Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

TECHNISCHE
UNIVERSITAT
WIEN

DirromA THESIS

MXenes as Additives to
Green/Environmentally Friendly
Lubricants - Tribological Performance
Evaluated with a MTM (Mini-Traction
Machine) and a Brugger-Tester

zur Erlangung des akademischen Grades

Master of Science

im Rahmen des Studiums

Physikalische Energie und Messtechnik

eingereicht von

Roman Neuhauser

Matrikelnummer 01639380

ausgefiihrt am Institut fiir Angewandte Physik

der Fakultat fiir Physik der Technischen Universitdt Wien

Betreuer: Univ. Prof. Dr. Markus Valtiner,
Univ. Prof. Dr. Carsten Gachot und

Univ. Ass. Dr. Philipp Griitzmacher

Ort, Datum (Unterschrift Verfasser) (Unterschrift Betreuer)



“jayiolgig usipn N1 1e wud ul ajge(rene si sisay) syl Jo uoisian [euibuo panoidde ay | < any 38pajmoust InoA
JeqgbBnyian yaylolqig usipn NL Jap ue 1si 1agrewoldiq Jasalp uoisiaAfeulBuQ aponipab ausiqoldde aiqg v_U:#O__ﬁ—_m



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Abstract

The development of new lubricants and additives is currently attracting great sci-
entific interest, driven by the high demands for sustainability and enhanced perfor-

mance. Among the substances drawing attention are [ionic liquids (ILs), water and

glycerol, each presenting unique opportunities for advancement in lubrication tech-
nologies. A promising additive to further improve the performance of traditional
lubricants and possibly these new candidates, are transition metal carbides and car-
bonitrides, called MXenes. MXenes exhibit excellent anti-wear properties, largely
due to their distinctive two-dimensional structure. This, coupled with the capability
to modify surface termination groups, positions MXenes as highly customizable and
versatile lubricant additives.

In this work, we study the potential of two ([Pssg1] (BuO),PO,~ and [Psss1]
(MeO),PO; ™) and glycerol as base lubricants in combination with varying amounts of
Ti3C, T, multilayer MXenes, exploring their synergistic effects with two tribometers.

Initially, the effectiveness of two water and glycerol, mixed with a 0.5 wt.-% con-
centration of MXenes, was evaluated under high-load conditions using the Brugger
lubricant tester. The results demonstrated an improvement in the Brugger load-
carrying capacity with MXene additives, which necessitated more in-depth analysis
with a [mini-traction machine (MTM)| tribometer. Using the Ball-on-disc ex-
periments were conducted under varying parameters such as speeds, temperatures,

loads, slide-to-roll ratios and MXene concentrations (0.25 and 1 wt.-%) in conditions

of non-conformal contact between steel surfaces.

Our results demonstrate that MXenes considerably reduced the|coetficient of friction|
of the [[Ls| under a broad spectrum of conditions, with the reduction reach-
ing over 80 % at low-speed and high-load environments. This reveals that MXene

nanosheets have excellent compatibility with A subsequent [transmission elec-|

[tron microscopy (TEM)|characterization of the wear tracks proved that MXene flakes

are an integral part of the amorphous tribofilm that was formed by the In
contrast, the combination of glycerol and MXenes exhibited a consistent decrease in

performance across the full spectrum of parameters.
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Zusammenfassung

Die Entwicklung neuer Schmierstoffe und Additive weckt grofSes wissenschaftliches
Interesse, angetrieben durch hohe Anforderungen an Nachhaltigkeit und verbesserte
Leistung. Unter den Substanzen, die Aufmerksamkeit erregen, befinden sich ion-
ische Flussigkeiten (ILs), Wasser und Glycerin, die einzigartige Moglichkeiten fiir
Fortschritte in der Schmierstofftechnologie bieten. Ein vielversprechendes Addi-
tiv, um die Leistung herkémmlicher Schmierstoffe und moglicherweise dieser neuen
Kandidaten zu verbessern, sind Ubergangsmetallkarbide und -carbonitride, genannt
MXene. MXene weisen ausgezeichnete Verschleif$schutzeigenschaften auf, die grofsten-
teils auf ihre charakteristische zweidimensionale Struktur zurtickzufiihren sind.
Dies, gepaart mit der Fahigkeit, Oberfldchenterminierungsgruppen zu modifizieren,
positioniert MXene als hochgradig anpassbare und vielseitige Schmierstoffadditive.

In unserer Arbeit analysieren wir mit zwei unterschiedlichen Tribometern das Poten-
zial zweier m ([Pggs1] (BuO),PO,™ und [Pgsgi] (MeO),PO,™) sowie Glycerin als
Schmierstoffe. Diese werden in Kombination mit variierenden Mengen von Ti3C, T,
MXenen untersucht, um ihre synergistischen tribologischen Eigenschaften zu erkun-

den.

Zunéchst wurde die Wirksamkeit von zwei Wasser und Glycerin, gemischt
mit einer 0.5 % Konzentration von MXenen, unter Hochlastbedingungen mit dem
Brugger-Schmierstofftester evaluiert. Die Ergebnisse zeigten eine Verbesserung der
Brugger-Tragfahigkeit mit MXene-Additiven, was eine eingehendere Analyse mit
einem MTM-Tribometer erforderlich machte. Mit der MTM wurden Kugel-auf-
Scheibe Versuche mit verschiedenen Parametern wie Geschwindigkeiten, Temper-
aturen, Lasten, Gleit-zu-Roll-Verhiltnissen und MXene-Konzentrationen (0,25 und
1Gew.-%) under den Bedingungen eines nicht konformen Kontakts zwischen
Stahloberflachen durchgefiihrt.

Unsere Ergebnisse zeigen, dass MXene die Reibungskoeffizienten der ILs unter
einem breiten Spektrum von Bedingungen erheblich reduzierten, wobei die Reduk-
tion bei niedriger Geschwindigkeit und hohen Lastbedingungen tiber 80 % erreichte.
Dies zeigt, dass MXene-Nanobldttchen eine ausgezeichnete Kompatibilitdt mit ILs
aufweisen. Eine anschlielende TEM-Charakterisierung der Verschleifispuren be-
wies, dass MXene ein integraler Bestandteil des amorphen Tribofilms waren, der
von den ILs gebildet wurde. Im Gegensatz dazu zeigte die Kombination von Glyc-
erin und MXenen eine konstante Leistungsabnahme tiber das gesamte Spektrum der

Parameter.

ii
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Density functional theory.
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Energy Dispersive X-ray.
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Focused Ion Beam.

Hydrochloric Acid.

Hydrofluoric Acid.

Ionic Liquids.

Molecular Dynamic.

Minimally Intensive Layer Delamination.
Mini-traction Machine.

Polyvinyl Alcohol.

Reactive Oxygen Species.

Room Temperature Ionic Liquids.
selected-area electron diffraction.
Scanning Electron Microscopy.
Spacer Layer Imaging.
Slide-to-roll Ratio.

Scanning Transmission Electron Microscopy.
Tetrabutylammonium Hydroxide.
Transmission Electron Microscopy.
Tetramethylammonium Hydroxide.
Transition Metal Dichalcogenides.
X-ray photoelectron spectroscopy.
Zinc Dialkyldithiophosphate.
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1 Motivation and Scientific Question

The demand for innovative lubricants and advanced additives is soaring as there is
a pressing need to reduce emissions. Enhanced lubricants can raise the lifespans of
machinery and guarantee smoother operations and increase efficiency [IH3]. Esti-
mates suggest, that 8 % of the world’s total energy usage might be conserved through
improved lubrication technologies [3] 4]. Therefore, tribology, the study of friction,
wear and lubrication, is vital for advancing sustainability and serves as a gateway
towards a more sustainable future. Approximately 20 % [3} 5] of the world’s energy
is currently used to overcome friction in mechanical systems. This percentage is even
higher in transportation, where it’s estimated to be around 30 % [3]. Advancements
in tribology can lead to improved machine performance, reduced maintenance costs
and considerable energy savings [2], highlighting the enormous potential of tribo-

logical research.

The prospects of these efficiency gains have sparked a keen interest among re-
searchers to discover and develop new materials. One category of substances that
has gained significant attention in this regard are 2D materials, a class of substances
notable for their thin, layered structure. Studies have revealed that these materials,
consisting of just one or a few atomic layers, can effectively lower the friction coeffi-
cient to levels well below 0.01, entering the realm commonly known as superlubricity
[67]. Beyond the intrinsically low friction features of 2D material surfaces, the crys-
talline alignment between two interacting 2D materials can result in an interlayer
sliding phenomenon characterized by nearly negligible friction, commonly known
as structural superlubricity [6, 8].

Among 2D materials, MXene nanosheets have received considerable recognition.
MXenes possess outstanding properties that make them excellent candidates in tri-
bological systems. Similar to many other 2D materials, their laminate structure offers
weak inter-layer interactions and easy-to-shear characteristics [9]. Furthermore, MX-
enes’ chemical reactivity allows the formation of tribofilms [10, I1]. A key point
in introducing MXenes to tribology is their modifiable surface termination groups,
which render them highly versatile lubricants with great adaptability. It has been
observed that MXenes can be particularly effective additives in polar-based lubri-
cants such as water or glycerol due to the material’s hydrophilicity stemming from
the surface termination groups [12].

Recent research in tribology is geared towards identifying environmentally friendly
alternatives to conventional oils. It’s already established that MXene additives en-
hance the performance of conventional oils [12]. Among potential substitutes,
[tfemperature ionic liquids (RTILs)|show promise due to their non-flammable nature,
low volatility and high thermal stability [11]. are polar solvents made of organic
cations and a mix of organic or inorganic anions. Studies have shown that [[Ls| can

match the tribological effectiveness of mineral oils [13}[14]. The intriguing query now
is whether integrating an IL/MXene blend could further enhance this performance.

In summary, the goal of this study is to delve into the relatively uncharted territory
of evaluating the performance of a unique mix, consisting of two revolutionary and
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highly versatile substances - ionic liquids and MXenes. In addition to investigating
the study also encompasses an analysis of a glycerol-MXene mixture. Glycerol
with MXenes has also demonstrated promising results as a sustainable lubricant in
scientific research [15}[16], but the pragmatic application of pure glycerol with MXene
additives in steel contact areas needs further insight.

Two existing papers authored by the Tribology Research Division and the
Austrian Competence Centre for Tribology (AC2T) in Vienna serve as the foundation
of this thesis. These papers focus on the application of MXenes and [ILs|as additives
to conventional base oils. The insights gained from the papers strongly suggest
that both MXenes and exhibit remarkable potential as additives to enhance the
performance of traditional mineral oils. This realization prompted the pursuit of
a broader investigation to determine whether the originally used which were
initially employed as additives, can also function effectively as standalone base lu-
bricants. Additionally, the study aims to explore the possibility of further enhancing
their lubricant performance by incorporating MXenes as additives. In essence, our
approach seeks to evaluate the compatibility and synergy of novel lubricants with
MXenes, giving insight into the complexities of interactions between [Ls|or glycerol
combined with MXenes. If their compatibility is confirmed, it unlocks substantial
opportunities for creating application-specific tailored lubricants. The possibility of
using both substances as additives to conventional mineral oils is also worth consid-

ering if the results are promising.
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2 Introduction and Scientific Background

2.1 Tribological Background

Tribology, the study of friction, wear, and lubrication, is a scietific field that spans
across various engineering disciplines, influencing the design, efficiency and dura-
bility of mechanical systems [18]. The name tribology, originates from the Greek
word ‘"tribos’ for ‘rubbing,” dates back to ancient practices like fire starting and heavy
object transportation, with its formal study beginning with Leonardo da Vinci's sys-
tematic analysis of friction types in the late 15th century [18]. This interdisciplinary
field studies the microscopic interactions between surfaces, explores the properties of
lubricants and analyzes the wear mechanisms occurring during tribological loading.
By optimizing these interactions, tribology achieves improved performance through

reduced energy consumption, noise generation and heat dissipation.

One of the foundational insights in tribology was articulated by Amontons in
1699, proposing that the force of friction is independent of the contact surface area and
instead is governed by the applied normal force. This principle was substantiated by
Coulomb [20], who also established that the frictional force is unaffected by the sliding
speed. He quantified the frictional force with the equation below. In[Equation T} Fg
represents the frictional force, Fx denotes the normal force, and u is the coefficient of

friction.

Fr=u=*Fy 1)

Bowden and Tabor developed an adhesion-based model [21]. They theorized that
during tribological interactions, contact is mainly established at the most elevated
points of surface roughness. Consequently, the actual area of contact, dictated by the
applied normal force, is smaller than the overall geometric contact surface [21]. This
perspective provided by Bowden and Tabor supports that the frictional forces rely

on the actual area of contact.

However the relevance of tribology extends beyond historical curiosity. It has practi-
cal implications in energy conservation and environmental protection. It is reported
that the potential for savings of up to 1.4 % of a country’s GDP with minimal in-
vestment in tribological research and development is possible [22]. Furthermore,
advancements in tribology can contribute to reducing CO, emissions by enhancing

energy efficiency, particularly in the transportation sector.

The following content introduces various areas of tribology, providing an overview

of their features and uses.

e Classical Tribology: Focuses on wear and friction in mechanical components
and manufacturing processes, emphasizing the importance of lubricants in

reducing wear and friction.

e Bio Tribology: Applies tribological principles to biological systems, affecting
areas such as dentistry and joint replacement.
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e Green Tribology: Prioritizes environmentally friendly approaches to minimize

friction and wear, striving for sustainability and reduced environmental impact.

e Nano Tribology: Investigates tribological phenomena at the nanoscale, essen-

tial for understanding and improving micro and nano-systems.

e Computational Tribology: Ultilizes simulation models to study and predict

tribological behavior in complex systems.

2.1.1 Wear Mechanisms and Influential Factors

In tribological contacts, wear is a phenomenon that results from the relative motion
between two contacting bodies, leading to permanent changes in size, shape, or
material of the surface areas involved [23]]. This concept of wear encompasses changes

in mass or body configuration.

shows the variables that influence wear. Temperature, load, hardness,
modulus of elasticity, sliding speed and material composition are key factors that de-
termine wear [22]. Rising temperatures reduce material hardness and yield strength
[24], intensifying plastic deformation. Increased loads increases shear forces and
friction, accelerating wear [25]. The impact of sliding speed on wear varies depend-
ing on factors like load, lubrication and surface topography, while elastic modulus

indicates the material’s resistance to deformation.

Hardness

[Modulus of elasticity}

Normal load

Temperature

Sliding speed

Figure 1: Overview of wear factors, highlighting the key variables
impacting material wear. Adapted from ref. [22].

The characteristics of wear, as well as the form and type of resultant wear particles,
are direct outcomes of the wear processes [26]. These wear processes involves a
variety of phenomena that ultimately change the physical characteristics of materials
in contact. The processes of wear are presented in For instance, adhesive
wear happens when materials bind together at their interface and wear then occurs,
when interacting forces surpass the materials own strength [24]. On the other hand,
abrasive wear happens when a harder material erodes a softer one, leading to material
loss [24]. This can take the form of either two-body or three-body wear, with the
former involving direct contact and material removal by hard particles and the latter
occurring when loose particles roll or slide across a surface [27]. Corrosive wear, on
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the other hand, is a unique interaction between mechanical abrasion and chemical
degradation [27]. This type of wear continuously strips away protective layers from
a material, making it more vulnerable to further corrosive attacks [26]. Lastly, surface
fatigue is associated with repeated stress cycles that can cause cracks on the material’s
surface, which is comparable to the way repeated bending can weaken a metal wire
until it snaps [27].

Adhesive wear

Corrosive wear

“surface
_corrosion

aam

Figure 2: Wear mechanisms including adhesion, abrasion, surface
fatigue, and tribochemical reactions. Reprinted from ref. [28] Copy-
right 2017, Japanese Science Review.

2.1.2 Surface Roughness

Surface roughness of both the base and counter bodies significantly impacts wear
and friction. This is because the actual contact areas are considerably smaller than
the nominal contact surfaces due to surface roughness [29]. The local stress fields

generated by surface roughness contribute to surface degradation.

Surfaces can be evaluated using various roughness parameters. These parameters,
while sharing the common goal of quantifying surface irregularities, approach the
assessment from different angles. They include the roughness average S,, root mean
square roughness S; and average height difference between the five highest peaks
and the five lowest valleys S; [30]. Within the roughness reference length, the mean
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roughness value S, is the arithmetic mean of the absolute values of profile deviations.
Root mean square roughness S is obtained by squaring each height value and then

calculating the square root of the mean value [30].

In this work, the surface roughness parameter S, was evaluated therefore it is neces-
sary to provide a more in-depth explanation of its implications. demon-
strates that the S, value is calculated by taking the arithmetic mean of the five height
differences obtained in the previous step. This average represents the S, parameter,
providing insight into the overall height variation between the highest peaks and

lowest valleys on the surface.

1 5
5:=3 Z \Z] @)

2.1.3 Lubricant Film Thickness

Dowson and Higginson [31], as well as Hamrock and Dowson [32], were pioneers in
calculating lubricant film thickness. The foundational work by Dowson and Higgin-
son established the basis for numerical predictions of lubricated film thickness in line
contacts within [elastohydrodynamic Tubrication (EHL)| theory [33]. Hamrock and
Dowson built upon this to specifically enhance film thickness predictions in elliptical

contacts [33], significantly extending the theory’s relevance to various mechanical
components. They established a relationship between the film thickness and various
factors such as velocity, load, contact geometry and the properties of the materials
and lubricants involved [34]. Their theoretical models received are verified from
experiments conducted under conditions where the contacts were smooth and the
contact zone was fully flooded with lubricant. [Equation 3|represents the equation in-
troduced by Hamrock and Dowson. It models the critical film thickness in lubricated
contacts, incorporating the effects of material properties, velocity, load and curvature
parameters [32].

