 um
fabricated by femtosecond laser pulses. Their results
demonstrate that shallower patterned surfaces provide
steady-state lubrication at a value of just under 0.20
for roughly 40,000 cycles. In contrast, the COF of the
samples with higher structural depth starts to rise
precipitously after a few thousand cycles and continues
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until reaching that of the reference. However, all of
our CNT-coated picosecond-patterned surfaces last
over 10,000 cycles and more. While lubricating at
maximum capacity, the coated surfaces with the deeper
pattern (3 pm) showed slightly lower COF values
than the shallower samples (1 pm) in contrast to our
findings. Nonetheless, the samples were subject to a
different type of tribological stress as Schéfer et al.
measured in rotational mode with a higher load
(I N) [22].

Figures 2 and 3(f) show that before the tribological
tests, the deep structures were not completely filled
with particles during EPD as the shallower ones have.
Nevertheless, the deeper patterns also demonstrated
an effective COF reduction over significant periods
during the tribological tests, albeit not as effective as
the shallower patterns. Therefore, FIB cross-sections
were prepared from inside the wear track of the HD
samples after the initial 10 cycles of the friction test
(Fig. 5). As seen, the particles get pressed into the
structures from where they supply the contact with
continuous lubrication as demonstrated by the results
of the tribological tests. Due to their higher packing
density, the CNTs can fill the structures more densely
than the COs (Figs. 5(a) and 5(b)) which also explains
the previously observed weak-reservoir effect. Large,
coherent chunks of amorphous carbon and/or entangled
CNTs are removed at once from the top of the
reservoir bequeathing a superficial particle depletion
which results in a temporary COF increase. Once
the lower lubricant-filled regions of the reservoir get
in contact, lubricant supply resumes and the COF

Substrate

increase is reversed. This effect is more likely to occur
on shallow structures as their flat flanks facilitate
lubricant removal and their filling ratio is higher
compared to that of deep structures (Figs. 2 and 3)
and, therefore, less compressible. In deep structures
on the other hand, counter body pressure during
tribological stress leads to a filling of existing voids
and the particles are pressed further down the
structure, preventing the above-mentioned removal
mechanism. Additionally, the CNTs" known ability for
mechanical restitution after compression in tribological
contacts [23] combined with their large aspect ratio
facilitates particle feed into the contact area, which
could be why a weak-reservoir effect of similar
magnitude is not observed for COs.

Furthermore, the CNT coatings in Fig. 5 remain
largely intact after the initial cycles while the majority
of the CO coating is removed. This can be explained
by the particles’ morphology. As the CNTs within the
coating are highly entangled, they form a cohesive
unit which is significantly more difficult to remove
than an accumulation of large CO agglomerates.

3.3 Wear track and chemical analysis

3.3.1 HD pattern

To further understand the mechanisms responsible
for the observed friction reduction, the occurred wear
tracks were analyzed. SEM was used for identifying
the primary wear mechanisms on representative wear
tracks of each tested surface. At a higher resolution
(Fig. 6(a)), the line pattern of the uncoated HD sample

(b)

Fig. 5 SEM images showing cross-sections of (a) CNT-coated and (b) CO-coated picosecond-laser processed AISI 304 steel surfaces

after 10 tribological cycles (HD sample).
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has been completely worn off during the friction tests.
Particularly in unlubricated tribological contacts,
different wear mechanisms act simultaneously. In this
case, sharp horizontal grooves are visible, stemming
from both abrasive oxide particles formed during the
tribo-test, and the asperities of the counter body. The
most dominant wear mechanism, however, is adhesion
which is caused by solid-state welding. Adhesion
marks are visible in the wear tracks of all uncoated
samples in the form of dark spots.

EDS was used to acquire elemental maps to get a
better understanding of the tribo-chemical reactions
during friction testing. The large bright green areas
inside the wear track of the uncoated HD sample
depicted in Fig. 6(b) indicate extensive oxidation and
severe tribo-chemical wear, which conforms perfectly
with the high COF value measured during tribological
testing. It also shows that the material pile-up at the
right edge of the wear track consists mainly of oxide
particles.

(e) CNT-coated wear tracks on the high depth patterns after

friction testing with their corresponding EDS maps of carbon and
oxygen (b, d, ).

Figure 6(c) provides an overview of the wear track
on the CO-coated HD surface. In the magnified image,
the line pattern in the center of the wear track is still
clearly recognizable, despite showing a substantial
degree of degradation. Particularly in areas on the
left side of the wear track, where the pattern is better
preserved, vertical dark lines are visible. Those lines
represent carbon reservoirs in the remnants of the
pattern’s recessions. However, most of the coating in
and around the wear track was removed during the
friction test, confirmed by the carbon map shown in
Fig. 6(d), as no carbon signals were detected outside
of the wear track.

The remaining carbon reservoirs are also verified
by vertical red lines inside the wear track. In the oxygen
map (Fig. 6(d)), the wear track appears in a slightly
brighter green compared to the surrounding substrate.
Especially the right part contains areas of bright green,
indicating mild oxidative wear. Simultaneously, the
complete carbon map (Fig. 7) shows a near-complete
absence of carbon in that particular area, leading to a
higher mechanical impact on the substrate, resulting
in faster oxidation. The measured COF of this sample,
which is 0.37 after 10,000 cycles, correlates well with
the observed wear behavior. The COF is well above
the threshold of 0.20, which is considered effective
lubrication according to Aouadi et al. [45], with no
signs of wear. The measured COF is far below that of
the patterned/uncoated sample, where severe wear
and oxidation were observed (Fig. 6(b)).

Figure 6(e) shows the CNT-coated wear track of
the HD sample after tribological testing, which, in

e

Fig. 7 Elemental carbon map of the CO-coated wear track on
the HD surface after friction testing.
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contrast to the CO-coated surface, is still largely covered
by the coating. This can be attributed to a stronger
cohesion of the CNT-coating resulting from the
particles’ entanglement. Those particles inside the wear
track, which were in contact with the counter body,
appear darker than the surrounding CNT-coating, most
likely because of compression. Further magnification
of the wear track shows that after 10,000 cycles, the
line pattern underneath the coating remains fully
intact. The carbon map (Fig. 6(f)) reveals that carbon
has been detected throughout the wear track in the
same locations as the compressed portions of carbon
(Fig. 6(e)). At the same time, there is no strong oxygen
signal inside the wear track (Fig. 6(f)); hence no
significant oxidation has occurred.

3.3.2 ID pattern

Like the HD sample, the uncoated wear track of the
ID sample depicted in Fig. 8(a) shows extensive wear
due to which the line pattern was removed entirely.

FE

Fig. 8 SEM images of (a) uncoated, (c) CO-coated, and
(e) CNT-coated wear tracks on the intermediate depth patterns

A SR e t

after friction testing with their corresponding EDS maps of
carbon and oxygen (b, d, f).

Particularly at higher resolution (Fig. 8(a)), adhesion is
clearly identifiable as the dominant wear mechanism.
As to be expected, the oxygen map (Fig. 8(b)) shows
severe tribo-induced oxidation. However, in this case,
there was no pile-up of oxide particles at the end of
the wear track.

Figure 8(c) shows the wear track of the CO-coated
and laser-patterned ID substrate, and as observed
previously for the sample with the highest structural
depth (Fig. 6(c)), most of the surrounding CO-coating
was removed. Abrasive wear occurring in the center
of the wear track, where the contact pressure was
highest, induced a pronounced groove in sliding
direction, stretching over the wear track’s entire length.
Apart from the groove, the line pattern in the contact
area is still intact. The carbon map in Fig. 8(d) reveals
a complete absence of carbon in the groove. Outside
the groove, carbon is detected in the topographical
minima of the pattern in the same locations as the
dark areas in Fig. 8(c). The lack of lubricious carbon
nanoparticles results in oxidation, as depicted in the
oxygen map (Fig. 8(d)). Mild oxidation occurs along
the groove, comparable to that of the HD pattern
(Fig. 6(d)). The comparable wear behavior of the
CO-coated samples with high and intermediate
structural depth is in strong agreement with their
final COF values, which are also close to identical.

Figure 8(e) shows the CNT-coated wear track of the
ID sample. Despite the considerable sliding duration,
large areas of the wear track remain CNT-covered,
which is confirmed by the carbon map (Fig. 8(f)).
Furthermore, a pristine laser pattern is recognizable
underneath the coating in Fig. 8(e). At the same time,
no oxidation has occurred according to the oxygen
map (Fig. 8(f)).

3.3.3 LD pattern

Following the previous uncoated samples’ wear
behavior, the sample’s wear track with the lowest
structural depth shown in Fig. 9(a) is severely worn
out, with abrasion and adhesion being the dominant
wear mechanisms. Once again, the oxygen map in
(Fig. 9(b)) confirms strong oxidation. Despite varying
fluences and, therefore, different structural depths, all
the uncoated wear tracks” wear and oxidation behavior
is very similar, which stands in good agreement with
their respective friction behavior.
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Fig. 9 SEM images of (a) uncoated, (c) CO-coated, and
(e) CNT-coated wear tracks on the low depth patterns after

friction testing, with their corresponding EDS maps of carbon
and oxygen (b, d, f).

Figure 9(c) shows the CO-coated wear track of
the surface, which was laser-processed at the lowest
fluence, resulting in the lowest depth. In contrast to
CNT, the removal of CO coatings directly surrounding
the wear track seems to be characteristic and is
attributed to a weak coating-substrate adhesion.
As a result of large agglomerates’ formation, COs
are removed in large flakes upon contact with the
counter body. Nevertheless, the dark vertical lines
within the wear track depicted in Fig. 9(c), represent
homogeneously filled structures in a near-pristine
surface pattern. EDS mapping (Fig. 9(d)) confirms
carbon in the structures, while no oxidation was
detected (Fig. 9(d)). Overall, the average pattern on
CO-coated surfaces with shallow structural depth
is well sustained. In contrast to deeper patterns, no
significant abrasion is observed. Fittingly, tribological
testing performed on the shallowest CO-coated patterns
shows the lowest COF.

As observed in the previous wear tracks of
CNT-coated samples, the wear track on the shallowest
surface pattern in Fig. 9(e) also shows large dark
areas of compressed carbon nanoparticles around the
wear track. The fact that parts of the surrounding
CNT-coating are compressed implies direct contact
with the counter body. This translates to an increased
load distribution on the surface, thus reducing the
load on the wear track. Moreover, the elastic restitution
inherent to CNT particles exerts a counter pressure
on the alumina ball, therefore, further relieving load
from the wear track. Generally, the coating surrounding
the CO-coated wear tracks is largely removed, which
might contribute to the superior lubrication properties
of CNT coatings compared to CO coatings.

The laser pattern on the LD surface depicted in
Fig. 9(e) is mainly intact with particle filled structures.
The elemental map in Fig. 9(f) confirms the carbon in
said structures. This concludes that small amounts of
CNT are sufficient to lubricate the contact and ensure
a low COF effectively. No significant oxidation has
occurred despite the diminished carbon content in the
wear track’s centerline (Fig. 9(f)). Also, no oxidation
was detected for the ID and HD patterns, even
though the COF was about 0.30, while the threshold
of effective lubrication is 0.20. This can be explained
by individual particles dragged from the reservoirs
and/or extensive coating residuals on the wear tracks,
thereby effectively preventing direct contact between
the substrate surface and counter body and, thus,
oxidation. After tribological testing, the wear tracks
on the HD and ID structures are still largely covered
by coherent patches of CNT-coating (Figs. 6 and 8(e)),
with the corresponding patterns fully intact, suggesting
a significantly longer lubrication lifetime. As previously
mentioned, the CNT-coated LD patterns show the
lowest COF values during friction testing despite
completely lacking said patches, which cover the
underlying pattern. The improved lubricity could
be due to a direct supply of individual particles or
small agglomerates from the reservoirs, which possess
a relatively high degree of mobility and flexibility
opposed to stationary coherent patches on top of the
pattern. Irrespective of structural depth, all CNT-coated
line patterns are well preserved after 10,000 testing
cycles with little to no signs of degradation.
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3.4 Microstructural characterization

We used TEM to investigate the impact of DLIP
processing with laser pulses in the picosecond range
on the underlying microstructure of AISI 304 stainless
steel. Figures 10(a)-10(c) show cross-sections of the
near-surface microstructure of the uncoated reference
samples. Independent of structural depth, no significant
differences can be observed between the original
microstructure of the lower regions and the superficial
microstructure. This illustrates that with the parameters
used, the microstructure remains unaffected by
picosecond DLIP processing at the displayed scale.
However, microstructural changes may still occur on
a smaller scale not visible in the existing TEM images.

Bieda et al. [46] simulated the thermal effect of
picosecond DLIP on stainless steel (iron), among
other metals, based on the two-temperature model.
The resulting data reveal that thermal absorption
depth (also referred to as thermal diffusion length)
exceeded 250 nm at 425 ps. A reduced pulse duration
to 35 ps significantly reduced thermal absorption
depth to roughly 80 nm. A duration of 10 ps is the
threshold to the ultrashort pulse regime below which
the interaction is dominated by cold ablation. Based
on Bieda’s calculations, the thermal absorption depth
further decreases to 45 nm at the pulse duration of
12 ps used in this study, as the ablative characteristics
become increasingly non-thermal. Moreover, Artyukov
et al. [47] conducted a study on electron/lattice

ID

Fig. 10 Near-surface cross-sectional TEM images of (a—c) uncoated reference, (d—f) CO- and (g—i) CNT-coated structures with
different structural depths. Both CO- and CNT-coated surfaces have been exposed to 10,000 cycles of tribological testing. The dotted
orange lines draw the course of the surface. The blue arrows and blue dotted areas mark the areas where wear particles accumulate in the

CO and CNT tribofilm, respectively.
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relaxation phenomena of iron exposed to sub- and
picosecond laser pulses (0.3-3.6 ps). Particularly at
higher pulse durations, the obtained data suggest
that ultrafast evaporative cooling is the dominant
surface process following ablation, suggesting a low
thermal impact on the underlying microstructure.
Considering the results of both studies, it is viable to
assume that thermally affected areas remain small and
highly localized at the edges of the grooves. Thus, a
large-scale alteration of the microstructure remains
absent. REF was not exposed to friction testing and
no microstructural changes can be observed

TEM was further used to examine whether the
applied tribological load affects the underlying
microstructure of the CO- (Figs. 10(d)-10(f)) and CNT-
coated (Figs. 10(g)-10(i)) surfaces as well as to image
the formed tribofilm. In both cases, microstructural
damage such as deformation remains completely
absent, regardless of structural depth and, thus,
topography. As illustrated in Figs. 10(g), the CNTs at
the bottom of the pattern’s recession remain relatively
pristine. However, continuous mechanical degradation
of the CNTs close to the contact area induces the
formation of a carbonaceous tribofilm that contains a
significant share of at least partially amorphized CNTs,
along with wear particles. Regarding the CO-coating,
no structural changes can be observed at this scale. The
coating types differ in the way they store resulting
wear particles. As marked by the dotted blue lines in
Figs. 10(d) and 10(f), wear particles seem to accumulate
preferably directly at the tribofilm/Pt interface in
CO-derived tribofilms. In CNT-derived tribofilms
(Figs. 10(g)-10(i)) by contrast, wear particles are
distributed randomly (marked by blue arrows).

Further, Fig. 11 suggests the formation of covalent
bonds between CNTs and the substrate surface (marked
by the orange circle), which mechanically anchor the
particles to the surface, effectively keeping them in
contact and, thus, increasing overall lubricity. The bond
formation seems to occur at a local peak where the
contact pressure is significantly increased by which a
corresponding bonding reaction is made possible.

4 Conclusions

We present a comprehensive study on the influence
of the structural depth of line patterns on AISI 304

Fig. 11 Cross-sectional transmission electron micrograph of the
CNT/substrate (LD) interface after friction testing.

stainless steel coated with either carbon nanotubes
(CNTs) or carbon onions (COs), on their solid lubricity.

Coating the surfaces with CNTs or COs always
leads to a significant coefficient of friction (COF)
reduction compared to their uncoated equivalent or
the non-patterned reference, achieving a COF reduction
factor between 2 and 4. During the studied contact
scenario at low humidity and otherwise ambient
conditions, CNTs exhibit superior lubricity compared
to COs. Regarding the influence of the structural depth,
a trend emerges from the results of the tribological
experiments: the shallower the structure, the lower
the COF of the respectively coated surface. Despite
slightly different surface topographies and experimental
conditions, the obtained results are in good agreement
with those of a closely related work by Schéfer et al.
[22]. The observed phenomenon could be attributed
to the facilitation of particle supply from the reservoirs
into the contact as slope steepness decreases. This
allows for an adequate amount of lubricant in the
contact areas leading to a lower COF. There is a
distinction between the influence of structural depth
and the steepness of the flanks. However, in this
work, the structural depth of the pattern and flank
steepness are inherently connected due to the material
removal mechanism caused by laser pulses in the
picosecond range. Wear track analysis after tribological
testing has shown that the line patterns in CNT-
coated wear tracks were largely preserved without
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any surface oxidation being detected. In contrast, the
intermediate and deep CO-coated structures exhibit
significant wear along with mild surface oxidation as
shown by energy-dispersive X-ray spectroscopy (EDS)
mapping, which is fittingly reflected by their COF
development. A possible explanation for the superior
friction and wear-reducing properties of CNTs is the
high aspect ratio, which enables the particles to be
dragged directly into the contact region more easily.
In addition, cross-sectional transmission electron
microscopy (TEM) characterization has shown the
underlying microstructure of the AISI 304 substrate
to remain unaltered by both picosecond direct laser
interference patterning (DLIP) processing and the
applied tribological load.

The results obtained in this study demonstrate
the importance of optimizing the surface design to
maximize the lubrication performance of CNT/CO-
coated and laser-patterned stainless-steel surfaces.
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Degradation analysis of tribologically loaded carbon

nanotubes and carbon onions
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Coating laser-patterned stainless-steel surfaces with carbon nanotubes (CNT) or carbon onions (CO) forms a tribological system that
provides effective solid lubrication. Lubricant retention represents the fundamental mechanism of this system, as storing the
particles inside the pattern prevents lubricant depletion in the contact area. In previous works, we used direct laser interference
patterning to create line patterns with three different structural depths on AlSI 304 stainless-steel platelets. Electrophoretic
deposition subsequently coated the patterned surfaces with either CNTs or COs. Ball-on-disc friction tests were conducted to study
the effect of structural depth on the solid lubricity of as-described surfaces. The results demonstrated that the shallower the
textures, the lower the coefficient of friction, regardless of the applied particle type. This follow-up study examines the carbon
nanoparticles’ structural degradation after friction testing on substrates patterned with different structural depths (0.24, 0.36, and
0.77 um). Raman characterization shows severe degradation of both particle types and is used to classify their degradation state
within Ferrari’s three-stage amorphization model. It was further shown that improving CNT lubricity translates into increasing
particle defectivity. This is confirmed by electron microscopy, which shows decreasing crystalline domains. Compared to CNTs, CO-
derived tribofilms show even more substantial structural degradation.

npj Materials Degradation (2023)7:31; https://doi.org/10.1038/s41529-023-00346-5

INTRODUCTION

Global efforts to move away from fossil resources kindle the need
for oil-free forms of lubrication. Solid lubricants represent an
exciting alternative as they offer higher thermal stability,
functionality under vacuum, applicability under higher loads,
and avoid issues related to containment. A material group that is
particularly interesting in this regard and has attracted significant
interest from the tribology community are carbon nanoparticles,
more specifically, multiwalled carbon nanotubes (CNT) and carbon
onions (CO). Due to their respectively cylindrical and spherical
shape, it is assumed that these particles can roll when subjected to
shear, thus acting like a microscale roller bearing, but in effect, the
lubrication mechanism remains speculative. The lubricity of these
particles, however, is well documented in the literature regardless
of their use as a coating'~°, additive'®"'3, or composite phase'*2",
To better understand their respective lubrication mechanisms, the
CNTs" and COs’ structural degradation during tribological loading
requires more in-depth research.

The standard technique for assessing the structural condition of
crystalline and amorphous carbon is Raman spectroscopy. The
interpretation of experimental Raman spectra of CNTs and COs is
derived primarily from studies on graphite, graphene, and single-
walled carbon nanotubes?2-3°, Morphological differences between
these particles (curvature, multilayered structure) affect the
polarizability of the carbon bonds and can alter the resulting
spectra®. Reinert et al. examined the structural deterioration of
CNTs in CNT/nickel composites?'. Conformal contact friction tests
were conducted on a ring-on-block tribometer against an SAE
1045 steel ring at a load of 20 N. As contact pressure increased,
more particle defects were observed, and presented a four-stage

model describing the degradation from highly crystalline to
nanocrystalline carbon.

In a previous study, we performed friction tests with CNT and
CO coatings on laser-patterned stainless-steel surfaces®. Direct
laser interference patterning (DLIP) was used to create superficial
line patterns with a periodicity of 3.5 um. During DLIP, two or
more high-power laser pulses are brought to interfere directly on
the substrate surface to create well-defined patterns®'. The
resulting substrate surfaces were then coated by electrophoretic
deposition (EPD), a coating technique during which a voltage is
applied to conductive substrates immersed in a suspension,
causing the dispersed carbon nanoparticles to migrate to the
electrode of opposite charge. In the following, the findings of that
work are briefly summarized for better understanding. As
illustrated in Fig. 1, linear reciprocal ball-on-disc testing was
conducted on line-patterned (periodicity = 3.5 um) stainless-steel
substrates with three different structural depths (high-, inter-
mediate-, and low depth, HD, ID, and LD, respectively). The
lubricity of the CNT-coated and CO-coated samples was compared
to uncoated equivalents at a load of 100 mN. A correlation was
identified between lubricity and structural depth, which varied
between 0.78 um (HD), 0.37 um (ID), and 0.22 um (LD). The results
show that CNT and CO coatings lubricate more efficiently as the
structural depth decreases. Patterned but uncoated samples (HD,
ID, and LD) exhibit slightly lower COFs than the nonpatterned and
uncoated reference®. Coating the pattern reduced the COF values
considerably over the entire testing period, regardless of particle
type. The key finding, however, was the emergence of a trend
displayed by the COF development of both CNT- and CO-coated
substrates: the lower the structural depth of the pattern, the lower
its COF. Although deeper structures retain lubricant particles
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better, their lubricity is less effective since the direct particle
supply to the contact is hampered by higher slope angles.

This study represents a follow-up to our previous work, and we
investigate the degradation process of the CNTs and COs as an
integral part of the resulting tribofilms during friction testing. For
that purpose, Raman spectroscopy and electron microscopy were
used to analyze the nanocarbons’ structural condition.

