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Summary

Boundary lubricating films consist of various reaction products from lubrication compo-
nents and are an important factor in tribological systems. They have drawn increased at-
tention in recent years in the field of tribology and surface science. An important aspect is
the determination of the constituents of such tribofilms. As the lubrication additives react
with the surface, material properties can change significantly. Thus, the information of
the tribofilm composition is eminent for the evaluation of friction behavior of tribo-
partners.

As starting point for this study, surfaces and boundary tribofilms on tribologically stressed
contact areas were examined and characterized by a combination of various surface ana-
lytical methods. Samples of a severely stressed hypoid gearbox system were characterized
by means of optical microscopy, confocal white light microscopy, SEM/EDS (scanning
electron microscopy / energy dispersive X-ray spectroscopy), XPS ( X-ray photoelectron
spectroscopy), Nanoindentation, ToF-SIMS (time of flight-secondary ion mass spectrome-
try), as well as computational simulations. Various material alterations and plastic defor-
mations could be observed on the stressed surfaces and in cross sections. ToF-SIMS re-
vealed grain boundary oxide formations in loaded areas. Additionally, XPS and SEM/EDS
analysis detected traces of sulfur and phosphorus from additive residues in contact zones.
Results of applied examinations including the combination of several surface analytical
methods gave a substantial overview on tribomechanical and tribochemical alterations,
whereas identification of originally used additive composition was not readily accessible.
Therefore, in a second step, the possibility of direct model additive identification from
lubricant solutions without applying additional separation techniques was evaluated via
atmospheric pressure matrix-assisted laser desorption/ionization mass spectrometry (AP-
MALDI). The method was chosen for its rather simple sample preparation and its soft ion-
ization at atmospheric pressures. Single additive solutions as well as oil blends of two se-

lected organic friction modifier model additives were investigated using ionization tech-




niques ESI (electrospray-ionization) and AP-MALDI. Confirmed by ESI and CID-
measurements it could be shown that AP-MALDI was suitable to identify both model ad-
ditives directly from oils solutions.

The final objective was to establish a method to identify and characterize additive compo-
sitions of boundary tribofilms from tribostressed surfaces. Therefore, special target holders
for tribotest samples were constructed and applied onto the AP-MALDI ionization cham-
ber. This way, the originally used additives, mentioned above, could be identified directly
from tribofilms. Additionally, the ionization behavior of analyte solutions on unstressed
surfaces was assessed through material and roughness variations of target samples. Further
elucidation using ESI and ToF-SIMS measurements confirmed AP-MALDI results. More-
over, these techniques also revealed degradation fragments of initial additive molecules.
This means, the chemical composition of a tribofilm after tribological testing could well
be determined by means of AP-MALDI-MS by applying the herein described method,
confirmed by supporting methods such as ToF-SIMS and ESI-MS.

Vi



Zusammenfassung

Grenzflichenschmierfilme bestehen aus diversen Reaktionsprodukten von verschiedenen
Bestandteilen des Schmierstoffes und sind ein wichtiger Faktor in tribologischen Syste-
men. Sie haben in den letzten Jahren auf dem Gebiet der Tribologie und der Oberfla-
chenwissenschaft vermehrt Beachtung gefunden. Da die Schmierstoffzusitze mit der
Oberfliche reagieren und sich die Materialeigenschaften erheblich dndern konnen, ist die
Bestimmung der Bestandteile solcher Tribofilme ein wichtiger Aspekt. Die Information
der Tribofilmzusammensetzung ist daher fiir die Bewertung des Reibungsverhaltens von
Tribopartnern von herausragender Bedeutung.

Als Ausgangspunkt fiir diese Studie wurden Oberflichen und Tribofilme auf tribologisch
beanspruchten Kontaktflichen untersucht und durch eine Kombination verschiedener
oberflichenanalytischer Methoden charakterisiert. Proben eines stark beanspruchten Hy-
poidgetriebesystems wurden mittels optischer Mikroskopie, konfokaler Weifdlichtmikro-
skopie, REM / EDS (Rasterelektronenmikroskopie / energiedispersive Rontgenspektrosko-
pie), XPS (Rontgenphotoelektronenspektroskopie), Nanoindentation, ToF-SIMS (Flugzeit-
Sekundirionen-Massenspektrometrie) sowie Computersimulationen charakterisiert. An
den beanspruchten Oberflichen und im Querschnitt konnten verschiedene Materialver-
dnderungen und plastische Verformungen beobachtet werden. ToF-SIMS zeigte Korn-
grenzenoxidformationen in belasteten Bereichen. Zusitzlich wurden bei der XPS- und
SEM / EDS-Analyse in den Kontaktzonen Spuren von Schwefel und Phosphor aus Addi-
tivriickstinden nachgewiesen. Die Ergebnisse der angewandten Untersuchungen, ein-
schliefdlich der Kombination mehrerer oberflichenanalytischer Methoden, ergaben einen
umfassenden Uberblick iiber tribomechanische und tribochemische Verinderungen, woh-
ingegen die Identifizierung der urspriinglich verwendeten Additivzusammensetzung
nicht ohne weiteres moglich war.

Daher wurde in einem zweiten Schritt die Moglichkeit der direkten Identifizierung von

Modelladditiven aus Schmierstofflésungen ohne Anwendung zusitzlicher Trenntechni-
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ken mittels matrixunterstiitzter Laserdesorptions- / Ionisations-Massenspektrometrie un-
ter Atmosphérendruck (AP-MALDI) bewertet. Die Methode wurde aufgrund ihrer relativ
simplen Probenvorbereitung und ihrer sanften Ionisierung bei atmosphirischem Druck
ausgewihlt. Einzelne Additivldsungen sowie Olgemische von zwei ausgewihlten organi-
schen Friction Modifier-Additiven wurden mit den Ionisierungstechniken ESI (Elektro-
spray-lonisation) und AP-MALDI untersucht. Wie durch ESI- und CID-Messungen bestd-
tigt werden konnte, wurde gezeigt, dass AP-MALDI geeignet ist, beide Modelladditive
direkt aus Ol-basierten Mischungen zu identifizieren.

Das Endziel bestand darin, eine Methode zur Identifizierung und Charakterisierung der
Additiv-Zusammensetzung von Tribofilmen auf belasteten Oberflichen zu entwickeln.
Daher wurden spezielle Probenhalter fiir Versuchsproben konstruiert und in der AP-
MALDI-Ionisationskammer montiert. Die verwendeten Additive konnten so direkt aus
den Triboschichten identifiziert werden. Zusitzlich wurde das Ionisationsverhalten der
Analytlosung auf nicht beanspruchten Oberflichen durch Material- und Rauheitsvariati-
onen der Proben untersucht. Die weitere Aufklirung mittels ESI- und ToF-SIMS-
Messungen bestdtigte die AP-MALDI-Ergebnisse. Dariiber hinaus konnten diese
Methoden auch Abbaufragmente der urspriinglichen Additiv-Molekiile nachweisen. Dies
bedeutet, dass die chemische Zusammensetzung eines Tribofilms nach tribologischen
Tests mittels AP-MALDI-MS durch Anwendung des hier beschriebenen Verfahrens gut
bestimmt werden konnte, was durch unterstiitzende Verfahren wie ToF-SIMS und ESI-

MS bestitigt wurde.
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1 General Aspects of Tribology and Lubri-
cation

1.1 Introduction to tribology

In this work the assessment of tribologically stressed systems and detailed chemical analy-
sis of additive molecules found in surface layers of wear tracks after tribotests were con-
ducted is described. Therefore, a short introduction into the scientific field of tribology

and lubrication will be given.

Tribology covers a vast field of knowledge. Many aspects of tribology surround us in our
daily lives and its importance is always present. It is a multidisciplinary field of research,
which deals with integrated processing of friction and wear considering interdisciplinary
collaboration of the scientific fields of physics and chemistry, as well as various material

sciences and engineering sciences.

The scientific field of tribology deals with investigations of friction processes, wear behav-
iors and lubrication mechanisms of interacting surfaces in relative motion. Tribology is a
widely interdisciplinary field where various aspects of different scientific fields are in-
volved. These include applied and theoretical physics, chemistry, and material sciences as
well as all engineering and computational sciences. Besides the scientific accomplish-
ments, another main objective of research in the field of tribology is the adoption of re-

sults for various applications in industrial or production plants.

Implementation of tribological findings and consideration of tribological interdependen-
cies can lead to substantial savings of energy input and material resources, as can be seen
in Figure 1-1. Many studies in different industrial countries have shown a significant eco-

nomic importance of tribology. A substantial amount of cost-saving options could be ob-
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tained by reducing damages caused through high friction, wear or corrosion (Franek,
1996; Czichos, 2010; Holmberg, 2012, 2014, 2015, 2017-a, 2017-b). The reduction of fric-
tion and wear can also greatly improve production processes and reduce maintenance ex-
penditures for many kinds of mechanical devices and increase the overall life-time of in-
strument components. Furthermore, the gain of knowledge in tribological mechanisms
prove to be beneficial in the prevention of environmental damage and also for advance-

ments in occupational safety and health.

Figure 1-1: Saving potentials in various technological fields after introduction of sophisticated tribo-
logical solutions (Holmberg, 2017-b).

Friction and wear always have been subjects of investigations and improvements. All ad-
vances and enhancements related to rolling and sliding motions were of utter importance
for survival for early human cultures. Real scientific research began with first considera-
tions and drawings of Leonardo da Vinci. Guillaume Amontons, Charles Augustin de Cou-
lomb, and other great thinkers of their times brought the science of friction into the mod-
ern age (Dowson, 1979). Contemporary research made its way around the beginning of

the 20th century.

The term ‘tribology’ itself derives from the Greek words tribos for ‘friction’ or tribein for
‘to rub’. Only in the year 1966 in the famous report about the economic relevance of fric-
tion and wear the term “Tribology” was coined by Peter Jost (Jost, 1966). There, the first

definition of the scientific field of tribology was given as follows: “Tribology is the science
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and technology of interacting surfaces in relative motion and of related subjects and prac-

tices.“

1.2 The tribological system

To get an overview of the scientific field of tribology it is necessary to look at the descrip-
tion of the tribological system. By definition, in the tribological process two interacting
counter bodies are in relative motion to each other. This procedure entails and causes cer-
tain friction behavior and possibly wear of affected components. Applied stress and result-
ing changes of bonding levels on the atomic scale can alter certain properties of materials
and surfaces. Friction and wear are no intrinsic material properties and cannot be de-
scribed directly by simple material parameters (such as hardness or Young’s modulus) but
are properties of a system composed of various influences. Characterization of friction and
wear always requires analysis and consideration of the complete surroundings including
all parameters, which could affect the so-called tribological system. Additionally, no sim-
ple correlation between friction values and wear volumes can be established (cf. e.g. Czi-

chos, 2010).

Figure 1-2: Scheme of a tribological system including the basic structural elements.
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Tribosystems have to operate input paramours such as energy, material or information
into output data. Through interaction of the structural elements of the entire system this
transformation is achieved (Czichos, 2014). All physical, chemical, and geometrical pro-
cesses within this surface contact and the surrounding atmosphere are influenced by vari-
ous parameters and complex interactions. They only reflect the tribological behavior
within the system being analyzed (Axén, 2000; Sommer, 2010). Like all technical systems,
tribological systems (Mang, 2014) follow certain rules and consist of structures with four

basic structural elements:

1. Base body (main body)

2. Counter body (opposing body)

3. Intermediate or interfacial material
4. Surrounding or ambient medium

A tribological system can in general also be described by its function, the stress collective,
including parameters such as load, speed, temperature, the structure and structure-
building elements including their material properties and interactions: the four compo-
nents basic body, counter body, ambient medium and intermediate material including
velocity v and normal force Fu (see Figure 1-2) and the friction and wear parameters,

which are the output variables of the system (Sommer, 2010).

The function of a tribosystem is defined through its active surfaces. These areas are ex-
posed to tribological stresses through the functional forces and relative movements of
both counter bodies. Friction and wear result from dissipation effects in through space
and time stochastically distributed micro-contacts within the geometric contact surface.
These complicated and multifarious microscopic surface interactions depend on geomet-
rical and topographical material characteristics, the stress collective of forces, speed, expo-
sure time, temperature, atmosphere, contact nature as well as the structure and composi-

tion of the entire tribological system (Czichos, 2010; Axén, 2000).
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Variables such as the surface geometry, loading parameters, width of lubricant layer are
involved in the generation of tribological stresses. The reaction processes of the contacting
counter bodies can be either physical, chemical or physico-chemical (Mang, 2007-a). The
functional interaction between the active surfaces ensures the conversion of initial state
parameters towards functional output. However, tribological effects such as abrasion,
chemical reaction of tribopartners, fatigue wear and others, can be affected by both, in-
termediate and surrounding media, e.g. lubricants, abrasive particles and humidity, gas

phase contaminations (Czichos, 2014).

Materials behave differently in different tribological systems. Generally, wear-resistant
materials can be prone to corrosion and other detrimental influences. Documentation of
friction and wear results is only meaningful for exactly specified test conditions. Carefully
documented tribotesting (Axén, 2000) is essential for the development and selection of
material pairs in applications involving friction and wear processes, as will be further dis-

cussed in section 4.

1.3 Friction

Friction between two counter bodies is, like wear, no material property but a property of
the entire surrounding system. It is commonly referred to as the resistance against relative
motion of touching counter bodies (Ludema, 2010), either as resistive force not to initiate
a relative movement (static friction) or its continuation (kinetic or dynamic friction).
These tribological phenomena can be called ‘external friction’, whereas ‘internal friction’
of substances is known as force resisting deformation (motion of atoms) of the internal
structure of solids, or also the viscosity of fluids. The friction of a tribological system can
be characterized by the Stribeck curve (Stribeck, 1902) (see Figure 1-4 in section 1.3.2). It

is described by similar terms, which are used for classification of wear and lubrication.
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1.3.1 Types of friction

In general, friction can be divided into static friction and dynamic (kinetic) friction. Static
friction is effective between two bodies at rest, where the applied force or momentum is
not sufficient enough to initiate a relative movement of the counter bodies. Contrary to
dynamic friction processes, the static friction does not contain an energy conversion pro-
cess and thus no losses occur. The frictional forces occurring during the relative move-
ment between sliding bodies act against the direction of the movement and try to inhibit
the movement (Sommer, 2010). Additional observed variations of frictions include con-
trasting pairs such as lubricated — dry or internal (hysteretic) — external (viscous) (Ludema,

2010).

Figure 1-3: Basic forms of relative motion between two bodies: sliding a); rolling b); drilling c) (Czi-
chos, 2010).