H, = 2.69 + G™+ U7 + W0 (1 — 0.61¢707F) (3)

The parameters in the equation from Hamrock and Dowson are described as

follows:

0.64
~ 1.03(&)

Rx
G = apE’
uu
" E'Ry
W= E'I;Z
X

To fully understand the Hamrock-Dowson equation, it is essential to define all pa-

rameters involved, as detailed below:
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¢ Young’s modulus of elasticity E, in Pascals (Pa), quantifies the material’s stiff-

ness.
-1

1= 12 . .
A E) ,in Pascals (Pa), combines the

Ea Ep
elastic properties of materials A and B in contact.

+

e Equivalent elastic constant E’ = (

e Base oil viscosity (dynamic) o, in Pascal-seconds (Pa-s), measures the fluid’s

resistance to gradual deformation.

e Pressure-viscosity coefficient @, in inverse Pascals (Pa™!), indicates how the

lubricant’s viscosity changes with pressure.

e Mean entraining velocity u = 0.5- (u1 +u3), in meters per second (m/s), averages
the velocities of two surfaces in contact. Equations by Chittenden et al. and
Hamrock & Dowson. Nijenbanning & Moes use the sum velocity: u = 11 + uy,

in m/s.

e Equivalent radii of curvature in the (X, Y) directions (ellipse) Rx, Ry, in meters

(m), describe the contact geometry.

e Normal applied load F, in Newtons (N), is the force exerted perpendicular to

the surfaces in contact.

e Material parameter G = a,E’, dimensionless, combines the pressure-viscosity

coefficient and the equivalent elastic constant.

e Speed parameter U = %, dimensionless, relates the lubricant’s viscosity and

the contact’s entrainment velocity to its geometry and material properties.

F
ER’
material and geometric properties of the contact.

e Load parameter W = dimensionless, normalizes the applied load by the

The Barus equation posits that the viscosity u of a lubricant at a given pressure P can

be described by the following relationship:
w=poxet 4)

where [ is the viscosity at atmospheric pressure, a is the pressure-viscosity coeffi-

cient and e is the base of the natural logarithm.

2.1.4 Friction Regimes - Stribeck Curve

The Stribeck curve, proposed by Richard Stribeck in 1901 [35], is a crucial concept
in tribology that illustrates the relationship between the [COF and the Hersey num-
ber, under lubrication. The Hersey number is a dimensionless parameter used in
tribology to characterize the lubrication regime of a contact, relating the viscosity of
the lubricant, speed of the contact surfaces, and the load or pressure acting on them
[35]. serves as a representative example of the Stribeck curve, illustrating
the progression of different lubrication regimes. Starting with solid friction, where
surfaces in contact rub directly against each other at low speeds without a lubricating
film. In the boundary lubrication regime, a thin layer of lubricant molecules adheres
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to the surfaces, with asperity contacts bearing most of the load, leading to high fric-
tion and wear [24]. Mixed lubrication occurs as a transition between boundary and
elastohydrodynamic lubrication, where the load is supported by both asperities and
a developing lubricant film, reducing friction and wear [24]. As speed increases, a
full-film lubrication develops due to pressure-induced changes in lubricant viscosity
and elastic deformation of surfaces, leading to an increase in viscous friction .

The lambda ratio (1) is important in tribology for classifying lubrication regimes. It

is defined as: o
i

A== ®)

where H, represents the previously discussed central film thickness, and ¢ is the

combined root mean square surface roughness, calculated as:

0= 4/Sq} + Sq3. (6)

In [Figure 3] lubrication regimes are defined by the A ratio. With A > 3, the system
is in the full film lubrication regime, indicating complete separation by a lubricant
film. For 0.1 < A < 3, it enters the mixed lubrication regime and for For A < 0.1, the

regime is boundary lubrication.

A <01 01<A<3 A>3

Boundary

COF

Full-film

Mixed

N
Hersey number 5

Figure 3: Stribeck Curve illustrating lubrication regimes with the
Hersey number (combining viscosity (u), entrainment speed (N)
and load (P)) on the x-axis and coefficient of friction (COF) on the
y-axis.

2.2 MXenes

MXenes are a category of inorganic compounds with a two-dimensional structure,
composed of atomically thin layers of transition metal carbides, nitrides, or carboni-
trides [36]. In2011, Yuri Gogotsi’s and Michel W. Barsoum’s research groups at Drexel
University uncovered MXenes, revealing an entirely new class of 2D materials [36].

They are described by the formula M,,1X,, T, where "M” denotes a transition metal,

”X” encompasses carbon and/or nitrogen and “T” refers to the surface termination
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(e.g., -O, -OH, -F) as can be seen in The bond between the M and X
parts shows covalent, metallic and ionic binding characteristics [37]. In this work,
Ti3C, T, MXenes supplied by the University of Chile were used. MXenes exhibit
an accordion-like morphology [38], depending on the size of sheet-stacks MXenes
are categorized as multi-layer MXene (ML-MXene) or few-layer MXene (FL-MXene)
when containing fewer than five layers in each stack.
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H 2 - in synthesized MXenes C,N u 1 1 1 v He
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Figure 4: Periodic table with the elements used in the construction
of MXenes. Four MXene structures are schematically presented at
the bottom. Reprinted from ref. Copyright 2021, American
Chemical Society.

Individual TizC, T, MXenes sheets have a theoretical height of one to two nanometers
and the lateral size varies from 100 nm to 10-20 um [40]. Due to their exceptionally
low height profile, they are part of the two-dimensional materials category that

can in general be allocated into five members: Xenes, MXenes, [transition metall

[dichalcogenides (TMDs)| nitrides and organic frameworks [41]. One of the most

familiar 2D material is graphene, which belongs to the Xene group, as it consists of

only one element.

As of 2023, more than 40 [42] MXene compositions have been published. MXenes
are obtainable from a range of parent MAX phases, a topic that will be discussed
in the following chapter. This opens the door to synthesizing a broad spectrum of
MXenes by selecting parent MAX phases that differ in the transition metal (M) or the

configuration of carbon or nitrogen (X).

Tunability, one of the most important attributes of this novel material, can be allo-
cated into three fundamental aspects: elemental composition, surface terminations
[43] and structural properties. This highlights that uncovering the full potential of
MXenes is a gradual process and could pose an ongoing challenge for research. When
dealing with MXenes, the elemental composition is typically well understood. How-
ever uncovering the other two, surface terminations and structural changes, poses
a challenge. Of course, various analytical and characterization techniques are used
but comparability is always an issue. Producing MXenes of consistent quality can
be tricky [44], as slight deviations in the starting material or the synthesis process
can lead to significant deviations. Hence, the following chapter will focus on the
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synthesis process.

2.2.1 MXene Synthesis

MXenes have a close association with MAX phases, as their synthesis involves the
selective removal of the MAX phase’s A element. The term “MAX phase” refers
to a family of ternary carbides and nitrides. These layer-structured materials are
described by the chemical formula M,,;+1AX, [45]. MAX phases can display both
metallic and ceramic characteristics under various conditions. Their crystal structure
is a layered hexagonal arrangement. The robust M-X bond is a blend of covalent,
metallic and ionic binding characteristics, while the weaker M-A bond is purely
metallic [37]. Given the weaker M-A bond, selectively removing the MAX phase’s
A element becomes possible. MAX phases have varying mechanical properties,
for instance, they can be pseudo-ductile at high temperatures and fragile at room
temperature [45]].

The most prevalent approach for extracting the A element from the MAX phase
in MXene synthesis involves etching it with hydrofluoric acid (HF). During this
process, MAX phases undergo transformation into MXenes, revealing the layered 2D
structure. Formula (7) shows the reaction that takes place during the
[acid (HF)] etching procedure of the Ti3AIC; MAX phase. The remaining Ti atoms of
Ti3C; in the first reaction have unpolarized 3d orbits and are adsorbing, that is the
reason why they react with the remaining [HF or H,O [41] as seen in (8) and (). This
reaction also results in the creation of -F and -OH groups, which are bound to the
outer M layer. The MXenes used in this thesis were etched with the described [HF|

procedure.

Ti3AlC; + 3HF=AIF; + ;_5 H; + TizC, (7)
TizCy, + 2H,0 = T13C2(OH) +H, (8)
TizC, + 2HF = TizCoF;, + Hp (9)

Alternative etching agents include a mix of [HF with [hydrochloric acid (HCL)| or
@ combined with fluoride salts, which results in the generation of |H_F| [44] 46].
Alternative methods being explored include molten salt and electrochemical etch-
ing techniques 48]. Other methods such as ball-milling and hydrothermal
processes have also been explored for synthesizing TizCo T, MXenes [44], 49]. It is

important to note, however, that these methods do not begin with a MAX phase
precursor. The MXenes produced often maintain a multilayer form [50] with an
accordion-like morphology. To achieve delamination into single-layer MXene flakes,

10
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it is necessary to expand the interlayer spacing between the 2D MXenes using in-

tercalating compounds. Successful delamination agents include [dimethyl sulfoxide|
[[DMSO)| ftetrabutylammonium hydroxide (TBAOH)]and ftetramethylammonium hy
[droxide (TMAOH)| [50].

Additionally, bottom-up synthesis methods like [chemical vapor deposition (CVD)}

template techniques and plasma-enhanced pulsed laser deposition have been
investigated for creating MXene-based structures. These approaches not only yield
high-quality MXenes but also enable the fabrication of structures that are not possible
with the etching approach. In 2016, Shahzad et al. [54] found the[minimally intensive]
[layer delamination (MILD)lmethod for delaminating MXene sheets, applying manual

shaking over sonication and becoming key for high-quality, large flake applications
[55]. This technique has emerged as the primary method for producing MXene
materials in studies and applications where high-quality, large flakes are required
.

The multilayer Ti3C,T, nanosheets used in this work were produced through the
selective etching process of 2 g of MAX-Ti3AlC, powder, sourced from Forsman
Scientific Co. Ltd., Beijing, China, in 20 mL of 40 wt.-% concentration This
process involved stirring the Ti3sAlC, powder in [HF at 60 rpm and maintaining a
temperature of 35 °C for a duration of 24 hours. Post-etching, the mixture underwent
centrifugation at 3500 rpm, followed by several washes with deionized water until
reaching a neutral pH of 6. The resultant product was then vacuum-filtered and
subjected to freeze-drying at 60 °C for 24 hours under a vacuum of less than 30 Pa.

Colleagues from our group [57] examined the synthesized MXene's structural in-
tegrity, quality and interlayer spacing using the Tecnai F20 from FEI, operated
at an acceleration voltage of 200 kV. They also explored surface chemistry attributes
via Raman spectroscopy, utilizing a Witec Alpha 300 RA instrument in a backscat-
ter configuration, with an excitation wavelength of 532 nm. Raman spectra ranged
from 80 to 1000 cm~1, collected over 128 seconds per spectrum, achieving a spectral
resolution of 3 cm™1, facilitated by a 300 lines per mm grating [57].

Their[TEM]analysis revealed that the synthesis process produced multilayer Ti3C, T,
flakes with an interlayer spacing of approximately 0.91 + 0.09 nm, as seen in [Fig]

[ure 5p. In[Figure 5p, the lateral dimensions of one flake can be seen. Furthermore,

the hexagonal structure of the flakes was further confirmed by the|selected-area elec-|
[tron diffraction (SAED)| pattern, visible in the inset of [57]. The Raman
results, depicted in [Figure 5, display characteristic vibrational modes at 160, 220,
and 707 cm~!, with additional broader peaks at 285, 376, and 600 cm~!. These peaks
correspond to the -O, -OH, and -F surface terminations [57].

11
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Figure 5: TEM images showing (a) a broader view and (b) a detailed,
high-resolution examination, alongside (c) the associated Raman
spectrum of the synthesized multilayer TizC,T,. Reprinted from
ref. [57] Copyright 2023, Advanced Engineering Materials.

2.2.2 Challenges in Achieving Stable MXene Dispersions

In many applications, MXenes are employed using a dispersion. Since MXene sheets
have a strong tendency to aggregate and form agglomerates, properly dispersing the
nanoflakes is not an easy task. Especially, when producing lubricants or coatings
only a well-dispersed sample will yield favorable results [10, 58]. Therefore, it is
critical to use the right chemical and dispersion procedure to ensure a homogeneous
blend. For instance, the natural tendency of MXenes towards hydrophilicity, due to
their polar surface terminations, is a key factor in their limited success as additives

in pure base oils [10].

When MXenes or other nanomaterials are dispersed in a fluid, the resulting mixture
isreferred to as ananofluid [59]. There are three critical factors for nanofluid stability:
chemical stability, kinetic stability and thermodynamic stability [60]. Chemical stability

is governed by the interactions between particles and between particles and the fluid

. Kinetic dispersion stability is influenced by the particle’s physical movements,

particularly Brownian motion [59], which helps prevent settling and sedimentation
by gravity. It is achieved through the energy barrier that prevents the particles from
coming together, often facilitated by the viscosity of the base liquid [61]. Lastly,

thermodynamic dispersion stability determined by the forces that drive particle ag-

glomeration [60]. Thermodynamic dispersion stability occurs when the dispersed
state represents the energetically favored configuration [61].

It is generally observed that when the deviation between interactions of solvent with
nanosheets and those among solvent molecules themselves is minimized, the resul-
tant dispersion tends to exhibit enhanced stability [62]. In the context of MXenes,
the stability of dispersions is closely associated with both the size of the sheets, the
presence of defects within them and the surface termination groups [61]]. Igbal et
al. for instance discovered that synthesizing larger MXene flakes using optimized
methods yielded dispersions with significantly enhanced agglomeration resistance.
This finding suggests the potential existence of an optimal sheet size range for MX-
enes, balancing dispersion stability with other desirable properties such as oxidation
characteristics [63].

Highly viscous solvents, such as[[Ls| provide substantial kinetic dispersion stability

12
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[61]. While this stability differs fundamentally from true thermodynamic dispersion
stability [61], it holds significant advantages in tribological applications [10].

Ultrasonication for the preparation of MXene nanofluids has proven effective for
properly dispersing the material. However, the final result depends on various
factors, such as the frequency or the viscosity of the base liquid [64]. Sonication leads
to pressure differences and cavitation between the sheets, resulting in exfoliation
(further delamination). Throughout the sonication process, it’s important to note
that the flakes may undergo degradation. This results in a reduction of the sheet
size and smaller sheets are often associated with lower quality. When multilayer
MXene flakes are needed, it is crucial to precisely control the power applied during
the sonication process. High power can decrease the number of layers in the MXene

stacks.

In the context of tribological applications, sonication emerges as the preferred method
for dispersing MXenes, as it effectively reduces the presence of multilayer MXenes
and enables a well-dispersed medium [65]. The further delamination has a beneficial
effect as increasing the concentration of MXene multilayer particles beyond optimal
levels can cause an increase in friction, mainly due to agglomerations [66]], that affect
the stability and quality of the dispersion.

Maleski et al. carried out a comparative analysis on the effectiveness of various
organic solvents (including water, ethanol and acetone) as dispersion media for
MXenes. Their research, referenced in [61], demonstrated that the MXenes they
investigated exhibited remarkably extended periods before sedimentation occurred.
When comparing these results to the MXenes examined in our study, it’s evident
that the superior performance observed in Maleski et al.’s work can be attributed to
variations in surface terminations, lateral dimensions, and the presence of defects.
In a previous thesis [67], water and ethanol were employed as dispersion mediums
for the same MXenes, resulting in notably faster sedimentation compared to Maleski

et al’s findings.

2.2.3 Durability and Oxidation Resistance of MXenes

Oxidation stability is a major problem across many MXene applications, as MXenes
are prone to structural changes and phase transformations under ambient conditions.
The Ti element of this 2D material is known to react with CO, or H,O and form TiO,
nanoparticles. The speed of this reaction is amplified at higher temperatures
and TiO, particles have deviating properties and therefore they are unwanted in
almost all applications.

The research conducted on the oxidation of MXenes has presented inconsistent and
sometimes contradictory results across different groups [70]. While some studies
suggest that MXenes exhibit exceptional stability under oxidative conditions, others
have reported significant degradation of these materials upon exposure to the same
conditions [70]. These deviations in the results are influenced by synthesis processes
as the oxidation stability of TizC, Ty is strongly dependent on the grade of the MXenes

[70].
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Researchers have found multiple ways to increase the oxidation stability. Many of
these approaches are related to the synthesis process, as each stage in the synthe-
sis of MXenes has a significant impact on their ultimate structure, physiochemical

characteristics and their oxidation resistance [40].

Mathis etal. demonstrated a correlation between the oxidation stability and the grade
of the MXenes [71]. They sought to address the instability and rapid oxidation that
have limited the potential commercial use and further research of Ti3C,T, MXenes.
To achieve this, they added excess aluminum during the synthesis of the Tiz AlC,
MAX phase precursor, resulting in the production of TizAlC, grains with improved
stoichiometry and crystallinity. This, in turn, led to the creation of higher-quality
Ti3C, Ty nanosheets with improved electrical conductivity and greater resistance to
oxidation. The improved MXene had significantly greater stability in both aqueous
solutions and ambient air [71], resulting in a much longer shelf life compared to
conventional Ti3C,Ty. They suggest that eliminating defects during the synthesis
can greatly enhance its stability and electrical properties, facilitating its widespread
use in various fields [71].