RESULTS AND DISCUSSION

Raman analysis

In the pristine material, the characteristic Raman features of CNTs
include the D-, G-, D’-, and G-band (Fig. 2)?>%. At a laser
wavelength of 532 nm, the D-band is located at 1350 cm™~' and
corresponds to the breathing mode of A;q symmetry. In perfect
(highly oriented pyrolytic) graphite (HOPG), this mode is
forbidden? and becomes active in the presence of defects such
as grain boundaries or vacancies, among others?32933 The
(G+D’)-band is a convolution of the G- and D’-bands and is
among the most pronounced bands in the Raman spectra of CNTs
and/or COs. The G-band appears at 1582 cm~" and is associated
with the E;4 phonon. In pristine CNTs, the (G+D’)-band exhibits a
distinct shoulder toward higher wavenumbers. This can be
attributed to defect-induced double resonance, which gives rise
to the D’-band between 1617 cm~" and 1625 cm™~". Like the D-
band, the D’-band is activated by crystalline defects®’. The
dispersive G'-band (or 2D-band) is located around 2700 cm~! at
an excitation wavelength of 532 nm and originates from electron-
hole intervalley scattering®*. It represents an overtone of the
D-band and indicates long-range order; hence, it disappears with
increasing degradation and/or amorphization®%3°,

Quantifying intensity, position, and full width at half maximum
(FWHM) of the Raman bands require suitable fittings. The G-band
originates from first-order scattering and is, thus, related to one
oscillator only (one phonon process)**. Therefore, the G-band is
best approximated by a Lorentzian, which is used to describe
phonon behavior within the Lorentz oscillator model and thus
provides a precise physical meaning. In the case of the D-, D"- and
G’-band, which descend from double-resonance Raman scattering
corresponding to a convolution of a large number of oscillators
(Lorentzian), a single Voigtian is used for approximation. Voigtian
peaks are not the preferred choice as they lack the physical
background; however, they are suitable for describing a convolu-
tion of Lorentzian peaks and providing a proper fitting.

Figure 3a-d depicts the Raman spectra of pristine CNTs and
CNTs after tribological testing on the laser-patterned surfaces.
Based on the spectral features described previously, a set of
indicators can be derived, described in more detail in the
following section. In conjunction with the three-stage amorphiza-
tion model of graphite by Ferrari and Robertson?3, these indicators
allow for evaluating the particles’ degradation state. We use this
framework to assess the defectivity of the CNTs in their respective
wear track. The data used for this analysis are listed in Table 1.

The D/G-band ratio (also referred to as the defect index)
indicates a measure of crystalline disorder?®. Previous studies
considered the normalized intensity ratio (Ip/lg) or the integrated
area ratio (Ap/Ag). As certain defects do not affect intensity but
lead to a broadening of the band and vice versa?>, we consider
both. Figure 3e shows their development as a function of
structural depth. Our pristine CNTs exhibit low defectivity with
values of 0.57 (Ip/lg) and 0.70 (Ap/Ag). After friction testing on
the coated HD surface, the D-band has grown significantly in
intensity; hence the defect index has increased to 1.35 (Ip/lg) and
1.68 (Ap/Ac). This can be attributed to different degradation
processes, such as decreasing crystallite size, breaking covalent
bonds, and deformation resulting from the mechanical stress
occurring in the contact®>?7?°, The defect indices continue to
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Fig. 1 Cross-section scheme of line-patterned steel substrates
with varying structural depths. It illustrates the friction testing
conducted on these surfaces coated with either CNTs or COs as
conducted by Maclucas et al.°.

increase for the worn CNTs on ID with an Ip/lg of 1.39 and an Ap/
Ag of 1.83 before reaching a maximum on LD with 1.41 (Ip/lg) and
2.01 (Ap/Ag). These values agree with those obtained by Cancado
et al. for defective graphene?*,

A similar development can be observed for the single fit
position of the G-band (Xg), which shifts upward as a function of
increasing graphitic disorder (Fig. 3e). However, this is less of a
shift but more accurately a modification of the band shape owing
to the growing D’-band?'?3, As a result of the frictional stress the
particles are exposed to, Xg shifts from 1582.2cm™" (pristine) to
1587.1cm~" (HD), 1589.6 cm~ (ID), and 1589.0 cm~" (LD).

Simultaneously, the development of the purity ratio Ig/Ip (also
normalized as proposed by DilLeo et al. 3%), and its areal equivalent
Ag/Ap, show an equally clear (decreasing) trend (Fig. 2f),
indicating a strong correlation. This can be explained by
incorporating non-carbon impurities, for example, oxygen, into
the particles’ crystalline structure as they become increasingly
defective. While pristine CNTs maintain high purity (1.30 Ig/lp and
1.73 Ag/Ap), it drops steeply following exposure to tribological
load. On HD, the particles show a purity of 0.27 (Ig/lp) and 0.33
(Ag/Ap), which reduces continuously as structural depth
decreases, reaching a minimum of 0.16 (lg/Ip), respectively, 0.18
(Ag/Ap) on LD. Moreover, Ferreira et al. have shown Ag/Ag to be a
reliable indicator in graphene and HOPG as it decreases
considerably with increasing defectivity3°. Pristine CNT exhibits
an Ag/Ag of 1.20 compared to 0.56 on HD after being subjected to
tribological load. This is followed by a gradual decrease to a
value of 0.42 on ID and, finally, the minimum value of 0.36 on LD
(Fig. 3f).

Generally, the FWHM of the G-band (Wg) is used to measure
crystallinity or structural disorder. However, Ferreira and cow-
orkers have shown that band broadening due to increasing
defectivity is not limited to the G-band. Accordingly, Wp and W
are included in this analysis*°. The FWHM of W, and W' show an
identical development: the respective FWHM values continuously
increase from pristine to HD and ID and then show a jump to a
maximum on LD (Fig. 3g). In contrast, Wg remains at roughly the
same level except for LD, where a substantial increase occurs. A
previously observed pattern repeats itself: exposure to friction
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causes the FWHM values and the CNT’s defectivity to rise. This
disorder further increases as a function of surface pattern depth.

Within Ferrari and Robertson’s three-stage

amorphization

model, CNTs are classified as stage 1 due to the upshift of the
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G-band position X from 1582.2cm™" (pristine) to 1589.0cm™"
(LD), indicating a transformation from graphitic to nanocrystalline
graphitic carbon (Fig. 4). This is corroborated by the Ip/lg
development with values rising continuously from 0.57 (pristine)
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Table 1.

Overview of the Raman indicators derived from the spectral features of the respective particles.
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0.16 £ 0.05
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0.17 £0.05
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1.20+0.06
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1.21+0.16
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0.58+0.22
0.47 £0.20
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71125
81.3+115

69.7+14
124.6 £44.1
2283+176.2
1724+134.7

1582.2+0.2
1587.1+1.1
1589.6+1.0
1589.0+2.3

1576.7 £ 0.8
1569.0 £8.9
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Fig. 4 Carbon amorphization trajectory according to Ferrari and
Robertson, including data of the characterized CNTs (adapted
from ref. 23). It shows a schematic variation of the G-band position
and Ip/lg (obtained with 514 nm) depending on crystallinity as well
as sp?/sp> content of the particles.

to 141 (LD). However, the condition of the particles on the
different surfaces shows finer nuances:

® For HD, although the G- and D'-bands overlap to a large
degree, the D’-band shoulder is visible (Fig. 3b) and
significantly higher compared to that of the pristine material.
As the (D+D’)-band is present, the CNTs on this surface are
classified as stage 1 (d), which describes an advanced stage of
the transformation from mono- to polycrystalline graphite.

® The Raman spectrum of ID closely resembles HD, except that
the D’-band shoulder has moved up slightly. Despite all
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indicators showing higher defectivity, lower purity, and a
stronger upshift of Xg, the CNTs on ID are still classified as
stage 1 (d). However, particles on this surface have progressed
further on their trajectory toward nanocrystalline graphite
compared to those on HD.

® For LD, the distinct shoulder has entirely vanished due to the
strong growth of the D'-band. Regarding its shape, the
convoluted (G+D’)-band can now be considered uniform,
which classifies the degradation state of the CNT on LD as
stage 1 (€)°2. In addition, eight out of nine indicators show the
CNTs on LD to be the most defective, with Xg very close to
that of the CNTs on ID.

The Raman spectrum of the carbon onions shows the same
characteristic bands as the CNTs (Fig. 5a—d). However, the bands’
positions may vary slightly due to the more substantial curvature
impacting bond polarizability and, thus, the Raman scattering
process. The G-band, for example, is shifted slightly downward
(1580 cm™") compared to CNT/graphite (1582 cm™"). In contrast to
the CNTs, tribo-induced oxidation does occur during friction
testing on CO-coated surfaces, giving rise to an additional broad
band around 670cm~', a convolution of vibrational modes
associated with FeO, Fe,0;, and Fe;0,%. This can be explained
by the fact that, unlike COs, CNTs can form coherent patches on
top of the patterns, which effectively separate the sliding surfaces
and, thus, prevent oxidation3®.

Except for Xg, all indicators show pristine COs to be of superior
structural quality and purity than any of the loaded particles (Fig.
5e—g). Further, six out of nine indicators show HD to be more
defective than ID. More specifically, the defect and the purity
ratios, Ac/Ac and W, attribute a higher defectivity to the particles
on HD, whereas Xg, Wp, and Wg are higher for those on ID.
However, due to their often large standard deviations and
associated overlapping, it is difficult to consider the particles of
one surface more defective than the other. Four out of nine
indicators attribute the highest defectivity to the COs on LD.
Concerning the remaining indicators of Ip/lg, Ap/Ac, Wp, Wg, and
Wg, the COs on LD exhibit the second-highest defectivity.
Therefore, the entirety of indicators suggests the COs on LD be
the most defective overall.

In contrast to the CNTs, the COs indicator values for Ip/lg and Xg
do not fit the three-stage amorphization model after Ferrari and
Robertson, which could be attributed to more substantial
curvature. However, according to the model, the single peak
shape of the G+D’-band observable on all surfaces suggests the
particles have surpassed stage 1 (e) and reached stage 2. Thus, the
transformation to nanocrystalline graphite is completed. The COs
on LD seem to have progressed furthest toward stage 2 (a),
representing the initial amorphization phase. Compared to the (G
+D’)-band of the CNTs on LD, the CO-bands are notably sharper,
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likely to result from a more developed D’-band. Based on absolute
indicator values, COs exhibit a stronger overall defectivity than
CNTs. However, this type of comparison should be treated with
caution as the curvature influences the Raman interaction of sp?-
hybridized carbon (curvature-induced defect scattering)®°. COs are
smaller than CNTs and three-dimensionally curved (0D carbon
allotrope), implying a significantly stronger overall curvature. The
results of this Raman analysis indicate that coated patterns with
low structural depth lead to stronger degradation (along with
superior lubricity, as shown in our previous work). This could be
explained by the fact that low structural depths are generally
associated with relatively flat slopes, which facilitate particle
transfer from the depths of the grooves directly into the contact,
where the particles are exposed to shear forces and, thus,
deteriorate.

Electron microscopy characterization

Complementary to Raman analysis, cross-sectional transmission
electron micrographs from the center of the wear tracks were
prepared to study the nanocarbons’ condition after friction
testing.

On HD, the CNT-based tribofilm can be divided into three
distinct areas representing different states of degradation (Fig. 6a).
At the bottom of the groove, the CNTs remain in pristine condition
with visible voids between the individual agglomerates (state 1).
The area directly above can be identified as a transition zone
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where the CNTs' porosity begins to fade due to increasing
tribological loading and interaction with the tribological interface
(state 2). The top layer was in direct contact with the counter body
and, thus, directly exposed to shear stress, causing a full
compression of the tribofilm (state 3). In addition, this layer
incorporates and stores the resulting wear particles. Both films on
ID and LD largely correspond to state 3, which is plausible
considering the shallowness of the reservoirs (Fig. 6b, c). However,
at the substrate/film interface on ID and LD, the shape of
individual CNT agglomerates can be identified, indicating state 2.

A gradual decrease in overall crystallinity from HD to LD can be
observed when comparing higher magnification TEM images of
the tribofilms’ near-surface zones (Pt-coating/film interface). On
HD (Fig. 6d), large CNT fragments (contoured in teal) are present,
whereas, on ID (Fig. 6e), the fragments are fewer and substantially
smaller and contain noncrystalline domains (marked in red), which
is not the case on HD. The tribofilm on LD (Fig. 6f) contains few, if
any, and small crystalline domains. With a value of 3.48 A, the
interlayer spacing of the CNT fragments on HD lies above the
literature range of 3.38-3.41A; (depending on chirality). It
gradually increases further with decreasing depth, reaching
3.84 A on LD. Generally, there is a tendency for the interlayer
spacing to increase as deformation and/or degradation
progresses*C.

The TEM images show that the CO-derived tribofilms (Fig. 7a-f)
contain considerably more wear particles than their CNT-derived
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Fig. 6 Post friction test, cross-sectional TEM images of the CNT coatings. Representative images of the tribofilm at lower magnification on
a HD, b ID, and ¢ LD. Representative images of the tribofilm close to the interface at higher magnification on d HD, e ID, and f LD. Identifiable
CNT fragments are contoured in teal. The red circles in (e) represent noncrystalline areas within the CNT fragments.

equivalents (Fig. 6a-f). Moreover, regardless of structural depth,
none of the CO films show any signs of structural alteration at low
magnification. However, transmission electron micrographs at
higher magnification (Fig. 7d—f) show the tribofilms on HD (Fig.
7d) and LD (Fig. 7f) to contain few and small crystalline domains,
similar to those on CNT/LD (Fig. 6f). The tribofilm on LD indicates
stronger defectivity as the fragments are barely recognizable as
such, whereas those on HD are larger. The spherical morphology
of pristine COs>*' appears to have vanished entirely at the
tribofilms’ topmost surface, likely due to heavy degradation
causing the original particles to break down into smaller
fragments that continue to degrade further until crystallinity
disappears entirely. Exactly that seems to have occurred on ID (Fig.
7e), where no crystalline structures are detected. Simultaneously,
the tribofilm on ID exhibits the highest wear particle concentra-
tion, which might have been a possible accelerator for particle
degradation during tribological testing compared to LD and HD.

Raman and electron microscopy characterization of the CO- and
CNT-derived tribofilms concurrently indicate strong overall
deterioration due to tribological testing, with COs being
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considerably more degraded. Several factors need to be
considered to explain this outcome. In pristine conditions, COs
are already more defective than the CNTs, as shown by Raman
analysis. COs are also smaller and spherical (as opposed to
cylindrical), which results in decreased mechanical (and chemical)
stability as greater curvature is associated with stronger inherent
strain®2. In addition, contact pressures at the particle/counter body
interface and between individual COs and/or agglomerates are
increased during sliding as contact areas are smaller. It is also
possible that some of the COs have remaining nanodiamond
cores despite high-temperature annealing, which would cause
additional inherent strain due to density differences between the
graphitized shell and the sp® core®. In conclusion, COs have an
increased tendency to degrade under tribological stress compared
to CNTs.

According to the Raman indicators, the COs on LD are the most
defective, followed by HD and ID. In contrast, TEM analysis
suggests ID is the most defective, followed by LD and HD. TEM
images and Raman data, thus, do not match relative particle
defectivity for COs, and a trend, as observed with the CNTs, is not
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Fig. 7 Post friction test, cross-sectional TEM images of the CO coatings. Representative images of the tribofilm at lower magnification on
a HD, b ID, and c LD. The gap between the substrate surface and tribofilm in (c) is a consequence of sample preparation. Representative
images of the tribofilm close to the interface at higher magnification on d HD, e ID, and f LD. Identifiable crystalline fragments are contoured

in teal.

discernible. However, directly comparing the results of both
techniques is unsuitable due to the Raman signal’s limited probing
depth of the tribofilms; hence, both techniques should be viewed
as complementary.

It was further shown that the COF of the CNTs (on all surfaces)
and the COs on LD remain constant after running-in, although the
particles become increasingly degraded. It has long been assumed
that CNTs and COs behave similarly to a bearing in that they at
least partially roll. Considering these results, rolling can be
eliminated as the primary lubrication mechanism of CNTs
and COs.

Summary of the results

This work provides an in-depth degradation analysis of CNT and
CO coatings exposed to friction testing on laser-patterned AlSI 304
stainless-steel surfaces with varying structural depths. The results
demonstrate the occurrence of oxidation on all CO-coated wear
tracks, regardless of structural depth, whereas none is detected in
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any of the CNT-coated wear tracks. This finding agrees well with
the EDS results of our previous work. Furthermore, obtained
Raman indicator values of the CNTs are in good agreement with
Reinert et al. despite differing testing parameters such as contact
situation, load, and relative humidity?'. Regarding particle
classification within Ferrari's three-stage amorphization model,
the CNTs are classified between pristine and nanocrystalline
graphite, whereas the COs have entered the transition stage from
nanocrystalline graphite to hydrogenated amorphous carbon,
although no amorphous carbon was detected. These findings are
consistent with TEM. Raman analysis further reveals a direct
correlation between pattern depth, lubricity, and CNT degrada-
tion. More specifically, as CNT lubricity improves with shallowing
patterns, the particles become more defective. TEM also confirms
this as it shows gradually shrinking crystalline domains with
decreasing structural depth. Characterization of the CO-derived
tribofilm shows even more substantial structural degradation than
observed with CNTs. This can be explained by the COs' spherical
geometry combined with their smaller size, as both factors
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contribute to stronger curvature and, thus, higher o-bond tension.
As a result, COs are less resistant to mechanical degradation.
Finally, by demonstrating sustained and constant lubricity despite
continuous particle degradation, rolling can be rejected as a
lubrication mechanism of CNTs and COs.

METHODS

Material

Commercially available multiwall CNTs with an outer diameter of
30-85 um, a length of 10-15 pm, and >98% purity were purchased
at Graphene Supermarket. The COs used were synthesized by
annealing detonation nanodiamonds (NaBond Technologies Co.)
in a vacuum furnace (1100-3580-W1, Thermal Technology Inc.) at a
temperature of 1700°C for 1 h at a rate of 10°C min~'444 The
resulting particle diameter is 4-8 nm, with a purity of >98%. After
thoroughly cleaning with isopropanol and acetone, mirror-
polished AISI 304 austenitic  stainless-steel platelets
(20 x 20 mm?, Brio Kontrollspiegel GmbH) were used as substrate
material.

Pulsed direct laser interference patterning

A neodymium-doped yttrium aluminum garnet (Nd:YAG) pulsed
laser (Edgewave PX-series InnoSlab) integrated into a laser system
RDX 500 nano (Pulsar Photonics) was used to create three
different line patterns with structural depths of 0.22, 0.37, and
0.78 um on the substrate surface with a periodicity of 3.5 um at a
pulse duration of 12 ps. The patterning process is described in
greater detail elsewhere®.

Solution preparation and electrophoretic deposition

The deposition solution consisted of 80 ml of isopropanol, 10 ml of
triethylamine (ACROS Organics, >99% purity), and 8 mg of carbon
nanoparticle content. During the first step of dispersion, the
solution was exposed to shear mixing using an Ultra-Turrax (T25 by
IKA) for 10min at 7000rpm. The second step consisted of
ultrasonication (Bandelin Sonorex RK514BH) for 10 min (CNT) and
45min (CO). During the subsequent deposition, the patterned
platelet and a nonpatterned but otherwise identical platelet used as
a counter electrode were arranged in parallel and immersed in the
solution. A DC voltage of 150V was applied for the CNT-containing
solution and 300V for the CO-containing solution for 15 min.

Tribological testing

A ball-on-disc tribometer (CSM Instruments) was used in linear-
reciprocating mode to investigate how the coefficient of friction
(COF) evolves. Measurements were conducted at a normal load of
100 mN transversal to the line pattern at a stroke length of 0.6 mm
and a velocity of 1 mms~". Alumina balls (6 mm diameter, grade
28, Kugel Pompel HSI-Solutions GmbH) were chosen as a counter
body. Further tribometrical specifications are described elsewhere®.

Electron microscopy

Scanning electron microscopy (SEM) images of the wear tracks
were prepared using a Helios NanoLab 600 dual beam workstation
equipped with a focused ion beam (FIB; FEI) at an acceleration
voltage of 5kV and a current of 1.4nA. Transmission electron
microscopy (TEM) at low magnification was conducted with a
JEOL JEM 2010F at an acceleration voltage of 200 kV, whereas for
high magnification TEM, a JEOL JEM-ARM200F was used at 200 kV.
TEM foils were taken from the center of the wear track and
prepared using the abovementioned Helios workstation.
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300 ym

Fig. 8 Exemplary top view scanning electron micrograph of a CO-
coated wear track (low depth laser pattern) post friction testing.
This image marks the areas where the Raman measurements were
conducted.

Raman spectroscopy

An inVia confocal Raman microscope (Renishaw) with a spectral
resolution of 1.2cm™" was used to analyze the structural integrity of
the remaining carbon nanoparticles in the resulting wear tracks after
the tribological tests conducted in our previous work®. The spectra
were acquired with an excitation wavelength of 532nm, a laser
power of 0.5% (corresponding to approximately 500 uW), a 50x-
objective (numerical aperture: 0.9), and a grating of 2400 lines mm~".
The spectrometer was calibrated using a single-crystal silicon sample.
Measurements were conducted at three different spots in each wear
track and outside (pristine). Inside the wear track, two measurements
were taken in the center (Fig. 8, area marked in teal) and one at one
of the edges (Fig. 8, area marked in orange). As for the pristine
particles, measurements were taken on coating sections outside of
the wear tracks. Automated processing of the gathered data included
cosmic ray, background removal, and intensity normalization ([0,1]).
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The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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ABSTRACT: When lubrication of rolling bearings with oil or grease is not possible, for example because the lubricant evaporates in
vacuum, solid lubrication by multiwall carbon nanotubes (MWCNT) is a viable alternative. To understand the mechanisms
underlying MWCNT lubrication of highly loaded contacts, we combine an experimental approach with large-scale molecular
dynamics (MD) simulations. Tribometry is performed on ground iron plates coated with two different types of MWCNTs by
electrophoretic deposition. Although structural differences in the MWCNT materials result in slightly different running-in behavior,
most of the tests converge to a steady-state coefficient of friction of 0.18. The resulting wear tracks and tribolayers are subjected to
structural and chemical characterization and suggest a tribo-induced phase transformation resulting in tribolayers that consist of
MWCNT fragments, iron oxide, and iron carbide nanoparticles embedded in an amorphous carbon matrix. Covalent bonding of the
tribolayer to the iron surface and low carbon transfer to the alumina counter body indicate sliding at the tribolayer/ball interface as
the dominant mechanism underlying MWCNT solid lubrication. MD simulations of nascent a-C tribofilms lubricated by MWCNT
bundles and stacks of crossed MWCNT' s reveal two different sliding regimes: a low-load regime that leaves the MWCNTs intact and
a high-load regime with partial collapse of the tube structure and formation of a-C regions. The critical load for this transition
increases with the filling ratio of the MWCNT and the packing density of the stacks. The former determines the stability of the
MWCNT, while the latter controls the local stresses at the MWCNT crossings. For both MWCNT materials, the high-load regime is
predicted for the experimental loads. This is confirmed by a remarkable agreement between transmission electron microscopy
(TEM) and atomistic simulation images. Based on the findings of this work, a multistep lubrication mechanism is formulated for
MWCNT coatings rubbing against alumina on an iron substrate.