Depending on the nature of the relative movement of the contact partners, the following
main types of dynamic friction (cf. Figure 1-3) can be distinguished: Sliding friction, roll-
ing friction, drilling friction (Czichos, 2010; Sommer, 2010). Sliding is a relative transla-
tional motion of two bodies in which their respective individual speeds vary in velocity or
direction. Ideal rolling would include a rotating body with a rotation axis placed within
the contact area and where the direction of movement is perpendicular to the rotation
axis. Real rolling usually includes microslip and sliding fractions. For rotating bodies with
axis of rotation perpendicular to the contact surface and no additional movements drilling

friction is present. Additionally, it is characterized by a velocity gradient along the radius.
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1.3.2 Friction regimes

Besides the description of different kinematic types of friction, a classification according
to aggregate state or contact conditions can also be made. In this way additional distinc-
tions into solid state and fluid friction, or boundary, mixed, and (elasto-) hydrodynamic

friction are applied.

Figure 1-4: Stribeck curve including friction regimes.

The Stribeck-curve (Stribeck, 1902) describes the course of the coefficient of friction as a
function of the friction velocity v, the dynamic viscosity 7, and load p (see Figure 1-4).
The different friction regimes can be described according to parameter value development
(cf. e.g. Czichos, 2010; Sommer, 2010). For low velocities and high loads in boundary fric-
tion the contacting surfaces are in contact and can be covered by molecular layers of lu-
bricating film and high CoF is found. Increasing the velocity and/or decreasing loads leads
to the mixed lubrication regime, with less contacting area and increasing lubricating films,
yielding lower friction values. Lowest friction values are found for (elasto-)hydrodynamic
friction conditions, where surfaces are completely separated by a stable film of lubricant.
A further increase of velocities leads to an approximately degressive increase of the coeffi-
cient of friction in the hydrodynamic friction regime. Further descriptions of the regimes

are given in section 1.5.2.
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1.3.3 Macroscopic friction

Aspects of friction on a macroscopic level have been studied by many great scholars and
scientists such as Leonardo da Vinci, Guillaume Amontons, Leonard Euler, Charles Augus-
tin Coulomb, Arthur-Jules Morin, Osborne Reynolds and many others (Dowson, 1979).
Their experimental investigations eventually lead to phenomenological descriptions and
formulations of Coulomb’s law of friction (cf. e.g. Sommer, 2010) which is independent of

contact area and velocity.

n= F, (Eq. 1.1)
M = coefficient of friction
Fr = friction force
F, = normal force

The level of friction can be described through the coefficient of friction . It is the ratio of
the force F'required to sustain or initiate relative tangential motion of the counter bodies
and the normal force F», which is orthogonal to the contacting surfaces. The coefficient of
friction u = F#/F» in modern technology started to be regarded as a variable, determined by
a wide range of operational variables, lubricants, characteristics of the base material, and
surface modifications and films (Campbell, 1939; Clark, 1935; Beare, 1935; Dokos, 1946;
Boyd, 1945; Ludema, 2010).

The general understanding is that this law is valid only for approximations and holds true
only within certain restraints, depending on the difference between nominal geometrical
and the real contact areas. This type of macroscopic friction between solids is called ex-
ternal friction. It’s mainly based on the mechanical resistances (i.e. physical forces and
moments), which compete to impede relative motion (dynamic friction) or completely

prevent it (static friction) (cf. e.g. Sommer, 2010).
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Various phenomena of friction can be observed (Ludema, 2010). Systems with force
transmitting components which are expected to operate without displacement such as
drive or traction surfaces and clamped surfaces. In energy absorption-controlling compo-
nents constant friction without any stick-slip-motion, i.e. microscopic vibrations, is essen-
tial. Other components require low friction materials for maximum efficiencies when

normal force is applied.

Friction is defined as a process of interaction of contacting bodies or materials. A meas-
ured friction variable therefore does not denote the property of a single body or substance,
but always refers to a material pairing (Czichos, 2010), i.e. in general the regarding tribo-

logical system.

Friction | Wear = f(system structure,load spectrum) (Eq. 1.2)

The system structure is described through the friction bodies and materials directly in-
volved in the friction process as well as their relevant properties. The load spectrum is
mainly given by the kinematics, the normal force Fu, the velocity v, the temperature 7°

and the exposure time ¢

1.3.4 Microscopic friction

The main friction processes occur at surface boundary layers, where physical and chemi-
cal interactions take place. The largest portion of the used friction energy is transferred
mainly into heat. Physical and chemical interactions taking place within microscopic con-
tact areas can lead to surface and material alterations, whereby the surface boundary lay-
ers can have significantly different structure than the main bulk of the tribo-partners. The
shape of the surface and the contact conditions within the contact zone play an important

role. Compared to the macroscopic geometric contact area even for finely machined sur-
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faces and high applied loads the true contact area is relatively small and accounts only for

a maximum of a few percent of the "apparent” nominal area of contact (Bowden, 1959;

Sommer, 2010).

In a static contact the occurrence of normal forces will lead to elastic-plastic deformations
of micro-asperities. Thus, the real contact area increases until it just withstands the load.
An increase of the normal force would yield a formation of new contact areas up to a cer-
tain load limit, without changing the nominal contact pressure. For constant contact pres-
sure in a first approximation friction conditions stay constant and thus, a constant friction
coefficient y. Hence, Coulomb's law in certain load ranges is very well applicable, whereas
upon closer examination, experiments point to a dependence of the friction force of the
true asperity contact area. Recent advances of surface analysis on the atomic level con-

tributed significantly to the understanding of friction processes (cf. e.g. Sommer, 2010).

When separating adsorption or reaction boundary layers are ruptured, adhesion bonds
between the contacting surfaces can be formed within the contact areas. The reason for
this are the same binding forces, which are responsible for the cohesion of the atoms in
solids. The bond types in solids depend on the electron structure (metallic, covalent, ionic
and van der Waals bonds), which determines the strength of the bond. These bondings are
determined by the condition of the surfaces during relative motion and friction processes
on an atomic scale. These repeated breaking and bonding can lead to detrimental surface
deformations and material transfer that can ultimately yield in various forms of wear ap-

pearances on a microscopic scale.

10
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1.3.5 Friction mechanisms

Every friction process requires some kind of energy input, which is achieved through the
application of tribological stress (building of contact area, junction growth, delamination,
surface bonding). The energy conversion of friction is caused by friction mechanisms,
which are movement-inhibiting, energy-dissipating elementary processes of friction (Czi-
chos, 2010). Energy transformation in the contact area is mainly realized through defor-
mation and adhesion processes, which occur in the contact area of a tribological system.
Resulting free thermal energy is dissipated through internal absorption or emission to sur-
rounding media. The basic friction mechanisms can be divided into the following four

types (see Figure 1-5).

Figure 1-5: Schematic illustrations of the four main friction mechanisms (cf. Czichos, 2010).

1.3.5.1 Adhesion
Adhesion and shearing is based on localized bonding between contacting solid surfaces

leading to material transfer or loss from either surface. Adhesion-bonds are built and de-
stroyed and materials can weld together. Rupture of interfacial adhesive bonds will cause

fracture and wear.

11
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1.3.5.2 Plastic deformation

Plastic deformation is a stress-induced change of form or shape. At the contact of surfaces
and at tangential relative movement of contacting bodies a deformation occurs. Energy

losses may occur due to dissipative processes in the plastic contact deformation.

1.35.3 Ploughing

Ploughing is the formation of grooves by plastic deformation on the softer of two surfaces
in relative motion. Upon contact of two bodies with different hardness, the harder surface
roughness elevations may penetrate the soft counter body. In a tangential displacement a
frictional component arises as a result of the resistance of the material to the ploughing by

the harder counter body (Liang, 2003).

1.3.5.4 Elastic hysteresis

Elastic hysteresis and damping are effects of elastic contact deformations combined with
surface roughness, where spatially and temporally stochastically distributed stress and
thus vibration fields are built up and dismantled. In this way, lattice defects are generated
in the area of plastic contact deformation in the contactless regions and are moved
through the lattice (Nicholas, 1959; Landman, 1990), but in general, these effects account
for less than 1% (Gane, 1973). Additionally, effects such as frictional electrification (Har-
per, 1967; Kornfeld, 1976), acoustic emissions (Tolstoi, 1967), photon emission (tribolumi-
nescence) (Walton, 1977; Zink, 1978; Heinicke, 1984) and electron- and ion-emission also
contribute to energy transmission and dissipations in friction processes (Czichos, 2010;

Heinicke, 1984; Wortmann, 1976; Ferrante, 1977).

12



Chapter Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here. —
Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

1.3.6  Stick-Slip phenomena

In sliding friction often stick-slip phenomena can be observed. For macroscopic consid-
erations in tribological sliding contacts, the sliding partners are coupled to the environ-
ment by oscillatory systems. Stick-slip phenomena especially occur when static coeffi-
cients of friction are high compared to dynamic coefficients. In a simplified way tribologi-
cal sliding systems can thus often be represented by a model of springs.

In this spring model (cf. Figure 1-6) a sample body is connected to a spring (Ludema, 2010,
Czichos, 2010). The driving force Fsring causes the spring to be tensioned until the spring
force exceeds the static friction force of the mass of the sample on the base plate. Move-
ments commence as Fspring becomes larger than the static friction (Fspring > Fs77) and drive
the counterpart into motion as long as the force Fsping exceeds the dynamic friction (slid-

ing, FS'pn'ng = FDF).

Figure 1-6: Segments of stick-slip motion (cf. Marshak, 2011).

When the driving force Fspring is depleted the spring becomes relaxed and the applied
spring force decreases. Due to its inertia, the mass moves a certain distance beyond the
point where the spring force Fsring equals the sliding friction force For and then slows

down (sticking, as soon as Fpring < Fpr). After the velocity is diminished, the driving force

13
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Fipring first picks up this piece and then again increases the spring tension up to the static

friction limit Fszr (tensing up, as long as Fopring < Fs1r). Subsequently, the cycle starts again.

This model can be transposed to real surfaces, which are in relative motion or stick to
each other as alternating phenomena. When a certain constant external force is applied on
a stationary body, a sudden increase in velocity can occur if the driving force becomes
bigger than the static friction, which holds the counterpart in place. Similar to a loaded
spring the load will suddenly move, when the static friction is overcome by the force.
While the body is moving, the force will decrease, until it is smaller than the friction and
will eventually come to a halt. As the force continues to be effective, tension increases
until again the force overcomes the static friction followed by a sudden movement of the

body and the cycle starts over again.

1.4 Principles of wear

Wear is generally defined as the physical damage to a solid surface's exposed area. This
can be the gradual material loss from a surface of a solid body caused by tribological stress
with a mating body. The mechanical stress can be applied by contact and relative motion
of a solid, fluid or gaseous counter body. As a result separation processes owing to micro-
fractures, chemical dissolutions or high temperatures at contact interfaces appear (Kato,
2000). In general, the control of wear occurrences is of significant importance for instru-

ment reliability in the field of engineering and machine technology.

The spectrum of wear appearances covers a vast variety of wear phenomena. Mild to se-
vere wear can occur depending on the tribological load and friction behavior of the
stressed surface materials. Different kinds of wear phenomena are classified depending on
localization, structure of the tribological system and the kinematics of the applied tribo-

logical load. Generally, wear will result in component damage and the associated failure of

14
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machines and equipment. Depending on the operation parameters and the material com-
position of the compounds in contact wear rates can vary substantially in a range of
around 107 to 10! mm?3/Nm. (Archard, 1953; Bhansali, 1980; Hokkirigawa, 1997; Hwang,
2016; Kato, 2000; Rabinowicz, 1980). So called wear maps (“Ashby-maps”) for certain op-
erating conditions and selected materials have been proposed for an overview of possible

wear appearances (Lim, 1987).

One way to characterize wear appearance is through various indicators either as measured
alteration in size, shape, and mass of a body, surface or tribopartner. Furthermore are
changes in surface modifications of tribologically loaded materials or components, such as
chemical composition or microstructure, described by different wear manifestations, as
well as through the type and form of resulting wear particles. Due to dynamic changes of
surface and material properties, as well as tribo-induced temperature increases and tribo-
layer formation dominant wear modes might change over the course of the period of
tribological stress application (Hwang, 2016). Multiple wear mechanisms may apply dur-

ing complex tribological processes.

Measurements of wear can be given as wear amounts in different metrological dimen-
sions, such as the wear length, area or volume. In addition to these direct wear measure-
ments, wear is set in relation to a reference quantity for indirect wear measurements
which are also referred to as wear rates. These can be measuring the wear rate over time,
correlated the covered distance or to the particle throughput. For comparison of wear re-
sults the specific wear coefficient is normalized to the load and is defined as the wear vol-
ume Wy (mm?3) per sliding distance s (m) with regard to the normal force F: (N) (Archard,

1953; cf. e.g. Czichos, 2010).

15
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= % (Eq. 1.3)
k = wear coefficient
Wy = wear volume
F, = normal force
s = sliding distance

A wear rate does not include statements about wear mechanisms and does not constitute a
material constant, since wear results of interaction processes between contacting bodies or
substances. A determined wear measure therefore does not denote the property of a single
body or substance, but must always be based on the material pairing and the appropriate
tribological system. Due to the complexity of wear behavior, it is generally not exactly
possible to calculate theoretically wear characteristics. These must be determined experi-

mentally with suitable measuring and testing techniques (Czichos, 2010).

A number of processes occur during interaction of engineering counterparts when loaded
and sliding or rolling motion is applied. Wear is, like friction and lubrication, an integral
part of tribology. In tribological terms, all engineering surfaces have a certain roughness.
This means, only a small amount of their apparent surfaces is in real contact when surfac-
es are loaded against each other. Theses surfaces asperities have very small radii on the
top, so the contact stresses are high. These small impacts on the surface have major impact
on processes of friction and wear. Additionally, it can be assumed that all engineering sur-
faces in atmospheric environment are contaminated. This can be a naturally occurring
contaminant film like a single layer of adsorbed molecules deriving from the surrounding
atmosphere or thicker oxide or other films formed by chemical reactions between the sur-

face and adjacent substances (Archard, 1980).

16
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1.4.1 Wear mechanisms

Physical and chemical interactions occurring in the contact area of a tribological system
are commonly referred to as wear mechanisms. The types of material interaction in the
contact zone are manifold. All variations of contact configurations are included, as well as
detached solid particles within the contacting surfaces (Kato, 2000). These interactions set
off elementary processes and eventually lead to changes of composition and shape of the
contact partners as they contribute to wear processes. They emanate from micro-contacts
in the contact area stochastically distributed over position and time. Their contribution to
the wear is dependent on both the structure of the tribological system as well as the set of
stress factors. The true contact area typically increases through the growing number of

micro-contacts proportional to normal force Fx or sliding distance s.