Another process that has proven to slow down oxidation is hydrogen annealing.
Hydrogen annealing refers to a heat treatment process where a material is exposed to
hydrogen gas at high temperature for an extended period, to improve its microstruc-
ture and mechanical properties [72]. The hydrogen atoms diffuse into the MXenes
and react with the nanomaterial, leading to the improvement of oxidation properties.
Hydrogen annealing changes the surface functional groups of the MXene, because
the number of —-OH terminations on the surface decreases, whereas the number of -O

terminations increases. This is accompanied by an increase in oxidation resistance

[72].

Additionally, MXene composites with polymers could lengthen the lifespan. Ac-
cording to Habib et al., the oxidation rate of Ti3C,T, MXene polymeric composites

with[polyvinyl alcohol (PVA)|was slower, due to hydrogen bonding between the MX-
ene nanosheets and polymeric chains [73]. This formed an MXene[PVA] sandwich
structure that showed improved oxidation stability.

2.2.4 Tribological Properties of MXenes

The discovery of graphene in 2004 started the era of two-dimensional materials [74].
Building upon the success of graphene, the exploration of two-dimensional materials
expanded, leading to the discovery of MXenes. Following these discoveries, analy-
sis for tribological applications started soon after. Regarding application methods,
MXenes exhibit remarkable versatility, as they can be effectively applied through
various deposition techniques readily available. Liquid dispersion, spray coating,
drop casting, inkjet printing, spin coating and vacuum filtration are the most common
methods for applying MXenes [75]. Therefore, in tribology, MXenes can be employed
in solid lubrication, liquid lubrication and as additives for reinforcement composites
[65]. With MXenes as additives for liquid lubrication, it has been shown, that the
desired reduction of friction can already be observed at relatively small quantities of
the nanomaterial, in the range of 0.1 to 1 wt.-%. [16]57, [76].
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The stack morphology of MXenes is beneficial for reducing friction and wear, as the
individual sheets are loosely bound together after the etching process. These weak
interactions between layers contribute to low shear strength between individual

layers [77].

The high specific surface area of MXenes facilitates the formation of lubricating or
transfer films, called tribofilms [65]. The formation of this film on both surfaces
within the contact area allows MXenes to effectively fill small cracks and crevices
[78]. To generate a tribofilm, it is advantageous to have a substantial proportion
of single-layered flakes [66]. These single flakes can also originate within the wear
zone through mechanical exfoliation. To begin with a high concentration of single
layers, one may choose to sonicate the material before using it as a lubricant in
order to disperse and separate the sheet stacks. The mechanical properties of MXene
films can be influenced by several factors, including the size and quality of MXene
sheets, the orientation of these sheets within the films, the film thickness and the
adhesion of the film to a specific substrate [79]. Miao et al. conducted a comparative
analysis of two different studies examining the impact of layer orientation on the
tensile strength of films, as documented in [65]. The study involving highly oriented
TizC, T films reported an impressive tensile strength of up to 568 MPa [56]. In
contrast, another group that investigated randomly stacked MXene layers observed
a significantly lower tensile strength of only 40 MPa [80].

Determining which specific properties of a particular MXene affect its performance
in tribological tests is a highly active research area. In this context, special attention
should be paid to the previously discussed surface terminations. Key characteristics
of MXenes are strongly influenced by their surface, as two-dimensional materials
basically only consist of surface. This interaction is crucial for processes like ion
intercalation, physical/chemical adsorption and chemical reactions [81], all of which
have a profound influence on shaping the properties of MXenes.

[Density functional theory (DFT)| studies by Marquis et al. revealed that surface

terminations play the dominant role in determining interlayer and substance adhe-
sion properties [79]. They observed, that a higher concentration of -F terminations
weakens the adhesion of the MXene layer to ferrous substrates. This weakening of
adhesion may facilitate the removal of the lubricant during sliding conditions. On the
other hand, -OH terminations were found to anchor the monolayer to the substrate
through H-bond and electrostatic interactions. However, according to their calcula-
tions, this leads to a less efficient lubrication compared to the -F terminations. In this
context another study by Tian et al. yielded simmilar results. They conducted
intercalation and functionalization of MXenes by introducing -OH groups through
the use of ethylene glycol. This process facilitated the formation of tribofilms more
effectively, leading to reduced shear strength and ultimately contributing to friction
reduction [82]. Yang et al. analyzed the shear stress of three bilayer Ti;C, T, MXenes,

terminated with O and/or OH, usingjmolecular dynamic (MD)|simulations with vary-

ing conditions of pressure and temperature. Their study explored the influence of
temperature and surface termination on MXene shear stress behavior. O-terminated
MXenes exhibited rising shear stress with temperature, except at 300 and 500 K,
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where they showed the lowest shear stress. The shift towards higher shear stress in
the O-terminated MXene was linked to interlayer bonding and due to the formation
of Ti-O-Ti bridges [43]. The number of these bridges increased with higher pressures
and temperatures. Incorporating OH terminations generally reduced shear stress.
OH-terminated and heterostructure MXenes had similar shear stress, except at lower
temperatures. Overall they demonstrated, that temperature and surface termination

play pivotal roles in determining the interaction of MXenes layers.

The chemical reactivity of MXenes also offers benefits in tribology, particularly by fa-
cilitating the formation of a protective tribolayer [10]. In different environments and
depending on the materials in contact, beneficial oxides can form [10], blended with
MXenes that have experienced chemical and structural degradation. The positive
effects of TiO, presence have been thoroughly investigated, as evidenced by studies
like those referenced in [83]84]. For instance research involving hybrid TiO,/TizC, T,
nanocomposites and tri-phase MXene/TiO,/MoS, systems has shown re-
ductions in the linked to the presence of oxides. Interestingly, the reduction
in friction observed with the oxides cannot be solely attributed to the formation of

protective tribofilms. Yanbao et al. conducted [atomic force microscopy (AFM)|

analysis at 25 and 40 25 °C, which has also highlighted changes in adhesion, which
correlate with the observed reduction in the Their findings showed that Ti3C, Ty
MXenes exhibit reduced friction and adhesion forces at elevated temperatures, along
with an increase in the oxidation degree. At both temperatures, the composition of
Ti3C, Ty MXene remained consistent, consisting of the elements C, Ti, and O. How-

ever, the [X-ray photoelectron spectroscopy (XPS)|analysis showed variations in the

number of chemical bonds at these two temperatures. At 40 °C Ti-C bonds partially
transformed into Ti-O bonds, increasing lattice oxygen content. Additionally, the
replacement of some C atoms by O atoms resulted in a more compact Ti-O-Ti struc-
ture. This compactness leads to more evenly distributed electron clouds and lower
polarization, reducing friction and adhesion at elevated temperatures [85].

However, it was observed that microscale particles of TiO, could also cause surface
damage due to intense adhesion and abrasion [68, 186} 87]. Particularly, the forma-
tion of Ti-O-Ti bridges and the resulting interlayer bonding [43] of MXene sheets
can lead to negative effects. During oxidation, MXenes undergo a transformation
wherein they lose their characteristic layered structure and become TiO, particles.
This change affects the low shear forces typically found between the layers, a key
feature associated with their low[COF Consequently, the presence of titanium oxides
is not always undesirable, but rather a question of concentration. Excessive amounts
of significantly degraded and oxidized MXenes are unlikely to produce favorable
tribological results.

2.3 Ionic Liquids

[Ls|are a class of organic salts known for their liquid state at typical room temper-
atures, hence often referred to as |[RTILs| These ILs consist of large organic cations
paired with small inorganic or organic anions. [[Ls|have remarkable versatility. The

estimated number of combinations leading to characteristic properties in[[Ls|exceeds
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10° [88]. Therefore, they can be tailored to exhibit specific properties, leading to the
development of task-specific |[Ls| for various applications. However, characterizing
as a whole is challenging due to the considerable variations in their properties,
depending on the specific cation and anion structures. For tribology, phosphate an-
ions have shown favorable results [89]. Additionally, improved wear performance
has been observed when the cation also incorporates a phosphate group [89]. Phos-
phate incorporation is a logical choice, given its established compatibility with [zind
[dialkyldithiophosphate (ZDDP)| [90].

2.3.1 Ionic Liquids Synthesis

The[[Ls|used in this study were synthesized by our colleagues in the chemistry group
at TU Vienna. They are labeled IL1 and IL2 for a more comprehensible overview.
The molecular names are Trioctyl(methyl)phosphonium dibutyl phosphate [Pgsg]
(BuO),PO," for IL1 and Trioctyl(methyl)phosphonium dimethyl phosphate [Psgs; ]
(MeO),PO, ™ forIL2. The difference between IL1 and IL2 is the chemical composition
of the anions. While IL1 has [dibutyl phthalate (DBP)| anions, IL2 has
[phthalate (DMP)|anions.

Me Od®

P
RN
Od Od
Cations of IL1 and IL2

H Bu H Me
/ /
o®*—P—-0 o®*—P—-O0
/ © / ©
Bu Me
Anion of IL1 Anion of IL2

Synthesis of IL1: A round-bottom flask was charged with ([Pgsg1] (MeO),PO,™) (1.0
eq.) and dibutyl phosphate (1.2 eq.) under argon atmosphere. Following this,
triethylamine (1.4 eq.) was added dropwise under cooling with an ice bath. After
the addition was complete, the reaction mixture was stirred for 20 minutes at 0
°C and overnight at room temperature. Distilled water was then infused into the
mixture and it was stirred vigorously for 16h at room temperature. The mixture
was transferred in a separatory funnel and was washed once with a mixture of
triethylamine and distilled water (10:90 v/v) and four times with distilled water.
Finally, the residual water was removed under vacuum (0.2 mbar, 95 °C). The desired
IL [Pgss1] (BuO),PO, ™ was obtained as a slightly yellowish, viscous liquid with a yield

17



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

of 97%.

Synthesis of IL2: Firstly, freshly distilled trioctylphosphine (1.0 eq.) was transferred
to a round-bottom flask under argon atmosphere. Next, trimethyl phosphate (1.2
eq.) was added to the flask while constantly stirring. The temperature was increased
stepwise to 140 °C and the mixture was stirred under an inert atmosphere for 72 hours.
After completion of the reaction, the excess trimethyl phosphate was removed under
vacuum (0.2 mbar, 95 °C). The desired product ([Pgss1] (MeO),PO, ™) was obtained
as orange, viscous liquid at a 98% yield.

2.3.2 Tribological Properties of Ionic Liquids

Key characteristics that make[[Ls|promising candidates for new lubricants are thermal
stability, low volatility and non-flammability. Especially in applications involving
high loads and temperatures, [[Ls have shown remarkable potential. In 2001 the first
study on the lubrication performance of was published by Ye et al. [9T]. This
resulted in a significant surge of scientific interest for [[Ls|as lubricants. The process
through which an IL can enhance tribological properties is attributed, in part, to the
adsorption of IL on the surface. Adsorbed [[Ls|are in a more energetically favorable
state, as have a dipolar structure resulting in attracting Van der Waals forces
between the steel sample and the IL. This adsorption leads to the formation of a
protective layer that effectively maintains separation between the moving surfaces.
Particularly higher loads can lead to the tribochemical generation of tribofilms [92],
for instance from the fluorine-containing anions. This film provides a protective
barrier for the surfaces in contact. It has been observed that featuring longer
chain lengths consistently display improved antiwear properties [93].

2.3.3 Compatibility of Ionic Liquids with Polymers

In tribology, rubber components play a crucial role in almost every application due
to their ability to seal areas and retain lubricants. Given this essential function,
evaluating the compatibility of these rubber components with is vital. The
interactions between the used referred to as IL1 and IL2 and different types of
polymers have not been extensively explored. This gap in research highlights the
need for a deeper understanding of how these particular affect various rubber
materials. However, several other[[Ls/have been analyzed in terms of their impact on
polymers and the results indicate that this topic needs thorough investigation
before any application of IL lubricants in industrial applications is feasible.

An important aspect in understanding the interaction of [[Ls| with polymers is their
hydrogen-bonding behavior [97], because [[Ls|can disrupt inter- and intramolecular
hydrogen bonding in polymeric systems [94]. Currently, are also being investi-
gated for usage in depolymerization processes 98]]. Such research underscores
the impacts of [[Ls| on polymers. These negative and unwanted effects become pro-
nounced when are used in environments with rubber components, such as the
MTM2 tribometer used for this work. The[MTM]|system includes two rubber seals: an
O-ring and a seal that encases the drive shaft for the disc. Both seals are constructed

from Viton, a fluoropolymer elastomer.
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Tomimatsu et al. investigated the degradation of various rubbers and resins when in
contact with different The [[Lg| they used include 1-ethyl-3-methylimidazolium
diethyl phosphate, 1-ethyl-3-methylimidazolium tetrafluoroborate and others. The
tested polymers are Fluoropolymers, Polypropylene, Polyvinyl Chloride, Silicone,
Styrene Elastomer and Chloroprene. It was found that most rubbers and resins
dissolve in the used except for silicone rubber [99]. A possible explanation for
this is that silicone does not contain hydrogen as a major component in its backbone
structure [100]. The study showed that ILs with phosphonium cations and acetate
anions were more aggressive towards polymers [99]. The finding that the [Ls|in the
study did not adversely affect silicone rubber presents a potential solution. Using
ILs|exclusively in systems with compatible seals could mitigate issues related to IL-
induced degradation. An alternative approach is to synthesize that have a low
likelihood for hydrogen bonding, thereby minimizing their interaction with rubber
seals. However, in the context of tribology, hydrogen bonding plays a crucial role in
the formation of tribofilms [101], making it essential for achieving optimal tribological

performance.

24 Glycerol

Glycerol is an odorless and colorless liquid that is readily available. It finds extensive
use in pharmaceutical formulations due to its low toxicity and unique properties like
water solubility and hygroscopicity (tendency to absorb moisture) [102]. Like other
solvents, such as water, glycerol possesses the ability to dissolve various substances,
including inorganic salts, acids, bases, enzymes and transition metal complexes [103].
It can also dissolve organic compounds that are typically poorly miscible in water.
Additionally, non-volatility at normal atmospheric pressure and a high boiling point
of 290°C [103] are properties of glycerol that are desirable in many applications,
for instance, tribology. Glycerol is biodegradable and non-flammable, requiring no

special handling precautions or storage considerations.

2.4.1 Tribological Properties of Glycerol

Glycerol, a highly viscous liquid, is known to generate friction coefficients in the range
of 0.01 up to 0.5 or higher when applied to bearing steels in boundary lubrication
[15,[104]. Its non-toxic and biodegradable properties render it an attractive option
for applications with sensitivity to environmental sustainability and human health

[103].

However, the widespread usage of glycerol in tribological applications has several
drawbacks. For instance, in the regions of the Stribeck curve, pure glycerol
underperforms compared to conventional oils, as reported in [15]. Additionally,
glycerol exhibits a relatively low Brugger-load-carrying capacity when compared to
fully formulated mineral oils [57], as evidenced by conducted tests that yielded an
average Brugger load-carrying capacity of 19.69 N/mm?. Currently, glycerol qualifies
for limited use as a non-toxic lubricant in selected applications and it is a common
component of personal lubricants, but its suitability for industrial use may also

be questioned due to its inherent hygroscopic properties. A distinguishing factor
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between glycerol and |ILs|is pricing. Glycerol is a byproduct of biodiesel production
from fats [105], which leads to a notably lower price.

Interestingly, in 2008 Matta et al. achieved a significant breakthrough by creating an
environment with extremely low friction coefficients of less than 0.01 (superlubric-
ity), on a macro scale by employing a glycerol/water mixture as a lubricant [106].
The mechanism responsible for this remarkable reduction in friction is therefore

of substantial interest. They measured the friction of [diamond like carbon (DLC)|

coated steel surfaces in boundary lubrication [106]. For their demonstration, they
used a hydrogen-free type of [DLC]| coating. It was discovered that hydroxylation
(oxidation reaction of carbon-hydrogen) occurred on the coated surface. This
phenomenon was accelerated by contact pressure and high temperature [106]. The
now OH-terminated contact surface facilitated the absorption of glycerol molecules
and the formation of a tribofilm. The surface-bound molecules are prone to tri-
bodegradation. According to Matta et al., this degradation leads to the release of
acids and water in the contact area. Following this, the water might form a nanofilm
on the surface [106], leading to an outstanding reduction in friction. The water-like
lubrication mechanism observed can be attributed to the formation of a hydrogen
bond network. This phenomenon was also reported by Bouchet et al. when
they worked with oleic acids, known to behave similarly to glycerol, under conditions
comparable to those studied by Matta et al.

Moreover, simulations have unveiled that hydrogen atoms can function as pol-
ishing "brushes” between the sliding layers of crystalline FeOOH [108], resulting in
reduced friction. The tribo-formation of FeOOH with glycerol initiates a distinctive
polishing process, consequently establishing a self-sustained [EHI] regime until the
fluid film becomes as thin as a few nanometers [108].