KEYWORDS: multiwall carbon nanotubes, solid lubrication, sliding tests, molecular dynamics, tribo-induced phase transition

H INTRODUCTION lubricate for extended periods, multiwall carbon nanotubes
Highly loaded tribological contacts occur in many machine (MWCNT) coatings must be combined with 1ag§extured
elements, such as roller bearings or gears. To ensure low surface to avoid particle depletion in the contact. ™’ Direct
friction and wear values, lubricants are needed to separate the laser interference patterning (DLIP) and grinding have been
interacting surfaces of the tribological contact from each other. used to produce suitable surface patterns with distinct
In most cases, fluid-based media such as oils or greases are topographical minima that serve as reservoirs for a continuous

employed as lubricants. Solid lubricants as alternative
lubrication media are used as soon as oils or greases fail
(e.g,, in a vacuum) or when they are undesirable (e.g., food
industry).

Solid lubrication by carbon nanomaterials could result in Received:  October 29, 2022
reduced friction losses compared to traditional solid lubricants Accepted: January 13, 2023
such as graphite, MoS,, and poly(tetrafluoroethylene) (PTFE). Published: January 26, 2023
The use of multiwall carbon nanotubes as an effective solid
lubricant, especially when applied as a coating on metallic
substrates, has been demonstrated in various studies.' ™ To

supply of MWCNTSs to lubricate contacting asperities.”” At
the same time, these surface patterns are expected to capture
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and store newly formed wear 1particles, preventing the
acceleration of the wear process.*”""

Despite experimental evidence of their lubricity, our
knowledge about the basic lubrication mechanisms of
MWCNT coatings has remained limited.'™® In some studies,
rolling MWCNTSs on graphite surfaces have been observed
when the MWCNT axes are parallel to the graphite
surfaces.'”'” Based on these observations, it can be speculated
whether MWCNTs may seemingly form a nanoscale roller
bearing between two surfaces. In contrast, little or no rolling
has been observed in atomistic simulations with diamond
surfaces and amorphous carbon.'*'* To date, no consensus has
been reached on this issue, and the dominant mechanisms of
lubrication by MWCNTSs are not yet understood.

This study aims at understanding how the initial structure
and structural evolution of MWCNTSs determine the
tribological behavior of MWCNT solid lubrication on a
textured surface. To gain microscopic insight into the
underlying lubrication processes, we use a combined approach
of experimental friction testing, post-experimental character-
ization, and classical molecular dynamics (MD) simulations.
On the experimental side, MWCNT coatings are prepared on
P180-ground iron platelets using electrophoretic deposition
(EPD). EPD is a solution-based coating technique established
in recent years as a simple and cost-effective means to deposit
homogeneous and uniform s%)2 carbon nanoparticle coatings
on conductive substrates.' " >~'7 After tribological tests on
the coated substrates, energy-dispersive X-ray spectroscopy
(EDS), transmission electron microscopy (TEM), and Raman
spectroscopy were conducted on the resulting wear tracks to
investigate chemical changes on the surface, the interface
between the tribolayer and the substrate, and the degradation
of the MWCNTs.

The influence of contact pressure on the structural integrity
and friction mechanism of MWCNTs in a sliding contact is
further studied by molecular dynamics (MD) simulations using
a reactive empirical bond-order potential.'®'* We consider
MWCNT bundles and stacks of crossed MWCNTSs between
two amorphous carbon surfaces under sliding conditions and
maximum pressures of tens of GPa. Amorphous carbon is used
as a model for an amorphous tribomaterial that often forms on
metallic surfaces after a short running-in process. These
atomistic simulations are performed to understand why severe
structural degradation occurs under tribological load despite
the high mechanical stability of MWCNTSs. The structural
characteristics of the resulting simulated carbon tribolayer are
compared to corresponding experimental TEM images.

B RESULTS AND DISCUSSION

Coating Characterization. Two types of commercially
available MWCNTs (cheap tubes: CT; graphene supermarket
tubes: GS) were purchased and deposited by EPD on P180-
ground iron platelets. The structures of the resulting coatings
are shown in Figure 1. Scanning electron micrographs of the
CT coatings indicate the presence of a large number of
agglomerates uniformly distributed on the ground iron surface
(Figure la). Instead of a homogeneous deposition, a
pronounced island formation is observed. The agglomerates
scatter considerably in size, with the largest specimens reaching
a maximum Feret diameter of about 15 gm. Due to the
absence of a continuous coating, the topography of the
underlying surface is visible. Conversely, the GS coatings form
a thin layer (Figure 1b) with fewer and smaller agglomerates
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Figure 1. Structure of MWCNT coatings on ground iron surfaces.
Tilted (52°) scanning electron micrographs of CT coating (a) and GS
coating (b) and the corresponding top view images at higher
magnification (c, d), respectively. Transmission electron micrographs
of individual CT (e) and GS (f) MWCNTs, including their outer
diameter D and filling ratios f.

(max. Feret diameter ranging between S and 10 um) that
uniformly covers the sharp edges of the ground substrate.

As shown by the top view micrographs in Figure 1c,d, GS
have a significantly larger void volume and, thus larger
intertube spacing. Transmission electron micrographs of both
MWCNT species show distinct bamboo-like structures (Figure
lef). This is a feature often observed in CVD-synthesized
MWCNTSs.2%?! With an outer diameter D of 39 + 11 nm
(inner diameter: 11 & 2 nm), the GS are approximately 3 times
thicker than the CTs (14 + 3 nm; inner diameter: 7 + 2), and
both exhibit a polydisperse diameter distribution, as indicated
by the manufacturers. The degree of filling of MWCNTs with
inner walls is characterized by the filling ratio f. The thickness
of each CNT wall is assumed to be 3.4 A, which is the
interlayer distance between two graphene layers in graphite.
The filling ratio is then defined as the ratio between the cross-
sectional area of all walls and the total cross-sectional area of

2 2
the MWCNT f= ‘;_Hl - (’o+1'7(:)+ 1‘7(})2 174)
the radii of the inner and outermost CNT walls, respectively.
The CTs have a filling ratio of 0.76 & 0.10. The CTs are thus
not completely filled, while the GS tubes exhibit f = 0.90 +
0.04, indicating an increased filling.

In summary, GS and CT are two morphologically different
CNT types, specifically regarding filling ratio and outer
diameter. The former affects the mechanical stability while

with r; and r,

https://doi.org/10.1021/acsanm.2c04729
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Figure 2. Short-term friction test (ball-on-disc) of an MWCNT lubricated iron surface. (a) COF evolution of CT- and GS-coated directionally
ground substrates (P180) compared to the COF of an uncoated reference over 2000 reciprocating test cycles. (b—d) EDS/SEM overlay of the wear
tracks after friction testing: (b) unlubricated reference, (c) CT-coated, and (d) GS-coated iron surfaces (see also S11 in the Supporting Information
for images of other wear tracks). (e) Height profiles of confocal laser scanning micrographs showing the wear tracks on the alumina counter body
after short-term tribological testing against CT- and GS-coated iron surfaces. The contact area is marked by blue wear scars, while the red areas
mark transferred CNT patches (height scale in ym). Long-term friction test on an MWCNT lubricated iron surface. (f) COF evolution of CT- and
GS-coated directionally ground substrate (P180) compared to an uncoated reference over 10,000 reciprocating test cycles. (g—j) EDS/SEM
overlay of the surface after long-term friction testing: (g) reference, (h) CT- and (i) GS-coated wear tracks with low friction final state. (j) GS-
coated wear track with high-friction final state due to lubricant depletion. Carbon is marked in red, and oxygen in green.

the latter defines the surface-area-to-volume ratio. The smaller

CTs therefore have a larger surface area, which results in a increasing the likelihood of agglomeration. It is of high
stronger van der Waals interaction between the nanotubes, scientific and technological interest to understand whether the
1757 https://doi.org/10.1021/acsanm.2c04729
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Figure 3. Raman spectra of (a) CT and (b) GS-MWCNT coatings before and after friction testing.

different nanostructures affect the solid lubricity of MWCNT
coatings.

Tribological Experiments and Material Transfer
Analysis. To examine the lubricating properties of GS and
CT coatings, linear reciprocal friction tests are carried out on
P180-ground iron surfaces (Figure 2a). The sliding direction is
perpendicular to the grooves on the surface to allow a lubricant
reservoir effect in the contact zone (as shown for laser-
structured metallic surfaces by Reinert et al.)." An uncoated
surface is used as an unlubricated reference system. Starting
from a value of about 0.2, the coefficient of friction (COF)
increases abruptly to just above 0.50 within the first 400 cycles
and remains relatively constant thereafter at values between
0.50 and 0.55. This running-in behavior was previously
observed for other tribological systems and is not untypical.””
Accordingly, the scanning electron micrograph of the resulting
wear track overlaid with an EDS oxygen map (Figure 2b)
shows oxygen-rich patches along the center of the track where
the counter body was in direct contact with the substrate,
indicating severe tribo-induced oxidation.

In the case of the CT coatings, the COF starts at 0.24 and
continuously decreases from there to just below 0.18 over 2000
cycles. Thus, the presence of the CT coating on the substrate
leads to a reduction of the COF by a factor of 2 to 3 compared
to the steady-state COF of the unlubricated system. The
carbon overlay in Figure 2c (red) shows large patches of
carbonaceous material that remained in the center of the wear
track throughout the test. However, there are also areas where
the coating was largely removed, resulting in mild local
oxidation (green patches in Figure 2c).

GS coatings exhibit a different type of running-in behavior
(Figure 2a). The COF starts at 0.20 and drops immediately
until reaching a minimum of 0.13 after about 1200 cycles. This
marks a turning point where the COF increases again, reaching
0.15 over the remaining 800 cycles. The scanning electron
microscopy (SEM)/EDS overlay of the wear track (Figure 2d)
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shows that most of the GS-derived carbon has been removed
and that sliding has caused mild oxidation of the central wear
track. However, the small remaining amount of GS-derived
carbon still provides effective solid lubrication. A likely increase
in carbon starvation upon further sliding could trigger a
transition to a high-friction state.

To investigate the long-term performance of the MWCNT
coatings, a second set of friction tests over 10,000 cycles
(Figure 2f) was conducted. For the unlubricated iron surface,
the COF evolution is consistent with the corresponding short-
term measurements (compare Figure 2f with Figure 2a).
However, the long-term friction signal saturates at a slightly
higher COF. As expected, tribo-induced surface oxidation of
the long-term Ref (Figure 2g) is more pronounced than in the
unlubricated short-term test (Figure 2b). The frictional
behavior in the long-term tests of the CT-coated samples is
also consistent with the corresponding short-term tests, except
for a slightly prolonged running-in time of the former
(compare orange curves in Figure 2f and Figure 2a). The
EDS map of the CT-coated wear track after 10,000 cycles
(Figure 2h) is similar to that after 2000 cycles (Figure 2c).
Also, most individual long-term tests exhibit a similar friction
response to the short-term tribotests for the GS-coated
surfaces.

Material transfer from the tribofilm to the alumina counter
body during friction testing is assessed using confocal laser
scanning microscopy (CLSM; Figure 2e). The resulting images
are presented as height profiles. The contact area is marked by
blue wear scars, whereas transferred carbon patches that
protrude from the surface are marked as red. A relatively large
carbon patch is located at the center of the wear track that slid
against CT's for 1000 friction cycles. Moreover, minute carbon
patches can be observed in the wear scar of the alumina after
sliding against GS- and CT-coated surfaces for 2000 cycles.
The carbon has most likely been pressed into superficial pores
or fatigue-related pits. No material transfer was observed in any

https://doi.org/10.1021/acsanm.2c04729
ACS Appl. Nano Mater. 2023, 6, 1755—1769


https://pubs.acs.org/doi/10.1021/acsanm.2c04729?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04729?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04729?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04729?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c04729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

(")
2
o
>
Q
[=}
[=}
n
Subgtrate ’
7]
L.
(&)
>
Q
o
o
Q
-
Substrate Substrate
(7]
9
Q
>
Q
(=
o
<
o™N

Substrate

Substrate

Tribofilm |

Figure 4. Near-surface cross-sectional transmission electron micrographs of the CT-derived tribofilm/substrate interfaces after (a, d, g) 500, (b, e,
h) 1000, and (c, £, i) 2000 testing cycles. The CT fragments are contoured in blue.

of the other wear tracks. In conclusion, the material transfer is
marginal, if it occurs at all. This demonstrates no significant
covalent bonding between the alumina ball and the MWCNT
coating.

During long-term tests, the GS coatings show different
tribological behaviors. After a low friction period of roughly
1000 (GS depl 1 in Figure 2f) to 4500 (GS depl 2 in Figure 2f)
cycles, the COF increases abruptly and approaches the steady-
state friction level of the unlubricated iron. This bifurcation in
the frictional behavior of the GS-coated systems can also be
observed in the EDS maps. In the case of continuous
lubrication (which occurred in 6 out of 8 tests), considerable
amounts of carbon remain in the wear track (Figure 2i), often
more than after 2000 cycles. In contrast, the two samples that
end in a high-friction state show complete carbon starvation
after the test (Figure 2j). In this case, the EDS map shows
severe oxidation in the center of the wear track. However, its
characteristic oxygen coverage differs from the unlubricated
case (Figure 2g) as island formation has occurred, indicating
adhesion as the dominant wear mechanism. This type of
oxidation has been observed by Reinert et al.' and MacLucas et
al” after performing similar friction tests on MWCNT-coated
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austenitic stainless steel surfaces. The similar oxidation
patterns on iron substrates are a strong indication of tribo-
induced surface hardening,

Provided that the particles are retained in the contact, GS
coatings show superior lubrication (smaller COF) until the
standard deviations of both MWCNT types begin to overlap
(after approx. 1500 cycles and 6000 cycles, respectively). It
appears that the ground iron surface retains CT-derived carbon
more easily than GS, presumably due to the smaller size of the
CTs as they fit better into the underlying grooves. Obtained
COF values are in good agreement with similar friction
experiments of CNT-based lubrication systems on stainless
steel substrates””*** and graphite on steel in humid air.”’

Raman Characterization. Next, structural changes in the
MWCNTSs are characterized by Raman spectroscopy. At an
excitation wavelength of 532 nm, the Raman spectra of
multiwall carbon nanotubes typically show three distinct
features in the 500—2800 cm™' range: the D-band (1350
cm™!), the G + D’-band (1580—1600 cm™), and the G’-band
(2700 cm™) (Figure 3a, top). The G + D’-band is a
superimposition of the G-band (1582 cm™") and the D’-bands
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(1617—1625 cm™!), the latter being responsible for the
characteristic shoulder (shown in Figure 3a,b, top).

To carefully assess the structural degradation of the
MWCNTs during the short-term test, a set of indicators
derived from the spectra are considered. For peak analysis, the
D-band, D’-band, and G’-band were fitted with Voigtian peak
profiles, whereas the G-band was fitted using a Lorentzian peak
profile, all with floating peak positions. The D/G ratio reflects
the defectivity of the particles. It is applied either as the
normalized intensity ratio (Ip/I;) or the integrated area ratio
(Ap/Ag) both of which have been used for the structural
analysis of carbon materials.”® Furthermore, our analysis
includes the full width at halfmaximum of the D-band
(Wp), G-band (W), and G’-band (W), which are sensitive
to defect density, 2particularly at defect distances (Lp) of 10—15
nm and below.”**” An increase in these indicators is attributed
to an increase in defectiveness.”*>*~ By contrast, an increase
in the G'/D ratio (Ig/Ip, Ag/Ap, denoted as the purity index)
and Ag/Ag implies a decrease in defectivity.”>’' The D band
occurs only in imperfect graphitic structures owing to the A,¢
breathing mode, and its intensity grows with increasing
defectivity.”® Comparing both MWCNT coatings, the D
band intensities in pristine condition (Figure 3a,b) show that
GS tubes are significantly less defective than CT. This is not
only reflected by I/Ig, but the entirety of indicators can be
attributed to a stronger strain exerted on the carbon atoms in
CNT walls with smaller diameter, thus facilitating the
incorporation of defects into the walls.”> After completing
friction testing, the indicators suggest considerable degradation
of MWCNTs in both coating types. This is illustrated in
particular by the formation of a uniform G + D’-band and its
upshift (dashed lines in Figure 3a,b as reference), which is a
change in shape due to the increasing intensity of the D’-band
and simultaneously decreasing the intensity of the G-band.
Additionally, oxide formation is detected (Figure 3b, bottom),
confirming the previously observed GS depletion in the wear
track. Based on Raman characterization, both MWCNT types
show strong signs of structural degradation after tribological
testing, although the applied load and corresponding maximum
Hertzian pressure are low (0.36 GPa).

Transmission Electron Microscopy. For a detailed
analysis of the MWCNT-derived tribofilms and interfaces to
the iron substrates, TEM was performed on focused ion beam
cross sections from the wear tracks. Due to the surface texture
induced by P180-grinding, tribolayer thickness varies greatly.
However, it generally ranges between 15 and 600 nm in the
deepest grooves. Comparison of the CT-derived tribofilm at
500 (Figure 4a), 1000 (Figure 4b), and 2000 (Figure 4c)
cycles shows a reduction in void sizes and hence a strong
compression of the tribofilm with increasing test duration.
Independent of the cycles number, an interfacial layer between
substrate and tribofilm can be identified (Figure 4d—f) in
which lattice spacings of 1.60, 2.20, and 2.30 A and several
values in the range of 2.65—2.75 A occur, corresponding to
lattice planes of Fe,O, (hematite), namely, (018), (113),
(006), and (104), respectively. Additionally, Fe;C (cementite)
is found after S00 cycles with a measured spacing of 1.58 A
(301) and after 2000 cycles with 1.75/1.78 A (122); see Figure
4d—f. Layer spacings of 2.24 and 2.33 A in the interfacial layer
after 1000 cycles (Figure 4e) indicate (002) and (210/121)
orientations of Fe;C. However, these spacings could also be
assigned to Fe,O; (113) and (006), respectively. Moreover,
there is strong evidence of Fe;O, (220) (magnetite) in the

1760

interfacial layer after 1000 cycles and Fe;O, (800) after 2000
cycles. Particularly, the former is the only plausible phase in the
lattice space regime around 3.18 A. Similar oxide formation in
the tribolayer was observed by Griitzmacher et al. with
Ti;C, Ty multilayer coatings.*

The transmission electron micrographs depicted in Figure
4g—i show the composition of the CT coatings at different
stages of the friction test. After 1000 and 2000 test cycles,
crystalline nanoparticles embedded in the MWCNT-derived
carbon matrix can be identified. Within the particles, lattice
spacings corresponding to Fe;C (211) and Fe,O; (024/208)
planes are clearly visible. Some particles cannot be assigned
definitively (Figure 4d,h, circled red/teal). The lattice spacing
could originate from either Fe;C (121/210) or Fe,O, (222)
planes.

The carbon matrix in Figure 4g comprises different
structures, including ordered sp*-hybridized carbon from
crystalline CT fragments to less ordered turbostratic carbon
(t-C) and completely amorphous carbon (a-C). In the zones
with CT fragments, we measure lattice spacings between 3.50
and 4.05 A, which is larger than the literature value of 3.43 A
for ideal MWCNTSs. Most likely, friction-induced deformations
of the tube cross section (from circular to polygonal) lead to
strong local bending or even defects at sufficiently high strains.
In this case, the lattice spacing is increased, as described by Liu
et al,>* whose calculated values agree with ours.

The size of the crystalline domains of the CT fragments
decreases with an increasing number of test cycles. Figure 4g—i
shows the micrographs taken from a specific film; see Figures
S5—S9 in the Supporting Information for more micrographs.
This indicates a gradual tribo-induced phase transformation of
the CT coating, leading to the growth of t-C and a-C zones.

The GS-derived tribofilms show a similar densification
behavior during friction testing as the CT-derived tribofilms
(Figure S4a—c). The resulting carbon matrices (Figure S4g—i)
are structurally very similar to their CT equivalents (Figure
4g—i) and contain the same particles (Figure 4d,f—i, Fe;O,
was also found in the CT-derived tribofilm). However, the GS
tube fragments are larger and show a higher degree of
structural integrity regardless of the test duration. Overall, the
images confirm the results of the Raman analysis that the
majority of the carbonaceous material in the films is
nanocrystalline and contains areas of completely amorphous
carbon.

Discussion of the Experimental Results. Tribological
testing has shown that applying MWCNT coatings onto an
iron substrate leads to a significant friction reduction and that
the MWCNT diameter influences the friction behavior. For
most tests, the large-diameter GS initially exhibited a lower
COF than the small-diameter CT. Furthermore, the COF of
GS decreases faster and reaches a turning point, followed by a
slight but steady increase. In contrast, for the CTs, the COF
decreases continuously during the first test and reaches a
plateau during the long-term test after about 9000 cycles,
possibly reaching a steady state. As a result, the COFs converge
in both experiments, indicating an approaching crossing and
superior CT lubrication in the longer term. The packing
density could be an influencing factor for the different COF
evolutions. Assuming a cylindrical shape, larger MWCNTs
have a lower packing density than smaller tubes. During the
first cycles, when the particle agglomerates are compressed, the
COF decreases. Once fully compressed, the particles exert
more counter pressure leading to a COF increase, and because
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Figure 5. Atomistic simulations of a two-walled (20,20)-MWCNT bundle pressurized and sheared between a-C surfaces. (a) Evolution of shear
stress for different normal pressures. (b—e) Snapshots of the systems: (b) initial system prior to pressurization; (c—e) during steady-state sliding
under 1 GPa (c), 15 GPa (d), and 35 GPa (e) normal pressures. Gray spheres represent free carbon atoms, while blue atoms represent rigid layers
and orange atoms thermalization layers. Higher normal pressures lead to the formation of bonds between sp*-hybridized carbon atoms (marked in

black in (c—e)), resulting in damage of the MWCNTs.

of their size, GS reaches this point first. Hence, their COF
starts to increase sooner. Simultaneously, the real contact area
increases throughout the test due to the continued flattening of
the topographical maxima. As more interfacial area becomes
available for the MWCNTSs, the load is distributed over more
tubes, which reduces the overall friction more effectively over
time. In the case of GS, the amount of tribofilm held in the
wear track can vary significantly, unlike the CT-coated wear
tracks, which consistently hold considerable amounts during
the friction tests. This absence of starvation could explain the
persistent COF decrease for the CT and why this effect is less
pronounced for the GS. The oxidation in the undepleted wear
tracks is comparable and can be described as minor. Once
carbon depletion in GS-coated wear tracks sets in (2/8 in the
long-term tests), the COF starts to increase sharply and
approaches that of the reference along with severe wear track
oxidation. Based on the uniform shape of the G + D’-band and
its “upshift”, both MWCNT species would be classified either
as stage 1(f) within the three-stage amorphization model of
Ferrari and Robertson, corresponding to fully nanocrystalline
graphite, or possibly early stage 2, describing the transition
from nanocrystalline graphite to hydrogenated amorphous
carbon.”® Corresponding transmission electron micrographs
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confirm the loss of crystallinity of most of the carbon material
without reaching complete amorphization (particularly Figures
4fi and S4d,f) and are thus in good agreement with the Raman
analysis. Localized aC formation results from continuous
mechanical degradation in areas of particularly high mechanical
stresses exerted by counter-body pressure during friction
testing. GS fragments (Figure 4e,g—i) show a higher degree of
structural integrity regardless of completed cycles and are,
therefore, larger than their CT equivalents. This can be
explained by the more significant curvature of small-diameter
tubes, leading to increased strain on the carbon bonds in the
MWCNT walls. Hence, large-diameter tubes are more resistant
to mechanical degradation, which will likely also impact the
COF evolution.