In general, mechanisms leading to wear appearances can be divided into the two groups
(Czichos, 2010) of mechanical interactions (force-, stress-, energy-related interactions)
leading to cracks and material removal and atomic and molecular interactions, which are
related to occurrence of chemical bonding between contacting surfaces in the contact area
The wear of materials resulting in material damage and can lead to a failure of the entire
technical system in tribological systems due to wear-related substance -and- shape chang-
es of components, if certain component or feature tolerances are exceeded (Czichos,
2010). Thus, in engineering applications, the wear is an important factor influencing the

reliability of technical systems.
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Figure 1-7: Overview of the four wear processes (cf. e.g. Kato, 2000).

The following four wear processes (see Figure 1-7) are mainly considered the major types
and will be discussed shortly (Burwell, 1957; Zum Gahr, 1987; Czichos, 2010; Varenberg,
2013). Additional types can include fretting wear, erosive wear, corrosive wear, cavitative,

diffusive wear.

1.4.1.1 Adhesion
In adhesion the material interactions on the atomic and molecular level play a decisive

role (Holm, 1967). Adhesion is a phenomenon, where tribological stress caused by high
local pressures on single surface asperities in plastic contact break up protective surface
layers and local interface bonds are generated (de Gee, 1982). These interfacial bonds can
have a higher strength than the original material of the contact partners. Therefore, in the
case of a relative movement of the contact partners, a separation or displacement of the
contacting material regions may not take place in the original contact interface but in the
adjacent volume of one of the partners. In this way, holes and scale-like particles of mate-
rial that often adhere to the sliding surface of the counter body with higher hardness can

be generated.
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1.4.1.2 Abrasion

Abrasion occurs in tribological contacts when the counter body is considerably harder and
rougher than the tribologically stressed body or when hard particles are pressed into a
tribologically stressed material. This way interlocking processes with the indented materi-
al take place (Kato, 2000). During a relative movement of the counter bodies, abrasive
wear can be produced from the soft base body by various material separation processes,

such as scratching or micromachining.

1.4.1.3 Surface disruption (Fatigue)

In every tribological system, the contacting surface areas must absorb forces which cause a
material strain in correlation with the relative movement of the contact partners. In the
case of fluid friction, the force transmission takes place via a separating lubricating film.
For mixed, boundary and solid friction, the micro-contacts partially or completely absorb
the normal and tangential forces acting on them. This wear mechanism is generally,
caused by alternating or swelling mechanical stresses induced by repeated friction cycles
(cf. e.g. Kato, 2000; Czichos, 2010). The result is a disruption of the surface, which means
micro-cracks arise and grow in the near-surface layers of material. When the stress in the
micro-contacts of the base and counter body is applied periodically, there might occur an
accumulation of damage in terms of material fatigue in affected areas. This way small pits
may be created on the surface. Since tensile stresses in the surface promote surface dislo-
cation, compressive stresses can be introduced into the surface as a countermeasure. Suit-

able methods are nitriding, oxidizing or shot peening the surfaces.

1.4.1.4 Tribochemical reactions
Tribochemical reactions are chemical reactions between the base or counter body of a

tribological system and the constituents of the intermediate or surrounding medium. An
overview of possible tribochemical activities is given in Figure 1-8. They are caused by

tribological stresses or at least reinforced by them. The tribologically stressed surfaces re-
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act with the ambient medium in such a way, that in a relative motion constantly new re-

action products are generated and abraded again (Fink, 1932).

The tribochemical reactions promoted by friction-induced temperature increases and re-
sulting lattice defects change the mechanical properties of the surface regions. As a result
of thermal and mechanical activation, the surface areas adjacent to the micro-contact sites
have an increased chemical reactivity. Therefore, chemical reactions preferably take place
in these regions and, for example, oxide islands can grow in the case of metallic contact
partners. These oxide islands, formed especially with metallic contact partners, can only
reduce mechanical stresses to a limited extent by plastic deformation. They rather tend to
brittle spalling and generation of wear particles when reaching a critical thickness (Czi-

chos, 2014; Hwang, 2016).

Figure 1-8: Overview of possible tribochemical activities in a tribological contact zone (Nakayama,
2006).
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1.5 Lubricant composition and lubrication regimes

1.5.1 Principal aspects of lubrication

Generally, lubricants are used to reduce friction and wear occurrences in tribological sys-
tems. They can be applied in various aggregate states as lubricating oils, greases or solid
lubricants. Occasionally, water, liquid metals or gases are used as lubricants. Depending
on the operating conditions and the surface properties an application of lubricants in
tribological systems possibly allows for the formation of a hydrodynamically generated
lubricating film separating the contact partners according to the Stribeck-curve (see sec-
tion 1.3.2) (Czichos, 2010). Through the application of lubricants friction and wear can be
greatly reduced due to the reduction of direct contact of the surfaces of the base and coun-
ter bodies. Depending on the geometry and arrangement of the tribopartners as well as
their surface roughness, lubrication viscosity, velocity and applied load various lubrication
conditions can be described through the Stribeck-curve This curve shows the friction co-
efficient plotted against viscosity, speed and load. In principal, lubricants can be based on
either solids, liquids, any dispersions, as well as gases. The different lubrication mecha-
nisms can also be differentiated by various lubrication regimes (Czichos, 2010), as will be

shown subsequently.

1.5.2 Lubrication and friction regimes

In boundary friction (cf. Figure 1-4) the tribologically loaded surfaces are covered with an
adsorption layer of lubricant molecules. The load is absorbed by the contacting surface
asperities of the contact partners with no fluid lubricant present. During relative motion,
shearing takes place predominantly on and is primarily influenced by the adsorbed lubri-

cant additive molecules on the surface.
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In mixed friction a part of the load is absorbed by the lubricating film, that can be estab-
lished either hydrostatically or also in an elastohydrodynamic or hydrodynamic way. The
remaining amount of applied load is again transmitted through surface asperity contacts.
The separation of the contact surfaces in Aydrostatic friction allowing for a consistent film
of liquid lubricant is achieved through externally applied pressures. In Aydrodynamic lu-
brication the relative motion of the counter bodies towards a narrowing lubrication gap
leads to intake of the lubricant. The lubricant pressure increases and the contacting sur-
faces become separated (cf. Figure 1-9). The elastohydrodynamic lubrication is a result of
elastic deformation of the contact partners and the increase in oil viscosity with increasing
pressure. As the pressure increases, the tribopartners experience elastic strain and defor-
mation. In this load-bearing section a close to parallel gap develops, which allows for the
liquid to pass through. In full film Aydrodynamic lubrication the surfaces are completely

separated.

Figure 1-9: Development of lubrication clearance (cf. Mang, 2007-a).

1.5.3 Base oils

Oils used as lubricants in technical systems mainly have the goal to influence friction and
wear, transport heat away from the contact area, as well as to transmit power. One way to
classify lubrication oils is to separate them after their origin: mineral oils, animal or vege-
table oils, synthetic oils, other fluids like water or liquid metals. In general, hydrocarbon
base fluids are used for formulations of industrial engine oils, greases, or other lubricants.
Present-day methods and technologies helped to understand chemical and physical prop-

erties of liquid lubricants and made it possible to produce specific fluids for certain appli-
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cations. The properties of the base oil play a key role in the performance of the formulated
lubricant. Since they are a blend of various molecules, the combination of the individual
properties define the performance of the final lubricant (Stipanovic, 2003). In different
applications many different types of hydrocarbon lubricants, such as engine oils, gear oils,

hydraulic oils, turbine oils and many others are used (Czichos, 2010).

In general, a lubricant is composed of the base oil and chemical additives. As an average,
around 95 % of the lubricant volume is the base oil component. Special lubricants can
contain as low as 1 % (hydraulic oils, compressor oils) or even up to 30 % additives (greas-
es, gear lubricants, metalworking lubricants) (Mang, 2007-b). Additional to mineral base
oils also synthetic base oils are available on the market today. Mainly, the synthetic oils
have considerably higher prices and are used in special applications such as extreme ter-
restrial conditions at high temperatures and pressures or space applications at low temper-
atures and pressures. The most common synthetic base oils are polyalphaolefines (PAO)

(Dresel, 2007-a).

1.5.4 Lubricating greases

Greases consist of a lubricating oil without or with additives and a soap, or other substanc-
es like micropowders, as a thickening substance. As a rule, the soap is fibrous as a frame-
work in which the lubricating oil is fixed. According to the type of soap, one differentiates
between sodium fats, lithium fats, calcium fats, aluminum fats, barium fats and complex
fats. In the case of the complex fats, the soaps are formed by co-crystallization of two or
more compounds. In addition, greases containing organic, ash-containing thickeners (or-

ganic bentonites) and ashless polyureas are used for special applications.
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The rheological behavior of greases is initially characterized by a flow limit, that is, no
flow occurs below a certain shearing stress. The viscosity of the structure-viscous lubricat-
ing grease depends not only on the temperature and the pressure but also on the pre-
treatment and on the shear gradient. In general, the viscosity of grease with shear dura-
tion and shear drop decreases. In the lubrication technology lubrication greases can fulfill
tasks such as dispensing a suitable amount of liquid lubricant by slow separation to reduce
friction and wear over wide temperature ranges and long periods, as well as sealing against

water and foreign particles (Czichos, 2010; Dresel, 2007-b).

1.5.5 Solid lubrication

Lubricants are often used for lubrication under extreme conditions, such as at very high or
very low temperatures, in aggressive media, in vacuum or under conditions where lubri-
cation with oils or greases for maintenance, safety, environmental or health reasons is not
applicable. In general, solid lubricants can be divided into the various groups (Busch,
2007): most widely used are compounds with layer lattice structure, these include the
dichalcogenides of the transition metals such as molybdenum disulfide, graphite, graphite
fluoride, hexagonal Boron nitride and a series of metal halides. Others include oxidic (lead
oxide, molybdenum oxide, tungsten oxide, zinc oxide, cadmium oxide, copper oxide, tita-
nium dioxide) and fluoride (calcium fluoride, barium fluoride, strontium fluoride, cerium
fluoride, antimony trioxide, lithium fluoride, sodium fluoride) compounds of the transi-
tion and alkaline earth metals. Also, soft metals such as lead, indium silver, or tin or pol-

ymers like PTFE, or polyimide are used (Czichos, 2010).
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2 Lubricant additives

2.1 Lubrication improvement through additives

The demands on lubricants heave increased substantially due to the challenging require-
ments of modern machines and industrial plants. Pure unalloyed base oils, mineral base
oils as well as synthetic oils, would not be able to fulfill these high performance demands
anymore for a long time. Using the advantages of modern oil-soluble active substances or
additives and their chemical and / or physical effects, the positive properties of the syn-
thetic or mineral base oil could be improved, negative properties could be suppressed, or
additional properties initiated. In general, most modern industrial equipment must be lu-

bricated in order to prolong its lifetime (Braun, 2007).

Lubricants perform a number of critical functions for the specified system, such as lubrica-
tion, cooling, cleaning, suspending, protection of metal surfaces against corrosive damage
and others. Lubricants are usually comprised of a base o0il and a customized additive pack-
age. The primary function of the base fluids are to lubricate the tribocontact, heat transfer,
and to act as a carrier for the contained additives. The overall function of additives is to
enhance an already existing property of the base fluid, such as viscosity, viscosity index,
pour point, oxidation resistance or to add a new property like cleaning/suspending abili-
ties, anti-wear/extreme-pressure performance or corrosion inhibition. Typical lubricants
contain around 90 % base oil and less than 10 % of additives. The lubricant base is most
often comprised of petroleum fractions (mineral oils), or synthetic liquids such as hydro-

genated polyolefins, esters, silicones, or fluorocarbons.
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The lube oil base is the substrate where appropriate additives are selected and properly
blended together to achieve a balance in performance characteristics of the finished lubri-
cant. To achieve the highest levels of performance in finished lubricants it is utterly im-
portant to understand the interactions of base oil and additives to match them to the re-

quirements of the machinery and the operating conditions.

2.2 General types of additives

Several types of additives are existent. Some additives impart new and useful properties to
the lubricant, others enhance properties which are already present. Further additives act
to reduce the rate at which undesirable changes take place in the product during its ser-
vice life. A main reason to add additives to lubricants is to protect the lubricant in service
by limiting the chemical change and deterioration as well as to improve existing physical

properties and to create new beneficial characteristics.

Chemical effects

Physical effects

Extreme pressure additives
Anti-wear additives
Detergents
Dispersants
Corrosion inhibitors
Antioxidants

Friction modifiers

Pour point depressants
Anti-foam agents
Viscosity index improvers
De- and Emulsifiers

Seal swell agents

Table 2-1: Overview of common types of lubricating additives.
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Many different additives for various purposes are available on the market. Table 2-1 gives
a short overview over the most common types of additives in liquid lubricants. For the
present work only friction modifiers as type of surface active model additives are used in
the tribolayer generation process for the additive identification method development.
Therefore, the additive type of organic friction modifiers (OFM) will be discussed in more

detail in the following section.

2.3 Friction modifiers

The general type of friction modifier additives has been around for a long time. Their
main purpose is to reduce the friction in industrial machinery and decrease wear appear-
ances. Especially in the boundary friction regime they come into play, where the preven-
tion of solid surface contacts is utterly important to significantly reduce friction and wear.

The most common types of organic friction modifiers and their mode of action are given

in Table 2-2.

Type of action Commonly used products

Formation of reacted layers Saturated fatty acids, phosphoric and thio-
phosphoric acids, sulfur-containing fatty
acids

Formation of absorbed layers Long-chain carboxylic acids, esters, ethers,
amines, amides, imides

Formation of polymers Partial complex esters, methacrylates, un-
saturated fatty acids, sulfurized olefins

Mechanical types Organic polymers

Table 2-2: Various types of organic friction modifiers and their mode of action (cf. Kenbeck, 2009).
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Friction modifiers, like other additives, such as anti-wear (AW) or extreme pressure (EP)
additives, are film forming additives. Contrary to AW and EP additives, which can build
strong boundary layers to prevent damage generation from counter body asperities under
severe stress conditions, organic friction modifiers consist of multi-molecular layers of
tightly packed long-chain molecules. Polar heads are loosely bound to the metal surface,
whereas the long carbon chains are directed towards the counter surface. Films of
AW/EP-additives are designed to prevent metal-to-metal contact by chemical bonding
and formation of strong films, by formation of monolayers films for reduction of local
shear stresses or by general support of hydrodynamic films. While these additives usually
contribute little to reduce overall friction and shearing off of strongly bound layers com-
monly comes with moderate to high friction coefficients, organic friction modifiers tend
to be more loosely bound. Therefore, shearing off is performed more easily and lower co-

efficients of friction are achieved.