While it has been noted that coatings alone can achieve superlubricity [109],
achievements in superlubricity have also been reported with glycerol lubricated
steel-on-steel contacts [111]. Researchers at Tsinghua University in Beijing,
for instance, have demonstrated that by adjusting the humidity around a glycerol-
water mixture, the friction coefficient can be significantly reduced, achieving a stable
superlubric state with coefficients as low as 0.006 at the macro-scale [111]. It's
important to highlight that the mentioned results predominantly utilized a mixture
of glycerol and water. Utilizing pure glycerol typically results in higher friction,
making it a less favorable lubricant [106].

As discussed in Section[2.2.2] the interaction between solvents, particularly those with
low viscosities and MXenes presents a challenge in maintaining a stable over
time. This is in part caused by the formation of agglomerates. Specifically, aqueous
MXene solutions exhibit pronounced fluctuations in this regard [10,[11]]. Researchers
have turned to innovative solutions such as an approach that involves the use of
a glycerol solution. According to Shuang et al. glycerol, used as a lubricant and
viscosity modifier, demonstrates remarkable synergy when combined with MXenes.
They demonstrated that an aqueous MXene solution in combination with glycerol

creates a lubrication system that reaches super-lubricity [11].
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2.5 Environmental Considerations of MXenes, Glycerol and Ionic
Liquids

Because 2D nanomaterials are relatively new, environmental aspects have not yet
been analyzed for long-term effects. In tribological applications, all MXenes should
be encapsulated in the lubricant or lubrication zone, preventing contact with the
environment or airborne dispersion. However, as these novel substances are exam-
ined as potential environmentally friendly alternatives to traditional oils, this topic

requires additional discussion.

In terms of biocompatibility, it’s important to note that MXenes can pose a threat
to microorganisms, either through direct penetration of cells or through the process
of endocytosis [112]. Endocytosis is a cellular process where a cell engulfs and
takes in particles or substances by enclosing them in a vesicle formed from its cell
membrane. MXene particles within the 1-100 nm size range can be internalized
by cells through this mechanism [112], potentially influencing cellular functions.
Especially when the concentration of TiO, nanoparticles (oxidation of Ti3C, MXenes)

increased in the culture medium, the levels of [reactive oxygen species (ROS)| rise
[113]. An increase in [ROS is problematic for cells because elevated [ROS levels
can lead to oxidative stress, causing damage to cellular structures such as proteins,

lipids and DNA. This cellular damage may disrupt normal cellular functions [114],
subsequently leading to environmental problems. Additionally, the strong reduction
activity associated with the reactive surface of TizC, T, disrupts the cell structure by
reacting with the cytoplasm and molecules in the cell wall, resulting in the death of
exposed microorganisms. As a conductive material, Ti3C,T, MXenes also act as a
bridge on the insulating lipid bilayer, facilitating electron transfer from intracellular
components to the external environment and causing cell death. However,
these phenomena are only observed at high concentrations of MXene exposure.
When MXenes work as additives to lubricants, the main objective is to use a minimal
quantity of the powder during application. Despite that, before introducing MXenes
to any application with environmental contact further evaluation is necessary.

Another important consideration is the environmental burden resulting from the
synthesis of MXenes. The current synthesis of MXenes is deemed environmentally
unfriendly due to the utilization of [HF and other potentially harmful chemicals. Ef-
forts to reduce or eliminate the use of[HF|in MXene synthesis involve a mixture of LiF
and highly concentrated HCI [50]. However, effectively treating the resulting resid-
ual fluoride waste to prevent its release into water resources remains a challenging
task [50]. The MXenes produced through such a process maintain a multilayer form
with an accordion-like morphology and require additional delamination agents
as described in Section2.2.1} To alleviate these environmental concerns, bottom-up
synthesis methods, such as offer promising alternatives without the need for
toxic etchants [50].

Existing methods for synthesizing MXenes are also highly energy-consuming and
exhibit low efficiency [115], necessitating the development of more sustainable ap-
proaches. It is reported that the primary factor influencing the environmental foot-
print of Ti3C,T, MXene synthesis is electricity consumption [115]. When assessing
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the environmental impact of MXenes, it’s crucial to distinguish between lab-scale
production for research purposes and mass production for industrial use. Energy
consumption significantly decreases when scaling up from producing a gram to a
kilogram of MXene, with the energy ratio reported to be 1:10 [115]. This highlights
the efficiency gains achievable through larger-scale production. The synthesis of the
MAX phase consumes the majority of electricity due to the energy-intensive tube
furnace required for this process. As a result, MAX phase production accounts for
about 60% of the total energy consumption. When compared to the produc-
tion of copper and aluminum foil, the industrial-scale manufacturing of MXene is
significantly more energy-demanding, requiring roughly 15 and 33 times more
energy, respectively. Currently, the synthesis of MAX phases and MXenes remains
a lengthy, energy-intensive process and requires careful handling, posing significant
obstacles to scalable production and environmental compatibility.

While glycerol is widely acknowledged as an environmentally friendly substance,
classifying in terms of environmental friendliness is more complex. Although
they have low atmospheric diffusion, their high water solubility poses a threat to
aquatic environments [116]. Furthermore, their stability and poor biodegradability
contribute to environmental concerns. These factors are strongly dependent
on the specific anions and cations that make up the In many there is a
notable trend where the longer and more branched the side chains on cations are, the
more toxic the IL becomes [95]. For the used in this work, there is very limited
data available regarding biodegradability. However, IL1 and IL2 were produced
through a solvent- and halide-free synthetic process. Notably, these[[Ls|are also free
from fluorine and chlorine. This also eliminates potential corrosion concerns when
utilized as lubricants [17].

3 Materials and Methods

3.1 Software

In the course of conducting this thesis, several computational tools were employed
to facilitate the visualization and analysis of data, the presentation of schematics and

syntax refining.

For visualizing the accumulated data, MATLAB and TikZ (LaTeX) scripts were writ-
ten and Image] was used for the analysis and visualization of microscopy images. To
illustrate comprehensive sketches, OmniGraffle, a diagramming tool, was utilized.
For polishing, rephrasing and translating certain sentences ChatGPT and DeepL were
employed. The Al tools however were not used for literature review and gathering

information.

3.2 Brugger Tester

As a first appraisal of the possible performance-improving capabilities, MXenes
in combination with might offer, the Brugger-Tester was used to evaluate the
Brugger load-carrying capacity under room temperature and pure sliding conditions.
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It operates within a boundary lubrication regime. This interaction occurs between
a stationary cylinder made of AISI 52100 steel with a diameter of 18 mm, and a
rotating ring constructed from AISI D6 steel and a diameter of 25 mm [57]. The
lubricant is introduced at the contact area through syringe injection. The test setup
complies with the DIN 51347-2 norm where the quantity of the lubricant is set to 8
ml [117], the force applied between the two cylinders is calibrated at 400 N (initial
Hertzian contact pressure of 1.4 GPa [57]) and the sliding velocity of the cylinders is
1.2m/s [117]. A greatadvantage of a Brugger test setup is that the experiments can be
conducted in a relatively short time period, with a test duration of 30 seconds. After
a lubricant-dependent running-in time period, metal-to-metal contact will occur and
therefore simulate an oil starvation period. At the point where the two cylinders
come into contact an elliptical wear mark forms. The performance of a lubricant is
then evaluated by analyzing the wear mark area, that expands linearly [101] with
time. Using an optical microscope, the Brugger load-carrying capacity in N/mm? is
calculated with the measured diagonal a and b lengths of the area. is
used to calculate the specific value for a wear scar with the normal force Fy of 400 N
117].

g 4+400

T axbxm (10)

shows the alignment of the two cylinders. This results in a single contact

point between the metals.

Fixed test cylinder Wear scar

Rotating cylinder

Figure 6: Schematic operating principle of a Brugger-Tester.

3.3 Mini Traction Machine

To validate the friction-improving capabilities in a ball-on-disc setup, we employed
the MTM2 by PCS Instruments, which can perform fully automated traction mapping
of lubricants under field conditions. The test rig enables evaluation of the friction

coefficients at different [slide-to-roll ratio (SRR)| parameters with varying velocities,
normal forces and temperatures. The term describes the ratio between the
entrainment and sliding speeds and it is defined by [Equation 11} In a pure rolling
scenario the SRRequals 0 % and with increasing sliding it can reach 200 % where the

ball is fixed and therefore purely sliding over the disc.

SRR = Upise — Upay

=———x100 11
(uDisc + uBall)/2 % ( )
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The test specimens consist of a 19.05 mm (3/4”) steel ball and a 46 mm diameter steel
disc, but many other materials can be used. The steel ball and disc are both made
of AISI 52100 steel and have a surface finish finer than 20 nmRa. The disc exhibits
a hardness ranging from 720 to 780 Hv, while the ball has a hardness between 800
and 920 Hv. The operating principle of the machine is that a ball is loaded against
the disc and both the ball and disc are driven independently, creating a mixed rolling
and sliding contact. To achieve quantification of the frictional force between the ball
and disc, a force transducer is employed. Additionally, the setup includes sensors to
measure the applied load and the lubricant temperature.

The MTM2 can be enhanced through various extensions, two of which were applied

in this study: the pot-filler and the [spacer layer imaging (SLIM)|setup described in
Section The inclusion of the pot-filler allows for measurements of only 10 ml of
lubricant. Ordinarily, the MTM requires over 40 ml of lubricant to fully submerge the

disc in the liquid. However, when working with expensive materials like MXenes,
reducing the required volume becomes imperative. However, a notable drawback of
the pot-filler is that it surrounds the temperature sensor as can be seen in [Figure 8|
Consequently, challenges arise, particularly at lower temperatures, due to the lack of
test liquid flow in the area enveloping the sensor. This leads to prolonged response

times for the sensor to detect lower temperatures.

Disc
3/4” Ball

Pot filler

Lubricant

Temperature sensor

Heating rods

e

Viton seals
Figure 7: Schematic operating principle of the MTM2.

3.3.1 MTM SLIM Extention

The MTM2 can be upgraded with the 3D kit. This extension enables the
analysis of tribofilms that might form during the measurement, by using optical
interferometry. The system comes with a high-resolution RGB camera and
a white light source that can be dimmed. measurements can be performed
amidst the experiment, to progressively monitor film growth. At each[SLIM]|step the
steel ball is loaded at the glass surface with a preset force.
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White light source RGB camera

Semi reflective /
chromium layer Glass
| ,/Triboﬁlm

Silica spacer layer __ ™y

Figure 8: Schematic operating principle of the SLIM setup.

In the measurement process, a white light source is directed downward through
a microscope onto the contact point between the steel ball and the coated glass
disc. This contact point is illuminated, and the interaction of light with the different
layers takes place. Some of the light is reflected off the chrome layer on the glass
disc’s surface, while another portion of light passes through the silica layer and any
additional films that might be present. This light then reflects from the steel ball.

The recombination of these two light paths results in the formation of an interference
image. This interference image is focused onto the imaging sensor of a RGB camera.
The camera captures this image, and the digital frame grabber records it for analysis.
The acquired camera image can then be processed using specialized control software,
enabling the determination of a detailed film thickness map across the contact area.

In essence, the 3D-SLIM technique leverages optical principles to create and analyze
interference patterns caused by the interaction of light with the various layers in
the contact area. This approach enables the accurate quantification of tribofilm
thicknesses within submicron ranges, offering valuable insights into the behavior

and characteristics of these films during testing.

3.3.2 MTM Test Procedure

To conduct the MTM measurements, a dedicated test file, outlining the analysis
parameters, was generated. Three consecutive runs of this test file were performed
for each ball and disc set. This approach was chosen to assess the potential impact
of tribofilm formation, ensure precision and consequently calculate average [COH
values. In the subsequent discussion of the gathered results, these three runs of the
test file are regarded as one test. After each test, the ball and disc were changed and

the temperature and the tested substance were altered.

To guarantee comparability with other tribological experiments the force in N was
translated to the pressure in GPa using the correlation for a point contact provided
by PCS.

shows the test procedure that was carried out with the three tested liquids
at two different temperatures. One test comprises three repetitions of conducting
test runs at forces of 10, 20 and 30 N, with ranging from 5 to 120% in 5%
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Lubricant MX (wt.-%) Temp (°C) Force (N) Pressure (GPa) SRR (%)

10 0.35 5-120
IL1/IL2/GLY 0/0.25/1 30/80 20 0.7 5-120
30 1.05 5-120

Table 1: MTM Testmatrix.

increments. During the first run, the measurements were performed. To
preserve the valuable lenses, a minimal number of measurements were taken.
These lenses are highly sensitive and become scratched with each measurement,
which renders them unusable after 10 to 50 measurements, depending on the tested

lubricant and force applied to the lens.

3.4 Sample Preparation

For the Brugger tests samples with a concentration of 0.5 % were used. To enhance
the understanding of the stability of the mixture, observations were made at time
intervals of 15, 30, 60 and 120 minutes, as well as after 24 hours. The MXene powder
in the IL solutions remained well dispersed, even after 24 hours. But with glycerol
sedimentation occurred at a faster rate. The results of this experiment are shown in
The settling of lubricant additives is undesirable because it reduces the
intended enhancing effects of the lubricant when machinery is restarted following a
period of inactivity. This phenomenon may increase the [COF, as the agglomeration
of particles can undermine the friction-reducing capabilities of MXenes [66]. The ag-
glomeration process notably decreases the surface area available for interaction with
the contact surfaces, thus impairing the ability of the material to establish protective
layers, or tribofilms [10]. When MXene flakes are well-dispersed, they can readily in-
filtrate microscopic wear scars and surface asperities, forming a barrier that mitigates
wear [10]. However, when agglomerated, these particles become excessively large
to efficiently reach and protect these critical areas, leading to diminished protective

effects.

The three MTM]samples (Glycerol, IL1 and IL2) were all dispersed following a con-
sistent procedure to guarantee comparability of the individual results. To calculate

the corresponding weight percentage [Equation 12 was applied.

w. — % = MXenes o 100 (12)

Wtotal
The added amount of MXenes is displayed in[Table 2] After adding the powder to
the base lubricant the solution was mixed with a magnetic stirrer for ten minutes.
Next, the mixtures were sonicated in an ice bath for two hours each. Right before
pouring the lubricants into the MTM, they were mixed with the magnetic stirrer once

again for five minutes, to ensure a homogeneous blend.
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Lubricant (12 ml) Concentration Mxenes in mg

1wt.-% 151.86
Glycerol
0.25 wt.-% 37.68
L1 1wt.-% 110.59
0.25 wt.-% 27.44
_0
Lo 1wt.-% 117.24
0.25wt.-% 29.09

Table 2: Composition of the samples.

After plotting and analyzing the MTM] data, the decision was made to further in-
vestigate the surfaces and explore the potential formation of a tribofilm. However,
given that the samples initially used for the[MTM]experiments were several months
old, this analysis wouldn’t be meaningful due to the previously discussed oxidation
of MXenes. Consequently, new tests were conducted. The discs used for[TEM]analy-
sis were vacuum-sealed immediately after extraction from the[MTM] Subsequently,
these sealed bags were stored in a desiccator and analyzed within one week.

In this research, an experiment featuring a glycerol-water-MXene blend was con-
ducted to obtain deeper insights and ensure comparability with other studies. A
distinct sample preparation method, closely mirroring that used by Yi et al. [11]], was
adopted. For this test, deionized water was used in conjunction with glycerol. The
glycerol-to-deionized water ratio was 1:5 and a 2% concentration of MXenes was
added. Notably, the MXenes underwent sonication in deionized water before the
introduction of glycerol. Throughout the five-hour sonication process, no ice bath
was utilized, resulting in the temperature of the sonicated lubricant reaching 73 °C.
Furthermore, adjustments were made to the MTM test matrix to explore potential
timing (run-in period) impacts on the investigation. In this additional test, the [SRR|
was set to 200 %, resulting in a stationary ball. The disc’s rotation speed and applied
force were fixed at 200 mm/s and 2N, respectively and maintained for five hours
without parameter alterations. Subsequently, over the next three hours, the speed

and force were incrementally increased to 1000 mm/s and 5 N.

3.5 Lamella preparation for TEM analysis

The preparation of the lamella, intended for[TEM]assessment, involved the use of the

ThermoFisher Scios II. Using [scanning electron microscopy (SEM)) the surface was

scanned with the intention of identifying tribolayer formations. Special attention was
given to samples containing MXenes, focusing on selecting surfaces where titanium
was detected. The rationale behind choosing these particular surfaces stemmed from
the inconsistency of MXene tribofilms [11]], particularly as concentration is estimated

to be higher in the deeper grooves of the wear scar.

In [Figure 9 a BEM] image of the wear scar surface can be seen. For the
cuts, an area characterized by deep grooves was specifically chosen.

During this lamella preparation gallium ions were employed for the cuts to precisely
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mill and manipulate the sample at the nanoscale for in-depth analysis.

Figure 9: SEM image of the wear scar surface.

displays the lamella at two stages: first, after being cut from the disc and
welded onto the sample holder and second, after the thinning procedure, involving
the sequential removal of material layers. The protective wolfram layer is visible in

both images atop the surface.

Steel disc

Figure 10: SEM images depicting a lamella both before (left) and
after the milling process (right).

4 Results and Discussion

4.1 Assessment of Dispersion Stability

As an initial assessment, the dispersion stability was evaluated. As illustrated in
Figure 11} using polar[[Ls|or glycerol as the dispersion medium significantly mitigates
issues of sedimentation and agglomeration. We observed that notable sedimentation
in our samples occurred only after exceeding 48 hours.