Atomistic Simulations. Since carbon nanotubes are
considered among the stron§est structural building blocks for
synthesizing nanomaterials,”> the observed morphological
transition to amorphous carbon at a relatively small load of
100 mN is rather surprising. Therefore, atomistic simulations
are performed to elucidate the pressure- and sliding-induced
degradation of MWCNTs and to explore the loading
conditions that may lead to the observed a-C formation.
First, we study solid lubrication by MWCNT bundles. Figure 5
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Figure 6. Atomistic simulations of the average steady-state shear stress (7) of (20,20) MWCNTs for various normal pressures P, and filling ratios f.
A distinction can be made between a low- and a high-pressure regime. At low normal pressures, the MWCNTs are hardly damaged (subpanels i) as
indicated by an sp® fraction below 5% (blue bars in the orange shaded areas), (z) is low and follows Amonton’s law (red straight lines). At higher
P,, severe damage to the MWCNTs (see subpanels ii) is related to an sp® fraction greater than 5%, leading to a nonlinear increase of (z). It should

be noted that the pressure Pf*™

required to initiate the transition depends on f.

illustrates the typical response of an array of MWCNTSs subject
to various normal loads. The simulation model consists of
identical two-wall (20,20)-MWCNTSs in dense packing
between two a-C surfaces (Figure Sb). This model mimics
an experimental situation in which an MWCNT bundle is
tribologically loaded between an already existing tribolayer and
a carbon transfer film. A normal pressure P, is applied to two
rigid layers at the top and bottom of the respective a-C slabs™
(blue atoms in Figure Sb), and the system is sheared by
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displacing the top rigid layer with a speed of 30 m/s. The
system temperature of 300 K is controlled by coupling the two
orange regions in Figure 5 to a Langevin thermostat.

The evolution of the shear stress 7 is shown in Figure Sa for
three different P, (1, 15, and 35 GPa). After a short running-in
period, a steady state in the frictional response is reached for all
simulations. For P, = 1 GPa, the rather low steady-state 7 of 0.4
GPa (red curve in Figure Sa) can be explained by sliding
within an irregular array of strongly deformed MWOCNTs
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Figure 7. Layers of crossed (20,20) MWCNTSs as a model for a real CNT layer. While densely packed CNTs behave almost like ideal bundles (a),
incomplete filling of the region between the aC layers increases the contact pressure at the crossings, resulting in kinking of the MWCNTSs and a
significant reduction in the normal pressures required to induce the transition from the low- to high-friction regime and to degrade the MWCNTs
(b, c). If the distance between the CNTs is large enough, the CNTs degrade by rupturing their walls (c(i)) instead of continuous amorphization
(b(ii)), and the required normal pressure for severe damage decreases to 1 GPa (c).

(Figure Sc and Movie 12c in the Supporting Information). At
higher pressures, the MWCNTSs get connected by intertube
covalent C—C bonds (black bonds in Figure Sd,e).
Consequently, sliding requires bond breaking (Movie 12d
and Movie_12e in the Supporting Information). This induces
damage to the MWCNTSs, which becomes more pronounced
with increasing normal pressure. As a result, the sliding-
induced shear stress increases with P, (green and blue curves in
Figure Sa) leading for instance to (z) = S GPa for P, = 15 GPa
and (z) = 21 GPa for P, = 35 GPa.

To further investigate the influence of the MWCNT
structure, we vary the number of nanotube walls from a single
wall to a complete filling of the outer (20,20) wall with
concentric inner tubes (corresponding to a filling ratio f
between 0.40 and 0.99). Sliding simulations at various P, are
performed to investigate the stability range of the MWCNTSs
under load (Figure 6). When sliding at low normal pressures,
the MWCNTs are hardly damaged for all f; see snapshots (i) in
Figure 6. Under these circumstances, a linear relationship can
be observed between the average shear stresses (r) and the
normal pressures P,, and thus an Amonton friction law (z) =
uP, can be fitted (red straight lines in Figure 6). This regime
ends in all cases at an sp’-hybridized carbon fraction of
approximately 5% above which a nonlinear increase in shear
stress with pressure occurs. Panels (ii) show characteristic
snapshots in this high-pressure regime. The normal pressure
Py, required for the transition between the low- and high-
pressure regimes, shows a clear dependence on the MWCNT
structure. While for single-walled (20,20) nanotubes a P™" of
10 GPa is already sufficient to cause severe damage (Figure
6a), PI™™ increases significantly with increasing f. For
completely filled four-wall (20,20) MWCNTs, more than 30
GPa is required to trigger intertube bonding (Figure 6d).

Additional simulations are performed for (10,10) and
(40,40)-MWCNTs (Figures S1 and S2) and PI™ is
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determined for all cases. Interestingly, P7*™ increases roughly
linearly with f and is approximately independent of the
nanotube diameter (Figure S3). Therefore, it is possible to fit a
function PY*(f) = a + fff with @ = —1.63 and § = 32.6. Based
on our TEM characterization (Figure 1), we estimated fop =
0.76 and fgg = 0.90 for the CT- and GS-type MWCNTs,
respectively. Our simple expression predicts Py*(fcr) = 23
GPa and P{**(fgs) = 28 GPa. The hardness of our iron
substrate is of the order of 1 GPa, so it is unlikely that asperity-
level local contact pressures can reach such high values in our
MWCNT coatings. The question, therefore, arises to what
extent the systems simulated so far reflect the actual
experimental conditions in the tribological contacts.

While all MWCNTs in ideal bundles are identical, a broad
distribution of MWCNT diameters is to be expected in
technological systems (as shown in Figure 1c—f), which makes
the formation of densely packed structures difficult. Similarly, it
cannot be expected that all axes of the MWCNTSs will adopt
the same orientation. Usually, the EPD growth of MWCNT
coatings produces a film of randomly packed nanotubes
reminiscent of a felt (Figure 1). A characteristic feature of such
a random fabric is the contact between two differently oriented
MWCNTs. Locally, this resembles a point contact between
two crossed cylinders (Figure 1c,d), leading to a sizable stress
intensification compared to the line contact between two
parallel cylinders.

Therefore, we consider alternating monolayers of orthogonal
MWCNTs as simple model systems for CT and GS coatings
(Figure 7). Here, three-walled (20,20)-CNTs are used, which
have a filling ratio similar to the GS in our experiments. We
simulate different densities of the resulting nanotube fabric by
systematically varying the distance d between two neighboring
parallel MWCNTSs in a monolayer (Figure 7). For a distance d
= 2.95 nm between the CNT axes, the parallel MWCNTs are
in close contact, and a complete filling of the monolayers is
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established. In this case, the transition pressure P¥** = 25 GPa
(Figure 7a) is in the same range as for an ideal bundle of three-
walled (20,20) MWCNTs. An increase in d leads to a local
stress intensification resulting in a significant reduction of P{*",
At a distance d = 4.43 nm between the MWCNT axes, the
transition pressure is reduced to P{*™ = 7.5 GPa (Figure 7b).
At a distance d = 11.81 nm, severe damage to the MWCNTs
already occurs at P, = 1 GPa (Figure 7c). Instead of a
continuous amorphization process, damage proceeds via
localized rupture of the MWCNT walls (snapshot (i) in
Figure 7c). Accordingly, no significant increase in the content
of sp*-hybridized carbon is observed here despite the strong
degeneration of the MWCNTs at P, = 1 GPa.

Now, we elaborate a simple argument for the scaling of P{*™
with MWCNT distance d. The transition pressure is given by
the force on the top rigid a-C layer F{*™ divided by the area A

trans

of the a-C layer: P™™ = =~ Due to stress intensification, the

local pressure at the crossing points Pf*** is larger and can be

trans

estimated by P,*"* = —~—, where 1, denotes the number of
X¥X

crossing points between two orthogonal layers and ay a

characteristic contact area of a crossing. Consequently, we
PtmnS,X

Ptrans _ Myly Ptrans,x
z - — Yz

obtain ayp,, where p, is the areal

A
density of point contacts between crossed MWCNTSs. Since

P = % holds for our model structures, this simple back-of-

1 .
PZtrans ~ = scaling. Indeed, a

plot of PI*° from our crossed (20,200 MWCNT MD
simulations vs tube distance d follows closely the predicted
scaling (Figure 8) and, as expected, an f of 0.96 for (10,10)
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Figure 8. Transition pressure Pf*™ as a function of the ratio between

the square of the outer tube diameter D and the distance between
parallel MWCNTs d (see text for details). A linear relation can fit the

D’ Lo
MD data P = pRno 7 resulting in P 5 26.4 GPa for three-

walled (20,20) MWCNTs (red line) and P! ~ 38.7 GPa for two-
walled (10,10) MWCNTs (blue line).

MWCNTs results in a higher PY** (blue line in Figure 8) and a
lower one of 0.89 for (20,20) MWCNTs (red line in Figure 8).
For assumed crossing densities p, < 0.005 nm™?, the estimated
transition pressures would be well below 1 GPa, which would
correspond to realistic local contact pressures in our
experiments. However, this value is derived for (20,20)
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MWCNTs with D = 2.71 nm, while, for instance, D ~ 14
nm for the CT. Since the contact area of two crossing
MWCNT scales as a,, ~ D* and since our MD simulations of
MWCNT bundles suggest that P7*** is roughly independent
of D and depends only on the filling ratio (Figure S3)
PI*s%(£), we obtain

P;rans (f; D) — P;rans,x (f) D2 px

From Figure 8, we obtain an estimate for the transition
pressure at the crossings Py*"%* = 26.4 GPa for a filling ratio of
f = 0.89. Based on our high-resolution TEM (HR-TEM)
images, we obtain a rough estimate of p, in our CT and GS
coatings: p, % 0.00025— and p, ~ 0.00014—, which
results in PY™ & 1.2 GPa and P{™ =~ 5.5 GPa, respectively.
These values are upper estimates of the experimentally active
transition pressures since defects in the tubes, longer time
scales for the transitions in the experiments, or even catalytic
effects due to the interaction with the metallic or oxide
substrates are not considered. Furthermore, the CNTs in the
simulations are all of the same size, whereas on a real surface, a
size distribution is expected. This could lead to large CNTSs
being more likely to contact each other, further increasing the
effective distance between CNT crossings and, thus, the local
pressures.

Comparison of Atomic-Scale Structures from MD
Simulations and TEM Images. Now that we have
established the plausibility of MWCNT degradation under
the experimental conditions and, thus, the formation of an
MWCNT-fragment/a-C composite, we return to the trans-
mission electron micrographs to search for characteristic
features found in the MD trajectories. Indeed, a more detailed
examination of the GS-derived tribofilm after 500 cycles
reveals arrangements of GS tubes, or at least fragments thereof,
that resemble the MD results. In some cases, the exact contact
situation of two individual tubes crossing each other can be
observed (compare Figures 7—9a with 9b,c). Hence, our MD
results are likely to be transferable to experiments and may
provide novel insights into the degradation behavior of
MWCNTs on the atomic length scale. More complex tube
arrangements with further crossed contacts are presented in
Figure 9d. Ideal bundles, on the other hand, are not observed.
No less significant is the onset of amorphization observed in
the kink of an otherwise relatively crystalline GS fragment
(Figure 9e). Amorphization is more pronounced at the inner
kink than outside, where small, at least partially crystalline
domains are still visible. This phenomenon has been observed
at various locations in both CT- and GS-derived tribofilms and
can be attributed to a higher degree of mechanical strain on the
inside.

The TEM observations shown in Figure 9b,c support the
MWCNT arrangement on which our atomistic simulations are
based and are consistent with the degradation patterns
observed in the MD. Thus, our simulations provide novel
insights into the friction mechanism at the atomic level. As
shown by the Raman data and TEM imaging, both MWCNTSs
degrade substantially over 2000 friction cycles. However,
lubricity is maintained. Hence, our investigations suggest that
the rolling and sliding of MWCNTs in steady-state plays little,
if any, role. Instead, we propose the following multistage
process to describe the MWCNT solid lubrication mechanism
between two sliding surfaces (alumina on iron):
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MD

Tribofilm (TEM)

Figure 9. (a) Atomistic snapshot of crossed three-walled (20,20)-
MWCNTs during a simulation at 30 m/s and P, = 1.5 GPa. The black
spots represent amorphization sites. Transmission electron micro-
graphs of the GS-derived tribofilm after S00 cycles show (b) two
crossed tube sections and (c) their contact point at higher
magnification. Transmission electron micrographs of (d) more
complex arrangements of multiple tubes or tube fragments and (e)
a kink in a GS tube at higher magnification.

e Stage 1 (compaction): During the initial cycles of
tribological load, the MWCNT coating on the iron
substrate is compacted, as shown by the HR-TEM
images in Figures 4a—c and S4a—c. Rolling and/or
sliding of individual MWCNT or agglomerates, includ-
ing mixed forms, may occur during this period.

Stage 2 (deformation): Once the coating is fully
compacted, the range of motion of the MWCNTs
becomes severely restricted (preventing rolling), and the
film begins to carry most of the occurring shear forces
(as indicated by the blue shear zone in Figure 10). For a
given pressure, the degree of lateral deformation
depends strongly on the tube filling ratio. As shown by
our simulations (Figure 6), the lower the filling ratio, the
lower the mechanical resistance to deformation, and
curvature-induced strain caused by severe deformation
will substantially increase the local reactivity of the
carbon structure.

Stage 3 (tribo-chemical reaction): Tribo-induced shear
stress applied to the film causes covalent tube-substrate
bonding and carbon enrichment and oxidation of the
superficial iron substrate. This results in the formation of
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an interfacial layer on the substrate surface consisting of
iron oxide and carbide (as shown by lattice spacing
analysis). Continued shearing of the hardened and
brittle interfacial layer leads to the formation of Fe,O;,
Fe;0,, and Fe;C wear particles embedded in the film,
shown in Figure 4. Moreover, the strain at the contact
points between crossed tube sections becomes sufhi-
ciently high to induce local sp* transformation, resulting
in cross-linking and MWCNT fragmentation at the
crossing points (Figures 7and 9). Further sliding of the
cross-linked material induces further damage to the
nanotubes, as shown by the results of the Raman
characterization. Accumulating disordered zones results
in the formation of an a-C matrix that hosts MWCNT
fragments and iron oxide/iron carbide nanoparticles, as
suggested by our Raman analysis.

Stage 4 (interfacial sliding): The resulting MWCNT/a-
C composite tribofilm has a significantly higher
mechanical strength and stronger covalent adhesion to
the iron substrate than the initial MWCNT coating.
Therefore, the shear interface (velocity accommodation
zone) shifts to the tribofilm/counter-body interface.
Consequently, MWCNTs in the contact are exposed to
heavy mechanical stress, leading to various degradation
mechanisms, such as exfoliation.

Stage S (passivation): Shear forces, for example, cause
superficial carbon bonds to break. The resulting dangling
bonds are immediately terminated by ambient molecules
(such as water or O,), inhibiting bonding to the counter
body.”” This is supported by CLSM imaging of the
counter-body wear tracks, showing minor, if any,
tribofilm transfer (Figure 2e).

For better visualization, Figure 10 shows a schematic
representation of the state of the contact before and after
each process described by the proposed lubrication mecha-
nism. In addition to the aforementioned steps, occasionally (in
2 out of 8 cases), the lubricity of GS on the directionally
ground iron substrate can fail. This leads to a final stage 6
(starvation), during which the sliding ball pushes the
tribomaterial to the edges of the wear track and thus out of
the contact, resulting in carbon depletion. The absence of the
protective and lubricating GS layer results in the oxidation of
the metallic substrate (Figure 2j) and a sharp increase in
friction and wear (Figure 2f).

B SUMMARY AND CONCLUSIONS

Instead of traditional solid lubricants, MWCNT could be used
in high-load applications. Often is speculated that a nanoscale
roller-bearing mechanism underlies the lubricity of MWCNTs.
In a combined approach using experimental friction tests with
subsequent characterization and MD simulations, we have
investigated the lubrication properties of MWCNT coatings on
iron substrates and the underlying mechanisms. Experimen-
tally, friction tests on ground and MWOCNT-coated iron
substrates have shown that the coatings can significantly
reduce surface friction over extended periods. Characterization
of the wear tracks clearly showed the gradual degradation of
the MWCNTSs during sliding. Atomistic modeling of the
coatings provided an explanation for why the MWCNTs
degrade at comparatively low pressures despite their high
mechanical stability. Stress intensification at the crossing points
between two MWCNTs leads to low macroscopic pressures
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Figure 10. Schematic representation of the proposed multistage process describing the solid lubrication mechanism of an MWCNT coating

between alumina and a ground iron substrate under tribological load.

being sufficient to locally reach the high pressures required for
the degradation of a single tube. A simple estimation showed
that this shifts the onset of film degradation to a range
consistent with typical experimental parameters. We then
discovered that the MWCNT arrangement on which the
atomistic simulations were based was consistent with TEM
images of the tribofilm. Based on the combination of
experimental results and insights from atomistic simulation,
we propose a multistage friction mechanism for MWCNT
coatings between sliding surfaces. Finally, the results of this
study disprove the theory that MWCNTSs act as nanoscale
roller bearings.

B METHODS

Materials and Substrate Preparation. Two types of CVD-
grown multiwall CNTs were used for this study. Large-diameter
CNTs were purchased at Graphene Supermarket and exhibit an outer
diameter of 30—85 nm with a length of 10—1S pm. Small-diameter
CNTs were purchased at Cheap Tubes, Inc. and have an outer
diameter of 8—15 nm with a length of 10—50 um. Iron platelets
(99.5% purity, Goodfellow GmbH) measuring 20 X 20 mm* with a
thickness of 1 mm were used as substrate material. To create a
directed surface roughness perpendicular to the sliding direction of
the counter body, the platelets were ground using a TegraPol grinding
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and polishing machine (Struers) with P180 grit sandpaper resulting in
a root mean square roughness Sq = 155 + 15 nm (50X objective, Ac =
8 um). In this study, sliding is carried out perpendicular to the
grooves on the surfaces to allow a lubricant reservoir effect at the
contact zone (as shown for laser-structured metallic surfaces in ref 1).
We have also tested the parallel case (for line structures generated by
laser interference patterning), and the effect is also observable but to a
lesser extent.

Suspension Preparation and Electrophoretic Deposition.
EPD suspensions were prepared with 70 mL of isopropanol, 10 mL of
triethylamine (Acros Organics, 99% purity) as an additive to support
particle deposition, and a 0.1 mg/mL particle concentration of
solvent. As shown in Scheme 1, the suspensions were subjected to 10
min of shear mixing (Ultra-Turrax T2S, IKA) at 7000 rpm followed
by 10 min ultrasonication (Bandelin Sonorex RKS14BH) during
particle dispersion. Subsequently, two parallel aligned iron platelets
connected to a DC voltage source were immersed in the suspension,
separated by a distance of 1.3 cm. As their electrophoretic mobility
differs, the particles were deposited with different parameters to
achieve homogeneous coatings which a thickness of <0.5 ym due to
simulative restrictions. GS was deposited for 1 min at 100 V and
reached a thickness of 0.42 + 0.04 um, whereas CT was deposited at
200 V for 3 min resulting in a thickness of 0.33 + 0.03 ym. Coating
thickness was measured by laser scanning microscopy using an
Olympus LEXT OLS4100 with a 50x objective (NA: 0.95) at a laser
wavelength of 405 nm. The difference between the CT- and the GS
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Scheme 1. Suspension Preparation and Subsequent Deposition Prior to Fiction Testing
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coating thickness should not play a significant role with respect to
their lubricity (see S10 in the Supporting Information for an in-depth
discussion).

Tribological Testing. The time evolution of the friction
coefficient was measured using a ball-on-disc tribometer (CSM
Instruments) in linear-reciprocating mode. At the start, a cantilever is
loaded onto the substrate with a precise force using piezoactuation to
accurately set up the normal load. During the experiment, the
deflection of the elastic arms in the horizontal and vertical directions
is measured using optical fiber displacement sensors with high
precision and accuracy. The stiffness in both directions is known as
normal stiffness = 0.1536 (mN/um) and lateral stiffness = 0.2094
(mN/pm). Alumina balls with a diameter of 6 mm (grade 28, Anton
Paar GmbH) were used as counter bodies. A normal load of 100 mN
was applied at a velocity of 1 mm/s and a stroke length of 0.6 mm.
With a Poisson ratio of 0.22 (alumina) and 0.30 (Fe) as well as
Young’s moduli of 375 GPa (alumina), and 210 GPa (Fe), this
corresponds to a maximum Hertzian contact pressure of 0.36 GPa.
Testing was conducted at room temperature and a constant relative
humidity of 4 & 1%. Each sample was measured at least three times to
ensure statistical representation.

Materials Characterization. Scanning electron micrographs of
the coatings and wear tracks were made using a Helios NanoLab 600
dual-beam workstation (SEM/FIB) by FEI at an acceleration voltage
of 5 kV and a current of 1.4 nA. Subsequent EDS characterization of
the wear tracks was performed with an integrated EDS detector at an
acceleration voltage of 15 kV and a current of 11 nA. Site-specific
TEM lamellae were extracted with an Omniprobe 100 micro-
manipulator and fixed to a standard Cu TEM holder.

To evaluate the structural integrity of the CNTs, Raman
characterization was conducted on an inVia Raman microscope
(Renishaw) with a laser power of about 2 mW at 532 nm. A 50X
objective (numeric aperture: 0.9) was used with a grating of 2,400
lines/mm, resulting in a spectral resolution of 1.2 cm™". The system
was calibrated by the use of a piece of single-crystalline silicon.
Measuring points were located in the center of the wear tracks, and
each spot was characterized three times (2 accumulations) for
statistical representation. Atomic Force Microscopy was used to
measure the topography in a Dimension Icon (Bruker) in the
PeakForce Tapping mode with a Scanasyst Air Cantilever operated at
a drive frequency of 2 kHz and a scan rate of 0.447 Hz. The region of
interest with an aspect ratio of 1:1 has a width of 20 ym and 1024
pixels. Subtraction of a planar background was used in the analysis
software Gwyddion for post-processing.