Figure 2-1: Chemical structure of frequently used organic friction modifiers (Widder, 2015).

In general, OFM molecules consist of long hydrocarbon chains and a polar head group.
Their structure can derive from various origins, such as carboxylic acids, amines / amides /
imides, phosphoric / phosphonic acids, organic polymers and many of their derivatives.
Mechanisms of friction reduction can vary depending on the molecular structure. The
polarity of the head groups leads to absorption of the molecules onto the surface. Oxidized

or hydroxylated metal surfaces apply strong absorption forces on the OFMs. Polar heads
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are bound to the metal surface. The tails of the friction modifier persist of long hydrocar-
bon chains, which are attracted to the apolar lubricant. The structure of two common or-
ganic friction modifiers oleic acid amid (oleylamide) and an example of polyethoxylated
tallow amines is given in Figure 2-1. These additives have also been used within the scope

of the scientific work for this thesis.

Hydrogen bonding and dipole-dipole interaction lead to parallel orientation of the head
groups, while van-der-Waal forces yield aligned hydrocarbon chains. This means head
groups of two layers are attracted to each other and terminal methyl groups of the hydro-
carbon tails absorb apolar methyl groups of a next additive layer. Subsequent layers of
friction modifier additive molecules will align in a regular, homogeneously distributed
and perpendicular way and form multilayer matrices of FM molecules between the metal

surface and the lubricant.

The main purpose of friction modifiers is reduction of the coefficient of friction. This is
achieved by easy shearing of the individual FM layers due to low energy bonding of the
van-der-Waals forces of the hydrocarbon chain interactions (see Figure 2-2). Realignment
of the molecules after disturbance of the structure and shearing off is a fast process due to
high attraction forces within one molecule monolayer. Reaction layers of organic friction
modifiers derive from chemical bonding of additive molecules to the metal surface, usual-
ly under moderate loading conditions. Therefore, a relatively high chemical activity is

required for proper surface bonding.
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Figure 2-2: Formation of adsorbed layers of friction modifiers (Kenbeck, 2009).

Several main parameters have significant influence on the layer build-up and the perfor-
mance efficiency of adsorbed layers of organic friction modifiers. The polarity of the head
group (for dipole-dipole-interactions) combined with the possibility of hydrogen bonding
play a major role in development of the layer structure. Additionally, the chain length
influences the layer thickness as well as the interlayer attraction forces. The structure of
molecules and the hydrocarbon chains also influences the close packing efficiency, there-
fore, molecules with tighter structure yield stronger films and increased attraction be-
tween neighboring chains. FM additives usually adsorb to the metal surfaces at lower
temperatures as for example AW additives (higher temperatures needed for chemical re-
actions). Therefore, increased temperature can influence the thickness and toughness
through adsorption/desorption phenomena since desorption of FM molecules can be pro-
moted for increased input levels of thermal energy. Additionally, the presence of other
additives competing for adsorption onto the metal surface as well as possible contaminants
in the lubricant influences friction reducing properties. Also, the chemical structure of the
metal alloy and the affinity of FM molecules as well as the concentration of the additive in
the lubricant play a substantial role for friction reduction of the affected tribological sys-

tem. (Kenbeck, 2009).
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3 Boundary lubricant tribofilms

3.1 General aspects of boundary lubricant films

Material instabilities and surface deteriorations in highly loaded systems, operating mainly
in boundary or mixed lubrication regime generally occur due to high abrasive and adhe-
sive stress. Lubricants with suitable friction lowering and wear preventing additives are
applied in order to avoid complications and reduce detrimental wear appearances. Chemi-
cal and physical reactions in the contact zone lead to interaction and deposition of addi-
tive components onto the surface of the counter bodies. Subsequently, tribofilms are gen-
erated within the area of the contacting surfaces. They mainly derive from the lubrication
additives and their reaction products and can have significant influence on friction and
wear of the tribosystems (Stratmann, 2017). The initiation of tribofilm growth can have
several influencing factors, such as high stresses, additive concentration, temperatures and

others.

These boundary lubrication films are based on the principle that additives contained in
the lubricant can provide a sufficient interface layer to prevent direct contact of the coun-
ter bodies. Through complex chemical phenomena in the contact zone of the tribosystem
the additives are consumed onto the material surface. Kapsa and Martin describe two
kinds of tribochemical reaction films based on the chemical composition of the wear pre-
venting additives (Kapsa, 1982). The first kind, tribochemical reaction films, are compiled
of all films that are based on reactions with the friction surface and also rely on environ-
mental conditions. These tribolayers are in dynamic equilibrium with film formation
through reactions of the material substrate and the additives contained in the lubricant as
well as the removal through mechanical forces effective in the relative motion of the fric-
tion partners. The second kind of tribochemical reaction films is described as polymeriza-

tion processes that yield higher molecular weight substances, mainly independent of the
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substrate material properties, as proposed by Hermance and Egan in 1958 (Hermance,

1958).

Organic tribofilms have been studied extensively over the years in regard of their chemi-
cal composition, their physical properties and the reaction mechanisms (Kapsa, 1982).
Generally, these layers of reaction products are merely micrometer sized particles of sub-
strate material and oxides in combination with high molecular weight organometallic re-
action products. They can contribute to the friction conditions in several ways such as to
be sacrificial layers, low shear or shear resistant layers, to act as solid particles or to vary
the frictional behavior of the system. The basis for the friction varying mechanism is the
generation of an ordered substructure of weakly bonded additive molecules at the counter
body surface where interaction during relative motion takes place (Hsu, 2005).

One of the most commonly studies tribofilms of organic additives are from the family of
zinc dialkyldithiphosphates (ZDDPs) anti-wear additives. These tribofilms have been the
subject of extensive research over the last decades. Much effort has been put into the elu-
cidation of reaction kinetics, film structure and behavior as well as film forming mecha-
nisms of ZDDP tribofilms (Morina, 2007-a; Barnes, 2001; Nicholls, 2005; Spikes, 2004;
Zhang, 2016).

But also organic reaction layers from friction modifier lubrication additives, which were
used for scientific experiments herein, have been thoroughly investigated in recent years
and will be discussed in more detail below (Morina, 2006; Morina, 2007-a; Grossiord,
1998; Martin, 2000; Morina, 2007-b; Spikes, 1993; Fox, 2004). To achieve optimal perfor-
mance of tribosystems it is utterly important to reduce friction and wear in boundary lu-
brication contact situations. In this friction regime the chemical composition of the used
additive conglomerate becomes much more effective than physical parameters of the base
oil. In the boundary lubrication regime tribofilms formed on the surfaces help to protect
the contact area from severe wear occurrences and also reduce friction values. Thus, it is
of paramount importance to gain knowledge on the film forming mechanisms and their

properties as well as the dynamic processes of formation and removal (Morina, 2007-b).
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3.2 Film forming mechanisms and structure

In the following section a closer look will be taken at the film forming mechanisms and
the resulting microstructure of boundary lubrication films derived from the use of organic
friction modifier additives. There are also other classes of friction modifiers such as the
organo-molybdenum compounds, functionalized polymers or recently developed nano-
particles, but focus will be placed on OFMs. In general, boundary lubrication occurs for
low velocities and high loads. Wear and friction properties are influenced by layers of
additives bound to the surface. Essentially, the three processes of physisorption, chemi-

sorptions, and tribochemical reactions are the reason for additive layer build-up.

Figure 3-1: Schematic depiction of the boundary lubrication models of Hardy (a), Bowden (b) and
Adamson (cf. Spikes, 1993; Zhang, 2015).
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In physisorption the surface allocation depends on local temperature and additive concen-
trations. Adsorbed long-chain molecules such as friction modifiers with polar head groups
and long apolar carbon chains tend to align in ordered structures on the substrate surface.
Friction reduction also depends on the polar behavior of the material’s surface. Metal sur-
faces with polar oxide layers support the formation of van-der-Waals bonds, whereas on

some ceramics surfaces less or no adsorption occurs.

More stable bonds are created through chemisorption of molecules due to higher binding
forces. Chemisorbed layers and reaction products can have properties that are significant-
ly different from the starting material. Tribochemical reactions between lubricant addi-
tives and the metallic surface yield layers that are generally more stable than physisorbed
or chemisorbed additive films under high mechanical and thermal stresses (Czichos,
2010). Tribochemical reaction layers very much depend on the adsorption properties of
the lubricant additive as well as activation energies and reaction temperatures present in

the contact area.

Mechanisms and structures of organic friction modifier additive films and layers have
been subject or research for the last one hundred years. Boundary lubricant films are gen-
erated through physical or chemical processes during relative motion of the sliding part-
ners and exhibit structures and properties that are distinguishable to the original lubri-
cants and solid surfaces. In the early days of lubrication research the property of friction
reduction was called ‘oiliness’ (Stanton, 1923). Already in the 1920s Hardy described the
oiliness as a matter of adsorbed monolayers settled on the opposite sides of the sliding sur-
faces (Hardy, 1925). The chain length of the adsorbed molecules was shown to be crucial
for the reduction of friction values, as long-chain friction modifiers proved to be more
effective (Hardy, 1922). For excess amounts of additives the friction is not reduced more
than monolayers would do, but the durability of the layer increases significantly, thus the
ability to re-organize is a major property of effective friction reduction (Bowden, 1940).

The structure of the additive films is almost vertically oriented due to the self-aligning
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long non-polar chains (Bailey, 1955). For high pressures these monomolecular layers may
also be compressed to flat boundary films (Adamson, 1967). In Figure 3-1 a comparison of
the various models of the generation of boundary lubrication films of OFMs is given.

Already early investigations of boundary films deriving from additive containing lubri-
cants lead to three-dimensional structures which could exhibit several molecule-layers of
thickness (Hardy, 1931; Trillat, 1931). Additionally, stearic acid has shown to react with
metal oxides on the surface to form thick films of chemically bonded soap-like ferrous
stearates (Ratoi, 2000). Another very important property of friction modifiers is the ability

to replenish adsorbed layers during sliding operations, as they are ablated and worn away.

In 2015 Spikes impeccably outlined the current state of the general knowledge about or-

ganic friction modifier boundary layers and structures as follows:

“The classical mechanism proposed to explain the friction-reducing properties of
OFDMs is that their amphiphilic molecules self-assemble on polar solid surfaces to form
vertically oriented, close-packed mono-layers. These reduce friction since there is easy
slip between the resultant, opposing methyl end groups. The films are strong and able to
withstand high applied pressure because of cumulative van der Waals forces between the
methylene groups on the closely packed alkyl chains. The polar group serves to locate the
molecules of the solid surfaces, and its bonding can be reversible or, especially with car-

boxylic acids, involve soap formation and is thus irreversible.” (Spikes, 2015)

The property of friction reduction is attributed to three main mechanisms that are based
on monolayer adsorption, viscosity modification in the range of several molecular layers,
as well as the generation of viscous or sticky layers (Spikes, 1993). Despite vast research in
the field of OFMs still some questions about the actual layer structure in the tribocontact,
or the solvent composition during generation of tribolayers remain. Additionally, the film

formation using OFMs that contain unsaturated carbohydrate chains, as well as whether
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the actual friction reduction property derives from the starting material or foremost from

reaction products are still subjects or recent investigations (Spikes, 2015).

The generation and analysis of tribofilms was subject of detailed investigations since the
1950’s (Davey, 1950; Furey, 1959; Russel, 1965; Allen, 1969; Drauglis, 1970). One single
additive of very high interest is zinc dialkyldithiophosphate (ZDDP). It is an often used
anti-wear and extreme-pressure additive which has been applied for several decades. The
structure of the molecules can vary and therefore influence the performance during oper-
ation. The tribofilm structure and mechanisms of ZDDP film formation are based on dep-
osition and formation of sulfides, phosphate and oxides on the surface and have been
comprehensively investigated in multiple publications (de Barros-Bouchet, 2005; Fujita,

2004; Morina, 2006).

Originally, tribofilms on steel were of main interest (Sakurei, 1962; Fein, 1965), whereas
in recent years the number of investigations in the field of tribofilm characterization on
diamond-like carbon (DLC) surfaces has increased significantly (Topolovec-Miklozic,
2008; Kubo, 2008). In general, research in the field of tribofilms has increased significantly

over the last decades (Percipio.com, 2019), as can be seen in Figure 3-2.

Figure 3-2: Publications history using “tribofilm” as search term (Percipio, 2018).
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3.3 Boundary tribofilm characterization

For general tribofilm characterization many different analysis techniques have been ap-
plied. SEM and EDX analysis can be carried out for characterization of chemical composi-
tion. Additional to the topographic information of the SEM analysis, EDX-spectra yield
facts about the elemental composition and can allow conclusions about the residues from
applied lubricants and additivation, or surface modifications. Additionally, the use of the
XPS analysis method is very common to characterize additive layers from tribocontacts

(Yamaguchi, 1998; Gabler, 2014; Sharma, 2015).

Typically, the analysis of the X-ray absorption near-edge structure (XANES) is applied for
information on the chemical environment. XANES measurements do not cause significant
damage induced through the irradiation of the sample surface. Therefore, on the same
surfaces analysis using other methods (for example XPS) can be executed (de Barros,
2003). The high resolution of XANES allows for characterization of the chemical nature of
the developed tribolayers (Yin, 1997; Yu, 2007). Expecially ToF-SIMS investigations can
lead to information of the molecular structure of boundary tribofilms from the lubricated
surfaces (Minfray, 2004; Kubo, 2006). Additionally, other characterization methods such
as Raman-spectroscopy (Joly-Pottuz, 2005), TEM (Evans, 2005), EELS (Varlof, 1999), EX-
AFS (Martin, 2005) have been applied occasionally on boundary tribofilms and additive
reaction layers from tribocontacts.

Only recently, based on findings of the scientific work carried out in the process of this
thesis, LDI has been applied to analyze tribolayers and boundary lubricant tribofilms of

ionic liquids (Gabler, 2012; Repka, 2017).