The intrinsic ionic nature of hydrophobic[[Ls|leads to strong electrostatic interactions
with polar MXenes, despite their hydrophobicity [118]. MXenes have reactive -OH
groups as their surface terminations. These can interact with negatively charged ions,
forming charge-induced hydrogen bonds. This interaction between the IL’s anion
and MXenes polar O-H bonds enhances the overall interaction between and
MXenes, resulting in improved dispersibility [57]. This delayed sedimentation can
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also be attributed to the higher viscosities and the thus increased kinetic dispersion

stability of the[[Ls|and glycerol [119].

Figure 11: Dispersion after sonication/stirring (left) and after 24
hours (right)

4.2 Evaluation of the Brugger Load Carrying Capacity

The efficiency of [[Ls|and glycerol mixed with MXenes was initially assessed under
high-pressure conditions using the Brugger tester. The Brugger-Tester operates in
the boundary lubrication regime, where significant metal-to-metal contact occurs,
leading to considerable abrasive and adhesive wear [57] on the test cylinders. The
analysis of the wear scar was achieved by using the VK-X1000 laser microscope
built by Keyence to measure the width and length of the wear scar and substitut-
ing these values into the Brugger load-carrying capacity formula. This evaluation
aimed to determine whether these combinations could exhibit synergistic effects and
compatibility [57].

The test results in demonstrate, that IL-MXene mixtures have enhanced
lubricating capabilities. The added MXenes lead to an increased Brugger load carry-
ing capacity of 26 % for IL1, 6 % for IL2 and 7 % for glycerol [57]. It was found [57],
that the Brugger load-carrying capacity of pure IL1 and IL2 does already outperform
non-additivated FVA2 base oils and fully formulated and commercially available

turbine oils that were tested under identical conditions [57].

Our team has previously investigated these utilizing a concentration of 5% IL
in combination with standard, non-additivated FVA2 base oils [17]. In comparison
to the IL-additivated base oils the pure [[Ls|have marginally enhanced performance
attributed to the higher viscosity, which supports the formation of a thicker lubricant
film and the increased presence of phosphorous-based compounds, which contribute
to the development of tribofilms [17]. An observation in this regard is the superior
performance of IL1 compared to IL2. This outcome diverges from the findings
reported by Faruck et al. [17], where IL2 exhibited better performance in combination
with PAO based oils. As already mentioned the MXenes further improved the
load carrying capacity. This improvement can be attributed to the incorporation of
MXenes into the tribofilm and a resulting increase in durability of this protective film
[17,57]. Faruck et al. concluded that the reduced viscosity of IL2 facilitated a more
efficient integration of MXenes into the IL/MXene tribolayer [17]. Thus effectively
minimizing wear by ensuring a consistent presence of MXenes at the tribological
interface. Nonetheless, when testing the pure[[Ls|we observed that smaller wear scar

dimensions with IL1, indicating greater wear resistance compared to IL2.

Our results therefore contradict such previous studies [17,[120] with these[[Ls|showing
better performance for anions having shorter alkyl chain lengths due to quicker
reactions of these anions with the surface leading to the formation of tribolayers
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[120]. However these studies were performed under lower loads and with the
as an additive instead of a pure lubricant. Consequently, we anticipated that the
lower reactivity of IL1 is advantageous under the high applied load in our study,
thus promoting a slower degradation of the IL and a longer lifetime of the tribofilm.
Additionally, it has been shown that the thickness and compactness of the formed IL-
based tribolayers mainly depend on the alkyl chain lengths of the ions [57].[43,45,46]
Therefore, we concluded that IL1 can form a thicker and more compact tribolayer on
the steel surface, which protects the underlying surface from wear and results in a
higher load-carrying capacity [57]. This is supported by the fact that the viscosity of
IL2 is significantly lower than that of IL1, as demonstrated in the following section.

This increased viscosity is then responsible for a thicker lubricant film with IL1.

Our findings diverge from earlier research [17,120] indicating superior performance
of with shorter alkyl chain anions, attributed to their faster surface reactions
promoting tribolayer formation [120]. These prior studies, however, were conducted
under different conditions, using[[Ls|as additives rather than standalone lubricants.
In contrast, our experiments, performed under higher loads with [[Ls|serving as the
sole lubricant, suggest that the reduced reactivity of IL1 may actually be beneficial
[57]. This slower reactivity likely contributes to a decreased degradation rate of the
IL1 tribofilm, extending its operational lifespan and wear resistance [57]. Moreover,
research has established that the thickness and density of IL-derived tribolayers are
largely influenced by the alkyl chain lengths of the ions [122]. As a result,
we anticipated that IL1 to create a denser, more robust tribolayer, offering enhanced
protection against wear and superior load-bearing capabilities [57]. This hypothesis
is reinforced by the observed viscosity differences. IL2’s lower viscosity compared to
IL1 leads to a thinner lubricant film, whereas IL1’s higher viscosity facilitates the for-
mation of a thicker lubricant film, further corroborating our conclusions. The results
from the Brugger analysis however give only a rough estimate of the capabilities the
substances have to offer. Therefore further investigation with the MTM] system is

carried out.
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Figure 12: Brugger test results of the ionic liquids and glycerol
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4.3 Examination of Rheological Behavior

As a baseline characterization, the viscosities of the three tested liquids were evalu-
ated ata temperature range from 25 to 80 °C using an Anton Paar MCR 300 rheometer,
as seen in The results of the viscosity measurements indicate that with the
added percentages of MXenes the rheological properties do not change.

- Glycerine IL1 L2
- T T T T T T
=
T Ref | 18 Ref | 10 Ref |
pe 0.25% MX 0.25% MX L 0.25% MX
i o, o, o,
2 05 1% MX | 05 1% MX | 05 1% MX |
5
= 0 00— 0—
40 60 80 40 60 80 40 60 80
Temperature in °C Temperature in °C Temperature in °C

Figure 13: Average viscosity of three results at each concentration, measured
with the Anton Paar MCR 300 rheometer.

This observation is consistent with the findings reported by Boidi et al. and sug-
gests that MXene nanosheets primarily enhance interfacial properties, including the
formation of tribofilms, leading to a notable reduction in friction, rather than sig-
nificantly altering the rheological properties of the liquid [12]. The rheological tests
were carried out with a gap distance of 0.05 mm. It is essential to consider that while
the gap in the rheometer is indeed small, it remains significantly larger than what is
typically observed within the tribological interface itself. This distinction is critical
because it suggests that the conditions and pressures within this gap differ from those
at the actual contact points where tribological interactions occur. Consequently, the
dynamics and lubrication mechanisms within this larger gap do not accurately reflect
the behaviors and forces at play in the more confined spaces of direct tribological
contact.

Given, that the has a fully submerged contact zone, we will employ the
Hamrock-Dowson model as presented in to estimate the central and
minimum gap distances of the ball and disc under conditions.

Hepntrar = 2.69 - GO . 067 . Wy=0-067 (1 _ 0.613_0'73")

Hmin =3.63- GO'49 . UO'68 . W_0-073 (1 _ e—0.68k)

To apply the formula from Hamrock and Dowson introduced in Section we
must first determine the radii of the contact area using Hertzian contact analysis.
Considering the setup of the which involves a ball-on-disc arrangement, we
encounter a circular contact area. Therefore the radius of the contact circle, denoted
as a, is determined through the application of For the ball-on-disc
setup in the MTM analysis, the ball and the disc are characterized by the following
parameters: both the ball and the disc are AISI 52100 steel and have an elasticity
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modulus (E) of 210 GPa and a Poisson ratio (v) of 0.3. The ball has a radius (R) of
9.525 mm and a force (F) of 10 N is applied. These parameters will be utilized in the

calculation of the contact radius a.

s |3F
) (13)

a— 5
= &

Subsequently, the parameters G, U, W, and k are calculated using the following
formulas with temperature-dependent constants, evaluated at 30°C. The contact

radius a is equal to Ry and Ry.

RY 0.64
k=~ 1.03(R—) G=uF u=
X

nu F
W=—
E'Rx E'RZ

In particular, the calculation of the coefficient G presents a challenge due to the
inclusion of the pressure-viscosity coefficient, a parameter that was not determined
for the utilized in our experiments. However, for glycerol, this coefficient is
well-established, with a value of 5.9 GPa™!, as documented in the literature [123].
The literature also indicates that the pressure-viscosity coefficients for the limited
selection ofstudied fall within the range of 8 to 12 GPa™! [124H127]. Consequently,
the decision was made to adopt an average value of 10 GPa™! and to reflect errors
corresponding to the observed deviations from this average. For calculating the
pressure-viscosity coefficient, the dynamic viscosity values recorded at 30°C using
the rheometer at TU Wien are employed. Our measurements and the literature
indicates that the viscosity of particularly IL1, exhibits a significant sensitivity
to both temperature and pressure [128]. This variation in IL viscosity can influence
both frictional behavior and the dispersion of nanoparticles within the IL [129]. It is
important to mention that the pressure-viscosity properties of lubricants containing
MXenes were not evaluated in this work, resulting in no specific calculations related
to these parameters. Anticipated alterations in the pressure-viscosity coefficient
for the MXene-lubricant mixtures are expected to be substantial. Consequently,

this variation may contribute to observed discrepancies in the measurements

obtained using the

As depicted in[Figure 4] the gap sizes in tribological contacts are over two orders of
magnitude smaller, ranging from 200 to 2250 nm. This is in contrast to the rheological
analysis, which employs substantially larger gaps, approximately 50000 nm in our
experiments. Such larger gaps facilitate the examination of fluid bulk properties, but
they do not capture the effects of surface-to-surface interactions and the influence
of the MXenes. Moreover, in rheological analyses, the contact zone is subjected
to ambient pressure conditions, contrasting sharply with our findings, where the
maximum contact pressure calculated reaches 0.66 GPa.
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Figure 14: Central (H,) and minimum (H,,;,) film thickness of Glycerol,
IL1 and IL2 as calculated employing the Hamrock and Dowson formula,
based on viscosity measurements at 30°C and an applied load of 10 N. The
analysis incorporates an average pressure-viscosity coefficient of 10 GPa™!
for the ILs and 5.9 GPa™! for glycerol). This plot highlights the differences
in tribological gap distances in comparison to the gap distance of 50000 nm
used in the rheometer.

4.4 Impact of Ionic Liquids on Polymer Durability

An unexpected finding during our experiments was the rapid degradation of rubber
components, specifically the rubber shaft seal and O-ring in the MTM2 apparatus.
The degradation of the seal material intensified notably with the samples that were
tested with a higher temperature of 80 °C. This observation raises concerns about the
broader applicability and material compatibility of [[Ls|in tribological contexts.

Rubber degradation in the presence of [[Ls|is a phenomenon that has yet to be thor-
oughly investigated about its impact on the long-term reliability and performance of
tribological systems. The integrity of rubber components is essential for the proper
functioning of many mechanical systems. Thus, degradation can lead to significant
operational challenges. To evaluate the impact of on rubber materials, a long-
term immersion test was performed with IL2. For this the circular seal was cut into
five pieces, and fully submerged in the IL2 for one month at room temperature.
The results, depicted in show the pronounced deterioration of the seal.
In addition to the undesirable deterioration of the seals, the presence of degraded
rubber particles within the tribological system could notably impact the accuracy
of measurements. At higher temperatures, these dislodged particles were visibly
circulating within the lubricant reservoir. This can also be observed in[Figure 15}

Figure 15: Rubber seal after one month in IL2.

According to PCS (the supplier of the[MTM), both seals are constructed from Viton,
a type of fluoropolymer elastomer [130]. Viton contains copolymers of hexafluoro-
propylene and vinylidene fluoride, along with minor quantities of additional com-

pounds to enhance their properties, the exact composition and concentration of these
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additives remain undisclosed and vary among suppliers [131]. This degrading ef-
fect on fluorinated polymers was already observed by other groups [130]. They
demonstrated that incorporating[[Ls|into various polymers resulted in reduced ther-
mal stability, suggesting interactions between the IL's and the CH, -CF, groups in
the fluorinated matrix. Additionally, it has been determined that the composite
material’s thermal stability diminishes as the cation chain length increases [130].

This finding underscores the necessity for understanding the interactions between
and polymers in order to find compatible in the future. The degradation of
rubber by suggests that while may offer promising tribological properties,
their compatibility with polymers is concerning.

4.5 Investigation of the Tribological Properties with the MTM
4.51 Analysis of Stribeck Curves Obtained from MTM Experiments

Upon the initial application of the[[Ls|to the[MTM]steel disc, we observed that the[[Ls)
though generally hydrophobic, displayed good wettability on the steel surface. Like
all metals, the used steel is also hydrophilic, since metallic ions will dissolve in a polar
solvent, such as water [132]. The[[Lgexhibit adherence to the metal surface as a result
of their low interfacial energy [133]. This reduced interfacial energy implies that less
energy is needed for the[[Ls|to attach to the steel surface, resulting in behavior that
is effectively hydrophilic [133].

[Figure T6|presents the complete dataset for IL1 at 10 N and 30 °C. It is evident that the
decreases with each sequence of SRR, particularly in regions with increased
sliding (higher[SRR)). The observed enhancement in performance might be attributed
to the formation of an amorphous P—-O based tribofilm, as previously identified by
our group [17].

Utilizing the Hamrock-Dowson formula, we determined a minimum film thickness of
IL1 at 10N and the lowest speed (100 mm/s) to be 172 nm. Given that both the ball and
discinitially present a surface finish of 20 nm, we have an averaged surface roughness
of 20nm. Through where Hpin signifies the calculated minimum film
thickness and S, the averaged surface roughness of the interacting surfaces, we
calculate the A-coefficient.

Hyiyy  172nm

A= S, 20nm

8.6 (14)

This calculation predicts that the entire measurements at 10 N will occur within the
hydrodynamic regime (A > 3) as higher speeds will lead to an increase of H,,;, and
therefore even higher A-parameters. verifies the result of the calculation
that demonstrated that the[COF will be the hydrodynamic regime. These plots were
selected as they provide additional insights into single measurements, that may not
be evident in the plots and heatmaps that will follow. Numerous research studies
have demonstrated the ability of[[Ls|to achieve exceptionally low friction in lubricated
contact pairs [129]. Consistently, in our investigation, we also observed low
friction coefficients across all tested lubricants, whether with or without MXenes. In
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it is evident that as the sliding increases (higher [SRR), the performance of

the second and third runs also improves.
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Figure 16: Stribeck curves for pure IL1 at 10 N and 30°C, with SRRs
ranging from 5% to 120%. The curves were collected in three sequences,
with each sequence covering the entire[SRR|range. The entire curve falls
within the hydrodynamic regime, aligning with numerical predictions.

In measurements with 1wt.-% MXenes are presented, where the [COF
also remains within the hydrodynamic regime throughout, leading to only minimal
differences in performance. This minimal impact cannot be attributed to MXenes
known effectiveness, that is contingent upon direct surface contact, through which
they modify the interfacial properties of the surface [10]. Rheological tests have
shown that the viscosity remains relatively unchanged, but these viscosity tests were
conducted at ambient pressure. It’s important to recognize that tribological contacts,
particularly under high loads as in this work, can generate significant pressures [125],
potentially altering viscosity. Previous observations have indicated that nanomate-
rials in a lubricant can significantly affect the pressure-viscosity coefficient [134].
Thus, we hypothesize that the presence of MXene could have indeed influenced
the pressure-viscosity coefficient, thereby affecting the in the hydrodynamic
regime. However, the verification of this hypothesis was beyond our capabilities, as

we lacked the means to measure the pressure-viscosity coefficient directly.
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Figure 17: Stribeck curves for IL1 with 1% MXenes at 10 N and 30°C,
with SRRs ranging from 5% to 120%. The curves were collected in three
sequences, with each sequence covering the entire spectrum. The
portion of the plot corresponding to lower speeds initiates in the mixed
lubrication regime.

Utilizing the Hamrock-Dowson formula, we determined a minimum film thickness
of IL2 at 10N and the lowest speed (100 mm/s) to be 119.74 nm. Through[Equation 14
where Hpin signifies the calculated minimum film thickness and S, the averaged sur-
face roughness (20 nm) of the interacting surfaces, we calculate the A-coefficient.
Applying[Equation T4Jresults in a A-parameter of 5.99, indicating that measurements
at 10 N will also fall within the hydrodynamic regime, as defined by A > 3.
presents the complete dataset from the 10N test of IL2 at 30 °C, verifying the calcula-
tion by showing that the [COF remains within the hydrodynamic regime throughout
the experiment.
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Figure 18: Stribeck curves for pure IL2 at 10 N and 30°C, with SRRs
ranging from 5% to 120%. The curves were collected in three sequences,
with each sequence covering the entire[SRR|range. The entire curve falls
within the hydrodynamic regime, aligning with numerical predictions.

illustrates the same test of IL2 with 1wt.-% of MXenes. Interestingly,
this measurement showed that the MXenes had a negative impact on the at
lower speeds where the[COF falls within the mixed lubrication regime of the Stribeck
curve. Similar to IL1 it can also be observed in that the second and
third runs outperform the first run in the hydrodynamic region. However, as the
number of repetitions of the same test increases, the [COF tends to increasingly reside
within the mixed lubrication regime. This trend may be attributed to an increase in
surface roughness, as the initial measurements already led to solid-body contact, as
evidenced by the [COF residing in the mixed lubrication regime. The question that
remains is what leads to solid-body contact when the MXenes were added.