For the TEM measurements, first, electron transparent lamellae
were prepared from the wear tracks by focused ion beam (FIB)
milling using an FEI Strata 400 dual-beam system. Before FIB
preparation of each TEM lamella, a protective platinum layer was
deposited on the surfaces. The TEM investigations of CNT structures
were performed with an FEI Titan3 80—300 (Thermo Fisher
Scientific) equipped with a Gatan imaging filter of Tridiem 865 ER
(Gatan, Inc.).

Image] was used to determine lattice spacing. The resulting
spacings were then compared to ICDD data.

Computational Methods. Classical molecular dynamics was
used for atomistic simulations.'® The interatomic forces were
modeled with a Tersofft—Brenner bond-order potential, which uses
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a modified cutoff scheme to ensure correct modeling of covalent bond
formation and breakage.'”*® A time step of 0.1 fs was used in all
simulations. Layers of single-wall and multiwall nanotubes between
layers of amorphous carbon (aC) were used to model MWCNT
degradation. The aC layers were prepared by positioning carbon
atoms at random positions in a periodic cubic supercell. A density of
2.2 g/cm® was achieved by adjusting the number of carbon atoms. To
achieve a realistic atomic configuration, these systems were first
heated to 2000 K, freely propagated for 10 ps, and then quenched by
coupling them to a Langevin thermostat at 300 K for 100 ps.

To model ideal CNT bundles, eight MWCNTSs were used in a
quasi-two-dimensional configuration between two aC blocks. These
were arranged in four layers with parallel axes in a close-packed
structure (Figure Sb), and shear took place perpendicular to them.
Due to the computational cost of these simulations, we were restricted
to MWCNTs with significantly smaller diameters than those used in
our experiments. (10,10)-, (20,20)-, and (40,40)-MWCNTs were
used, the number of inner walls varied from a single wall to a
complete filling with inner walls with different concentric walls, each
3.4 A separated from each other. For example, the double-walled
(20,20)-MWCNT in Figure S consists of a (20,20)- and a (15,15)-
wall. The dimensions of the systems were such that six unit cells along
the CNT axes were included in the supercells, and the outer walls of
each MWCNT were separated by 3 A initially. (10,10)-CNTs have a
diameter of 13.6 A; thus, in the direction of sliding, they have a length
of 33.1 A, (20,20)- and (40,40)-CNTs have diameters of 27.1 and
54.2 A, respectively, and the supercells have lengths of 60.3 and 114.6
A, respectively. In armchair MWCNTs, the unit cells have a length of
2.46 A along the CNT axes; accordingly, all systems have a length of
14.76 A along the axes.

The pressure in the systems was controlled by a barostat coupled to
stiff layers at the bottom and top of the aC layers blue atoms in Figure
5,% and the temperature was controlled by coupling two layers to a
Langevin thermostat orange atoms in Figure 5.3 All simulations were
performed at a temperature of 300 K. For shearing, the upper stiff
layer was displaced horizontally at a constant velocity of 30 m/s. The
shear stresses 7 were determined by the forces acting on the rigid
layers. Three passes of the upper aC layer over the lower one were
simulated during the sliding simulations. The shear stresses were
evaluated during the second and third passes to allow the system to
reach a steady state. At the same time, the damage of the CNTs was
characterized by determining the number of nearest neighbors of each
atom within a 2 A radius. Atoms that had 4 or more nearest neighbors
were considered sp>-hybridized, and all other atoms as sp*hybridized.
The ratio of the numbers was used as a measure for the deviation
from the typical structure of CNT walls (100% 3-fold coordinated).

To simulate crossed (20,20) MWCNTs, aC layers with a quadratic
base were used. Five different distances of the CNT axes from each
other were employed: 29.5, 44.3, 59.1, 88.6, and 118.1 A, which
correspond to direct contact and to distances of roughly 1.5, 2, 3, and
4 MWCNT diameters between the axes. Since the CNT axes are
rotated by 90° with respect to each other in successive layers, the
result is a quadratic area of the aC layers with edge lengths of 12, 18,
24, 36, and 48 unit cells of (20,20) MWCNTs.
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Abstract

The lubricity of coatings made from different types of carbon nanoparticles such as carbon onions, carbon nanohorns and
carbon nanotubes is investigated on line-patterned AISI 304 stainless-steel substrates using ball-on-disc tribometry over
200,000 sliding cycles. Picosecond direct laser interference patterning is used to create line-patterns on the substrate surfaces
which are subsequently coated by electrophoretic deposition. Friction testing is conducted on as-processed surfaces in linear
reciprocal mode at a normal load of 100 mN with alumina and 100Cr6 as counter body materials. The resulting wear tracks
on the substrates as well as wear scars on the counter bodies are characterized by scanning electron microscopy as well as
energy-dispersive X-ray spectroscopy. Tribometry shows that CNTs have the ability to maintain lubricity against both coun-
ter body materials. CO and CNH coatings sustain their lubricity against 100Cr6 over the full test duration but fail against
alumina. In contrast to alumina, substantial carbon transfer from the substrate surface to 100Cr6 counter body is observed.

Keywords Solid lubricant coatings - Carbon nanotubes - Carbon onions - Carbon nanohorns - Long-term lubricity -

Tribometry

1 Introduction

Graphitic nanocarbons represent a material family that
includes particles with a variety of different geometries and
sizes. Carbon nanotubes (CNT) are among its most promi-
nent members with a proven record of providing effective
solid lubrication as a coating [1-4], reinforcing phase in
composites [5—-8] or lubricant additive [9-11]. Despite dif-
ferent particle morphologies, carbon onions (CO) and car-
bon nanohorns (CNH) have also demonstrated their ability
to significantly reduce friction [12—14], although their tri-
bological properties have not been as intensively researched.

Due to weak adhesion between carbon nanoparticles and
metallic substrates, surface texturing is required to prevent
their removal from the contact during tribological load, as
demonstrated for CNT coatings on stainless steel by Rein-
ert et al. [3]. When combining textured surfaces with car-
bon nanoparticle coatings, the grooves can act as lubricant
reservoirs, providing a steady lubricant supply directly into
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Department of Materials Science and Engineering, Saarland
University, Campus D3.3, 66123 Saarbriicken, Germany

the contact. Simultaneously, filled reservoirs absorb gener-
ated wear particles, thus, preventing them from entering the
contact.

Such surface textures can be manufactured in the form
of precisely tailored patterns using picosecond direct laser
interference patterning (ps-DLIP) [15, 16]. During ps-DLIP,
the interference of two or more pulsed sub beams directly
on the substrates’ surface induces photothermal processes
at the interference maxima, resulting in the formation of
grooves, grids or dimples with periodicities and aspect ratios
that are adjustable to a certain extent. The texture offered by
ps-DLIP line-patterns is well suited to carbon nanoparticle
coatings, as their aspect ratio is well matched to accommo-
date and store considerable amounts of particles.

As-processed surfaces are subsequently coated using
electrophoretic deposition (EPD), a method for depositing
dispersed carbon nanoparticles from a solution onto a con-
ductive substrate by applying a sufficiently high voltage.
EPD is well-established for producing homogeneous coat-
ings made from various sp>-hybridized carbon nanoparticles
as it combines simplicity, short processing times, applicabil-
ity to complex substrate geometries, upscaling potential and
cost-effectiveness, while allowing for reproducible deposi-
tion results [3, 12, 17-19].

@ Springer
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A major criterium for any lubrication system is its ability
to maintain lubricity over significant periods of time against
different counter body materials without the need for re-sup-
ply. In this context, Schifer et al. conducted tribometry on
CNT-coated and cross-patterned austenitic steel substrates
over 110,000 cycles at a load of 1 N [1]. The cross-pat-
terns had a structural depth of 1 um and were manufactured
using femto-second direct laser writing. Experiments were
conducted on a ball-on-disc tribometer in rotational mode
using an alumina counter body (6 mm diameter) at 25 °C and
45% relative humidity. A coefficient of friction (COF) <0.2
was maintained for about 45,000 cycles before starting to
increase considerably.

In this work, coatings made of three different types of car-
bon nanoparticle on line-patterned stainless-steel platelets
are subjected to ball-on-disc friction testing over 200,000
cycles (240 m). The objective is to investigate and com-
pare their respective long-term COF developments against
two technically relevant counter body materials: on the one
hand, alumina due to its inertness and 100Cr6 as a common
bearing steel. Based on the results of MacLucas et al., a low
structural depth of 0.23 um was chosen for the pattern in
order to optimize the lubricity of the particle coatings [4].

2 Experimental Section
2.1 Materials

CVD-grown multiwall CNTs with a diameter of 30-85 nm
and a length of 10-15 um purchased at Graphene Super-
market (USA) were utilized. The COs were synthesized
by annealing nanodiamonds (NaBond Technologies Co.,
purity >98%, particle diameter: 4-8 nm) in a vacuum fur-
nace (model 1100-3580-W1, Thermal Technology Inc.)
at 1750 °C for 3 h at a rate of 10 °C/min [20]. Commer-
cially available dahlia-type CNH with a 60—120 nm cluster
diameter and a single horn diameter of 2—5 nm (Carbonium
SRL, Italy) were used. Mirror-polished AISI 304 austenitic
stainless-steel platelets (20 20 mm?, 1 mm thick) purchased
at Brio Kontrollspiegel GmbH (Germany) were used as sub-
strate material. The platelets were thoroughly cleaned with
acetone and isopropanol prior to ps-DLIP processing and
EPD.

2.2 Picosecond DLIP

A Nd:YAG pulsed laser (Edgewave PX-series InnoSlab)
integrated into a RDX 500 nano laser system (Pulsar Photon-
ics GmbH, Germany) was used to fabricate line-patterns on
the AISI 304 platelets. The system operates at a wavelength
of 532 nm and the samples were processed at 0.5 W. Afore-
said patterns were created with a periodicity (line spacing)

@ Springer

of 3.5 um using two interfering sub beams with a pulse dura-
tion of 12 ps. Finally, the patterned surfaces were cleaned
by ultrasonication in citric acid, acetone and isopropanol for
15 min each to remove superficial oxide produced during the
laser-processing.

2.3 Confocal Laser Scanning Microscopy (CLSM)

An Olympus LEXT OLS4100 confocal laser scanning
microscope was utilized to measure the structural depth of
the patterns, coating thicknesses. The microscope was oper-
ated with a 50 X objective (N.A.: 0.95) at a laser wavelength
of 405 nm and a vertical and lateral resolution of 10 nm and
120 nm, respectively. The mean height R was used as a
measure for the structural depth of the line-patterns over a
sampling length of 259 um. To ensure statistical represen-
tation, R was determined for 10 different profile lines on
images taken at three different spots on the patterned sam-
ple surfaces. As the coating thickness cannot be determined
directly on the sample surface due to its patterning, separate
depositions were made on non-patterned platelets on which
deposition parameters were optimized to achieve the tar-
get thickness of 4.0-4.5 um. Subsequently, the optimized
parameters were applied to the coating of the patterned sur-
faces to ensure comparable film thickness.

2.4 Dispersion Preparation and Electrophoretic
Deposition

Each dispersion used for electrophoretic deposition con-
tained 70 ml of isopropanol, 10 ml of trimethylamine
(ACROS Organics, purity: 99%) and 7 mg of carbon nano-
particle content (0.1 mg/ml solvent). For dispersion, the
colloids were subjected to shear mixing (Ultra-Turrax IKA
T25), followed by ultrasonication in a Bandelin Sonorex
RKS514BH (for 10 min each). Subsequently, both the sub-
strate and a comparable platelet representing the counter
electrode were immersed in the dispersion and arranged
in parallel. After being connected to a DC voltage supply,
deposition was conducted at 300 V for 3 min (CNT, CNH)
and 4.5 min (CO) to ensure comparable coating thickness.

2.5 Tribometry

A ball-on-disc tribometer (CSM instruments) was used for
friction testing in linear reciprocal mode with a stroke length
of 0.6 mm at a load of 100 mN. Sliding direction was trans-
versal to that of the line-pattern and performed at a velocity
of 1 mm/s. Balls with a diameter of 6 mm from either alu-
mina (Kugel Pompel, GD24) or 100Cr6 steel (Kugel Pompel,
K1.3) were deployed as counter bodies which corresponds to
a Hertzian pressure of 0.31 GPa (100Cr6 vs AISI304) and
0.36 GPa (alumina vs AISI304), respectively. Testing was
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carried out at room temperature and 4% relative humidity.
To attenuate excessive COF oscillation in the graphs, the raw
data were slightly smoothed using a Savitzky-Golay filter
(50 p). Each sample was measured thrice to ensure statisti-
cal representation.

2.6 Wear Track Characterization

A Helios G4 PFIB CXe dual beam work station (Thermo
Fisher Scientific, USA) with an integrated EDAX detec-
tor for energy-dispersive x-ray spectroscopy (EDS) was
employed to characterize the resulting wear tracks at an
acceleration voltage of 5 kV and a beam current of 1.6 nA.
Chemical mapping was conducted with 8 cumulative frames.

3 Results and Discussion
3.1 Surface Characterization
Figure 1 depicts top view CLSM images of the line-pat-
terned AISI 304 stainless steel substrates after ps-DLIP pro-

cessing including representative line profiles. As-processed
surfaces were subsequently coated with COs (Fig. 1a), CNH

CO-coated

Fig.1 Top view confocal laser scanning micrographs of the line-
patterned AISI 304 substrate which were subsequently coated with a
COs, b CNH and ¢ CNTs. In addition to that, the images show rep-

R, = 0.233 + 0.005 um |jzm

L

il R, =0.223 + 0.017 pm

(Fig. 1b) and CNTs (Fig. 1c). R was determined based on
line profiles at different locations to get a representative
value for the overall structural depth of the respective pat-
tern. As shown by the images, all surfaces are homogene-
ously patterned and have close to identical line profiles as
well as structural depths.

Figure 2 depicts CO-, CNH- and CNT-coating sections
on non-patterned steel surfaces as coating thickness can-
not be reliably measured directly on as-processed surfaces.
In this case, the profile height of the left (blue rectangle)
and right (red rectangle) coating sections are compared to
that of an uncoated section in the middle (blue square) on
non-patterned and mirror-polished substrates to determine
coating thickness. The exact same EPD parameters used for
the deposition on non-patterned surfaces were subsequently
used to coat the patterned surfaces. The mean thicknesses
of all coatings range between 4.2 and 4.4 um and are, thus,
comparable, so that coating thickness can be eliminated as
an influencing factor.

3.2 Long-Term Tribological Testing

Figure 3a shows the coefficient of friction (COF) develop-
ment of the carbon nanoparticle coatings against an alumina

il R. = 0.226 + 0.004 pm
CNH-coated

CNT-coated

resentative line profiles and the overall structural depth (Rc) of the
respective pattern (Color figure online)
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co

Mean coating thickness:

CNH

CNT

Fig.2 Confocal laser scanning micrographs of the coatings on non-
patterned AISI 304 substrate where the profile height of the marked
coating sections (blue rectangles on the left and red rectangles on the

distance [m]
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1

right) is compared to that of the uncoated section (blue square in the
middle) in order to determine the mean thickness of the CO-, CNH-
and CNT-coatings (Color figure online)
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Fig.3 COF development of CO-, CNT- and CNH-coatings on laser-patterned stainless-steel surfaces against both a alumina and b 100Cr6 coun-

ter bodies (Color figure online)

counter body over 200,000 cycles. A plain uncoated steel
surface serves as reference (Ref). Within the initial cycles,
its COF rises sharply to 0.76, followed by a slight decrease.
According to Blau, this running-in behaviour can be
assigned to type b, which is typically observed with non-
lubricated metals [21]. After 40,000 cycles, Ref can be con-
sidered run-in whilst ranging around 0.70, corresponding
well with comparable literature [3]. The COs show a type
f behaviour with a subsequent decrease to a COF of 0.22.
This is followed by an abrupt and sharp increase until enter-
ing steady-state after 78,000 cycles, maintaining a COF of

@ Springer

0.54 throughout the remaining cycles. The COs’ extreme
standard deviation is due to inconsistent lubricity as dur-
ing one measurement, lubrication is maintained over the
full distance whereas the other two failed prematurely. The
running-in of CNH is characterized by a steep initial decline,
reaching a COF of 0.17, followed by a steady increase (type
h). After 30,000 cycles, the rise increases considerably and
the COF continues to climb throughout the test, not reach-
ing a steady-state at all with a final value of 0.66. The likely
cause of the observed COF increase is a gradual lubricant
depletion, setting in after roughly 30,000 cycles, despite the
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surface patterning. Similar to the COs, the CNTs display a
distinct type f running-in behaviour with a minimum COF
of 0.18 after 30,000 cycles. Subsequently, the COF increases
slightly but steadily over the remaining testing period, reach-
ing a final COF of 0.24. CNTs are the only particle type able
to maintain lubricity against alumina over the full duration
of the friction test.

The COF development of the carbon nanoparticle coat-
ings against a 100Cr6 counter body is presented in Fig. 3b.
Unlike alumina, Ref shows a type a running-in and enters
steady-stage after approximately 20,000 cycles at 0.73.
Resembling a type h, the CO coatings’ running-in differs
from the measurements against alumina also. Consequently,
the COF shows a slight decline and enters steady-state after
about 50,000 cycles from which on, it remains around 0.26.
The CNHs’ running-in strongly resembles that against alu-
mina and can be classified accordingly as type h. In contrast,
however, after running-in during which a minimum COF of
0.14 was reached, steady-state is established around 45,000
completed cycles with the COF ranging between 0.16 and
0.18 for the residual test duration. The CNTs running-in
remains unchanged by switching the counter body (type f),
reaching steady-state lubrication at approximately 45,000
cycles. After 140,000 cycles, the COF starts to increase
again, along with the standard deviation, resulting in a final
value of 0.24.

In summary, CNTs are able to maintain a lower COF than
the COs for almost 150,000 cycles, after which the stand-
ard deviations begin to overlap. The CNHs’ COF, on the
other hand, can be considered significantly lower than that
of the COs over the full testing period. Moreover, CNH rep-
resent the only particle type able to maintain a COF below
0.20, deemed the threshold for effective solid lubrication by
Aouadi et al. [22]. In contrast to tribological testing against
the alumina counter body, all carbon nanoparticle coatings
were able to sustain lubricity against 100Cr6. It should be
noted, that sp® carbon nanoparticles are expected to degrade
heavily during this type of friction testing as reported spe-
cifically for CNTs [1, 3, 5]. It is, therefore, not entirely cor-
rect to refer to these particles as such after friction testing,
but rather as a tribofilm derived from the respective particle.

3.3 Morphological & Chemical Wear Track Analysis

The SEM image in Fig. 4a shows a heavily worn wear track
on the uncoated AISI 304 substrate after rubbing against
an alumina counter body (reference) over 40,000 cycles.
Adhesion with subsequent delamination represent the main
wear mechanisms, however, adhesion is more dominant as
indicated by clearly recognizable and characteristic island
formation throughout the wear track. Bright green areas
throughout the wear track in the corresponding EDS map
(Fig. 4b) indicate severe oxidation.

Friction testing against 100Cr6 also leads to heavy wear
caused by adhesion (Fig. 4c), however, the resulting wear
track is notably wider than its alumina equivalent depicted
in Fig. 4a. Since 100Cr6 is softer, permanent deformation is
dominant, resulting in a larger contact area. The oxygen map
in Fig. 4d reveals severe and uniform oxidation. Further-
more, the particle pile-up at the bottom right of the track in
Figs. 4c and d reveals the formation and subsequent removal
of oxidic wear particles from the contact.

As previously indicated, the COs inconsistent tribological
behaviour suggests fundamentally different lubrication con-
ditions which is confirmed by Fig. 5a—d. The SE micrograph
in Fig. 5a shows a fully depleted wear track with pronounced
island formation, which is characteristic of adhesion as the
dominant wear mechanism. The corresponding EDS map
depicted in Fig. 5b verifies complete carbon removal along
with severe substrate oxidization, extensive wear particle
formation and their subsequent deposition directly next to
the wear track. In contrast, Fig. Sc depicts a much narrower
and less worn track in which the original surface pattern is
well preserved (inset for higher magnification). Consider-
ing its chemical map (Fig. 5d), remaining tribofilm can be
identified along the edges of the wear track, where minor
oxidation has occurred. Of the three CO-coated wear tracks,
depletion occurred in two cases while lubrication was main-
tained in one case. Figure Se shows island formation once
again, therefore, the CNH-coated wear tracks were worn
in the same way as the reference or depleted CO tracks:
complete carbon removal resulted in severe oxidation, often
causing a significant oxide pile-up at the end of the wear
track (Fig. 5f). Figure 5g shows the CNT-coated wear track
in the centre of which the remnants of the laser-pattern can
still be identified and appear to be largely intact (inset for
higher magnification). In this case, considerable amounts of
CNT-derived carbon remained in the grooves of the pattern
and formed large patches, sustaining effective lubrication
with no apparent oxidation (Fig. 5h). Bulging at the right
end of the wear track demonstrates good coating cohesion.

Unlike alumina, the CO and CNH coatings are not fully
removed during friction testing against 100Cr6 (Fig. 6a and
c). In the case of COs, the filled grooves are distinct and the
line-pattern is well preserved, whereas on the CNH-coated
surface, the pattern has been partially worn away (insets for
higher magnification). Elemental mapping shows relatively
small amounts of CO-derived tribofilm along the edges of
the contact area as well as minimum local oxidation at both
ends of the wear track (Fig. 6b). In CNH-coated wear tracks,
oxidation is more pronounced and can be classified as minor
(Fig. 6d). Secondly, the CNH-derived tribofilm is more
abundant and spread over a larger area outside of the contact.
The remaining carbon is sufficiently abundant for patches to
be formed. After rubbing against 100Cr6, the CNT-coated
wear track looks similar to its alumina equivalent with the
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Alumina vs. Ref b

100Cr6 vs. Ref | d

Fig.4 Scanning electron micrographs of representative uncoated substrates (reference) after rubbing against an a alumina and ¢ 100Cr6 ball for
40,000 friction cycles. Corresponding EDS maps against b alumina and d 100Cr6. Green stands for oxygen, red for carbon (Color figure online)

substrate pattern still clearly recognizable (Fig. 6e, inset for
higher magnification). The corresponding EDS map reveals
significant amounts of carbon, often in the form coherent
patches on top of the pattern, with no discernible substrate
oxidation (Fig. 6f).