Tribofilms and boundary layers of organic friction modifiers have been studied since the
early 1920’s. The main investigation methods in the early days were based on adsorption
analysis solution concentration measurements (Daniel, 1951), radiotracer (Gaines, 1960)

or contact potential methods were used (Haydon, 1963). Later on analytical techniques
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such as infrared (IR) and x-ray fluorescence (XRF) spectroscopy followed by X-ray photo-
electron spectroscopy (XPS), Auger electron spectroscopy (AES), as well as secondary-ion
mass spectrometry (SIMS) become readily available and were applied for in-depth and
comprehensive investigations of boundary films of anti-wear and extreme-pressure addi-
tives. Usually, boundary films of OFMs were too thin for this kind of analysis, therefore
microcalorimetry was applied for adsorption measurements (Groszek, 1970). In the last
few decades much more advances were achieved with the development and application of
the force balance apparatus (Isrealachvili, 1981), scanning tunneling (Smith, 1989) and
atomic force microscopy (Campen, 2015), ultrathin film interferometry (Johnston, 1991),
in-track ellipsometry (Cavdar, 1991), in-contact vizalization (Sheasby, 1991) and film
freezing techniques (Bell, 1990). Recent developments for investigations of OFM tribolay-
ers additionally include the surface force apparatus (SFA) (Georges, 1994), quartz crystal
microbalance (Lundgren, 2006), neutron reflectometry (Hirayama, 2012), as well as sur-
face-specific spectroscopic methods such as IR (Allara, 1985), second harmonic generation
(Marucci, 2002), and structure-property relationships combined with sum frequency gen-

eration spectroscopy (Koshima, 2010).
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4 Tribotesting

4.1 Tribological testing technology

For surfaces in sliding or rolling motion, the real contact area is significantly less than ex-
pected from the nominal contact area. Only a relatively small amount of local asperities
perform real contact between the two counter bodies. All macroscopic friction and wear
results derive from these asperity contacts. Locally high pressures and stress as well as
high flash temperatures may appear and cause local plastic deformation of the material.
For these small locally concentrated contact points the mechanical properties of the mate-
rials can vary substantially from bulk values. Additionally, also influences from small
amounts of oxide layers, contaminations, or phase transformations can increase signifi-
cantly. Therefore, tested properties can vary from measured parameters of macroscopic
material testing and correlations of wear and friction to physical material parameters can

be vague and unconstrained (Axén, 2000).

The entire field of measurement and test engineering for tribological challenges can in
short also be summoned as tribometry. It reaches from laboratory model tests using simple
sample geometries to investigations of technical system under real operating conditions.
The broad scope of activities in tribometry can be subdivided into several specific aspects
(Czichos, 2010). One goal is the determination of wear-related influences on the overall
function of tribological systems as well as the monitoring of the wear-dependent opera-

tional capability and the constant diagnosis of operating conditions.

On the other hand, a main objective is general wear research and mechanism-oriented
wear testing for the optimization of components or tribotechnical systems to achieve a
given wear-related service life including the preselection of materials and lubricants for

practical application. Very important are the quality control of used materials and lubri-
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cants and the collection of data sets for optimization of maintenance routines. Considering
these aspects as well as function and structure of tribological systems and components
tribotechnical testing technology can roughly be categorized into six different categories

(Heinke, 1975; Uetz, 1979; Zum Gahr, 1987; Axén, 2000).

Figure 4-1: Classification of tribotests, as shown in (Axén, 2000).

In general, testing conditions and operating parameters will become increasingly more
realistic going from model tests towards real field tests (cf. Figure 4-1). On the contrary,
the monetary expenses will significantly increase, whereas the entire tribological system
tested becomes less controllable as more and more components and surroundings interact
and have possible effects on testing results. In laboratory model tests with more simple
test geometries the main influences are substantially easier to control. Furthermore, tests
will be more reproducible. Lower costs and less testing time as well as a better accessible

tribocontact are additional parameters of model testing in lab surroundings.
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4.2 Planning and evaluation

Due to the numerous influencing factors to be considered in tribological tests, careful
planning and evaluation of tribological investigations is required. Commonly, in the con-
ventional approach of laboratory testing, a particular tribological measure as a function of
an independent variable is selected from the general influence factors test duration (i), a
stress parameter, such as normal force or pressure (ii) and a parameter of the system struc-
ture, for example hardness (iii) (Czichos, 2010). All other parameters and conditions are
kept constant in laboratory testing. Thus, a dependence of detrimental effects of certain
factors can be evaluated. Through series of testing and variation of independent variables,
the specific influence of several parameters can be elucidated. Very important is the num-
ber of tests carried out. Only a sufficient amount of results yields significant relevance and

validity (Miicke, 1980; John, 1998).

In general, it is advisable to evaluate the measurement uncertainty of the test results for
coincidental or systematic deviations of certain values (Czichos, 2010). Additionally, the
precision and accuracy of the measurements is a key factor as well as the determination of
relevant limits for material parameters. Moreover, a system for quality management of the
test procedures and systems as well as regular reference measurements need to be taken

into consideration.

4.3 Tribological laboratory testing

The main objectives of tribological laboratory testing technology are the investigation of
friction and wear processes, the mechanism-oriented wear test as well as the evaluation
and pre-selection of materials and lubricants for practical applications. To carry out tribo-
logical laboratory tests, various kinds of tribometers have been developed. These measur-

ing and testing devices usually are applied for geometrically simple test specimens, which
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are based on the basic forms of technical contact geometries and effective surface configu-
rations. The tribological stresses in each of the various systems are vastly different and
must be precisely analyzed and taken into account with respect to contact geometry
(point, line, area), contact mechanics, kinematics and the friction-induced thermal pro-

cesses (Czichos, 2010).

4.4 SRV-tribometer

In this work the technique of a SRV-tribotesting device was utilized and an overview will
be given to describe this method representatively as one type of tribological laboratory
testing systems. The SRV-device was only used herein to generate tribolayers of additives
and reaction/degradation products containing in the lubricant. Therefore, the detailed

description of friction and wear data evaluation will not be considered herein.

The SRV® tribometer (German for ,Schwing-Reib-Verschleif3“ — oscillating friction wear,
Optimol Instruments Priiftechnik GmbH: DIN 51834-1, 2010) is a high frequency oscilla-
tion test device. It has a multifunctional modular design, which enables the determination
of friction and wear behavior of lubricants and sample specimens. Commonly, it is used
for dynamic mechanical testing in lubricated mixed friction conditions. Its design with
optional selection of the tribocontact kinetics is able to perform tribological test in close to

real conditions (Rigo, 2014).

Generally, the SRV tribometer can determine friction and wear parameters of the surface
interactions of two counter bodies/specimens and an intermediate lubricant. Additionally,
also the wear loss volume, or electrical resistances could be measured. An interchangeable
sample holder for various shapes of the counter body is applied. Common shapes include
balls or cylinders, as well as ring designs. Possible counter body sliding directions include

translation and oscillation motion as well as rotary movements. A general overview of
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most common test modifications is given in Figure 4-2. The pressure load and rotary or
linear movements, the frequency, stroke lengths, or testing temperatures and the testing

duration can be set up individually for each test.

Figure 4-2: Overview on specimen types and SRV-test modifications (Rigo, 2014).

The assembly of all relevant components is set into one testing chamber and the main
components are depicted in Figure 4-3. This machine frame can also be flooded with dif-
ferent gases or humidity to vary defined atmospheric conditions. The basic sample is
commonly a standard SRV-disc and is mounted at the bottom. The normal force is applied
through the top counter sample holder. The top sample holder is powered by the adjacent
power trains on both sides, which define the kind of relative movement in the applied

testing setup.
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Figure 4-3: General view of a SRV-test setup (cf. Durst, 2008).
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5 Mass spectrometry

5.1 General principle

The main characteristics and properties of the method of mass spectrometry make it a
powerful analytical tool. This technique can be used to qualitatively identify and quantify
target sample molecules and also to elucidate the chemical structure and properties of
probed substances. Its low detection limits, extreme sensitivity and the speed of data gen-
eration made it a very widely used analysis method and a key technique in the scientific
field of chemical analysis. It is superior to other chemical analysis methods due to the fea-
tures of its high sensitivity and selectivity, the possibility to obtain compound masses and
formulas and especially the possibility of the couple the mass spectrometry device with
chromatography instruments for substance separation (de Hoffmann, 2007; Premierbio-

soft, 2019).

Figure 5-1: Principle assembly of a mass spectrometry system.

In the first step of the mass spectrometry process charged gaseous ions are generated from
analyte molecules from the sample target under investigation and transferred into the
vacuum of the mass spectrometer device. The generated molecular ions are then separated

and analyzed using their specific mass to charge ratio (m/2) and the relative proportion of
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the abundance (ion count) of each ion species. Additional structural information can be
derived from fragmentation of the molecular mother ions and subsequent analysis of
fragment ions (Premierbiosoft, 2019). Each molecular ion and their primary product ions
can be fragmented and thus, after separation of the ions the structure of the precursor

molecule can be derived.

In Figure 5-1 the general components of a mass spectrometer are given. The major com-
ponents of the instrument are the ion source, the mass analyzer and the detector. For each
system a variety of techniques are available. Several ion sources for the production of gas-
eous molecular ions from the sample substance such as electrospray ionization (ESI), (at-
mospheric pressure-) matrix-assisted laser desorption/ionization ((AP-) MALDI) and many
others. In the analyzer device the ions and fragments are separated into their characteris-
tic mass components according to their mass-to-charge ratio. Multiple techniques such as
quadrupole, ion trap, Orbitrap, or time-of-flight (ToF) analyzers are available for a wide
variety of applications. Detection systems record the relative abundance for each single

ionic species resolved in the analyzer devices and become converted into electrical signals.

5.2 Mean free ion path

One main criterion for good mass resolution is the mean free ion path of the ionized ana-
lyte molecules since mass spectrometers are based on mass detection under vacuum condi-
tions. Low pressure atmospheres are necessary for ions to travel to the mass analyzer
without contacting other surrounding gas-phase molecules. A schematic image of the
molecule random-walk process in the gas phase during continuous collision events is giv-
en in Figure 5-2. One problem would be the deviation of the tractor after and subsequent
collisions with the instrument’s inner walls and loss of the charged state. In addition, reac-

tions or fragmentations of analyte ions after unwanted collisions with gas-phase molecules
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could further reduce the ion yield and make peak detection in the mass spectrum more
complex (Gross, 2012). Nevertheless, controlled collisions are a useful instrument for
analysis of unknown molecule structures. The mean free path Z (de Hoffmann, 2007) of

molecules in gaseous atmospheres is given by the formula

kT
= \/E'_ITU (Eq.5.1)
L = mean free path
k = Boltzmann constant
T = Temperature
P = pressure
o = effective collision cross-sectional area

Efficient pumping devices such as mechanical pumps in combination with turbomolecular
and diffusion pumps control and regulate the pressures within the mass spectrometer.
Commonly the mean free path of ions inside should be around 1 m but for the generation
of fragments under controlled collision the mean free path must be reduced to around

0.1 mm.

Figure 5-2: Schematic of molecule random-walk process and collisions in gas phase,
showing several free molecule paths followed by consecutive collision events.
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As the analyte molecules need to be introduced into the vacuum of the mass spectrometer
the vacuum itself needs to be unchanged. Usually, the ionization chamber as the source
for gas-phase ions is held under vacuum conditions. The samples can be inserted through
a vacuum interlock. For atmospheric pressure ionization sources samples are kept at at-
mospheric pressure and only ionized molecules are lead into the vacuum system through

interlock systems.

5.3 Ion Sources

A vast variety of different ionization techniques are available on the market and are used
in mass spectrometry. In general, the ion source ionizes the analyte molecules from the
targeted sample for subsequent analysis in the mass spectrometer instrument. Important
considerations have to be made about the energy transfer onto the analyte molecules dur-
ing the process of ionization. Also, the physical and chemical properties of the target mol-
ecules can have major influence on the overall ionization behavior. More energetic ioni-
zation techniques lead to increased amounts of fragmented ions. Other methods use softer
energy transfer and are able to mainly generate molecular ion species of the intact analyte
molecules. Some ionization methods are only suitable for gas-phase ionization, such as
electron, chemical or field ionization. Their application is limited to thermally stable and
volatile substances. Many other compounds are less stable at higher temperatures or are
non-volatile, i.e. don’t have enough vapor pressure to escape to the gas-phase. Thus, these
molecules are transferred from the condensed (liquid or solid) phase to the gas-phase prior

to the ionization process (de Hoffmann, 2007; Gross, 2012).

These type of ion sources can be divided into two groups of mechanisms, a liquid-phase
and a solid-state ion source. In liquid-phase ion sources the analyte molecules are dis-

solved in solutions. The solution will be finely dispersed into small droplets and at atmos-
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pheric pressure molecular ions are produced in the ion source. Examples thereof can be
electrospray ionization, chemical ionization and photoionization mechanisms. For solid
state ion sources the analyte sample is prepared into a solid deposit. After irradiation by
means of highly energetic particle or photon beams the analyte molecules become ionized
and desorb from the solid into an extraction field. This type of ionization sources are for
example MALI (matrix-assisted laser desorption ionization), SIMS (secondary ion mass
spectrometry), plasma desorption and field desorption techniques. General ion formation
reaction into the gas phase include protonation, deprotonation, adduct formation, electron
capture and ejection, or transfer of charged particles into the gas phase. An overview of
ion sources used within the frame of this work (MALDI, Secondary ion mass spectrome-

try, Electrospray) is found in sections 6, 7 and 8.

5.4 Mass analyzers

For the determination of the mass of the ionized analyte ions mass analyzers are used. The
gas-phase ions are separated according to their m/z ratio. Different separation principles
are used since also a great variety of ion sources exist. An overview of different mass ana-
lyzers including their separation principles is given in Table 5-1. In general, static and
dynamic magnetic or electric fields are applied to reach ion separation, whereas the dif-
ference of mass analyzers lies in the application of the fields onto the passing molecular
ions. Depending on the separation technique mass analyzers either only single ion masses
are transmitted through the analyzer or all ions simultaneously pass through. One way of
categorizing mass analyzers is to observe the ion collection mode. One class will transmit
ions with only specified m/z-ratio at a given time (scanning analyzers, e.g. quadrupole
instruments), whereas others can allow simultaneous transmission on the entire bulk of
ion molecules (e.g. ToF, ion trap, cycloctron, Orbitrap). Other categorization by means of

mass analyzers properties can include ion beam/ion trapping, continuous/pulsed, low/high
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kinetic energy. The Orbitrap mass analyzer is a relatively new type of analyzer with per-
formance of high masses and resolution similar to Fourier transform ion cyclotron reso-
nance (FT-ICR) mass analyzers, but with smaller dimensions and lesser complex settings

and costs.

Type of analyzer Principle of separation

Electric sector Kinetic energy
Magnetic sector Momentum
Quadrupole trajectory stability

Ion trap Resonance frequency

Time-of-flight Velocity (Flight time)

Ion cyclotron resonance Resonance frequency

Orbitrap Resonance frequency

Table 5-1: Various types of mass analyzers used in mass spectrometry (de Hoffmann, 2007).

The main parameters (de Hoffmann, 2007) for characterization of a mass analyzer device
and its output are commonly the limit of the mass range (1), the speed for ion analysis (2),

the transmission (3), and of course the mass accuracy (4) and the mass resolution (5).