MXenes are non-abrasive [65], thereby ruling out the possibility of them being the
cause for an increase in surface roughness. Upon examining the minimum film
thickness values calculated in the preceding section, it becomes evident that the film
thickness of IL2 at the lowest speed falls within a range of approximately 120 nm,
placing it in a similar size regime as MXenes flakes (lateral size). Our previous
analysis has demonstrated that the MXenes used for this work consist of
multilayer stacks that fall within a size range of several um. Consequently, there
exists the potential for the MXenes to interfere with the buildup of a continuous
lubricant film in the contact zone. An inconsistent lubricant film subsequently leads

to a decrease in the lambda parameter and solid-solid contact.

Another aspect to consider, although less plausible given the low concentrations
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(0.25wt.-% and 1wt.-%), is the potential existence of MXene agglomerates. These
agglomerates could contribute to additional disturbances in the film buildup pro-
cess. Previous research has highlighted that MXenes, when inadequately dispersed
within the base lubricant, can result in diminished performance [10,66]. Therefore,
it is evident that the quality of dispersion plays a crucial role in determining the
performance of MXenes. It is possible, that the two hours of sonication that were
done before the test were not properly dispersing the MXenes, as sonicating in highly
viscous liquids has shown to be less effective [64].

The described effect at low speeds, where theis in the mixed lubrication regime
with MXenes, and in the hydrodynamic regime without MXenes, was not detected in
the measurement for IL1. Calculations for IL1 resulted in the highest minimum film
thickness among the tested lubricants. This suggests that the separation distance was
sufficiently large to prevent the potential negative impacts of MXenes. Despite this,
as indicated by [Figure T4 the film thickness of IL1 was still relatively close to that of
the other lubricants tested and in the range of the MXenes size. A further explanation
for this anomaly could be, that the anion in IL1 interacts more effectively with the
MXenes O-H bond, as suggested by the studies referenced [57,135]. This enhanced
interaction possibly leads to better bonding with the MXenes in IL1 compared to IL2,
thereby preventing the MXenes from adversely affecting film buildup. These results
imply that in terms of synergizing with MXenes, IL1 surpasses the performance of
the other liquids tested.
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Figure 19: Stribeck curves for IL2 with 1% MXenes at 10 N and 30°C,
with SRRs ranging from 5% to 120%. The curves were collected in three
sequences, with each sequence covering the entire spectrum. The
portion of the plot corresponding to lower speeds initiates in the mixed
lubrication regime.
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Figure 20| shows the measurement results for pure glycerol under the same exper-
imental conditions as for IL1 and IL2. Similar to the the for glycerol
remains within the hydrodynamic regime across the entire range of speeds tested.
This consistency is supported by a calculated lambda parameter of 5.25 at the low-
est speed. Remarkably, glycerol demonstrates superior performance compared to
the achieving a below 0.02 across nearly the entire speed range, except at
the highest and speeds. This observation of a low with glycerol aligns
with findings reported by several other research groups [15} [104]. Unlike with the
glycerol does not exhibit the phenomenon where successive test runs lead to

improved tribological performance.

It is reported that under modest tribotesting conditions, there’s a possibility of tribo-
chemical polishing, driven by the chemical interaction between glycerol and the steel
surface [108]. This polishing effectively diminishes local roughness, consequently
facilitating the formation of lubricant films in those areas [136]. Our results suggest
that the formation of such a tribofilm did not have a noticeable effect on the subse-
quent test runs. Hence, we anticipate that the tribological benefits of this polishing

effect manifest without requiring a substantial running-in time.
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Figure 20: Stribeck curves for pure glycerol at 10 N and 30°C, with SRRs
ranging from 5% to 120%. The curves were collected in three sequences,
with each sequence covering the entire[SRR|range. The entire curve falls
within the hydrodynamic regime, aligning with numerical predictions.

In [Figure 21} the [COF for the glycerol-MXene mixture is plotted using the same
settings on the[MTM] A similar effect to that observed with IL2 is noted. However,
the negative impact of MXenes at lower speeds is more pronounced here. Except for
the initial run at a of 5%, all curves fall within the mixed lubrication regime.
Notably, the first curve demonstrates a significantly higher friction than that of pure
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glycerol, suggesting it does not fully reside in the hydrodynamic regime and that
some surface contact does occur, leading to increased wear and consequently, a
higher [COF|in subsequent runs. This phenomenon can be explained with the same
reasoning as before. We anticipate two potential influences of MXenes on the gap
distance when they enter the contact zone: firstly, they may prevent the formation of
a continuous lubricating film and secondly, they could alter the rheological pressure-
viscosity parameter. By examining the formula by Hamrock and Dawson, we can
estimate the pressure-viscosity coefficient required for the to enter the mixed
lubrication regime (A < 3) at a speed of 100 mm/s, would need to be below 2. This
indicates that MXenes would have to reduce the original coefficient to one-fifth of its
value. Although nanomaterials are known to significantly affect this parameter [134],
such a drastic change is very unlikely. Therefore, the unfavorable effect of MXenes
is anticipated to be a result of the two factors combined. What is also striking, is
that compared to the test with pure glycerol the [COF experiences a decrease in the
[EHI] region, while experiencing the just described increase in the mixed lubrication

regime.

We hypothesize that variations in surface roughness offer a plausible explanation for
the observed phenomena. While it is evident that in the mixed lubrication regime,
an increase in surface roughness directly correlates with an elevation in the[COF| the
dynamics within the hydrodynamic regime are not as straightforward. A potential
mechanism for the observed decrease in under could be attributed to
induced changes in effective viscosity [137]. These changes are possibly a result of
pressure ripples caused by surface roughness, which, in turn, lead to a reduction in
shear resistance [137].
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Figure 21: Stribeck curves for glycerol with 1% MXenes at 10 N and
30°C, with SRRs ranging from 5% to 120%. The curves were collected in
three sequences, with each sequence covering the entire spectrum.
The portion of the plot corresponding to lower speeds initiates in the
mixed lubrication regime.

4.5.2 Visualizing Glycerol’s Tribological Performance with a Heatmap[COFAnal-
ysis

To enhance visibility and accommodate the extensive data volume, theMTM]Stribeck
curves are presented in the form of heatmaps. The MATLAB command ’'shading
interp” was employed for increased smoothness and improvement of the heatmap’s
visual quality. This means that the difference between each data point is displayed
as a linear color gradient. All the subsequent heatmaps are designed to showcase
the deviations in [COF values between the pure base lubricants and their respective
mixtures with MXenes, highlighting the impact of MXene addition on lubrication

performance.

As explained in Section [3.3.2]and shown in Figure 20]and 21| each measurement was
performed three times on the same disc to calculate the average The initial
measurement of several tests, conducted at a of 5%, was excluded from the
average value calculations for the heatmaps. This exclusion is due to the of
the initial measurement typically being in the hydrodynamic lubrication regime,
transitioning to the mixed lubrication regime in subsequent runs, a transition clearly
evident in[Figure 19} Following the initial test, subsequent measurements at different
were conducted, which facilitated enough sliding to induce solid-solid contact
and increase wear. Upon re-testing at an [SRR| of 5%, the now increased surface
roughness, causes the lambda parameter to drop below three, thus indicating a shift

to mixed lubrication. Removing these initial outlier measurements was important

41



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

for calculating the average[COF thereby ensuring the comparability of the heatmaps
constructed from these values. Boidi et al. adopted a different approach in this
context, employing a running-in period of 30 minutes (28 N and 195 %[SRR) to ensure
comparability [12].

[Figure 22Jillustrates the difference in[COF|(ACOF) between pure glycerol and glycerol
with 0.25wt.-% MXenes. As indicated by the Stribeck plots previously presented,

glycerol’s efficacy is reduced under a majority of the tested parameters when it is
blended with MXenes. To demonstrate the increase in the range of the color
map for the glycerol heatmaps is adjusted accordingly and varies from that of the
heatmaps. Remarkably, even at a low concentration of 0.25wt.-% MXenes, the
effect on lubrication efficiency is significant. The heatmap demonstrates, that the
scale of the [COF increase is serious and exceeds 100 % increases under specific con-
ditions. It is also noticeable that there are cases where reductions in friction (in the
range of 10 %) are observable. This reduction occurs in regions experiencing
the highest loads at elevated speeds. Regarding the improvements, it is noteworthy
that all the mentioned enhancements are observed within the hydrodynamic regime,
where both surface topography and the presence of MXenes typically exert minimal
influence [65]]. This suggests that the impact on the|[COF|is predominantly governed
by rheological behavior [65]. In comparison to pure glycerol, the surface roughness
is heightened in the hydrodynamic regime due to wear from the preceding mixed lu-
brication regime. Consequently, it is anticipated that alterations in surface roughness

induce a different pressure, which in turn leads to variations in viscosity.

10 N 20 N 30 N
2000 > 100
S g ”
=
Q S 500 60 S
g 10 4
8 2000 o
- 20 O
D ¢ 1500 q
- 1000 0
500 -20

Figure 22: Heatmaps illustrating the change in co-
efficient of friction (ACOF) for glycerol with and
without 0.25% MXenes, across a range of SRRs
from 5 to 120 % and speeds from 100 to 2000 mm/s,
at both 30 and 80 °C.

presents the heatmap for glycerol with a 1% addition of MXenes. When
comparing this to the plots with a 0.25 % MXene concentration, we observe a notable
increase in the at 80 °C for the higher MXene concentration. In comparison to
the measurement with the lower concentration the measurement for 30 °C at 10 and
20 N yielded better results with alCOFreduction in the range of 10 % at higher speeds.
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The values for 30 N are missing here because not enough material was available and
the force of 30 N was later added to the glycerol test matrix.

This observed behavior can be attributed to several factors. At elevated temperatures
like 80°C, the increased MXene concentration leads to a higher due to the
potential decrease in film thickness. As the film thickness decreases the influence of
the higher MXene particle concentration gets bigger, which in turn interferes with
the lubricant’s ability to form a coherent and effective lubricating film in the mixed
lubrication regime. This implies that the Stribeck curves, at elevated temperatures,
undergo an extended period of mixed lubrication. This extension consequently shifts
the zones of improvement (illustrated as blue areas in towards higher
speeds.
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Figure 23: Heatmaps illustrating the change in co-
efficient of friction (ACOF) for glycerol with and
without 1 % MXenes, across a range of SRRs from
5 to 120 % and speeds from 100 to 2000 mm/s, at
both 30 and 80 °C.
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During each measurement conducted at 10 N, an image of the ball surface was
captured using the previously described setup. The lenses of the [SLIM|setup
are prone to scratching, primarily because the ball repeatedly makes contact with
the delicate silica spacer layer. To minimize costs, the glass lens was used for as
long as possible, rotating the glass after each measurement. This rotation of the
glass moves surface defects away from the contact zone, but they still manifest in the
outer areas of the image. For enhanced clarity, defects outside the contact zone were
digitally removed using Photoshop. In all captured images for glycerol
are presented. Notably, at an SRR of 5 %, the accumulation of MXenes in the contact
area is observable, indicated by the darker areas on the ball surface. We hypothesize
that the presence of MXenes during this initial test run at an SRR of 5% impedes
the formation of a continuous lubricating film, resulting in a decrease in the lambda
parameter of the MXene lubricants. Interestingly, at 80 °C, the presence of MXenes
at the lowest SRR is not as noticeable as with the lower temperature. A possible
explanation for this could be the significantly lower viscosity of glycerol at 80 °C. We
evaluated the viscosity at 40 mPa*s at this temperature. Therefore, it is likely that less
glycerol, and consequently fewer MXenes, adhere to the surface of the ball, leaving
a cleaner ball surface with fewer MXenes. While the setup isn’t optimal for
wear analysis, necessitating subsequent laser microscope analysis, the[SLIM]images
already illustrate that the presence of MXenes notably amplifies abrasive wear. This
is caused by the surfaces coming into contact earlier during the measurement when

MXenes are present.
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Figure 24: images during glycerol measurements captured without
MXenes and with MXenes at concentrations of 0.25 and 1 wt.-%, conducted
at 10N and temperatures of 30 °C and 80 °C, across SRRs ranging from 5 to
120 %.
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4.5.3 Comparative Analysis: Investigating the Challenges of Glycerol-MXene
Mixtures

To further investigate the poor results of the glycerol and MXene combination, ad-
ditional analysis of the test conditions is needed. The quantity of MXenes used in
the conducted MTM|tests falls within a comparable range as employed by previous
groups [11} 165], indicating that this factor is not responsible for the elevated friction.
However, one notable difference regarding the sample composition is the amount of
glycerol used. In Yi et al.’s experiments, MXene powder was initially mixed with
deionized water, followed by the addition of a small amount of glycerol in a 5:1 ratio.
This indicates a substantial difference in the quantity of glycerol used. Additionally,
the sonication process was carried out when the solution did not contain any glyc-
erol. The sonication of MXenes in water can produce varied outcomes compared to
MXenes in pure glycerol due to differences in viscosities [64] and the potential interca-
lation of water molecules. When working with nanomaterials, it has been previously
noted [64] that favorable outcomes through sonication are only achievable when the
base liquid exhibits low viscosity. Another aspect is that a SizNy ball and a sapphire
substrate were used, while the experiments for this thesis were run with a steel ball
and disc. The differences of the surfaces in the contact zones can have adverse effects
on the performance of the MXene flakes. For example, Yi et al. demonstrated that a
tribochemical reaction occurred with the Si3sNy ball surface, leading to the presence
of titanium and silicon oxides on the surface of this tribofilm. The tribofilm on the
sapphire substrate retained the stacked morphology of MXenes with a reduced pres-
ence of oxides. Another significant distinction between their work and this analysis
lies in the aspect of timing. The test profile utilized in this study involved frequent
changes in parameters. In contrast, Yi et al.’s work maintained consistent parameters,
allowing for a 20-minute run-in phase after which superlubricity was achieved.

To validate that our measurements are not influenced by inadequate sample prepa-
ration or test parameters, supplementary tests were conducted using alternative
methods and parameters. The measurement parameters were configured in the
same order of magnitude outlined by Yi et al and are described in Section
Notably, a post-test observation revealed a distinctive color change. Both the ball
and disc were covered in a black layer. This points towards the presence of either
an oxide layer or a tribofilm. The formation of this tribofilm could be attributed to
the enhanced exfoliation of MXenes during sonication in the less viscous deionized
water [64]. Better-exfoliated MXenes have an increased surface area, which improves
substrate interactions, including with steel, through physical mechanisms like Van
der Waals forces and mechanical interlocking, or chemical means such as covalent
bonding [138]. The development of this black film may also be ascribed to increased
oxidation due to the introduction of water [63]. The chemical oxidation process for
the MXenes is illustrated in Given that TiO, particles typically have a
white coloration, the black layer observed on your samples, suggests the presence
of different oxidation states of MXenes and possibly magnetite. This indicates a
complex oxidation process distinct from the straightforward creation of TiO,.
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Ti3C20z +4 Hzo — 3 TlOz +2C+4 H, (15)

The black layer adhered to the ball and disc of the[MTM] leaving the steel lubricant
container uncovered. With the laser scanning microscope VK-X1000 built by Keyence
the wear scar was analyzed. [Figure 25|shows the surface of the disc in the wear scar
area. The black dots visible in the 20x magnification could be the result of micro
pitting. Micro pitting in tribology refers to the formation of very small pits or craters
on the surface that formed due to oxidation. The craters are created when the
oxidation pits are removed due to the rolling or sliding motion of the surfaces. Given
the presence of this potential micro pitting during the test, it is reasonable to assume
that oxidation occurred. However, in instances of pronounced oxidation, surface
scars or fissures are typically anticipated, yet they are not evident in this case.

Figure 25: Laser microscope image revealing the wear scar of the
sample subjected to the water-glycerol-MXene mixture.

illustrates the values measured during the experiment involving

the glycerol, water and MXene mixture. The experimental conditions underwent
a modification after five hours, as previously explained. This parameter change is
denoted by the red line in the plot. These results prove that the run-in phase, the
sample preparation and the nature of the lubricant were not the decisive factors that
led to the low performance of glycerol with MXenes in the previous tests. This is
evident because the friction was not significantly lower than during the previous
tests and substantially higher than the superlubricity archived by Yi et al. The only
remaining differences to the tests conducted by Yi et al. [11] are the nature of the
surfaces and the size of the ball. The ball used by Yi et al. had a surface finish of
Ra = 10 nm and a diameter of 4 mm [11]. In the tests conducted for this thesis the
ball had a diameter of 3/4” (19.05 mm) and both surfaces had a surface finish of 20
nm. On the other hand, they used a Si3Ny ball surface and a sapphire substrate,
in comparison to AISI 52100 steel in this work. The influence of the Si3N4 surface
involves the formation of a tribofilm during the running-in period, characterized
by tribochemical reactions with Ti;C,T, MXenes [11]. This results in a composite
layer of colloidal silicon oxides and titanium oxides. Furthermore. the detection of
Ti-N and Ti—-O-N bonds confirmed the chemical interplay between MXene and Si3Ny
[11]. In contrast to the reported improvements with MXenes on Si-based surfaces,
our work does not reveal significant beneficial effects of glycerol-MXene mixtures
on reducing the [COF However this does not mean that MXenes are incompatible
with steel surfaces as beneficial tribolayers, composed of thermally and mechanically
degraded MXene nanosheets alongside amorphous/nanocrystalline iron oxide, have
been observed by other groups [9, 138].
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Figure 26: @ plot for water-glycerol-MXene lubricant at a constant
speed of 200 mm/s and force of 2N for 5 hours, followed by a parameter
change (red line) with speed and force increasing to 1000 mm/s and 5N
over the next 3 hours.