3.4 Material Transfer

Figure 7a shows a typical wear scar on the alumina counter
body after friction testing with failed lubrication. The SEM/
EDS overlay depicted in Fig. 7b, shows adhesion-induced
iron transfer from the substrate wear track to the alumina
ball. The thin red film observable in Fig. 7c represents neg-
ligible amounts of carbon likely stemming from atmospheric
contamination.

After friction testing with successful lubrication, material
transfer is either minor (Fig. 8a) or non-detectable (Fig. 8c)
as confirmed by the corresponding carbon maps (Fig. 8b and
d). Similar to Fig. 7c, the red bands visible in Fig. 8b origi-
nate from atmospheric pollution. In case of effective lubri-
cation, the resulting wear scars on the alumina are typically
smaller compared to those created by unlubricated friction.

@ Springer

Figure 9a shows EDS mapping of a representative wear
scar on a 100Cr6 counter body after tribometry against a
reference surface, leading to severe oxidation, as indicated
by the bright green areas surrounding the contact. More spe-
cifically, oxidic wear particles were generated and subse-
quently removed from the contact. After testing against CO-,
CNH- and CNT-coated surfaces (Fig. 9b—d), the resulting
wear scars are smaller compared to that of the reference and
oxidation is considerably reduced. The images further dem-
onstrate substantial carbon transfer from the coated substrate
to the counter body during tribological load. This phenom-
enon is particle-independent and can be explained by the
formation of covalent bonds between carbon and substrate
iron as indicated by MacLucas et al. [4] whereas alumina is
far less reactive.

The results have shown that solely CNTs are able
to maintain solid lubricity over the full duration of the
friction test with no detectable oxidation on any of the
substrates against both counter body materials. We
believe patch formation to be the principal reason for this
behaviour as the presence of patches on top of the pat-
tern effectively separates the sliding surfaces. Due to the
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Fig.5 Scanning electron micro-
graphs of representative wear
tracks coated with a CO (depl),
¢ CO (lubr), e CNH and g CNT
after exposure to 200,000 fric-
tion cycles against an alumina
ball. Corresponding EDS maps
of b CO (depl), d CO (lubr), f
CNH and h CNT. Green stands
for oxygen, red for carbon
(Color figure online)
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combination of cylindrical morphology and van der Waals
interactions, CNTs are able to form strong entanglements.
Consequently, their agglomerates are interconnected while
embedded in a continuous matrix of CNT coating, thus,
facilitating the formation of patches with a strong cohe-
sion. Once formed, those patches are difficult to remove

Aluminavs: CO (‘depi)

from the contact as they are likely connected with the
underlying CNTs in the grooves and thus anchored in the
pattern as illustrated by Fig. 10. Against 100Cr6, CNH
are the only coating type able to sustain a mean COF < (.2
and, thus, effective solid lubrication according to Aouadi
et al. throughout the test [22]. In this case, CNH also
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Fig.6 Scanning electron micrographs of representative wear tracks
coated with a CO, ¢ CNH and e CNT after exposure to 200,000 fric-
tion cycles against a 100Cr6 ball. Corresponding EDS maps of b CO,

form patches, however, compared to CNT patches, they
are spread over a larger region which could explain lower
COF values as the contact area is increased and thus the
contact pressure is reduced. As the morphology of the
nanocarbons varies, the character and certain properties
of their agglomerates change and so do those of the result-
ing coatings. Most importantly, individual CNH and CO

@ Springer

d CNH and f CNT. Green stands for oxygen, red for carbon (Color
figure online)

agglomerates are not interconnected, hence they are more
easily removed than CNTs. The CNH patches are therefore
further away from the wear track centre and thus unable to
achieve complete separation of the sliding surfaces against
a spherical counter body which explains the occurrence of
oxidation. EDS analysis of the contact area on the 100Cr6
balls has shown that whenever lubrication is maintained
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Fig.7 a SE micrograph of a representative wear scar on an alumina marked in teal. EDS/SEM overlays for b iron (orange) and ¢ carbon
ball after 200,000 friction test cycles with failed lubrication. The (red) (Color figure online)
outline of the wear scar (dotted line) and sliding direction (s.d.) are

Fig.8 SE micrographs of representative wear scars on an alumina outline of the wear scar (dotted line) and sliding direction (s.d.) are
counter body after 200,000 friction test cycles with functioning lubri- marked in teal. ¢ and d show corresponding SEM/EDS overlays with
cation resulting either in a minor and b no material transfer. The red representing carbon (Color figure online)
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LA

Fig.9 EDS elemental maps showing representative wear scars on the 100Cr6 balls after rubbing against a Ref, b CO, ¢ CNH and d CNT. Green
stands for oxygen, red for carbon. The sliding direction (s.d.) is marked by a white arrow (Color figure online)

over the full testing period, significant amounts of carbon
are transferred from the coated surface onto the counter
body. In contrast, very little carbon, if any, is transferred
when sliding against alumina.

S N S R
CNT patch

\ VA Va Va it

Substrate

Fig. 10 Schematic cross-section showing CNTs on top of the line-
patterned substrate forming cohesive patches with the CNTSs stored in
the grooves due to counter body pressure during friction testing. As a
result, surface adhesion is greatly improved as the patch is interlocked
in the grooves (Color figure online)
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4 Conclusions

During this study, long-term solid lubrication properties of
CO-, CNH- and CNT-coatings on patterned steel substrates
were investigated against two technically relevant counter
body materials. For that purpose, ball-on-disc tribometry
was used in linear reciprocal mode and the resulting sub-
strate wear tracks as well as counter body wear scars were
analysed by SEM and EDS. The following three key conclu-
sions can be drawn:

(1) CNT coatings are able to provide long-term lubricity
against alumina and 100Cr6 without detectable sub-
strate oxidation. This can be explained by the formation
of coherent patches that prevent direct contact of the
sliding surfaces.

(2) All particle types were able to lubricate against 100Cr6
over 200,000 friction cycles due to considerable carbon
transfer from the patterned/coated surface to the coun-
ter body.

(3) CNH achieved the lowest absolute friction against
100Cr6 with a steady-state COF around 0.17
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The results presented in this work highlight the impact of
particle morphology on the tribological properties of nano-
carbon coatings on patterned steel surfaces, despite their
physical and chemical similarities.
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Abstract

Developing new lubrication concepts greatly contributes to improving the energy efficiency of mechanical systems. Nanopar-
ticles such as those based on carbon allotropes or 2D materials have received widespread attention due to their outstanding
mechanical and tribological performance. However, these systems are limited by a short wear life. Combining nanoparticle
coatings with laser surface texturing has been demonstrated to substantially improve their durability due to the reservoir effect
which prevents immediate particle removal from the contact. In this study, we investigate the high-load (20 N) tribological
performance of AISI 304 austenitic stainless-steel substrates, which are line-patterned by laser interference patterning and
subsequently coated with different carbon nanoparticle coatings (carbon nanotubes, carbon onions, carbon nanohorns) against
alumina and 100Cr6 counter bodies. In addition to that, benchmark testing is performed with conventional solid lubricant
coatings (graphite, MoS,, WS,). Electrophoretic deposition is used as the main coating technique along with air spraying
(for WS,). All coatings substantially improve friction compared to the purely laser-patterned reference. Among all coating
materials, carbon nanotubes demonstrate superior lubricity and the longest wear life against 100Cr6 and alumina counter
bodies. Detailed characterization of the resulting wear tracks by energy-dispersive X-ray spectroscopy, scanning electron
microscopy, and confocal laser scanning microscopy provides insights into the friction mechanisms of the various solid
lubricant particles. Further, material transfer is identified as an important aspect for effective and long-lasting lubrication.

Keywords Solid lubricant coatings - Carbon nanotubes - Carbon onions - Carbon nanohorns - Conventional solid
lubricants - High load tribometry

1 Introduction

The development of advanced lubrication systems has been
an important aspect of modern engineering, as it plays a
crucial role in improving the efficiency and durability of
mechanical systems, which directly affects overall energy
consumption and CO, emissions [1]. For many applications,
the typically used liquid lubricants are not suitable due to
their limited temperature stability or problems related to
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their evaporation or to contamination [2, 3]. Therefore, solid
lubricants in particular have attracted significant attention
due to their excellent lubrication properties, high thermal
stability and resistance to oxidation, evaporation, and cor-
rosion. Typical solid lubricants are based on polymers (e.g.,
PTFE [4]), soft metals (e.g., gold [5]) or 2D materials (e.g.,
graphite [6], transition metal dichalcogenides (TMD) [7, 8]
and MXenes [9]).

In recent years, carbon nanoparticles have emerged as
promising candidates for solid lubrication, particularly in
the form of coatings [10—12]. Carbon nanoparticles com-
bine unique physical and chemical properties, such as high
strength, low density, and high conductivity [13]. The
mechanical stability stemming from the combination of
mechanical strength with cylindrical (CNT), respectively,
spherical (CO, CNH) shapes and a layered morphology
(CNT and CO) makes these particles highly interesting for
bearing high loads.
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However, a major issue for many solid lubricant coat-
ings is a lack of substrate adhesion, which results in a
lubricant-depleted contact. This is particularly true for
carbon nanoparticles as they don’t form covalent bonds
with metallic substrates during the coating process [12].
This shortcoming can be tackled by the introduction of
surface textures, as those fabricated by laser surface tex-
turing. Laser surface texturing has also gained consider-
able attention as a technique for improving the tribological
properties of metallic surfaces and solid lubricant coatings
[2, 3, 12]. During sliding, micro and nano-scale surface
features on the substrate material act as lubricant reser-
voirs and trap wear particles, thus reducing friction and
wear [14-16]. A particularly effective technique to create
laser textures in the lower um-scale is direct laser inter-
ference patterning (DLIP), which is based on the interfer-
ence of two or more high-power laser beams [17]. Upon
overlapping the laser beams on the surface of the target,
material is directly ablated at the so-called interference
maxima positions, resulting in the generation of periodic
patterns (e.g., lines, cross, or dimples) inside the area of
the spot (with diameters of several hundreds of microm-
eters to several millimeters), even using only a single laser
pulse [18]. Additionally, the interaction between laser
and material can be tuned by using different laser pulse
durations and for ultrashort laser pulses (i.e., pulse dura-
tion < 10 ps) the thermal effect on the material is minimal
resulting in negligible modification of the material near
the created surface textures [19]. When it comes to the
combination of laser patterns and solid lubricants, the tex-
tures have been shown to store solid lubricant particles in
their topographical minima and thus, effectively form res-
ervoirs from where the particles are continuously released
into the contact during tribological loading [2, 3, 12, 16].
By creating lubricant-filled reservoirs, the lifetime of the
lubrication is significantly extended as the particles are
protected from immediate removal from the contact [11,
12, 20].

There are numerous methods to fabricate solid lubricant
coatings, such as sputtering [21], burnishing [22], drop cast-
ing [23], spray coating [8], and electrophoretic deposition
(EPD) [12]. The combination of textured surfaces and coat-
ings applied by EPD is particularly suitable as this process is
fast, scalable, offers excellent process control and replicates
the laser-induced textures extremely well.

This study investigates the lubricity of carbon nanopar-
ticle coatings (i.e., carbon nanotubes (CNT), carbon onions
(CO), and carbon nanohorns (CNH)) on laser patterned
AISI304 steel surfaces under high load against 100Cr6 and
alumina counter bodies in atmospheric conditions. Addition-
ally, the tribological performance is directly compared to
surfaces coated with the widely used solid lubricants graph-
ite, WS,, and MoS,.
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2 Experimental Section
2.1 Materials

As substrate material, mirror-polished austenitic stainless-
steel platelets (AISI 304, 20 mm X 20 mm, 1 mm thick)
purchased at Brio Kontrollspiegel GmbH (Germany) was
used. Prior to surface patterning and EPD, the platelets were
thoroughly rinsed using ultrasonication and cleaned with
acetone and isopropanol. Multiwall CNTs were synthesized
by chemical vapor deposition (CVD) and purchased at Gra-
phene Supermarket (USA). The particles measure 10-15 um
in length and 30-85 nm diameter. Dahlia-type CNH were
purchased from Carbonium SRL (Italy). The clusters meas-
ure 60—120 nm in diameter with a single horn diameter of
2-5 nm. COs were fabricated by annealing nanodiamonds
(purity >98%, particle diameter: 4-8 nm, NaBond Technolo-
gies Co.) in a vacuum furnace (model 1100-3580-W1, Ther-
mal Technology Inc.) at 1750 °C for 3 h at a rate of 10 °C/
min [24]. The graphite powder is a synthetic conducting
grade (99.99%, 325 mesh) and was purchased at Alfa Aesar
(USA). Both MoS, (98%, 325 mesh, which corresponds to
44 um) and WS, (99.8%) powders were purchased from
Thermo Scientific (USA).

2.2 Dispersion and Coating Preparation

To prepare for EPD, each dispersion consisted of 70 ml of
isopropanol, 10 ml of triethylamine (ACROS Organics,
purity: 99%). For the carbon nanoparticles, a concentration
of 0.1 mg/ml (solvent) was used, for MoS, 0.4 mg/ml and
for graphite 0.2 mg/ml. Subsequently, the dispersions were
subjected to shear mixing (using an Ultra-Turrax IKA T25)
and ultrasonication (using a Bandelin Sonorex RK514BH)
for 10 min each. During the next step, the substrate and an
uncoated AISI 304 platelet (counter electrode) were both
immersed in the dispersion and placed parallel to each other.
To achieve comparable coating thickness in the 4-5 pm
range, the CNTs were deposited for 5 min 45 s, the CNH for
2 min 45 s, the COs for 6 min 15 s, graphite for 4 min 20 s
and MoS, for 6 min 30 s, all at 300 V. As it is difficult to
obtain homogeneous WS, coatings via EPD in the 4-5 pm
range, air spraying was used as an alternative and 8 ml of
WS, solution (concentration 28.6 mg/ml) were sprayed onto
the substrate.

2.3 Picosecond Direct Laser Interference Patterning

To create line-patterns on the AISI304 substrate plate-
lets (mirror-polished), a Nd: YAG pulsed laser (Edgewave
PX-series InnoSlab) integrated into a RDX 500 nano laser
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system (Pulsar Photonics GmbH, Germany) was used. The
laser operates at a wavelength of 532 nm and the samples
were processed at 0.5 W with a pulse duration of 12 ps.
The line-patterns were fabricated using two interfering sub-
beams and have a periodicity (line spacing) of 3.5 um. To
remove superficial contamination such has oxides, the pat-
terned substrates were sonicated in citric acid, acetone and
isopropanol for 15 min each.

2.4 Confocal Laser Scanning Microscopy

To assess the depth of the patterns and the coating thick-
nesses, an Olympus LEXT OLS4100 confocal laser scan-
ning (CLS) microscope was utilized. The microscope is
equipped with a 50 X objective (N.A.: 0.95) and operates at
a laser wavelength of 405 nm, providing a vertical resolu-
tion of 10 nm and a lateral resolution of 120 nm. R (mean
height) was used as a measure for the structural depth of the
line-patterns over a sampling length of 259 um. To obtain
statistically significant results, R was measured for 10 dif-
ferent profile lines on images taken from three distinct spots
on the patterned sample surfaces. The coating thickness
cannot be measured directly on the patterned surfaces due
to their irregularity. For that reason, separate depositions
were made on unpatterned surfaces to optimize the deposi-
tion parameters so that the coating thickness is 4-5 um. The
optimized parameters were then applied to coat the patterned
surfaces, ensuring comparable film thickness.

2.5 Tribometry

Friction testing was conducted on a MFT-2000 tribom-
eter (Rtec, USA) in ball-on-disc setting at a load of 20 N.
Measurements were performed in linear reciprocal mode at
a stroke length of 1 mm, a velocity of 1 mm/s, and a data
acquisition rate of 30 Hz. The sliding direction was perpen-
dicular to the course of the line-pattern. 6 mm balls made
from either 100Cr6 steel (Kugel Pompel, KI.3) or alumina
(Kugel Pompel, GD24 which roughly corresponds to an
R,<0.045 um) were used as counter bodies which corre-
sponds to a Hertzian pressure of 1.78 GPa (100Cr6 vs. AISI
304, with a Young’s modulus of 210 GPa for both materials
and a Poisson ratio of 0.29 for 100Cr6 and 0.28 for AISI
304) and 2.08 GPa (alumina vs. AISI 304, alumina with a
Young’s modulus of 375 GPa and a Poisson ratio of 0.25),
respectively. Testing was carried out at room temperature
and a relative humidity of 25-30%. To ensure statistical
representation, each sample was measured three times. The
mean COF and the corresponding standard deviations were
determined for every single (temporal) measurement point.
The raw data was filtered using a Savitzky-Golay filter (25
p) to smooth excessive COF oscillation.

2.6 Wear Track Characterization

To examine the resulting wear tracks, a Helios G4 PFIB CXe
dual beam workstation (Thermo Fisher Scientific, USA)
with an integrated EDAX detector for energy dispersive
x-ray spectroscopy (EDS) was used. Characterization was
conducted at a beam current of 1.6 nA and an acceleration
voltage of 5 kV. Chemical mapping was performed with 8
cumulative frames.

3 Results and Discussion
3.1 Surface Characterization

The CLS micrographs in Fig. 1 show the top view of the
line-patterned AISI 304 steel substrates that were processed
by ps-DLIP. Additionally, the images include representa-
tive line profiles. To determine R, line profiles at various
locations were analyzed to obtain a value that is representa-
tive of the overall pattern depth. It can be observed that all
surfaces have been uniformly patterned, and their line pro-
files and structural depths are close to identical. These as-
processed surfaces were subsequently coated with different
solid lubricants.

To ensure comparable coating thickness, the EPD deposi-
tion parameters of the CNTs, COs, CNH, graphite, and MoS,
as well as the solution volume used for air spraying WS,
were determined such that the resulting thickness of all solid
lubricant coatings falls in the 4-5 pm range. Figure 2 shows
two sections of each lubricant coating on unpatterned and
mirror-polished substrate surfaces. The coating sections are
separated by a strip, where the coatings were removed using
a soft piece of paper to avoid scratching. Coating thickness is
determined by comparing the mean profile height of the left
(red rectangle) and right (teal rectangle) coating sections to
that of the uncoated strip in the middle (smaller rectangles)
as coating thickness cannot be reliably measured directly on
line-patterned surfaces. To assess coating uniformity, the
profiles belonging to the green lines are shown below the
respective micrograph. The identical EPD parameters used
for the deposition on unpatterned surfaces were then used
to coat the patterned surfaces. As the mean thicknesses of
all lubricant coatings is between 4.25 and 5.00 um, they can
be regarded as comparable. Consequently, coating thickness
can be neglected as a factor of influence.

3.2 Tribometry and Wear Track Characterization
3.2.1 Counter Body Material: 100Cr6

Figure 3a shows the COF development of the different coat-
ings including an unpatterned and uncoated reference (Ref)
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Fig.1 Top view confocal laser scanning micrographs of the line-
patterned AISI 304 substrates which were subsequently coated with
a graphite, b COs, ¢ CNH, d CNTs, e WS,, and f MoS,. In addition

Graphite & ;.
B Fafs Y

Fig.2 Top view confocal laser scanning micrographs of the different
solid lubricant coatings on unpatterned AISI304 substrate. The profile
height of the marked coating sections (red and teal rectangles on the
left and right, respectively) is compared to that of the uncoated sec-

during friction testing against a 100Cr6 counter body over
1 h. According to Blau, the reference exhibits a type (c) run-
in behavior, which is fittingly associated with unlubricated
metals [25, 26]. Continuous asperity truncation leads to an
increasingly conformal surface and causes an increase of
the initial friction as well as the formation of wear parti-
cles, some of which are deposited in the surface grooves.
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to that, the images show representative line profiles and the overall
structural depth (R() of the respective pattern

tion (accordingly colored rectangles in the middle) to determine the
thickness of the lubricant coatings. The profiles related to the green
lines are depicted directly below the respective micrograph. The
height values on the y-axis are in yum

After extensive asperity removal, the counter body comes
into contact with the low-lying, low-shear debris layer which
could explain the drop after the first COF peak. Once most
of the wear particles are removed from the contact, the sec-
ond peak is possibly caused by abrasion from the remaining
debris [26, 27]. Steady-state friction is reached after 300
cycles at a COF of 0.60. Concerning the coated samples,
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Fig.3 a COF development of lubricant-coated and line-patterned
substrates against a 100Cr6 ball at a load of 20 N over 3600 s (1 h)
and b over 10,800 s (3 h). Friction testing was conducted at room

initially all show a significant improvement compared to
the reference sample with COFs between 0.05 and 0.15.
However, over the course of the experiments, the lubric-
ity of the laser-patterned and coated samples degrades, and
the lifetime depends strongly on the coating material. The
lubricity of the two TMDs fades first. This is particularly
true for WS,, whose COF increases immediately and sharply
after only 100 s of sliding, reaching the reference COF after
roughly 900 s. MoS, performs significantly better as it main-
tains a COF below 0.10 for roughly 350 s from where the
COF slowly increases to the reference level after 3200 s.
The discrepancy in the TMDs’ friction behavior could be
explained by a difference in shear strength. The poor per-
formance of the TMD coatings in ambient conditions was
to be expected due to the formation of MoO; and WO,
respectively.

Graphite shows highly effective lubricity, which declines
slowly but steadily. After 3000 s, its COF surges sharply
and a final value of 0.48 is reached after 3600 s. As defined
by Aouadi et al., a COF below 0.2 is considered effective
solid lubrication (marked by dashed line) since irrevers-
ible deformation of the contact surfaces is likely to occur
for COF values above 0.2 [28]. On that basis, the CO and
CNH coatings provide effective solid lubrication for roughly
1750s and graphite for about 3150 s. The fact that graphite
lubricates at high load and a relative humidity of 25-30% is
consistent with recent findings by Morstein et al. [6]. The
best performing carbon nanoparticle coating is the CNT
coating. From the beginning, the CNT coating maintains a
lubricating steady-state with COF values between 0.07 and
0.10. After 2000s, the COF rises moderately to 0.16 includ-
ing multiple localized peaks. After that, the COF decreases
again and reaches a final value of just below 0.1 after 3600 s,

T
3500

T T T
6000 8000 10000

time/s

T T T
0 2000 4000

temperature and a relative humidity of 25-30%. The shaded areas
correspond to the standard deviation of the respective sample. The
dashed line represents the upper limit of effective solid lubrication

which corresponds to a friction reduction by a factor of 6
compared to the reference. The described peaks also appear
in the curves of most other coatings, exclusively during
the lubricating phase, and suggest adhesion, probably even
material transfer according to Blau [26]. This phenomenon
could also relate to temporary lubricant starvation in the
contact that is followed by a replenishment of the contact
with fresh lubricious particles from lower regions of the pat-
terns (i.e., the particle reservoirs). A combination of both
is also conceivable. To investigate how long the CNTs can
maintain their lubricity under extreme load, the test duration
was extended to 10,800 s (3 h) (Fig. 3b). After 4100 s, the
CNTs’ COF start to increase to just under 0.20 and some-
what stabilizes between 0.15 and 0.20. About another 3000 s
later, the COF rises again, this time continuously and evenly
until the end of the test. With 0.54, the final COF is still
below the reference value of 0.60. CNT coatings provide
effective solid lubrication against 100Cr6 at a load of 20 N
over a period of 7100 s (almost 2 h), representing a lubrica-
tion extension by a factor of 2.3 compared to the graphite
coating.