1) Mass range limit

The mass range defines the upper and lower limits within which the mass analyzer
can determine the m/zratio of analyte ions in atomic units u. Small molecules ex-
hibit lower mass up to around 1000 u, whereas polymers and biomolecules can

show molecular masses of several order of magnitudes higher.
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2)

5)

Speed of ion analysis

The speed of ion analysis determines the time period through which a specified
mass range is scanned. The scan speed shows how quickly the mass analyzer can

measure a given mass range.

Transmission

Not all particles entering the mass spectrometer device pass through the mass ana-
lyzer to reach the detector. Ions are lost as they hit the instrument’s wall and be-
come uncharged. The transmission factor is the ratio of the amount of ions which
pass entirely through the mass analyzer to reach the detector and the amount of

incoming ions at the front of the mass analyzer.

Mass accuracy

The mass accuracy of a mass analyzer determines how well the actually measured
my/z-values fit the theoretical m/z-values of the analyte ion. This factor indicates
the difference of the mass-to-charge ratios. In general, it is expressed in parts per
million (ppm). High mass accuracy is essential for tasks such as identification of el-
emental composition. It is also strongly connected to the stability and the resolu-

tion of an instrument.

Mass resolution

The mass resolution in mass spectrometry is the ability to distinguish two distinct
signals of incoming ions with only minor difference in m/z-ratio in such way, that
two separate peaks appear. For ions with small m/z difference a mass analyzer with
high resolving power can yield two distinguishable signals. For two peaks the reso-
lution is based on the height of the valley between the two signals. The peaks can
be considered separated (resolved) when the valley has 10 % (for FT-ICR, Or-

bitrap) or 50 % (quadrupoles, time-of-flight, ion trap) of the intensity of the small-
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er peak. For two peaks with masses m and m + Am the resolving power R is defined
as R = m / Am. Thus, high mass resolution allows for distinct separation of ions

with small mass differences.

For single peaks the resolving power also defined in a similar way. It is described
by the peak width Am at a certain height x of the peak. Usually, the median height
at x=50 % is used, leading to a definition of the peak resolution as full width at
half maximum (FWHM). In general, resolving powers above around

10,000 (FWHM) are termed high resolution mass analyzer.

Subsequently, the mass analyzers used for the work within the scope of this publication
will be discussed in more detail. These include the ion trap, the Orbitrap and time-of-

flight analyzers.

5.4.1 Ion trap mass analyzers

In general, ion traps use oscillating electric fields to keep the ionized molecules contained
in a specified location. By utilizing radio frequency (RF) fields of quadrupolar electrodes
ions are trapped. Originally, the first ion traps were composed of a circular ring electrode
with two ellipsoid caps applied on both sides. This set up would create a sort of three di-
mensional field. Therefore, they are called 3D-, quadrupole (QIT), or also Paul ion trap

after their inventor (Paul, 1953; Paul, 1960).

Contrary, in linear ion traps (LIT) or 2D-ion trap mass analyzers the sample ions are
trapped in a quadrupolar field in radial direction repelling the ions within the four rods,
whereas an electric field at the end of the linear rods constrains them in the axial direc-
tion (Douglas, 2005). In Figure 5-3 an image of a linear ion trap is shown. In this work a
linear ion trap system was used. Positive potentials are used for positive analyte ions and

vice versa negative voltage for negative ions. Inside the linear trap ions cool down
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through collision with inert gas. The ions travel back and forth along the z-axis between
the confining electrodes. At the same time they oscillate according to the RF-potential
applied at the linear rods. Ions are repelled from the voltage of the end electrodes towards

the center. In this way, the ions can be trapped inside.

Figure 5-3: Schematic view of a linear ion trap (MS-Museum, 2019).

Compared to 3D-Paul ion traps a much lesser space charge effect is seen. This effect de-
scribes from repulsive forces of the ions when too many ion molecules are stored within
the ion trap above the space charge limit. This repulsive charges cause excess ions to be
ejected and can lead to poor performance in the mass detection. Additionally, the linear
ion traps exhibit significantly higher ion trapping capacities of more than ten times of
Paul traps. From the incoming ions more than 50 % can be stored within the LIT, whereas
the trapping efficiency of 3D-traps with only around 5 % is substantially lower (de Hoff-
mann, 2007). These advantages can truly increase the mass analyzer’s sensitivity and the
mass range. By application of proper voltages ions can be ejected from the ion trap to-

wards the detector selectively by their masses.
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5.4.2 Orbitrap mass analyzer

Orbitrap mass analyzers make use of Fourier transformation to generate mass spectra out
of incoming signals. Instead of using magnetic fields, the orbitrap is an electrostatic ion
trap with quadrologarithmic fields (Makarov, 1999; Makarov, 2000; Hu, 2005). The or-
bitrap is composed of three electrodes. The external electrodes consists of two cup-shaped
parts including a small interstice. The central electrode is spindle-like formed. An image
of the assembly of an Orbitrap is given in Figure 5-4. Together they produce the linear
and radial electrical fields necessary for analysis of the ion mass. Some kilovolts are ap-
plied to the inner electrode, negative for positive target sample ions. Analyte ions are tan-
gentially injected through the interval between the separated outer electrodes. Their tan-
gential velocity force (several kiloelectronvolts of kinetic energy) them to oscillate in a
spiral orbit motion around the inner electrode. The motion of the ions relies purely on
electrostatic fields with quadro-logarithmic potential distribution originating in the DC

voltage of the trap (de Hoffmann, 2007).

Figure 5-4: Model of an Orbitrap mass analyzer. Inner electrode (A); two outer electrodes, split by an
insulating ceramic ring (B); orbital path of incoming ions (C). (Snow, 2014).
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The frequency of the rotating ions is directly related to the m/z ratio, as can be seen in
equation 5.2 (Makarov, 2000). Most importantly, this property is independent of any in-
fluence of the kinetic energy of the inserted analyte ions. The ions oscillating around the
inner spindle-electrode induce a broadband current. This current is converted through
Fourier transformation into specific intensities and frequencies for each individual m/z
ratio, resulting in the final mass spectrum. Ions are injected one m/z at a time due to dis-
tance adjustment to the focus plane. This grouping of similar ions as well as the coherent
axial transition leads to efficient mass resolution. Additionally, the slight temporal separa-

tion of ions with different masses, decreases space charge influences.

z
w, = |k (g) (Eq. 5.2)
w, = frequency of axial oscillations
k = electric field curvature in Orbitrap

m; .o
i/, = mass-to-charge ratio of ions

Compared to FT-ICR instruments the mass resolution of the orbitrap at low masses is sig-
nificantly lower but decreases much slower towards higher masses. However, in relation
to Q-TOF instruments the resolution as well as the dynamic range are substantially in-

creased (Gross, 2012).

5.4.3 Time-of-Flight mass analyzers

Already in 1946 the basic principles of time-of-flight mass analysis were published (Ste-
phens, 1946). The general design of this method is well adaptable to pulsed ionization
methods like ion bombardments or laser desorption. When ions are extracted by the used

ion source and accelerated towards the mass analyzer system using a certain electric po-
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tential between the inlet and an opposing electrode, in time-of-flight designs a field-free
flight tube acts as mass separator. Since all the ions bear the same kinetic energy, only the
m/z-ratio determines the velocity and thus, the distribution in time-of-flight of the ac-
quired ion bundles. ToF-instruments have high mass ranges and their high transmission
efficiency allows for detection of very small amounts of analyte ions and high sensitivity

(Mamyrin, 2001; de Hoffmann, 2007; Schlag, 2012).

Alas, a major disadvantage was the minor mass resolution, deriving from the ion pulse
time distribution, the spatial distribution of the ion ablation, as well as the kinetic energy
distributions of the ions. For correction of the energy dispersion two approaches have
been applied for higher mass resolution. First, the delayed pulsed ion extraction (Wiley,
1955) allows for reduction of the kinetic energy deviations through concentration of equal
my/z-ion bundles via a separate electric extraction pulse. Secondly, the use of “ion mirrors”
is used to enhance mass resolution (Mamyrin, 1973). These mirrors, called reflectrons, are
electrostatic reflectors, where the ions are attenuated in a deflecting field and forced into
an additional flight channel. Again, ion bundles of same m/Z ratios but slight energy dis-
tributions are more concentrated and hence, peak broadening is reduced (de Hoffmann,
2007; Gross, 2012). A more detailed description of time-of-flight mass analysis is given

section 7.4, focused on the ToF-SIMS method.
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6 MALDI

6.1 Introduction to MALDI mechanisms

The principles of matrix assisted laser desorption/ionization (MALDI) were introduced in
1988 by Hillenkamp and Karas (Karas, 1987; Karas, 1988; Hillenkamp, 1990). This method
is based on the use of a so called matrix, which is essential for both desorption and ioniza-
tion reactions of the analyte. Generally, the use of MALDI benefits from simple sample
preparation and quite substantial tolerance for contaminations of the sample under inves-
tigation (Stump, 2002). Since its introduction MALDI has become commonly used source

for gas-phase ions for many different scientific applications (de Hoffmann, 2007).

MALDI and ESI are two soft ionization techniques used in mass spectrometry which allow
the detection of nonvolatile and labile compounds over a broad range of molecular mass.

MALDI principles were discovered in 1984 when Karas and Hillenkamp used organic pol-
ymers to embed the tissue sections using laser micropulse mass analyzer (LAMMA) inves-
tigating large biomolecules. LAMMA reached submicron resolution of analytes in organic
resin-based matrices via laser desorption but significant background of the organic resins
was observed (Hillenkamp, 2013). Therefore, they investigated desorption behavior of
amino acids with Nd:YAG laser observing simultaneous desorption of organic molecules
(Karas, 1985). First, MALDI was limited to small organic molecules but soon the mass
range was extended to larger peptides and proteins. MALDI-spectra of proteins with
masses exceeding 10 kDa and 100 kDa were reported in 1988 (Karas, 1988; Tanaka, 1988).
One large benefit of the MALDI-technique was the large sensitivity, which nowadays is

down in the low attomole range.
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6.2 Analyte molecule incorporation

The core of the MALDI technique is the use of an organic laser-absorbing matrix used in
large excess compared to analyte quantities. The way in which matrix and analyte mole-
cules interact is one important feature. Commonly the matrix is prepared as near-
saturated 0.01-0.1 M solution and mixed with a 10 — 10 M solvent solution of the ana-
lyte. Matrices need to be soluble in the same solvent as the analyte. Important matrix
properties for analyte incorporation are the ability to embed and isolate analyte molecules
for example through co-crystallization. The solvent is then evaporated upon which the
matrix crystallizes and forms crystals of up to a few hundred micrometers. The matrix
homogeneously incorporates analyte molecules in its crystal structure. Morphology of the
matrix crystallization is very much depending on the matrix, the solvent, the surface pa-

rameters and influence of sample treatment during preparation (Hillenkamp, 2013).

6.3 Laser absorption

Optical absorption of the laser radiation energy transfers the laser beam energy to the ana-

lyte sample and is regulated by Beer’s law (Karas, 1985)

H=H,-e % (Eq. 6.1)
H = laser fluence at depth z
Hy = laser fluence at the surface
a = absorption coefficient
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The absorption coefficient o is dependent on the wavelength-dependent molar absorption
coeffienct a of the matrix and the concentration c» of absorbing matrix molecules. High-
est molar absorption coefficients are provided by systems with aromatic electron struc-
tures. Therefore, matrix compounds commonly consist of phenyl of styryl derivatives sup-
ported by other electron-donating groups. The absorbed energy per unit volume Eu/V

(energy density)

7 =a-H (Eq. 6.2)
% = energy absorbed per unit volume
H = laser fluence
a = absorption coefficient

is the determining factor of the MALDI-process. Matrices with sufficiently high absorp-
tion coefficients o allow lower laser flueneces Ho to initialize ablation of embedded ana-
lyte molecules for ionization. The electronic excitation energy is converted into lattice
energy and the vast amount of deposited energy leads to an explosive ablation reaction of

the excited sample volume (Hillenkamp, 2013).

6.4 Desorption

Since the majority of the ablated material is removed in neutral state the ablation and ion-
ization processes can be treated separately. The energy of the laser pulse onto the sample
leads to the removal of a sample volume consisting of many monolayers of matrix and
analyte molecues (Hillenkamp, 2013). The processes of material ablation and the ioniza-
tion of a minor fraction of the matrix and analyte molecules occur on a geometric micro-
and a time nano-scale. Some commonly used types of laser for MALDI experiments are

given in Table 6-1.
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Matrix molecules play a key role in releasing intact large analyte molecules into the gas
phase. The matrix crystals disintegrates during irradiation with UV-laser light releasing
cocrystallized analyte molecules into the gas phase. After laser irradiation the matrix un-
dergoes rapid molecular dissociation, while high pressure at the surface creates supersonic

expansion (Li, 2009).

Laser Wavelength  Energy Pulse width
Nitrogen 337 nm 3.68 eV < 1mnstoafewns
Nd:YAGu3 355 nm 3.49 eV 5ns
Nd:YAGu4 266 nm 4.66 eV 5ns

Er:YAG 2.94 ym 0.42 eV 85 ns

co2 10.6 pm 0.12 eV 100 ns + 1 pStail

Table 6-1: Frequently used laser types for MALDI experiments. (de Hoffmann, 2007)

The exact underlying mechanisms are currently still a matter of ongoing scientific investi-
gations. Many different parameters can have influence on the desorption behavior of ma-
trix and analyte molecules. Main focus lies in the role of irradiation parameters, as well as
preparation and matrix parameters. For laser parameters this include for example the laser
pulse duration, the laser wavelength and the laser energy per pulse and unit area (laser
fluence). Important are also the different types of cocrystallization and incorporation of
analyte molecules into the solidified matrix structure. Furthermore, kinetic energies and
energy distributions of the expanding particle plume as well as the general composition of
the initially ejected molecules and ions (Dreisewerd, 2003). For the plume important pa-
rameters are the ratio of ions to neutral material, along with desorption of particles and

clusters compared to the discharge of molecules.

As mentioned above, the exact process and fine details of desorption and ablation is still
under investigation. Yet, the main influences are accepted to be stress generation through
thermoelastic waves, as well as the rapid heating process where very high pressures build
up within the excited sample volume causing microcracks, entailed by ejection of large

material particles and clusters, besides gaseous components (Hillenkamp, 2013).
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6.5 Ionization

Two general processes are present for analyte ionization. MALDI ionization starts with
matrix ionization followed by subsequent charge transfer to yield analyte ions with inten-
sification in favor of the analyte moleculesn (Hillenkamp, 2013). More than two photons
are needed for photoionization of the matrix molecules. Ionization energy is lowered for
larger matrix aggregates. Since the majority of the absorbed energy is converted into lat-
tice energy additional thermal energy is present to aid photoionization (Liidermann,
2002). Photon fluxes of MALDI-lasers are too low for two-photon absorption, but since
the excited energy is highly mobile in matrix aggregates with aromatic m-electrons two
excitons (excited molecules) can interact electronically and yield matrix molecules with

higher excited state (Setz, 2005).