To investigate the surface interactions and potential formation of a tribofilm on
our samples, we employed Raman spectroscopy with a green laser, at a maximum
aperture and an exposure duration of 75 seconds over two cycles. The Raman
measurements, depicted in [Figure 27} were conducted both within the contact zone
and on the areas of the disc covered by the black layer, denoted by blue and red circles,
respectively. These captured data was then refined using the Asymmetric Least
Squares method and compared to the Raman spectra of MXene powder depicted in
Fio

The wear track sample exhibited distinct peaks indicative of MXenes, notably a broad
peak at approximately 157 cmi~! and a sharper one at 222.7 cm™!, closely aligning with

!, respectively. The peak at 222.7

the initial powder measurements at 160 and 220 cm™~
cm~! also corresponds with the anatase form of TiO,, as identified at 221 cm~! by Yi
etal. [T1]]. The subsequent peak at 285.4 cm™! matches observations of the -O surface

1, although not perfectly aligned with our

termination and the peak at 388.1 cm™~
group’s reported measurement for -OH termination at 376 cm™!, likely signifies the
presence of -OH MXene terminations. Although this peak does not precisely match
the result from our measurement it can be noted, that we are observing the MXenes
in a completely different state. Sarycheva et al. have reported similar deviations in

peak positions when comparing different states of MXenes, such as flakes, films, or

clays [139].

Additionally, the peak at 448.1 cm™" can be attributed to TiO, (E, mode) in its rutile
phase, consistent with literature reports of Raman shifts around 448 cm ™! [140]. The
peak at 610 cm™! aligns with the Alg mode of TiO,, closely matching the reported
value of 612 cm™!. Furthermore, the peak at 1067.1 cm™! parallels the primary Raman
peak for glycerol at 1055 cm ™, typically associated with the C-O stretching vibration
in C-OH groups [141]. The final two peaks are reminiscent of the D and G bands of
graphitic carbon, further supporting the presence of MXenes on the disc’s surface.
The Raman measurements demonstrate, that MXene nanoflakes indeed adsorbed
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on the worn surfaces of the steel disc maintaining their original structure. Yi et al.
observed a similar surface composition on their sapphire substrates. However, the
Raman spectrum from the SizNy ball surface they used indicated the presence of
colloidal silicon oxides, suggesting a tribochemical reaction with the Si3N4 surface
[11]. Our experiments yielded a greater than 0.2, which, although not reach-
ing the superlubricity threshold, still provides valuable insights into the behavior of
this unique lubricant mixture on steel surfaces, particularly under the specific test
conditions of pure sliding without rolling. Based on our observations, we anticipate
that employing a SizNy/steel interface might also achieve [COFp at a superlubricity
level. The potential for this lubricant mixture to perform effectively with steel coun-
terparts, as opposed to solely with sapphire substrates, significantly enhances its
applicability. Given the widespread use of Si3sN4 ceramics as rolling elements in ball
bearings [143], this compatibility could broaden the lubricant’s utility across a

wider range of applications.

The red line in the Raman spectrum, representing measurements from areas covered
in the black layer, confirms the widespread presence of MXenes across the disc. The
black coloration of both the ball and disc could be attributed to two factors: the
inherent color of MXenes and the close proximity of observed peaks to those of mag-
netite (668 and 193 cm™'), which could explain the uniform black coating observed.
In light of these findings, further analysis using is recommended to provide a
more comprehensive understanding of the surface chemistry and composition of the

black layer.
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Figure 27: Raman spectra of the disc’s wear track, showcasing the charac-
teristic peaks that elucidate material transformations and stress-induced
modifications at the molecular level.

4.5.4 Heatmap Visualization and Analysis of the Tribological Performance of

Ionic Liquids

Shifting the focus from glycerol-based lubricants, the next segment analyses the
interaction between [ILs|and MXenes. This segment unveils how [[Ls| perform in the
presence of 0.25 and 1wt.-% of MXenes, by illustrating the [COF measurements in
heatmaps. In these heatmaps for IL1 and IL2, white areas indicate that the lubricants

containing MXenes exhibited inferior performance compared to the pure base liquids.
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In general collected results with [[Ls| present a more promising outlook, suggesting
compatibility with MXenes. The utilization of pure[[Ls|as base lubricants is currently
improbable, mainly due to availability and cost. However,[[Ls|are also being explored
as additives to lubricants [101]]. Therefore the information in the following heatmaps
is also crucial for understanding the coexistence of these two lubricant additive

candidates.

[Figure 28]illustrates the performance of IL1 with 0.25 wt.-% MXenes. What is evident,
is that the IL1 with 0.25 wt.-% of MXenes exhibited superior performance compared
to the pure IL. MXene addition significantly enhances lubrication under higher loads
and temperatures, demonstrating their value in challenging environments. The
IL-MXene mixture shows optimal performance at 80°C and lower speeds, with
effectiveness increasing at lower [SRRk, broadening the effective speed range. This is
visually represented by the blue areas in the plots, highlighting the conditions under
which MXenes contribute most to lubrication efficiency. A remarkable decrease
in the of up to 90 % was measured. This substantial reduction in friction is
unquestionably attributed to the outstanding solid lubricant properties of MXenes. In
the heatmap images obtained at room temperature with 10 and 20 N, the performance

was relatively modest.

An interesting observation with IL1, which was already discussed with the Stribeck
plots, is that the mixed lubrication regime does not experience a significant shift to
higher when MXenes are added. With IL1 the MXenes improving capabili-
ties start in the mixed lubrication regime. However at the bottom of the plots at
80°C a fine line where the performance was reduced can be seen. We anticipate
that MXenes play a crucial role during the initial formation of the tribofilm at the
onset of the Stribeck curves. After a certain running in time (the small band at the
bottom of the plots) the MXenes are integrated into the film and provide a cushion-
ing effect, therefore effectively improving the protective capabilities of the tribofilm.
Essentially, we observe that the[COF|initially increases with the addition of MXenes,
followed by a more pronounced decrease. At first, MXenes slightly interfere with
film formation, but they later engage in synergistic interactions with IL1, facilitating
possible incorporation into the tribofilm. Once MXenes are integrated into the film
and aligned in the contact zone [10], they introduce a significant drop in [COF, Due
to this effect,[TEM]analysis was deemed necessary in order to verify that the MXenes
are an integral part of the phosphorous IL1 tribofilm, which was already observed by
our group [17]. The absence of this effect at lower speeds in the plots at 30 °C stems
from all Stribeck curves for IL1 being in the hydrodynamic regime. Consequently,
they do not undergo surface contact significant enough to showcase the influence of
a tribofilm buildup.

What stands out here is that the results do not correlate with Boidi et al. [12]. They
measured the performance of Polyalphaolefin (PAO) oil with 0.5 and 3 % MXenes.
Their findings indicate that, with PAQO, the friction reduction by MXenes increases
with decreasing load and temperature. This is in direct contrast to the observations
from this work. A possible explanation for this effect is that higher loads lead to
the tribochemical generation of tribofilms [17,92], as discussed in Section The
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performance issues may also be related to the[[Ls|higher viscosity. [[Ls|require more
“activation” compared to oils [144]. At lower loads, the oil combination might have
already operated at its limit and its performance only worsened under higher loads,
to a point where even the addition of MXenes could not offer further improvement.
Other possible reasons for this contrasting behavior may be attributed to the nature

of MXenes and the nanoscale interactions with the base liquids.
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Figure 28: Heatmaps illustrating the change in co-
efficient of friction (ACOF) for IL1 with and with-
out 0.25% MXenes, across a range of SRRs from 5
to 120 % and speeds from 100 to 2000 mm/s, at both
30 and 80 °C.

After testing samples with a concentration of 0.25wt.-%, the concentration was in-
creased to 1 wt.-% and the results are illustrated in[Figure 29] The[COFvalues indicate
a significantly improved performance of the lubricant, particularly at higher loads

and temperatures, where fewer areas with increasing friction are evident. The prin-
ciple phenomena observed at lower concentrations are also evident here. As with
the lower concentration, the measurements at 30 °C fall within the hydrodynamic
region. Of particular interest is the slight enhancement of the film’s lubricating capa-
bilities across nearly the entire speed and spectrum in the presence of MXenes.
This improvement is supported by a subtle shift in the Stribeck curves recorded with
MXene additives. As MXenes facilitate an earlier exit from the boundary regime (at
speeds below 100 mm/s), the hydrodynamic regime demonstrates improved [COF.
In this context, a significant role can be attributed to the potential alteration of the

pressure-viscosity coefficient, influenced by the incorporation of MXenes.
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Figure 29: Heatmaps illustrating the change in co-
efficient of friction (ACOF) for IL1 with and with-
out 1 wt.-% MXenes, across a range of SRRs from
5 to 120 % and speeds from 100 to 2000 mm/s, at
both 30 and 80 °C.

Similar to the glycerol measurements, the [SLIM|setup was utilized to in-situ capture
images of the ball surface for IL1. presents all the images for IL1 captured
during the initial test run at 10 N. Interestingly, at 30 °C, no significant accumulation
of MXenes on the surface is evident at lower SRRs. This can be attributed to the ma-
jority of measurements with IL1 at 30 °C occurring within the full film hydrodynamic
regime. Consequently, no notable film buildup is observed, as there is minimal con-
tact to facilitate the tribochemical reaction leading to tribofilm formation. However,
at 80 °C, the measurement indicates that the[COF was in the mixed lubrication regime
under certain parameters. Therefore, we anticipate that this results in the incorpora-
tion of MXenes into the phosphorus-based amorphous tribofilm. This incorporation
is observable at both concentrations at 80 °C. Of significance is the second image at
an[SRR]of 5 %, which exhibits minimal wear. It is known that significant wear com-
promises measurements, leading to inaccurate thickness measurements and
difficulties evaluating tribofilm formations [145]. Both of these images at the lowest
SRR indicate the presence of MXenes on the surface, as evidenced by the darker dots

within the contact area.
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Figure 30: images depicting IL1 measurements captured without MX-
enes and with MXenes at concentrations of 0.25 and 1 wt.-%., conducted at
10N and temperatures of 30 and 80 °C, across SRRs ranging from 5 to 120 %.
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The following two heatmaps present the outcomes of the tests conducted with IL2.
Notably, with a 0.25 wt.-%. MXene concentration, the reduction in friction is consid-
erably enhanced at lower temperatures compared to IL1, as depicted in [Figure 37}
where the COF reduction reaches 60 %. The enhancements at 30 °C occur in the hy-
drodynamic regime again. Similarly to glycerol, the addition of MXenes to IL2 leads
to mixed lubrication, where the pure IL2 is already in the hydrodynamic regime. This
effect is resembled by the white gaps at low speeds at 30 °C and was not observed with
IL1 at 30 °C. The overall performance at higher loads and temperatures is reduced in
comparison to IL1 as the improvements are in the range of approximately 80 %. This
aligns with the Brugger evaluation, where high loads, speeds and temperatures are
present and where IL1 also emerged as the top performer. At higher temperatures,
IL2 has a comparable behaviour to IL1 as improvements in the mixed regime are
evident after an initial performance reduction at the lowest speed.
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Figure 31: Heatmaps illustrating the change in co-
efficient of friction (ACOF) for IL2 with and with-
out 0.25 wt.-% MXenes, across a range of SRRs from
5 to 120 % and speeds from 100 to 2000 mm/s, at
both 30 and 80 °C.

The lower sections (up to speeds of 500 mmy/s) in both IL2 heatmaps reveal an increase
in the at 30°C. This is once again a consequence of the previously discussed
phenomenon associated with the IL2-MXene combination’s delayed exit from the
mixed lubrication regime. The properties of MXenes that enhance performance do
not become more pronounced with the slight increase in concentration. This suggests,
that the change of MXene concentration from 0.25 to 1 wt.-% did not significantly alter
the tribological performance.
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Figure 32: Heatmaps illustrating the change in co-
efficient of friction (ACOF) for IL2 with and with-
out 1 wt.-% MXenes, across a range of SRRs from
5 to 120 % and speeds from 100 to 2000 mm/s, at
both 30 and 80 °C.

A notable observation evident in all the IL heatmaps is the substantial reduction
at lower speeds, higher loads and higher temperatures. Under these conditions,
increased surface contact becomes more probable. When surface contact occurs the
tribological influence of a tribofilm starts and consequently leads to a reduction of
the Therefore this is an indication for the presence of such a protective layer

that was formed.

presents a compilation of SLIM images for the IL2 measurements. What
is evident here is the significant increase in abrasive wear attributed to the presence
of MXenes with IL2. Subsequent roughness measurements will confirm that IL2
indeed experienced the highest increase in abrasive wear due to the presence of
MXenes. Of particular interest in this observation is that while the MXenes initially
hindered the formation of a continuous lubricating film, the heatmaps indicated that
the reduction in remained significant under certain conditions, as discussed
earlier. Therefore, it can be concluded that while the MXenes led to more surface
contact (lower A-parameter) at the beginning of the measurements, they subsequently
revealed their beneficial tribological properties, resulting in lower shear resistance
and reduced [COFk.
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Figure 33: SLIM images depicting IL2 measurements captured without MX-
enes and with MXenes at concentrations of 0.25 and 1 wt.-%, conducted at
10N and temperatures of 30 and 80 °C, across SRRs ranging from 5 to 120 %.

56



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.5.5 Tribological Performance Comparison of Glycerol and two Ionic Liquids

To deepen the insights into the performance of the base lubricants and to compare the
three liquids when paired with MXenes, the[COF values at a[SRR|of 51 % are plotted
in[Figure 34] This specific[SRR]was chosen based on the previous heatmap analyses,
which showed that MXenes significantly enhance friction reduction in regimes with
ahigher proportion of rolling. However, an[SRR]of 51 % was selected to ensure a sub-
stantial amount of sliding is still present, where the friction-reducing capabilities of
MXenes remain notably effective, maintaining a balance between rolling dominance

and meaningful sliding interaction.

The analysis reveals that pure glycerol consistently outperforms pure [[Ls|across all
evaluated conditions at an of 51%. When comparing pure glycerol against
IL1 and IL2, with the addition of MXenes at concentrations of 0.25 and 1 wt.-%, the
[COF values closely approach those of glycerol, indicating a marked improvement in
lubrication performance. However, as[Figure 35/has previously demonstrated, there
are no instances where IL1 exceeds the performance of glycerine at an [SRR] of 51 %,
affirming that pure glycerine remains the superior lubricant at these parameters. The
outstanding tribological performance of glycerol has been extensively reported in
the literature [15, [111,[146]. In our work, we used pure glycerol, but concerning
the use of glycerol as a lubricant, adjustments to the water content in glycerol-
water mixtures have been shown to reduce the lubricant’s viscosity, facilitating a
low, consistent [COF alongside low wear rates [110]. The performance of glycerol
as a lubricant remains uncompromised even with water additions up to 40 % [146].
This, according to Chen et al. can be attributed to the glycerol molecules ability
to dissolve and form a hydrogen-bonded layer with water molecules, effectively
sustaining nominal loads [111]. When we look at glycerol in combination with
MXenes, the values generally exhibited an increase at an SRR of 51 %. This
suggests that under the given circumstances, the anticipated improvement from
glycerol-MXene mixtures was not observed. These results deviate from research by
other groups [11} [16], which have even achieved superlubricity on the macroscale
with such material combinations.

Considering the exceptionally low [COFf for all tested lubricants, highlights their
potential as viable alternatives to conventional oils. This potential is further empha-
sized when comparing our results with those of Boidi et al. [12], who reported [COFs
of 0.022 at 10 N and 0.028 at 30 N for PAO 8 oil under the same conditions (51 %
and 80°C) in the hydrodynamic regime. In contrast, this work demonstrates
that all tested lubricants, including[[Ls|and glycerol, exhibit[COFk of 0.01 or lower at
10N and do not exceed 0.015 at 30N in the hydrodynamic regime. This represents a
substantial reduction in [COF| nearly halving the values compared to PAO 8 oil and
underscores the impressive lubrication efficiency of these green lubricants under the

tested parameters.
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Figure 34: COF compared at SRR51% and 80 °C

As previously discussed, pure glycerol emerged as the unexpectedly superior per-
former among the three lubricants at the applied test conditions. To provide a more
detailed analysis of glycerol’s performance, a heatmap depicting the deltalCOFvalues
for glycerol and IL1 with 1wt.-% MXenes (the top performer among the lubricants
with MXenes) is shown in [Figure 35 As this plot shows, the areas where IL1 out-
performed glycerol are very limited. The IL demonstrated reduced [COH values at
lower speeds and higher temperatures. The three images at 30 °C consistently show
higher [COF values for IL1 across the entire[SRR|range, except at 10 and 30 N where
the IL1 test had a slightly better performance at low a [SRR] It is important to note
that the discrepancy at 10 N could also be attributed to measurement inconsistencies,
as deviations in measured values were particularly evident at low and small
loads. At 30 N, on the other hand, a small blue area is visible at the lowest speeds,
demonstrating that under severe conditions, where both lubricants are in the mixed
lubrication regime, the MXenes significantly improve the interfacial properties of the
friction pairs [65]. This enhancement results in MXenes significantly improving IL1,
enabling it to surpass the performance of glycerol, a lubricant that has demonstrated
lower [COFs when comparing the pure forms. At 80 °C the areas where the MXenes
can unveil their tribological properties become more pronounced. It is once again
evident that the improvement occurs primarily in the parts of the Stribeck curves

where inter-facial contact occurs.
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Figure 35: Comparison of IL1 with 1 wt.-% MXenes
and pure glycerol. Negative values mean, that IL1
with MXenes performed better than the glycerol.