As shown by EDS mapping in Fig. 4 (bright green rep-
resents oxidation), applying a load of 20 N in the chosen
experimental setup leads to severe oxidation of the refer-
ence wear track, which measures roughly 600 um in width.
The wear tracks of WS, and MoS, are even wider (750 um
and 650 um, respectively) and exhibit oxidation of com-
parable magnitude. Compared to that, oxidation inside the
wear tracks of CO, CNH is similarly severe, but they are
narrower (both roughly 540 um wide), while the graphite
track is with 660 um again wider. Considering the final COF
values of graphite and CNH are lower than that of CO, this
not reflected in the scale and oxidation state of the wear
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Fig.4 EDS maps of the substrate wear tracks of the reference and
the surfaces coated with WS,, MoS,, CO, CNH, graphite, CNT-1 h
after friction testing against a 100Cr6 counter body for 3600 s at 20
N. Additionally, the EDS map of CNT-3 h after 10,800 s of testing
is shown. Below, EDS maps of the wear tracks on the 100Cr6 coun-

tracks since they are comparable. Severe oxidation also
occurs on the CNT-1 h wear track, however, at 150 um, the
oxidized strip is a quarter of the width of the reference. Due
to effective lubrication, wear is milder and consequently,
the enlargement of the real contact area is delayed, resulting
in narrower oxidation regions. The low COF values of the
CNTs after 1 h are remarkable considering the degree of
substrate oxidation and the fact that no significant amounts
of carbon are detected in the wear track. MacLucas et al.
made similar findings after ball-on-disc friction testing on
directionally ground and CNT-coated iron surfaces [29].
This further demonstrates, how little carbon is required to
maintain an effective solid lubrication. After 3 h, the CNT-
coated wear track is also heavily oxidized although its final
COF is slightly below that of the other failed lubricant coat-
ings. The wave-like patterns surrounding the wear tracks
of graphite and CNT-1 h are generated by the Moiré effect,
which is caused by a superimposition of the periodic surface
pattern and the scanning electrons. In both cases, the occur-
rence of the Moiré effect indicates that the line patterns next
to the oxidized stripes are at least partially intact.

Oxygen mapping is also used for the wear tracks on
the counter bodies, primarily to assess the extent of their
oxidation and their dimensions. Severely oxidized areas
can be observed in the wear tracks of the reference, WS,,
MoS,, CO, and CNT-3 h with center widths ranging from
600 (Ref) to 675 um (MoS,). Although the size of the CNH
track is similar to the previously mentioned samples, there is
only minor oxidation which is restricted to two thin stripes
in the middle of the wear track. At roughly 450 um, the
graphite track is notably smaller and less oxidized. After
friction testing using a similar tribological setup, Morstein
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ter body surface after rubbing against the reference and the surfaces
coated with WS,, MoS,, CO, CNH, graphite, CNT-1 h, CNT-3 h are
depicted. In the EDS maps, green stands for oxygen, yellow for sul-
fur, and red for carbon. The scale bars are 250 um in the EDS maps
of the substrate wear tracks and otherwise 200 um

et al. observed the transfer of graphite-derived carbon from
a graphite-coated iron substrate to a 100Cr6 counter body,
which would explain the reduced wear and oxidation of
our counter bodies [30]. Measuring 330 um in width, the
CNT-1 h track is roughly half as wide as the reference wear
track and, thus, the smallest out of all counter body wear
tracks. At the same time, the CNT-1 h wear track shows
the least amount of oxidation (minor, if any), which agrees
well with the superior tribological performance of the CNTs.
This substantial improvement is probably due to remnants
of CNT-derived carbon, transferred from the substrate sur-
face to the counter body, therefore, forming a tribo-system
that incorporates the acting shear stresses and protects the
surface. However, this material transfer to the 100Cr6 coun-
ter body cannot be detected by EDS as the counter body
contains about 1 wt.% of carbon and, therefore, it cannot
be distinguished whether the detected carbon stems from
transferred CNTs or from the counter body material. This
becomes evident by comparing the carbon maps of the refer-
ences’ counter body track (Fig. 5Sa), which was never in con-
tact with a carbon coating, and the corresponding CNT track
(Fig. 5b) where carbon transfer is likely to have occurred.

3.2.2 Counter Body Material: Alumina

Figure 6a shows the COF development of the same solid
lubricant coatings against an alumina counter body over
1 h. The run-in of the reference curve cannot be defini-
tively assigned to a curve type, instead it shows character-
istics of types (b) and (d). The curve most closely resem-
bles type (d) with a COF drop after the second peak, as
is characteristic for type (b). This agrees well with Blau,
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a

Fig.5 EDS maps of the 100Cr6 counter body wear tracks after slid-
ing against a the reference and b CNT-coated substrate for 3600 s
at 20 N. In the EDS maps, red represents carbon. The scale bars are
200 um

according to whom this behavior is often observed in fer-
rous or ferrous-nonferrous pairings, among others [26].
After running-in, the COF reaches a steady-state just

below 0.70 after 800 s [25]. Similar to testing against
100Cr6, the lubricity of the TMDs fails first and MoS,
significantly outperforms WS,.

The COF development of the CNH and CO coatings is
similar. After an initial COF drop, both enter a lubricating
steady-state. During this stage, the COF of the CNH coat-
ing (<0.10) is lower, yet starts to rise after 300 s, while the
CO coating maintains lubricity longer at a slightly higher
COF, however, it starts to increase more steeply after about
2500 s. After 3600 s, their COF values are around 0.60
and continue rising, but are still well below the reference
value. Starting below 0.10, the COF of graphite starts to
increase early, stabilizes after 2750 s and remains constant
at 0.40 until the end of the test. It should be noted that, in
contrast to sliding against 100Cr6, CO and CNH exhibit
better lubricity than graphite for a majority of the first
roughly 3000 s. The CNTs maintain a lubricating steady-
state for more than 2000s, after which the COF starts to
rise, reaching a final value of 0.24. After sliding against
alumina for 3600 s, CNTs and graphite exhibit the lowest
COF values of all coating materials. However, the CNT
coating provides effective solid lubrication for over 3000 s
compared to the 800 s of graphite which corresponds to
lubrication extension by a factor of 3.8. At the same time,
their lubricities are the least reproducible as expressed by
substantial standard deviations and since they overlap,
friction testing was prolonged to 10,800 s (3 h) (Fig. 6b).
During the extension, the COF of both coatings increases
gradually, however, that of graphite rises more steeply and
matches the reference value after 6000 s, whereas the final
COF of the CNT coating remains slightly below.

A |==Ref a=Ws, e=Mos,

0.8 »Graphite @==CQO = CNH e=CNT

b {==Ref =ws, =Mos, -

0.8 4 Graphite @=CQO == CNH e CNT
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Fig.6 a COF development of lubricant-coated and line-patterned
substrates against an alumina ball at a load of 20 N over 3600 s (1 h)
and b over 10,800 s (3 h). Friction testing was conducted at room
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temperature and a relative humidity of 25-30%. The shaded areas
correspond to the standard deviation of the respective sample. The
dashed line represents the upper limit of effective solid lubrication
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Regarding the alumina curves, the localized peaks occur
significantly less frequently and are less pronounced com-
pared to the 100Cr6 curves. This is in good agreement with
Blau’s adhesion hypothesis as 100Cr6 steel is considerably
more reactive than alumina and thus both substrate and coat-
ing materials adhere more readily.

It is also worth noting that all carbon nanoparticle coat-
ings, irrespective of counter body material, exhibit a type (f)
run-in behavior. As shown in our previous work [29], CNT
coatings are compacted during the initial phase of tribologi-
cal loading, so that the COF decreases continuously during
the early stage of running-in. This is followed by a lubricat-
ing steady-state which explains the development of a type
(f) curve. Similar curve development suggests that particle
compaction also occurs in CO and CNH coatings.

Figure 7 shows an overview of EDS maps, characterizing
the resulting wear tracks on the substrates and the alumina
counter bodies after friction testing. The extent of substrate
oxidation and the oxidation width of the reference, WS,, and
MoS, tracks are almost identical to those wear tracks that
were rubbed against 100Cr6. The CO- and CNH-coated wear
tracks are also severely oxidized but narrower than those of
the Ref and the TMD-coated surfaces at 365 um and 330 um
for CO and CNH, respectively. That fact that the two wear
tracks are similar in width aligns well with their COF devel-
opment. They are also narrower than their corresponding
wear tracks against 100Cr6. Although their COFs are below
the Ref, no significant amounts of carbon are detected in the
wear track center, merely traces on the edges of the oxidized

Ref WS: co

MoS:

EDS substrate

EDS counter body

Fig.7 EDS maps of the substrate wear tracks of the reference and
the surfaces coated with WS,, MoS,, CO, CNH, graphite-1 h, graph-
ite-3 h, CNT-1 h, CNT-3 h after friction testing against an alumina
counter body for 3600 s or 10,800 s at 20 N. EDS maps and SEM/
EDS overlays of the wear tracks on the alumina counter body surface
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areas. Regarding the CNT- and graphite-coated wear tracks
(after 1 h), the Moiré effect occurs again, this time, however,
inside the tracks and slightly distorted, particularly in the
case of graphite. This is a strong indication that the laser
patterns have been largely preserved, which is confirmed by
the respective CLS micrographs which are shown in Fig. S1
of the Supplementary Information. For both coatings, these
images show lines of the original pattern remaining in much
of the wear track, and they are usually at least partially filled
with particles. Fittingly, EDS characterization also corrobo-
rates the presence of carbon in both wear tracks as well as
on the edges, and no oxidation. These findings are in good
agreement with those of MacLucas et al. who reported on
the formation of CNT patches after conducting friction
tests using a similar tribological setup with CNT-coated
and line-patterned stainless-steel surfaces [11]. Subsequent
EDS characterization also revealed no substrate oxidation,
implying a complete separation of the sliding surfaces. The
wire-like morphology of the CNTs fosters particle entangle-
ment resulting in strong coherence of large particle sections.
Furthermore, strong compression exerted by the counter
body during sliding appears to bond the superficial patches
with the particles in the reservoirs. As a result, the patches
become mechanically anchored within the topographical
minima of the surface pattern, leading to longer particle
retention. Although graphite-derived carbon also remains
in the wear track after 1 h, and CNT patch formation was
observed at significantly lower loads, this phenomenon
could be a contributing factor for the CNTs’ superior high

CNT-1h CNT-3h

after rubbing against the reference and the surfaces coated with WS,,
MoS,, CO, CNH, graphite-1 h, graphite-3 h, CNT-1 h, and CNT-3 h.
In the EDS maps, blue stands for iron, yellow for sulfur, and red for
carbon. The scale bar is 250 pm in the EDS maps of the substrate
wear tracks and otherwise 200 um
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load lubricity compared to the other nanocarbons during
high load friction. In contrast, COs aggregate strongly and
form large clusters owing to their size and curvature, which
are easily removed from the reservoirs and thus from the
contact during sliding, leading to relatively fast lubricant
depletion [3]. After 3 h, the CNT lubrication is about to fade
completely, whereas the graphite lubrication has already
failed after 2 h. Despite comparable degrees of oxidation, the
wear tracks of graphite and CNT are also slightly narrower
(570 um and 540 pm, respectively) than that of the reference
which is expected due to the initial lubrication.

As can be derived from the standard deviation of the COF
development of graphite-1 h and CNT-1 h, the wear tracks
differ to a degree, however, we consider the presented wear
tracks to be the most representative (the CLS micrographs
of all graphite-1 h wear tracks are provided in the Supple-
mentary Information, Fig. S2).

EDS maps of iron (blue), sulfur (yellow), and carbon
(red) are used to assess material transfer from the substrate
surface to the alumina counter body. With respect to iron, the
material transfer from the AISI304 substrate to the counter
body material is considerable in the case of Ref, WS,, MoS,,
CO, graphite-3 h, and CNT-3 h. In the case of CNH, the iron
transfer is still substantial, but less pronounced compared to
the previously mentioned samples. Even less iron is trans-
ferred to the counter body for graphite-1 h and hardly any
iron transfer to the counter body is observable for CNT-1 h.
In addition to that, sulfur mapping was carried out in the
case of the TMDs, and notable amounts are found at the
edges of the counter body wear tracks after rubbing against
the WS, coating, whereas none is detected for MoS,.

Carbon is measured in varying quantities on the alumina
surface due to different degrees of atmospheric contamina-
tion. This is made particularly evident by the carbon map
of the Ref sample which indicates the presence of carbon
although it was never in contact with a carbon-coated sur-
face. This is corroborated by the shading caused by large
dirt particles which are non-compressed unlike the trans-
ferred carbon. Therefore, solely increased carbon concen-
trations (bright red) either within the wear tracks or at the
edges compared to the surrounding area were considered as
transferred material. Concerning graphite-3 h, the carbon
quantity inside of its wear tracks is not increased compared
to the surrounding areas except for minute remnants at the
edges. On the CNT-3 h counter body, carbon concentrations
at the edges are clearly elevated, suggesting carbon transfer,
albeit minor.

It would explain why the final COF of CNT-3 h is mar-
ginally lower compared to that of graphite-3 h. The carbon
concentrations are minimally elevated inside the counter
body tracks of CO and CNH. In addition, the CNH track
also shows considerable amounts of transferred carbon just
outside of the wear track edges. The carbon traces are likely

responsible for their slightly lower COF compared to the
reference. Overall, the carbon transfer, especially inside the
wear tracks, is comparable and this is reflected by a simi-
lar COF development. After rubbing against the graphite
coating for 1 h, EDS mapping clearly shows small carbon
patches inside the wear track that outlasted the frictional
stress and continue to lubricate. The largest amount of car-
bon, however, is found on the counter body wear track of
CNT-1 h, both inside and at the edges, along with a large
dirt particle in the middle of the track. During previous
works involving CNT coatings sliding against alumina in
similar conditions, we observed that material transfer from
substrate to alumina was either minor or non-existent [11,
29]. According to the mechanism formulated by MacLucas
and co-workers, the dangling bonds are quickly saturated
by atmospheric compounds [29]. It is conceivable, how-
ever, that CNT degradation is greatly enhanced under high
loads (20 N) and therefore, more reactive dangling bonds are
formed. This could explain an increased transfer of CNT-
derived carbon in contrast to earlier studies conducted at
lower loads (100 mN). Overall, a strong correlation between
COF development and material transfer from the substrate to
the alumina counter body can be observed: The higher the
carbon transfer, particularly inside the wear track, the lower
the COF and the iron transfer.

4 Conclusion

In this study, comparative friction testing of three types of
carbon nanoparticle coatings and conventional solid lubri-
cant coatings is conducted on line-patterned AISI 304 sub-
strates against two technically relevant counter body materi-
als (100Cr6 and alumina) at a load of 20 N. Regardless of
counter body material, the results show the lubricity of the
CNT coating to be superior compared the other solid lubri-
cants in terms of COF and lubrication duration.

Against 100Cr6, the CNT-coated substrate exhibits severe
oxidation, whereas on the counter body surface, oxidation
is minor. Given the severity of the substrate oxidation, it is
remarkable that the COF is still around 0.1, demonstrating
how little carbon is required in the contact to provide effec-
tive solid lubrication. In addition, long-term testing reveals
that the CNTs’ COF is still below that of the reference. The
numerous localized peaks in the COF curves as well the low
extent of counter body wear track oxidation are strong indi-
cators of carbon transfer. Furthermore, CNH and graphite
are also able to maintain lubrication against 100Cr6, how-
ever, their COF values are higher and substrate oxidation is
significantly enhanced.

After sliding against alumina for 3600 s, no oxidation is
detected on the CNT-coated substrate, which is in accord-
ance with a previous study by MacLucas et al. where the
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formation of surface-separating CNT patches was observed.
This phenomenon might contribute to the outperformance of
CNT coatings against the other solid lubricant coatings. This
also corresponds to the fact that, if at all, only small amounts
of iron are transferred along with significant amounts of
carbon. At the same time, graphite also sustains lubricity
but at a higher COF level. In both cases, the original line-
patterns are at least partially retained. During long-term test-
ing against alumina, the COF of graphite rises steeply and
quickly reaches the reference value, whereas in the case of
CNT, the COF increases more slowly and gradually, and the
final COF remains below the reference level.

The results of this work demonstrate the potential of
CNT-based solid lubrication systems for high load appli-
cations. Our findings further illustrate the efficacy of the
reservoir effect achieved by combining lubricant coatings
with well-defined surface patterns for extending the lubricity
of conventional solid lubricant coatings in various industrial
applications.
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5.2. Unpublished results

5.2.1. Lubricity in vacuum

Within the broader objective of researching the lubricity of carbon nanoparticle coatings
under extreme operating conditions and benchmarking them against conventional solid
lubricant coatings, friction tests were performed under vacuum using a specialized tribometer.
Due to its complexity, each sample was measured once. Furthermore, the raw data was slightly
filtered using a Savitzky-Golay filter (25p) to smoothen excessive COF variation. The

experimental parameters are listed in Tab. 3.

Table 3. Overview of the experimental parameters used for the tribological tests under vacuum.

Type: Pin-_on-d_isc
(oscillating)

Pin material: 440C

Pin curvature: 12 mm

Load: 2N

Temperature: Room temperature

Vacuum: < 10° mbar

Track length: 60 mm

Speed: 6 mm/s

Cycles: 5000 (~ 30 m)

The COF development of the different lubricant coatings during running-in is displayed in
Fig. 18a (running-in) and Fig. 18b (full test duration). The COF development of the TMDs is
remarkably similar as they lubricate effectively at a COF around 0.1 over the full duration of
the test. Since their COF remains remarkably constant, they cannot be assigned to any running-
in type as defined by Blau %°. The COF of the carbon coatings immediately increases to the
range between 0.6 and 0.8 with occasional spikes beyond that and thus do not lubricate. Some
of the sharper spikes are characteristic of material transfer 44. The running-in of carbons is also

comparable and may be assigned as type (b).

50



Combining carbon nanoparticle coatings with textured surfaces for enhanced solid lubrication

E1 2 - m "]
== Graphite 1.0 -
1.0 1 - WS,
— MoS, 0.8
0.8
[ -
5 o O 06
Q — CNT
| 0.4 — CO
04 == Graphite
- WS,
0.2} 0.2 1 MoS,
0'0 T T T T T O'O T T T T T
0 100 200 300 400 0 1000 2000 3000 4000 5000

cycles
Figure 18. COF development of CNT, CO, graphite, WSz and MoS: coatings on line patterned AISI 304
stainless steel substrates in vacuum (<10 mbar) (a) during running-in and (b) over the full length of the

cycles

test.

After conducting tribological testing on the CNT-coated sample in a vacuum, no carbon was
detected in the wear track of either sliding surface (Fig. 19a-b). This indicates that the carbon
was completely removed, which explains the high COF values. Although complete lubricant
removal is also observed for the CO coating (Fig. 19c-d), carbon is detected outside of the
counter body wear track, suggesting the occurrence of material transfer before the carbon was
removed. The observed vacuum lubricity of CNT and CO contradicts the rolling hypothesis and
supports the developed lubrication mechanism (publication 1V) that relies on passivation to
impede material transfer from the coating surface to the counter body. The mechanical forces
exerted by the counter body during sliding cause the superficial bonds of the compacted carbon
coating to break. Under atmospheric conditions, the resulting dangling bonds become saturated
whereas under vacuum, this process cannot occur. This results in the coating material bonding
to the mating steel surface, followed by material transfer and removal of the coating material
from the contact. The wear tracks associated with the graphite-coated substrate are comparable
to the CNT-coated surfaces and shown elsewhere (Appendix A). The wear tracks related to the
TMD-coated substrates show substantial material transfer from the substrate to the counter body

in both cases (illustrated in Fig. 20a-d) which explains the low COF values.
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Figure 19. Scanning electron micrographs showing the wear tracks on the substrate (disc) and the

counter body (pin) after tribological testing of CNT- (a,b) and CO-coated (c,d) substrates in vacuum

(< 10° mbar). Below the micrographs, EDS spectra of selected areas are depicted.
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Figure 20. Scanning electron micrographs showing the wear tracks on the substrate (disc) and the

counter body (pin) after tribological testing of MoS2- (a,b) and WS2-coated (c,d) substrates in vacuum

(<10 mbar). Below the micrographs, EDS spectra of selected areas are depicted.
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5.2.2. Lubricity at elevated temperatures

As part of a comprehensive investigation into the lubricating properties of carbon
nanoparticle coatings in highly demanding environments, and their comparison with
conventional solid lubricant coatings, friction experiments were conducted at a temperature of

300 °C. Each coating was tested twice and the experimental parameters are listed in Tab. 4.

Table 4. Overview of the experimental parameters used during tribological testing at 300 °C.

Type (oscilating)
Ball material: 100Cr6

Ball curvature: | 10 mm

Load: 5N
Temperature: 300 °C

Rel. humidity: 20-30 %
Track length: 4 mm

Speed: 8 mm/s (1 Hz)
Time: 2000 s

Fig. 21a shows the initial phase of the COF development and the running-in behaviors of
the different coatings. Based on the different break-in curve shapes described by Blau, the COs
can be assigned a type (b), whereas the other carbon coatings most closely resemble a
type (d) #°. By contrast, the lubricating TMDs are type (b) with a low drop after the initial peak.
It should be noted that type (b) can occur both in dry and lubricated contacts.

As depicted in Fig. 21b, the COF of the CNT, CNH and graphite coatings increases instantly
and sharply and enters steady-state between 0.8 and 1.0. Furthermore, their COF developments
exhibit numerous sharp and pronounced COF spikes within the initial 200 s. These localized
spikes are indicative of adhesion caused by localized welding (COF increases) and subsequent
shearing of the formed joints (COF drops) between the mating surfaces. The lubricity of the
COs also fades rapidly, however, the steady-state COF ranges slightly lower between 0.7 and
0.8. Inastudy conducted by Hirata et al., friction testing of CO particles on asilicon disc against
a stainless-steel ball in air at 300 °C revealed effective lubricity, with a steady-state COF of
around 0.20 12, Furthermore, in vacuum at 300 °C, the COF was even lower (0.025). The
published results strongly contradict our data, however, several experimental parameters such

as the applied load (0.44 N), the substrate material (Si disc), counter body diameter (4.8 mm)
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and sliding speed (11 mm/s) deviate significantly from the parameters used in this test. Based
on a COF of 0.025, it can be confidently inferred that the COs have rolled, indicating the
presence of a monolayer of non-contiguous particles due to their high agglomeration tendency.
It can be confidently assumed that the Si discs used by Hirata et al. were of semiconductor grade
and had a significantly lower roughness than technical surfaces, making rolling more likely to

occur on their smooth surface. Also, no information was disclosed regarding the coating method

employed.
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Figure 21. COF development of CNT, CO, CNH, graphite, WSz and MoS: coatings on line-patterned
AISI 304 stainless steel substrates at 300 °C (a) during running-in and (b) over 2000 s.