Figure 6-1: Schematic representation of the ionization process of analyte molecules in MALDI (cf.
Proteomics, 2019).

A schematic of basic ionization processes is given in Figure 6-1. For analyte ionization two
different models have been proposed (Hillenkamp, 2013): First, the Coupled Physical and
Chemical Dynamics (CPCD) model, where neutral analyte molecules are protonated [ana-
lyte + H]* and deprotonated [analyte —~H]- through charge transfer from matrix molecules
after secondary intermolecular matrix reactions following their photoionization.

The second model is the “Jucky survivor” model. Herein, as a first step analyte molecules

are assumed to be precharged within the matrix crystals corresponding to charges in the
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solution previous to matrix/analyte crystallization. As a second step, in the model the

crystal lattice is broken up into clusters of various size. Statistically these analyte-

containing clusters carry some excess protonated or deprotonated matrix ions. During

cluster dissociation these excess charges can yield generation of protonated and deproto-

nated analyte ions, ‘surviving’ simultaneous neutralization processes. This model can well

be applied to the formation of negative and positive ions from both, basic and acidic ana-

lytes.

Analyte type Matrix Abbreviation

Peptides/proteins o-Cyano-4-hydroxycinnamic acid CHCA
2,5-Dihydoxybenzoic acid DHB
3,5-Dimethoxy-4-hydroxycinnamic acid SA

Oligonucleotides Trihydroxyacetophenone THAP
3-Hydroxypicolinic acid HPA

Carbohydrates 2,5-Dihydroxybenzoic acid DHB
o-Cyano-4-hydroxycinnamic acid CHCA
Trihydroxyacetophenone THAP

Synthetic polymers Trans-3-indoleacrylic acid TIAA
Dithranol DIT
2,5-Dihydroxybenzoic acid DHB

Organic molecules 2,5-Dihydroxybenzoic acid DHB

Inorganic molecules Trans-2-(3-(4-tert-Butylphenyl)-2-methyl- ~ DCTB
2-propenylidene)malononitrile

Lipids Dithranol DIT

Table 6-2: Frequently used matrix molecules for MALDI-experiments (Gabler, 2014).
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6.6 Matrix selection

To analyze different classes of analyte molecules in AP-MALDI-MS various MALDI ma-
trices have to be taken under consideration. No single matrix and preparation method is
suitable for all analytical problems. Many different matrices are available for different

classes of analytical problems and molecules to be investigated.

Most commonly used are the matrices CHCA (a-cyano-4-hydroxycinnamic acid) and
DHB (2,5-dihydroxybenzoic acid, gentisic acid). CHCA is mainly used in a majority of
proteomics applications for the analysis of peptide-mass-fingerprints as well as for frag-
mentation experiments in tandem mass spectrometry. DHBs solidify into large crystals
and are mainly used for protein analysis. Additionally, a large variety of matrices is availa-
ble and is being used for various MALDI analyses. Comprehensive lists of commonly used
matrices and their main applications are already given in several references (cf. Li, 2009;
Navare, 2010; Gross, 2012; Hillenkamp, 2013). A few frequently used matrices including

mostly applied analyte molecule types are shown in Table 6-2.

The general demands on matrice requirements include the following important aspects of

matrice selection, depending on the targeted analyte ions:

1. The ability to embed and isolate analyte molecules through co-
crystallization.
2. These matrices need to be soluble in solvents that are compatible with

the desired analytes and ensure stable analyte molecules.
3. Effectively absorb the applied laser wavelengths.
4. Co-desorption of the analyte molecules after laser irradiation and the

promotion of analyte ionization.
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6.7 Sample preparation

A standard method for sample preparation is the so called dried-droplet-method. In this
simple method the analyte sample is dissolved in a solution of one ore more miscible sol-
vents and subsequently deposited onto the MALDI sample target. It is most widely used
due to its simple and rapid processing. Typically sample volumes of matrix-analyte sam-
ples are around 1-2 pl. The droplet is then dried in air. Other variations use air flows or
slightly reduced air pressure (Weinberger, 1993; Vorm, 1994) for improved homogeneity
of the crystal structure. Crystal structures and size of the dried droplet can vary signifi-
cantly due to preparation conditions like solvent evaporation rate, temperature, analyte
concentrations and more. The analyte molecules are usually homogeneously distributed in
the crystal structure. High polarity of sample solutions can lead to very inhomogeneous
crystal distributions. Additionally, varying ionization states of analyte molecules or ma-
trix-analyte interactions, as well as heterogeneous orientation of the matrix crystals or
variations of crystal structures due to inhomogeneous analyte concentrations could also
lead to possible ‘sweet spots’, i.e. certain positions of the crystallized sample droplet where

best MALDI performance is achieved.

6.8 Surface Preparation

To enhance sensitivity predeposited matrix layers can be applied increasing homogeneity
of crystallization. Also, mixtures of different matrices have been applied to soften the ab-
lation process improving sensitivity for the analyte molecules. Additionally, sample plates
with special designed surfaces can also influence the matrix crystallization process and
improve analyte dispersion homogeneity. Hydrophobic surfaces can avoid draining of ex-

cess sample solutions and help concentrating the spotted sample (Jaskolla, 2009).
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Furthermore, various other sample target plate materials and surface structures have been
applied in for investigations of analyte sensitivity (Kassler, 2009; Pittenauer, 2011), as well
as for offline monitoring of tribological experiments directly from tribometry sample sur-

faces (Gabler, 2012; Widder, 2015).

6.9 Atmospheric pressure-MALDI

Due to their soft ionization together with ESI, MALDI mass spectrometry is used as key
technology in proteomics for peptides, proteins and larger biomolecules. They are used as
complementary methods enabling a broad range of compounds to be analyzed. The ESI
source is used to analyze liquid samples and ionization occurs under atmospheric pressure.
To be coupled to mass analyzers vacuum gradient systems must be applied for ESI. Com-
mon MALDI experiments are carried out in vacuum. Its pulsed ionization mechanisms are
well suited for time-of-flight mass spectrometers, which are the main analyzer technique

used for MALDI.

The development of MALDI sources operating at intermediate and atmospheric pressure
lead to interchangeable ion sources on the same mass spectrometer. AP-MALDI is per-
formed outside the mass spectrometer at atmospheric pressure. The transport of ions into
the mass analyzer can make use of the same pressure interface as ESI with the additional

advantage of possible MS/MS fragmentation experiments.

6.9.1 Advantages

In general, the spectra of vacuaum MALDI and AP-MALDI have similar features. Howev-
er, AP-MALDI shows some significant advantages over the vacuum MALDI technique.
First of all, AP-MALDI is a significantly softer ionization technique than traditional vacu-

um MALDI. This results in less fragmentation of analyte ions during the ionization pro-
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cess. A possible reason could be the cooling through collisions of the ions with the back-
ground gas. Second, the AP-MALDI ion source is commonly interchangeable with an ESI
ion source, which has the benefit of yielding complementary information with only con-

siderable additional sample handling efforts (Navare, 2010).

Additionally, all sample targets and positioning devices are located outside of the vacuum
chamber. This makes sample handling relatively simple in AP-MALDI and is especially
convenient for high sample through-puts. One different beneficial aspect of AP-MALDI is
the broad range of different matrices which are available. Since they do not have to be
vacuum stable more substances are suitable for analysis in atmospheric pressure. Also lig-
uid analytes can be investigate via AP-MALDI and pumping time for evacuation after

sample and target changes can be omitted (de Hoffmann, 2007).

6.9.2 Disadvantages

The use of quadrupoles and octopoles for beam collimation into the mass spectrometer can
limit the mass range. Furthermore, the transmission of the analyte ions through the capil-
lary into the mass spectrometer significantly reduces the sensitivity of atmospheric pres-
sure analysis, whereas ion production itself should yield similar amounts of ions as tradi-

tional vacuum MALDI systems.
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7 Tof-SIMS

7.1 Introduction

Secondary ion mass spectrometry (SIMS) has been very important for high-resolution ma-
terial analysis and characterization for several decades. Several key factors have made it a
unique but widely available analytical technique. First, the possibility to measure all ele-
ments of the periodic system from H (atomic number 1) to U (92) along with isotopes and
molecular species are very exclusive characteristics. Secondly, the SIMS measurement
technique has extremely high sensitivity extending down to the ppm and ppb range.
These outstanding properties paired along with very high surface resolution in the order
of nm yield an exceptionally powerful method for material and surface analysis (Fearn,

2015).

One main improvement over the course of ToF-SIMS applications was the development of
dual beam instruments. Here, dynamic SIMS for depth profiling of near surface and bulk
regions using high ion beam currents and static SIMS used to produce complex mass spec-
tra of surface layers were combined to merge both qualities in one instrument. For all of
these reasons the SIMS-technique has been applied in a wide range of research areas and
material characterization. This introduction to time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) will be given in order to understand the main specific principles and

its contribution to this work.
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7.2 Principles and ion formation

7.2.1 General principle

The mass spectrometry technique of time-of-flight secondary ion mass spectrometry is
used to analyze the chemical composition of samples in vacuum conditions. Secondary
ions are sputtered from a target sample by the ion beam generated in the primary ion gun.
For this purpose, the specimen’s surface is bombarded by means of a beam of primary ions
with energies between 0.1 and 20 keV. Subsequently, a large variety of sputtered particles

are produced through the primary ion bombardment.

Figure 7-1: Schematic depiction of the functional principle of a ToF-SIMS instrument (Hofmann,
2014).

Electrons and photons are emitted along with resputtered primary ions as well as mono-
atomic and poly-atomic particles of the sample material. These secondary ions can be of
positive, negative or neutral charge. The sputtered secondary ions are extracted into the
flight tube via an extraction potential and electronically detected by means of a micro-
channel plate. Through an inlet they are extracted into the mass spectrometer and become

detected and analyzed. Depending on the system’s mode of operation, various signal out-
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puts can be obtained: mass spectral analysis, ion mapping, depth profiles and 3D-imaging.
A schematic representation of the principal instrumental design of a ToF-SIMS instrument

is given in Figure 7-1.

7.2.2 Basics of ToF-SIMS theory

In general, mass spectrometry is able to analyze ionized atomic or molecular sample ana-
lytes which are transported into the gas phase. In secondary ion mass spectrometry
(SIMS), the mass-to-charge ratio (m/z) of secondary ions is measured. The secondary ions
are generated by means of an ion beam bombardment of the probed target surface. Ioniza-
tion, i.e. the formation of the secondary ions, occurs in the very close vicinity of the emis-
sion of the particles from the surface. The process of ionization itself is strongly influenced
by surface parameters such as chemical composition or bonding conditions. The sputter-
ing and ionization processes are complex events (Sigmund, 1969) and can in general be

described by the basic SIMS-equation

I¥ = L,C,SYF (Eq. 7.1)

secondary ion current of species x
= primary ion beam current
concentration of species x

= sputter ion yield

= ionisation efficiency

ST T RN S RN !
1l

= transmission

Since the measured counts of secondary ions, I}, are directly proportional to the concen-
tration C, of the investigated analyte species x, it is readily evident that quantification in
SIMS should be a considerably simple task. However, as the chemical state of the emitting
surface has a major influence on the measured signal of the secondary ions, which is also

referred to as the matrix effect, quantification can be challenging for certain surface mate-
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rials and conditions (Fearn, 2015). For many samples like complex biological systems or
others with heterogeneous chemistry distributed over the surface this can be a handicap
for valid quantification or the development of relevant analyte standards. For homogene-
ous matrices and surfaces, such as silicon-based samples or semiconductors in general,
quantification can be readily carried out using implant standards, whereby a known

amount of a certain element is implanted into the matrix material for depth profiling.

Other key parameters such as the sputter yield Sand the ionization efficiency y depend on
several fundamental factors relating to the selection of ion beam parameters as well as to
the properties of the target material. In general, the sputter yield Sis the amount of re-
moved target material during the course of ion bombardment. It is mainly influenced
through the energy, the mass and the charge of the ion beam used. This means, ion beam
bombardment by heavier ion species will lead to increased sputter yields, as the energy
will be transmitted in areas closer to the target sample’s top surface. The target material’s
elemental composition and properties significantly influence the sputter yield as well. For
a given ion beam energy the resulting sputter yield can vary by a factor 3-5 (Laegreid,

1961).

For some target substrates such as covalent materials, it is important to minimize the dam-
aged area as heavy ion bombardment will rapidly destroy the chemical structure. The
damage cross section o is defined as the mean area damaged by one single primary ion and

is also related to the secondary ion intensity

— -0l
Ly, = Ly0e 7' (Eq. 7.2)
L, = recorded molecule signal
Lpno = original surface density of species m
I = primary ion beam current
o = disappearance cross-section
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The damage cross section increases with the mass and energy of the primary ions, as well
as the angle of incidence to the surface normal, as was shown by Galera et al. (Galera,
1991), similarly to the sputter yield S. The efficiency of the secondary ions £ for the pri-

mary ion beam can therefore be described as

E=2 (Eq. 7.3)
E = secondary ion efficiency
= Sputter yield
o = disappearance cross-section

For increased analyte ion efficiencies £'it is therefore essential to optimize the sputter
yield Sand reduce the damage cross section o to minimal size. The use of cluster ions such
as e.g. Auy’, Biy', Bi," or G4 allows for a significant increase in ion yield. The change of
the primary ion projectile to cluster species leads to energy distribution of the total energy
of the ion beam within all atoms of the cluster upon impact. Thus, the way the cluster ion
beam impacts the analyte surface leads to lower impact energies per atom and therefore
less damage to the subjacent atomic structure of the sample. Hence, cluster ion beams lead
to increased surface areas for surface molecules to be ejected and increased depth resolu-

tion through lower surface penetration of the cluster ion beam (Fearn, 2015).