After undertaking the experiments, the evaluation of the surface roughness
parameter S, was performed using the VK-X1000 microscope. This microscope
provides the capability to select a specific area for calculating the S; value. The
chosen area maintained a consistent scale across all measurements. [Figure 36 reveals
an observable increase in the size of the wear scar in tests conducted with MXene
additives. This phenomenon has been previously observed by Boidi et al. and it
aligns with the findings from the[MTM]Stribeck curves. As illustrated in the plotted
Stribeck curves, the introduction of MXenes leads to an earlier transition of the[COF|
to the boundary lubrication regime. Taking the IL2 example, lubricants enhanced
with MXenes exhibit entry into boundary lubrication at 10 N and a of 28 %,
whereas pure base liquids experience this transition at higher loads and [SRR] values.
As anticipated by the Stribeck plots, [Figure 36| confirms that the addition of MXenes
had a minimal impact on the wear scar size of the IL1 samples. Notably, the images
reveal that the samples with glycerol ata 0.25 wt.-%. MXene concentration underwent
significant corrosion, attributed to the storage conditions with the glycerol coating
their surfaces. This corrosion complicates the accurate assessment of the actual wear

scar depth for this sample.
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Figure 36: Wear scars from the examined samples, with the selected area for
roughness parameter evaluation highlighted by the blue rectangle.

To gain a deeper understanding of the wear scars, depth profiles were selected for a
more detailed examination of the wear on the[MTM]|discs. These profiles, as depicted
in[Figure 37} correspond to the same regions illustrated in[Figure 36} The presence of
grooves aligned with the wear direction suggests abrasive wear. However, given that
MXenes are non-abrasive by nature [65], it is clear that the observed wear does not
directly result from the MXene additives. Instead, it appears to be due to the impact
of MXenes on film formation and oxidation processes. The abrasive particles may
be steel chips that have undergone hardening through deformation or oxidation. On
the other hand, MXenes become TiO, particles during the oxidation process. These
particles are known to exhibit moderate abrasiveness [86].
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Figure 37: Wear scars from the examined samples, with the selected area for
roughness parameter evaluation highlighted by the blue rectangle.

illustrates the assessment of the S, parameters. As the images above indi-
cated, the depth of the wear scar increases with the addition of 0.25 wt.-% of MXene
powder. Taking this phenomenon into account, a question arises: why does in-
creased wear result in the measurement of decreased friction? This can be explained
through two conclusions. Firstly, the lubricants exhibit poorer performance in the
white heatmap areas. These white areas in the heatmaps are in the mixed lubrication
regime where MXenes lead to surface contact at lower speeds and loads compared
to the pure base liquids. This diminished performance in specific areas contributes
to increased wear. Secondly, the resulting wear increase leads to an enlarged contact
area, possibly responsible for decreased friction in the hydrodynamic regime. Hao
et al. [147], for instance, observed a similar effect in their study on friction testing of
textured steel surfaces under cylindrical line contact conditions. Wear contributed to
an expansion of the cylinder’s contact area. This increase in contact area resulted in
reduced contact pressures, which in turn facilitated the improvement of the hydrody-
namic film. This gives rise to the open matter of what role this effect played in areas
of decreased friction. The extent of this phenomenon cannot be entirely verified and
it is possible that this led to a seemingly increased performance with MXenes. Most
likely the decreased friction can be attributed to a mix of the just-discussed contact

surface effect and the positive impact of MXene nanosheets.
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Figure 38: Surface roughness parameters (S;) for
the tests conducted at room temperature.

4.5.6 SLIM-based Film Thickness Evaluation

The [SLIM|setup, previously detailed in Section [3.3.T) offers the capability for in-situ
measurement of film thickness formation. The results of this thickness measurement
are shown in The thickness measurements reveal the accumulation of
a potential tribological film; however, this assessment may be subject to influence
from wear. Considering the uncertainty associated with the measured values, a
more thorough investigation with TEM]was deemed necessary. This supplementary
analysis will be explored further in Section[f.6] The[SLIM|evaluation was conducted
at each load, but it became evident that with the prolonged test duration, the glass
surface experienced substantial scratching, leading to a distortion of the results.
Consequently, the decision was made to exclude images and thickness values from
the[SLIM|data after the 10 N[MTM]run. This can also be argued by asserting that the
initial measurements are of the most importance for the formation of the tribofilm.

The data presented inreveals that, at room temperature, the film thickness
was highest when using glycerol. The observation of a glycerol tribofilm of this
magnitude has not been noted in the literature and the values would only align with
previous experiments if they would resemble the central film thickness (H.) [15].
However, during the mapping step, the glass window load was set to 20 N without
any movement. Consequently, only solid tribofilms should be measured. Therefore,
it can be assumed that the film thickness values with glycerol are likely inaccurate

and significantly influenced by wear on the ball surface or the silica spacer layer.

Azhaarudeen et al. demonstrated the formation of a solid phosphate (P-O)-
based amorphous tribo-chemical layer with a thickness of approximately 20 nm in
the presence of The formation of this film, with an estimated height of 20 nm,
can be demonstrated by the captured measurements presented in this work. Only
with IL1 a deviation from these values is observable.
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Figure 39: SLIM film thickness measurements

4.6 TEM Analysis of the Tribofilm

For additional analysis, the TECNAI F20 field emission electron microscope at
USTEM was utilized to investigate the cut lamellae, with a particular focus on de-
termining the formation of a tribofilm. The EDAX-AMETEK Apollo XLTW SDD
module that is included in the[TEM]setup was used for measuring the composition
of the film.

[Figure 40 displays two[scanning transmission electron microscopy (STEM)]images of
the lamellae cut from the IL1 samples containing 1 wt.-% of MXenes. This sample was

selected because it demonstrated compatibility, as MXenes had the most significant
impact on the [COF, when combined with IL1 at a concentration of 1wt.-% This
suggests that MXenes notably influenced the structure of the IL1 tribofilm, leading
to the observed improvements in[COH within the mixed lubrication regime.

At the provided magnification, a tribofilm is already visible. However, for a more
detailed assessment of this film, images with higher resolution were captured. Inter-
estingly, the samples subjected to a maximum load of 10 N exhibit a thicker tribofilm,
suggesting that under higher loads, the film dissociated. The dissociation under
higher loads can be further discussed by observing that, while these tribofilms pro-
vided effective protection of the surfaces, their integrity was compromised at higher
sliding loads and speeds. Mao et al. observed that the triphenyl phosphate
additives in their study formed tribofilms that effectively resisted scuffing. How-
ever, these protective films were gradually diminished at elevated sliding velocities
[148]. This phenomenon mirrors the reduction in tribofilm thickness we noted in
our research. Considering the heatmaps, this prompts the question of why the [COF
decreased more in areas with higher loads, even though the tribofilm was relatively
thin. A possible explanation for this phenomenon is that the lower load conditions
did not facilitate enough surface contact, thus preventing the full manifestation of
the tribofilm’s effects.
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Tribofilm

Figure 40: STEM analysis of the lamellae from the IL1-1 wt.-% MXene MTM
samples subjected 10 N (left) and to a progressive loading sequence of 10
N, followed by 20 N and 30 N (right). This series showcases the structural
evolution of the tribofilm as it undergoes increasing mechanical forces, high-
lighting the impact of load intensities on the thickness of the tribofilm.

In a targeted region within the lamellae that was chosen for in-depth
analysis can be seen. The main reason for the selection of this specific area is the deep
groove in the steel sample. The second image within the figure depicts the area that

was chosen for the fenergy dispersive X-ray (EDX)|map scan.

(b) Ferrite 110: 0.203 nm
Polycrystalline MXene

b

Figure 41: Progressive magnification (from left to right) showcasing
the groove in the wearscar (a), the line for the@profﬂe (b) and
high-magnification lattice distance measurements compared with
literature values (c)

The captured EDX map, as illustrated in [Figure 42} reveals the presence of titanium
within the tribofilm. The detection of MXene flakes within the film is a significant ob-
servation, underscoring the compatibility between IL1 and MXenes. It is anticipated
that not all MXene flakes in the film were detected, owing to the limited resolution
capabilities of the EDX setup. The majority of MXene flakes are likely oriented in
the sliding direction. Consequently, MXenes that integrate into the film and align
with the sliding direction are likely to present a thickness of merely one nanometer,
surpassing the resolution limits of our EDX analysis. The identified flake is possibly a
larger aggregation of MXene sheets or a singular flake that is oriented perpendicular
to the sliding direction, facilitating its detection.
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Figure 42: Graphical illustration of an measurement, present-
ing an overlay (Image 1) and individual elementary maps detailing
the selected area.

After the map scan depicted in it became evident that MXenes had
accumulated in specific regions of the tribofilm. To verify that the measured titanium
fromcorresponds to TizCy, lattice distances were measured. As illustrated in the
third image of the observed lattice distances align with literature values
for the used MXene. A detailed analysis of the region where titanium was detected
indicated the lack of any distinctive stacks of MXene sheets. This suggests that the
MXenes present are oriented in such a manner that their lateral dimensions are visible

to us, rather than their stacked arrangement.

The white arrow in indicates the area where titanium was detected. A

AED|measurement was conducted in this specific region to analyze the diffraction
patterns from various crystallographic planes. The obtained d-spacing values were
then compared with literature values, further validating the presence of TizC, MXene
in the tribofilm. As depicted in the distances measured align closely with
the literature values provided by the USTEM department at the TU Vienna.

d (A) (Literature) d (A) Indices

94 935  0/02
2.54 252 1/02
2.02 208  1/0/6
15 149  1/1)2
12 119 1/0/14
1.04 1.04  0/0/18
0.93 093  1/1/16 10 Yom

Figure 43: Table of d-spacings in Angstroms alongside the corre-
sponding SAED pattern, illustrating the diffraction from various
crystallographic planes.

The EDX line scan indicates a notable pattern: as the iron signals diminish, there’s a
simultaneous increase in the levels of oxygen, titanium and carbon. Interestingly, the
phosphorus content remains notably reduced compared to measurements taken in
other regions. Phosphorous would be expected, as also previous findings by Faruck
et al. showed that the formed tribofilm typically consists of a phosphorus-oxygen-
based amorphous layer [17].
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Figure 44: Region of interest (ROI) values of the line profile.

After analyzing the MXene samples with TEM, we also examined the non-MXene
samples to identify other potential differences of the tribofilm, aside from the in-
corporation of MXenes. During the FIB lamellae cutting, we noticed a persistent
layer of liquid on the sample. This layer, clearly not the amorphous tribofilm
observed earlier, posed challenges during cutting and milling due to its movement.
This highlights the complexities in the post-tribological treatment of samples with
liquid lubricants and tribofilms. To preserve the tribofilm’s integrity, we avoided
using solvents or abrasive cleaning methods, explaining the residual liquid on the
surface. Remarkably, despite these challenges, we succeeded in cutting and analyz-
ing the lamella with the liquid IL layer intact. As shown in [Figure 45| the thick layer
between the steel substrate and the protective tungsten layer is not the tribofilm.
However, the density and composition of the layer adjacent to the steel substrate
suggest the presence of a solid tribofilm. Notably, its thickness appears comparable
to that of the MXene-included samples.

(b) :mC K
EOK mWL
PK mFe K

Figure 45: image of the wear scar surface (a), EDX map overlay
(b) and phosphorus-specific EDX map (c)

Discovering MXenes within the tribofilm formed in combination with is an in-
triguing result. The incorporation of MXenes, known for their exceptional mechani-
cal and electronic attributes, into tribofilms alongside a phosphate based amorphous
layer suggests a complex enhancement of the film characteristics. Firstly, MXenes
might provide physical reinforcement, bolstering the tribofilm’s resistance to wear
and mechanical stresses due to their high mechanical strength and aspect ratio [65]].
These physical reinforcements are a plausible explanation for the observed increase
in the films load-carrying capacity. Additionally, the interaction between MXenes
and may increase chemical stability within the tribofilm [149]. This interaction
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could lead to the formation of a more durable tribofilm structure. Moreover, the
thermal conductivity of MXenes benefits the tribofilm by aiding in the dissipation
of the heat generated during tribological processes [150], potentially mitigating the
thermal degradation of both the lubricant and the contact surfaces. This aspect is
particularly critical in maintaining the integrity and performance of the tribofilm
under high-friction conditions (like in the Brugger-Tester). Lastly, the low of
MXenes, attributed to the easy sliding of their sheets with minimal resistance [82],
plays a crucial role in this context. When combined with the lubricating proper-
ties of known for their thermal stability and low volatility, a synergistic effect
emerges. Therefore we anticipate, that this combination also leverages the unique
sliding mechanism of MXene sheets to further enhance the tribofilm’s effectiveness.
The combination of physical reinforcement, chemical stability, thermal management
and enhanced lubricity underlines the complex yet beneficial interactions between
MXenes and [[Lg within the tribofilm.
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5 Conclusion and Outlook

The primary aim of this study was to evaluate the tribological performance of three
different lubrication systems across a broad spectrum of testing parameters. [[Ls|with
identical cations (trioctyl(methyl)phosphonium) but differing in their anions” alkyl
chain lengths, specifically, dimethyl phosphate (IL1) and dibutyl phosphate (IL2)
were used. Glycerol was the third lubricant that was tested. The compatibility of
these lubricants with MXenes was a key focus, driven by the growing anticipation
that MXenes will become common tribological additives for future lubricants. We as-
sessed the performance of our selected lubricants integrated with two distinct MXene
concentrations (0.25 and 1 wt.-%), comparing their effectiveness and compatibility.

Visual assessment of dispersion stability revealed that MXenes exhibit outstanding
dispersibility in both[[Ls|over 24 hours and glycerol. This stability can be attributed to
the inherent ionic characteristics of the which promote electrostatic interactions
with the polar MXenes. Additionally, the potential for hydrogen bond formation
between the negatively charged ions of the ILs and the hydroxyl (OH) terminations
on the MXenes, along with the ILs” high viscosity, plays a crucial role in preventing

reagglomeration.

The [COF measurements presented complex outcomes, underscoring that the effec-
tiveness of MXene additives in lubrication is significantly influenced by the precise
conditions of the tribological tests. Glycerol, despite having the lowest[COF among
the tested lubricants, showed negligible enhancement with the incorporation of MX-
enes. More often, combining glycerol with MXenes led to a notable increase in [COF,
A different approach with glycerol-water-MXene mixture, despite its potential, did
not yield [COFf that aligned with the favorable results reported by other researchers
on silica based surfaces. Raman spectroscopy of this sample confirmed MXene and
glycerol presence on the steel surfaces. Film thickness calculations were in a range as
the MXene’s lateral dimensions, indicating that MXenes might prevent the formation

of a seamless lubricating layer.

In contrast, due to the addition of MXenes, the twol[[Ls|experienced a significant[COF|
reduction in certain scenarios, with reductions reaching up to 100 %. Previous inves-
tigations by our team have demonstrated that these[[Ls|form an amorphous tribofilm
on steel surfaces. Our analysis with revealed a 20-50 nm thick phosphorus-
oxygen-based amorphous layer containing MXenes. The incorporation of MXenes
within this tribofilm is believed to substantially enhance the IL lubricants’ perfor-
mance. A combination of longer alkyl chains in anions and the viscosity contributes to
thicker tribolayers, enhancing the performance of IL1, in combination with MXenes.
This results in less stress on the IL1 tribolayer, slowing degradation and boosting

wear resistance.

A critical observation in this work is the harmful effect of the applied |ILs|on rubber
polymers, leading to degradation and damage. This phenomenon s of particular con-
cern in industrial applications where rubber components are integral to machinery
and device function, such as in seals, gaskets, and flexible joints. The compatibility
of lubricants with rubber polymers is essential to ensure longevity and reliability of
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equipment. This interaction prompts the need for developing or identifying alterna-
tive [[Lsthat are compatible with rubber materials.

It is known that the performance of MXenes greatly depends on the nature of the
contacting surfaces. Given that most industrial contact surfaces are steel-on-steel,
the results from this work highlight the crucial importance of surface compatibility.
Therefore, identifying MXenes that are particularly compatible with steel-on-steel

contacts is essential to optimize performance in widespread industrial applications.

Building on the insights gained, the following key areas are identified for further

exploration:
e Finding rubber-compatible ionic liquids, ensuring their safe use in machinery.

e Long-term durability studies, particularly to evaluate the implications of MX-
ene oxidation when used as lubricant additives in industrial applications.

e Evaluating viscosity under different pressures is crucial to comprehend the
impact of MXene addition on the lubricant’s rheological behavior.

e For future research, measuring the adhesion of lubricants with and without
MXene additives is crucial. This will help to understand how MXenes affect

surface interactions of the base lubricants.

e Further assessment of the biocompatibility and environmental impact of [[Ls|
and MXenes is necessary to ascertain their suitability and sustainability in

tribological applications.
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