WS, maintains a COF of around 0.20 for approximately 800 s. After that, the COF gradually
increases to 0.90 and then suddenly drops to 0.50 after 1500 s. This drop is then followed by a
progressive increase, resulting in a final COF of 0.90. During the first 300 s, the COF of MoS;
increases slightly from 0.11 to 0.13, resulting in the lowest initial friction coefficients of all
coatings. Next, the COF increases to 0.50-0.55 after around 700 s and remains constant for
800 s before the COF starts to oscillate, reaching a final COF of roughly 0.5. The obtained
results show that WS, lubricates more effectively over a longer period of time, however, the
lubricity of WS, decreases suddenly and completely compared to MoS,. It should be noted that
the standard deviations overlap (especially in the case of MoS,, the standard deviation is
considerable) hence further measurements are required to render a conclusive assessment on
the comparative lubricity. At 300 °C, the measured lubricity of WS; and MoS:; is superior to
that of all the tested carbon coatings and in accordance with the existing literature 13%14°, This

can be attributed to various factors. Prolonged exposure to high temperatures during the heating
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process in the tribometer chamber (which represents an uncontrolled environment) allows the
chromium oxide layer on the sample surfaces to grow thicker. As a consequence, less substrate
iron is available during friction testing which influences substrate adhesion of the carbon-based
lubricants negatively and could contribute to early lubricant depletion. Moreover, reactivity is
greatly enhanced at 300 °C, therefore, it is conceivable that other substances (e.g., atmospheric
nitrogen) are incorporated into the sp? lattice at defect sites and other reactive sites such as
strongly bent sections in CNTSs or the tip of a CNH cone (pyramidalization) or the dangling
bonds at the edges. In addition, defect mobility is increased at the elevated temperature. In sum,
this can lead to a zipper-like mechanism that destabilizes and even cuts through sp? carbon
layers as demonstrated by Terrones et al. which would greatly accelerate the mechanical
degradation as well as oxidation of all the examined particle types 4'. Compared to the other
carbons, the COs show a slightly lower COF, possibly because they often have a residual sp®
core that is significantly less reactive hence these nanodiamond cores could remain in the
contact and provide some degree of lubricity.

The measured COF values of the failed lubrications at 300 °C are higher than what is
typically measured at room temperatures. This could be explained by a softening, respectively,
an increased ductility of the mating surfaces which results in an increased real contact area and

thus higher friction coefficients.
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6. Summary and conclusions

The findings presented in this work provide novel insights into a solid lubrication system
that is based on a reservoir effect enabled by the synergy between carbon nanoparticle coatings
and textured metallic surfaces. The objective of this dissertation was to optimize the
manufacturing of homogeneous carbon nanoparticle coatings, investigate and optimize their
lubrication properties on DLIP-patterned austenitic steel surfaces, and compare their lubricity
to conventional solid lubricant coatings in extreme conditions.

First, it was demonstrated that uniform CNT coatings can be deposited reproducibly in the
desired thickness up to approximately 20 um (publication 1). Analysis of the deposition
thicknesses further revealed that coating growth is linear during the initial phase of the
deposition and eventually plateaus. This behavior was independent of oxidation state of the
CNT or which additive is used. Two additives were used to support the deposition process and
the results showed that Mg-Nit yields higher deposition rates than TEA. The coating thickness
could be approximated quite accurately during the initial linear growth period using the
Hamaker law. As a result, cumbersome, and expensive characterization could be omitted and
hence this work makes a decisive contribution to improving the applicability of CNT coatings
on AISI 304 steel.

Moreover, the texture beneath the coating, in that case the DLIP-induced line patterns, was
optimized to decrease friction (publication II). Tribological experiments revealed that the
shallower the coated pattern, the lower the resulting COF. The flanks of shallow patterns were
less steep than those of deeper patterns, which possibly facilitated lubricant supply to the
contact and thus resulted in lower friction.

A more in-depth degradation analysis of the coating particles remaining in the wear tracks
presented in publication Il showed oxidation on the CO-coated surfaces and no oxidation on
their CNT-coated equivalents (publication I11), confirming the results from EDS
characterization presented in publication Il. The analysis further revealed that COs degrade
more rapidly than CNTs. Additionally, in the case of CNTs, a direct correlation between
structural depth of the pattern, lubricity, and degradation was observed. More precisely,as CNT

lubricity improves with shallowing patterns, particle degradation increased. Despite ongoing
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particle degradation, the sustained and consistent lubricity exhibited, rejected the plausibility of
rolling as the primary lubrication mechanism for both CNTs and COs.

By combining tribological experiments with CNT coatings on textured iron surfaces with
the simulation of appropriately constructed atomistic models, a plausible explanation was found
for the strong degradation of mechanically highly stable CNT particles at low loads
(publication 1V). These findings further lead to the development of a 5-step lubrication
mechanism that confirmed the dismissal of rolling as the principal lubrication mechanism for
CNTs. Due to the chemical similarity of the different carbon nanoparticles, the lubrication and
degradation mechanisms formulated for CNTs are likely to be at least partially transferable to
COs and potentially to CNH.

In a separate set of friction tests, the ability of CNT, CO, and CNH coatings to provide solid
lubrication against different counter body materials over extensive periods of time was
investigated (publication V). Since all particle types were sp? hybridized, this study further
evaluated the influence of particle morphology on the lubricity as solely CNTs demonstrated
the ability to form patches. This was attributed to the CNTs’ “spaghetti-like” morphology which
enables strong particle entanglement of and thus the formation of agglomerates and patches.
The discovery of coherent CNT patches on the line patterns of the substrate represents one of
the most significant findings of this dissertation as they separate the sliding surfaces and
effectively prevent substrate oxidation in long-term friction testing. The patches formed by
CNT coatings hold enormous potential for wear reduction in technical applications and require
further research and optimization.

With respect to extreme operating environments, tribometry was conducted on line-patterned
stainless steel, coated with different types of carbon nanoparticles and conventional solid
lubricants in vacuum, elevated temperatures, and high loads. In contrast to the TMDs, none of
the carbon-based solid lubricants were able to lubricate in vacuum conditions. This is consistent
with the lubrication mechanism presented in publication 1V, which suggests that a lack of
passivation in vacuum results in covalent bonding between the dangling carbon bonds and the
steel surface, leading to heavy material transfer. The wear track characterization supports this
claim, as it indicated the complete removal of all carbon coatings. It is evident that the carbon
nanoparticles did not function as a lubricant at elevated temperatures either. This outcome was
not surprising, given that rolling is not the primary lubrication mechanism. Despite refuting the
rolling hypothesis, the CNT coatings exhibited the strongest lubrication performance during
high-load benchmark testing and were thus the most effective among all solid lubricant coatings

when tested against 100Cr6 and alumina (publication VI). The CNTs’ superior lubricity may
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be attributed to the patch formation mentioned above, which was unique to CNTs when
compared to the other tested coating materials. Furthermore, the resulting wear tracks after
sliding against 100Cr6 for 1h were a remarkable display of how little CNT is required for
effective solid lubrication.

When comparing the lubricity of all three types of carbon nanoparticles (CNT, CO, and
CNH) in any operational setting where the particles lubricated and regardless of the counter
body material, CNTs demonstrated the lowest friction coefficients over the longest periods of
time. This was reflected accordingly in the oxidation of the wear track. When evaluated against
alumina, CNH and CO showed similar COF development and wear track oxidation. Sliding
against 100Cr6, CNH achieved a significantly lower COF than CO in the long-term friction test
and maintained markedly lower COF values after 2800 s at high loads.

Throughout the different tribological experiments, the COF values of CNT coatings on
AISI 304 steel surfaces were extremely reproducible and consistent with the existing
literature 16195142 Fyrthermore, Hirata et al. slid a steel ball against individual CO particles
spread on a Si wafer and measured COF values well below 0.1 both in air and vacuum %, The
low COF values indicated partial, if not complete, rolling in that specific configuration. Within
this dissertation, lubricating CO coatings deposited by EPD consistently yielded COF values
between 0.2 and 0.3, indicating that the occurring lubrication mechanism is different. The
results presented in this dissertation stand in strong opposition to the long-standing hypothesis
of rolling as the principal lubrication mechanism of carbon nanoparticle coatings in sliding

contacts.
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7. Outlook

At various stages of the presented dissertation, further aspects of considerable scientific
interest emerged, which shall be discussed in this chapter.

With respect to the deposition process, the literature suggests the use of additives during
EPD to set the wetting behavior of carbon nanoparticle coatings, to increase the deposition rate
or to improve particle dispersion and, thus, coating homogeneity. Since our group has used
triethylamine successfully in combination with isopropanol (solvent) 104138143 ascertaining to
what extent TEA supports the dispersion of carbon nanotubes as well as other carbon
nanoparticles and to examine the underlying chemical mechanisms could be of scientific
interest. Since TEA is a harmful compound, understanding the mechanism could help to
minimize the amount of TEA in the EPD solution without deteriorating the deposition result.
Based on literature research and remarks by Prof. Dr. Hansjorg Gritzmacher (Deputy head of
Laboratory of Inorganic Chemistry, Eidgendssische Technische Hochschule Zurich), a
hypothetical reaction mechanism for the dispersion of carbon nanoparticles in the EPD solution
was formulated:

(1) In the presence of isopropanol and TEA, a substantial fraction of the primary oxygen-
containing functional groups of the particles, COOH, deprotonate to COOand H*.
(2) The proton (hydrogen ion) attaches to the free electron pair of the nitrogen atom in the
TEA molecule and forms an ammonium.
(3) In the case of the strongly solvating isopropanol, hydrogen bonds are formed between
COO and the hydroxy groups of isopropanol or between N* and the hydroxy groups.
Since the concentration of the isopropanol molecules is much higher than TEA, these
hydrogen bonds are formed preferentially and there is no strong interaction between
COO" and the ammonium.
(4) Formation of a complex between COO™ and ammonium based on weak (non-covalent)
forces.
As a result, steric repulsion between the side chains of different ammonia molecules or
ammonia and CNT would counteract agglomeration. To verify the presence of ammonia in the

EPD solution and thus the dispersion effect, the following procedure could be employed:
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(1) Acid-oxidation of the carbon nanoparticles to increase the COOH density (without
destroying particle integrity)

(2) Acid-base titration to determine the concentration of COOH groups and thus at the same
time the minimum TEA concentration for optimal dispersion according to the reaction
mechanism 144145

(3) FTIR spectroscopy to detect the COOH groups 146

(4) C NMR spectroscopy to detect the ammonium 147:148

The workload necessary for this research endeavour is within the suitable scope for a bachelor’s
or master’s thesis. Over the course of this dissertation, it was further discovered that specifically
CNTs, do not require an additive to form homogeneous coatings via EPD which has positive
implications for the practical application of CNTs as the hazardous TEA can be eliminated.

A major advantage of the EPD coating technique is scalability. The process is widely used
in the industry, e.g., in the form of cathodic dip painting that is used in the automotive industry
to paint car bodies. Upscaling EPD for CNT deposition requires optimization, however, it is
technically feasible and thus also enable the large-scale implementation of lubrication systems
based on CNT coatings. Regarding particle dispersion, ultrasonication could be replaced by
techniques that are more suitable for continuous coating processes like microfluidics or
techniques that consume less energy such as spontaneous exfoliation 14°,

As shown in publication 11, the lubricity of CNT and CO coatings on line-patterned
stainless-steel substrates is based on the reservoir effect and improves with decreasing structural
depth. However, in that study both the structural depth and the slope angle of the laser structures
are inherently connected. To investigate which of these factors plays the dominant role
regarding the lubricity enhancement, further research is required. The two main hypotheses are:

- Hypothesis A: The steepness of the flanks has a decisive influence on the lubricant
supply in the contact. Structures with steep flanks impede the lubricant supply.

- Experimental design for testing hypothesis A: Tribological testing on 3 different
CNT-coated patterns with identical structural depths but varying slope angles (Fig. 22).
In the case of a Nd:YAG pulsed laser (Edgewave PX-series InnoSlab) with two sub-
beams and a pulse duration of 12 ps (as used frequently within this dissertation), patterns
with a line periodicity of 3.5 um combined with a structural depth 0.5 um would be
reasonable as it represents a good compromise between low processing times and high

reproducibility.
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Figure 22. Schematic illustration of experimental design to probe hypothesis A. Friction testing will be

conducted on 3 laser structures (CNT-coated) with identical structural depths but different slope angles.

- Hypothesis B: The structural depth has a decisive influence on the lubricant supply in
the contact and thus on the lubricity.

- Experimental design for testing hypothesis B: Tribological testing on 3 different
CNT-coated patterns with identical slope angles but varying structural depths (Fig. 23).
In the case of a Nd:YAG pulsed laser (Edgewave PX-series InnoSlab) with two sub-
beams and a pulse duration of 12 ps, patterns with a line periodicity of 3.5 um and three

depth ranges (0.5-0.7 pum, 1.0-1.2 um and 1.5-2.0 pum) can be implemented well in

practice.

Figure 23. Schematic illustration of experimental design to probe hypothesis B. Friction testing will be
conducted on 3 laser structures (CNT-coated) with identical slope angles but different structural depths.

Within this experimental series, two further, scientifically relevant aspects arise. Firstly, the
lubricant supply may be influenced by particle morphology in which case the described
experiments could be conducted with CO and/or CNH coatings in addition to the CNT coatings.
The second aspect concerns the occurring mechanical stresses within the structures during
frictional load and requires to be investigated by molecular dynamic simulation. How strong
are these stresses? Where do they occur, and do they lead to the formation of covalent bonds at
specific locations within the structures? These are highly relevant questions as localized
bonding of the carbon-derived tribofilms to the substrate would enhance adhesion and thus the
effectiveness of the entire lubrication system considerably.

Describing the formation of coherent CNT patches in a sliding contact for the first time, the
findings from publication V lay the groundwork for a CNT-based solid lubrication system, that
protects the underlying substrate from oxidation and thus potentially prevents the occurrence

of substrate wear entirely. However, further research efforts are required to investigate the
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formation, optimization and application range of the CNT patches. It is crucial to investigate
how factors like the deposited coating thickness, the type and depth of the underlying substrate
texture (preferably DLIP patterns) affect patch formation. Moreover, does increased CNT
length facilitate patch formation and does that result in enhanced patch cohesion? It would be
conceivable that an enhanced cohesion improves the resilience of the patches, making them
more resistant towards sliding under high loads. The EDS images of the CNT-coated wear
tracks (Fig. 6, 8, 9 in publication I1) indicate that CNT coatings form more extensive and
resilient patches on deeper DLIP patterns. Based on SEM- and TEM cross-sections
(publications Il and I11) as well as MD simulation findings (publication VI), it can be
assumed, that the CNTs in the topographical minima of the structures are mechanically
stabilized by compression and, therefore, anchor the entire patch and interlock it within the
pattern. This would explain the above-described phenomenon since deeper anchors provide
greater stability and resilience.

The most significant application field for solid lubricant coatings are extreme environments
where oil-based lubrication is not suitable. Hence, the benchmark lubricity tests with the CNT
coatings and conventional solid lubricant coatings (as conducted in publication V1) need to be
extended to dry environments and extreme humidities.

The holy grail in tribology is to achieve superlubricity in ambient conditions which describes
the condition of near frictionless sliding (COF < 0.01). A solid lubrication system involving a
CNT coating recently demonstrated superlubricity in macroscale steel-steel contact in an
ambient environment over 525°000 sliding cycles *°°. The lubrication is based on a synergistic
effect between the CNT coating and PAO. More specifically, reciprocating disc-on-flat friction
tests were conducted with a sacrificial coating made from vertically aligned CNTs on an
AISI 316 stainless steel disc, and an uncoated M2 tool steel flat. In addition, a single drop of
poly-alpha-olefin (PAO) was applied to the interface, to create a minimum quantity lubrication
condition. The application of a CNT coating drastically reduced the amount of PAO required
to maintain superlubricity. This further emphasizes the tribological potential of CNTs in

technically relevant applications such as conventional bearing systems.
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8. Not included publications

In the context of the present dissertation, additional research has been undertaken and
subsequently published as open access articles in peer-reviewed and internationally recognized
journals. Nevertheless, as these findings offer only a limited contribution towards addressing
the aforementioned dissertation objectives, they were not included. Nevertheless, they shall be
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art by the introduction of advanced tribology solutions in four case studies and their
time scale of implement 2. The savings and timescale of implementation are based on
the present transportation and industry infrastructure and do not consider future trends
(e.g. the introduction of electric vehicles). (b) Potential annual savings in energy, cost
and CO> emissions globally (linearized) in different sectors during the initial 8 years
of advanced tribology implementation 2.
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dorsal fin 1?). (b) Fuselage of a Lufthansa Cargo aircraft equipped with the polymer
foil 13,

Figure 3. Schematic illustration of the interface between two contacting technical
surfaces. (a) Contact on an atomic scale and (b) comparison between apparent and
real contact area with top views of static and sliding contact (partially adapted
from 28),

Figure 4. (a) Exemplary surface profile with (b) the corresponding amplitude density
function and (c) the derived Abbott-Firestone curve (adapted from 2°).

Figure 5. Schematic illustration depicting the transition process from stationary to
sliding contact of a hard asperity on a soft substrate. (a) Stationary contact with a
small tangential force unable to overcome the static friction. (b) Threshold stage
where the tangential force reaches a critical level and the asperity sinks deeper into
the substrate material. (c) Sliding contact is initiated by the lift-off effect and an
immediate reduction of the tangential force (adapted from 28).

Figure 6. (a) Schematic illustration of adhesion-related material transfer. (b)
Schematic illustration of three most prominent abrasive wear mechanisms: cutting,
ploughing, and fracture (adapted from 28).

Figure 7. Exemplary friction curve displaying the different lubrication regimes:

running-in, transition and steady-state (lubricated and unlubricated).
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Figure 8. (a) Possible contributions of different mechanisms for a type (d) run-in. A
combination of asperity truncation and surface oxide removal causes the first peak
whereas the second peak is primarily due to the contribution of abrasive wear debris
along with continued surface oxide removal (adapted from 48). (b) Overview of the
various curve shapes observable during running-in according to Blau “°.

Figure 9. Contact between two spheres and a sphere and plane both with identical
contact areas (marked in orange) (adapted from °1).

Figure 10. Schematic illustration of (a) laser set up with beam guidance, (b) a
resulting intensity pattern between two interfering (continuous) laser beams and (c)
overlapping laser spots for scanning large areas 62.

Figure 11. 2D crater profiles on an iron surface after single-pulse femtosecond
ablation with the peak fluence above the spallation (brown profile) and the phase
explosion threshold (green profile) (adapted by lonin et al.8 from ).

Figure 12. Scanning electron micrographs of resulting craters on stainless steel
surfaces after irradiation with different numbers (N) of nano- (ns-LP), pico- (ps-LP)
and femtosecond (fs-LP) laser pulses with the according cross sections (adapted
from 7).

Figure 13. Illustration of the edge area of a graphene sheet (single layer of graphite),
a singlewall CNT and a CO (no edge area for CNH either).

Figure 14. (a) Schematically illustrated cross-section of a solid lubrication system
combining a line patterned surface with a CNT coating. Reinert et al. described the
phenomena occurring in this system as follows: (1): CNT adhere to the counter body;
(2): Deformation and detachment of substrate peaks; (3): CNTs get into the contact
where they provide lubrication; (4): Wear particles are absorbed and stored in the
CNT reservoirs; (5): Compressed CNT bodies tilt and stand up on one side due to the
stroke; (6): Elastic rebound of the CNT body after the stroke. (b) FIB cross-section of
CNT-coated wear track after sliding showing the lifted CNT bodies .

Figure 15. Schematic depiction of various tribometer configurations. (a) Rotatory
pin-on-flat configuration, (b) linear reciprocating pin-on-flat configuration and (c)
rotatory ball-on-flat configuration. In each configuration, the COF is computed by
dividing the tangential friction force, ascertained from the force sensor, by the known

load created by the adjustable weights or the motion of the tribometer arm 106,
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Figure 16. (a) Schematic illustration of an anodic CNT deposition at with a top
view scanning electron micrograph of a CNT coating. (b) Uncoated and CNT -
coated steel threads demonstrating the ability of EPD to homogeneously copy
complex geometries.

Figure 17. Graphical illustration of the outline, showing the different focus points of
the publications included in this dissertation.

Figure 18. COF development of CNT, CO, graphite, WS, and MoS; coatings on line
patterned AISI 304 stainless steel substrates in vacuum (<10 mbar) (a) during
running-in and (b) over the full length of the test.

Figure 19. Scanning electron micrographs showing the wear tracks on the substrate
(disc) and the counter body (pin) after tribological testing of CNT- (a,b) and CO-
coated (c,d) substrates in vacuum (< 10-° mbar). Below the micrographs, EDS spectra
of selected areas are depicted.

Figure 20. Scanning electron micrographs showing the wear tracks on the substrate
(disc) and the counter body (pin) after tribological testing of MoS,- (a,b) and WS-
coated (c,d) substrates in vacuum (<10-° mbar). Below the micrographs, EDS spectra
of selected areas are depicted.

Figure 21. COF development of CNT, CO, CNH, graphite, WS, and MoS; coatings
on line-patterned AISI 304 stainless steel substrates at 300 °C (a) during running-in
and (b) over 2000 s.

Figure 22. Schematic illustration of experimental design to probe hypothesis A.
Friction testing will be conducted on 3 laser structures (CNT-coated) with identical
structural depths but different slope angles.

Figure 23. Schematic illustration of experimental design to probe hypothesis B.
Friction testing will be conducted on 3 laser structures (CNT-coated) with identical
slope angles but different structural depths.

Figure 24. Scanning electron micrographs showing the wear tracks on the substrate
(disc) and the counter body (pin) after tribological testing of graphite-coated (a,b)
substrates in vacuum (<10 mbar). Below the micrographs, EDS spectra of selected

areas are depicted.
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Appendix A

Characterization of graphite-coated wear tracks after friction testing in

vacuum
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Figure 24. Scanning electron micrographs showing the wear tracks on the substrate (disc) and the
counter body (pin) after tribological testing of graphite-coated (a,b) substrates in vacuum
(<10°° mbar). Below the micrographs, EDS spectra of selected areas are depicted.

The EDS spectra of the wear tracks on disc and pin are close to identical and neither show
traces of carbon. Instead, Fe, Cr and Ni are detected which are alloying elements and stem from

the substrate. The graphitic carbon appears to have been removed completely.
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