The general tendency of a specific element or molecule to form secondary ions, either
positive or negative, is dependent on the ionization energy and also the electron affinity
of the measured ion species. For example, elements of the first main groups of the periodic
table of the elements (alkaline metals, alkaline earth metals) have lower ionization ener-
gies (lower electron binding energies) and more readily form positive ions. Conversely,
elements of the seventh main group (halogens) exhibit high electron affinities (higher

electron binding energies) and more likely form negative ions.
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7.3 Instrumentation

7.3.1 Ion generation

Many single processes occur during the formation of secondary ion. In a first step, the
beam of primary ions is collimated and accelerated to establish the desired energy. The
energy of the primary ion beam is then transferred through elastic and inelastic collisions
with particles in the vicinity of the impacted surface area. As the ion beam is being ras-
tered over the target surface the bombardment of primary ions can cause certain atoms or
molecules to receive enough energy in a proper and relevant direction, as to overcome the
surface binding energies. In this way these particles are sputtered away from the target
surface and become the emitted secondary ions. An visualization of sputtering events is
shown in Figure 7-2. A similar process of desorption ionization for ion generation is seen

in other mass spectrometry techniques such as matrix-assisted laser desorption ionization

(MALDI).

Figure 7-2: Cross-sectional view of collision events using Cso and Aus primary ions (Russo, 2006).
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The approximate depth of the origin of the emitted particles can vary during SIMS-
analysis due to the multiple complex collision processes occurring during sputtering but is
often stated to be around 2-3 atomic layers (Winters, 1976). Thus, this method of surface
examinations is often considered as being highly surface sensitive. Emitted particles can
emerge of locations of up to 10 nm away from the initial impact site of the primary ion
beam (Bolbach, 1992). Depending on the molecular structure and occurring species, the
depth of emission for molecular particles from organic samples may also vary (Shard,

2015).

Throughout the course of all processes of generation of secondary ions the sample remains
in its genuine solid state and the chemical composition and distribution of the elements is
not altered. One major advantage of analyzing samples via the ToF-SIMS technique is that
contrasting to other mass spectrometry methods the sample is kept in its native state and
all chemical information is also preserved. Additionally, also the location of any obtained
information is acquired which allows for elemental and molecular maps of the analyzed

target to be established (Fearn, 2015).

For general ion generation two main models can be named: the bond breaking model de-
scribes increased ionization probability for positive ion generation through flooding the
surface with oxygen ions, e.g. O," (Gnaser, 1999). The electron tunneling model predicts
mainly negative secondary ion generation by decreasing the work function through in-

ducting submonolayers of Cs into the surface layers to enable charge transfer to the sput-

tered atoms (Ming, 1986; Grehl, 2003).

73



Chapter Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here. —
Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

7.3.2 Ion beam sources

In recent years substantial developments have been established in the area of ion beam
sources. In general, the main primary ion beam source in a dual-beam ToF-SIMS device is
a liquid metal ion gun (LMIG) to produce a focused ion beam for high lateral resolution.
Previously, sources used gallium and gold ions, but recent advancements for less destruc-
tive analysis, often of soft organic or polymeric materials, focus on bismuth ion sources,
since it shows improved secondary ion yields especially for the use of cluster ions (Bru-
nelle, 2005; Straif, 2009). Cluster ion beams use charged particles comprised of multiple
atoms. The LMIG technology consists of a heated field-emission tip which is coated with
the metal alloy to extract a mixture of metal cluster ions. Subsequently, the ions are mass-
selected and electrostatically focused to form an intense but laterally defined metal cluster

ion beam.

Other cluster ions for primary ion beams include carbon fullerenes (Cq") and also Ar," gas
cluster ion beams, which consist of up to around 2500 atoms. These gas-phase cluster ion
sources are conventional electron impact (EI) techniques to ionize the vapor-phase clus-
ters. After extraction and mass-filtering the ions are focused through beam-minimizing

apertures and lenses to acquire a spatially well-defined cluster ion beam (Fearn, 2015).

In general, the main advantage of these cluster ion beam sources is that upon impact of
the cluster ion on the sample surface the large cluster particle breaks into all consisting
single atoms and the kinetic energy of the cluster particle is distributed over all atoms of
the cluster. Thus, multiple separate low-energy particle impacts occur which leads to sig-
nificantly reduced localized impact energies compared to high-energy single ion impacts.
As a consequence, damage of the molecular surface microstructure is substantially re-
duced. For larger atom counts within one cluster ion a much wider crater is formed and
the damage cascade and material mixing is greatly reduced in the subjacent bulk material.

Also, much more particles from the top sample layers are ejected consisting of larger in-
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tact fragments, compared to high-energy impacts and thus, yielding enhanced and cleaner
mass spectra with less fragmentation and more intact parent molecules of the desired tar-
get material (Kayser, 2013). For larger clusters the lateral size of the impact crater increas-
es as the depth of the damage in the bulk material decreases. In general, the focus of the
ion beam from LMIG sources is much better than for large cluster ions and is consequent-
ly used in static ion mapping. Depth profiling and soft removal of material is carried out

using larger cluster ions from the sputter gun.

7.4 Time-of-Flight mass analysis

To record a mass spectrum, after generation of the secondary ions and ejection from the
target the surface ions are separated according to their mass-to-charge ratio (m/z). To ana-
lyze the mass of the secondary ions several different mass analyzers such as quadrupole,
magnetic sector, ion trap time-of-flight (ToF) or Orbitrap are available (de Hoffmann,
2007). Most commonly the rather simple method of time-of-flight detection is used,
where secondary ions are separated using the time they need to travel a certain distance
within a flight tube in the mass analyzer. Within this tube no further electric of magnetic
fields are used for separation of the ions. A general overview of the flight process of ions

passsing through the field-free drift tube is depicted in Figure 7-3.

Figure 7-3: General schematic of a time-of-flight process (cf. Gross, 2012).
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Each pulse of the primary ion beam rastered over the surface generates a corresponding
short pulse of secondary ions migrating away from the target surface. Through the fixed
potential V of an extraction plate the secondary ions are accelerated towards the time-of-
flight mass analyzer device. After extraction and acceleration the secondary ions float
through a field-free tube, where all ions carry the same kinetic energy Ekin = mvZ%2. Using
the initial energy of the charged particle Eei=qU=ezU=zV passing through the potential U,
the mass-to-charge ratio of the ionized particles in dependence of their flight duration is

obtained according to

moIve (Eq. 7.4)
= length of the flight tube
|74 = acceleration potential
t = time to pass the flight tube

where L is the length of the field-free tube, V'is the fixed acceleration potential and ¢ is
the time period of the ions flying through the flight tube until impact onto the ion detec-
tor, also called time-of-flight. In this flight tube, lighter ions travel at a faster pace and
need less time to cover the distance to arrive at the detector (Fearn, 2015). The time ions
need to travel through the flight tube is dependent on the mass-to-charge ratio, according
to equation 7.4. Each separate arrival time of particles will be transformed into the respec-
tive m/z ratio generating peaks in a mass spectrum or each single initial primary ion beam
pulse. For higher ionic masses the flight times are significantly longer and ions do not col-
lectively reach the ideal velocities within the flight tube. Thus, the mass resolution be-

comes lower and it is more difficult to keep good signal quality.
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Figure 7-4: General depiction of a reflectron mass analyzer (cf. Gross, 2012).

To overcome this challenge of small differences in initial energy and angle of the ions a
series of high-voltage ring electrodes are arranged at the head of the linear drift tube and
acts as ion mirror, which is called the reflectron, depicted in Figure 7-4. As certain voltag-
es are applied to the electrodes the reflectron can improve the resolution especially of
higher mass ions by narrowing the extent of flight times for single m/z ratios. A decelerat-
ing voltage slows incoming ions down whereat faster ions travel further into the reflec-
tron. Slower ions get deflected earlier. In the end, both, fast and slower moving ions of the
same m/z ratio reach the detector at the same time, i.e. within an as small as possible time
frame. This is narrowing the peak width of the generated mass spectra. Typical ToF-SIMS
mass resolutions (M/dM) can be up to 20.000. Other major advantages are very high
transmission rates, the ability of parallel ion detection of the entire mass range, as well as
the unlimited mass range and the self-calibration using low mass fragments. Limits of de-

tection are dependent on many properties of the used instrument und its key components.

7.5 Ion detection

For the detection of the secondary ions microchannel plates are used. After traveling

through the drift tube of the mass analyzer the secondary ions become detected at impact

77



Chapter Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here. —
Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

on the microchannel plate. A microchannel plate detector is a planar array of small glass
channels leading from one side to the opposite. The width of the microchannels is typical-
ly about 6-10 pm in diameter. For production small hollow glass capillaries with electron
emissive coating are fused and then sliced into separate plates. In microchannel plates the
amplification of ion signals is achieved. A single ion will hit the wall of a channel it en-
tered and a cascade of secondary electrons is emitted. In this way, multiple electrons are
emitted from the backside of the microchannel plates. Using these plates operated in se-
ries amplification of up to 10® (one single ion impact event yielding an output of up to 108
secondary electrons) can be possible. Subsequently, outcoming electrons are being detect-
ed, usually measuring the total current using a resistive anode detector. Several unique
properties are combined in microchannel plates such as e.g. high signal gain, high lateral
and high temporal resolution making them useful for various applications. Depending on
the type of particles the design of the microchannel plate detector can vary regarding res-

olution, sensitivity, signal throughput, imaging region, and others.

Additionally, a stable vacuum pressure as low as possible are essential for high surface sen-
sitivity in ToF-SIMS. Vacuum pressure in today’s ToF-SIMS analysis chambers can be as
low as 10! mbar. This can be achieved through certain arrangements of various pumping
techniques such as roughing pumps, turbo molecular pumps, ion pumps and sublimation
gettering pumps. Low vacuum pressures are substantial to keep the probed surface free
from contaminations (Fearn, 2015). Furthermore, maximization of the inelastic mean free
path of the secondary ions is important to reduce energy losses of gas phase scattering ef-

fects on the way of the analyte ion into the mass analyzer.

7.6 Analysemethoden

7.6.1 Static SIMS
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To obtain high-resolution mass spectra from target surfaces short pulses of solely primary
projectile beam pulses with durations in the range of nano-seconds are used to irradiate
the predefined surface region. Subsequent process sequences of static SIMS measurements
include the extraction and acceleration into the time-of-flight analyzer, followed by sepa-
ration according to the ions’ m/z-ratio to produce a mass spectrum which is representative
only for this one ion pulse’s impact area. In this way, the primary ion beam is scanned
over the desired area. Confined to their recording position, the sum of the different mass

spectra can provide spatial distribution mapping images of specific molecule peaks.

Very short pulse durations of primary ion beams ensure high mass resolutions of up to
18.000 (M/AM) (Iontof, 2019). Since the surface is not sputtered away and only analysis of
the surface is achieved this procedure is referred to as the static SIMS method. Therefore,
the ion beam dose of primary ions is rigorously controlled to minimize the interactions of
the ion beam and target atoms or molecules. Thus, in static SIMS sub-monolayer removal
of less than 1 % of the surface material is achieved. Low doses of primary ions and reduced
interactions of ion beam and surface atoms and molecules allow static SIMS analysis to be
effectively non-destructive to the surface structure and the use of further surface charac-

terization via other techniques is possible (Fearn, 2015).

While the mass spectrum is recorded the lateral coordinates of each single position is doc-
umented. For data evaluation specific ions may be selected and correlation with their spa-
tial distribution yield ion mappings for the predefined region of interest. Lateral resolu-

tions of >100 nm may be achieved depending on the pulse time of the primary ion beam.

7.6.2 Dynamic SIMS

For many scientific problems it is essential to gain knowledge about how the elemental

composition varies with depth. Diffusion of atoms or characterization of layer interfaces
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can be such applications as well as changes of elemental composition throughout the bulk
region during/after material processing measures or detection of specific bulk material
features below the surface region. To measure mass spectra as a function of depth the ion
sputter gun, an additional ion source, is applied. The sputter ion gun is used to ablate sur-
face layers of material to allow analysis below the original surface level. The ion beam
dose far exceeds the limit of the static SIMS analysis and removes larger quantities of sam-
ple particles. The chemical composition within the emerging sputter crater is made acces-
sible in this way by analyzing nascent surface layers in between sputter beam pulses. This
type of ToF-SIMS measurement is termed dynamic SIMS and is significantly more de-
structive to the sample surface and microstructure in comparison to the static SIMS meth-

od.

Figure 7-5: General depiction of the three main steps in dynamic SIMS depth profiling: high energy
sputtering beam a); low energy analytical beam b); acceleration into the mass analyzer c) (cf. Fearn,
2015).

In a first step the sputter ion beam is scanned over the defined region of interest, which
typically can be of up to 500 pm x 500 pm. The sputter ion beam has significantly higher
ion doses compared to the analytical primary ion beam, generally in the range of tens or
hundreds of nAs. For constant sputter rates the current should be kept stable and thus,
material can be removed in a controlled way. High sputter rates and intense sputter ion
beams large amounts of sample material can be removed but also may cause a change in

the chemical composition of the sample affecting the secondary ion yields. For optimiza-
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tion of the measurement accuracy and less altering of the target structure the ion beam

has to be carefully controlled.

Secondly, after the sputter beam has ablated a surface layer the primary ion beam for
analysis is applied to a specified area within the sputter crater. To avoid any edge effects,
i.e. interference of material on the edges of the sputter crater, the analysis area is com-
monly chosen to be somewhat smaller than the larger sputter crater. Subsequently, sec-
ondary ions are emitted as described in previous sections and can be detected and ana-
lyzed in the ToF-SIMS instrument. Sputtering and primary analysis ion beams are again
alternatingly repeated sequentially for further analysis until a specified depth is reached.
For imaging, certain m/z-peaks of the mass spectra from the detected secondary ions can
be selected and depth profiles of those particles can be generated and display. For com-
pensation of the emission of charged ions and to avoid charging build ups on the target
surface low energy (20 eV) electron flood guns are used to neutralize the sample surface,

especially for insulating samples (Fearn, 2015).
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8 Electrospray Ionization

8.1 Overview

Similar to AP-MALDI, described in chapter 6.9, electrospray ionization (ESI) is an ioniza-
tion source operating in atmospheric pressure. Therefore, an atmospheric pressure inter-
face is necessary to transfer ions, generated at atmospheric pressure, into the high vacuum
of the mass spectrometry system. To overcome the high differences in pressures separate
intermediate pumping systems are applied and ions are transferred through lenses with

small orifices (skimmer).

During the transfer of the ions into the vacuum chamber ion losses are induced. Since
higher total ion yields are obtained due to the fast thermal stabilization at atmospheric
pressures, these losses are usually more than compensated. One other significant ad-
vantage is the simplicity of the direct coupling of preceding separation techniques such as
HPLC or others. Very beneficial is also the very easy introduction of analyte samples into
the ionization chamber and subsequent transfer into the mass spectrometer, eliminating

complex procedures for the sample transfer into vacuum (de Hoffmann, 2007).

ESI became popular when Fenn et al (Fenn, 1989) obtained multiply charged ions of pro-
tein samples in 1989. First, ESI was mainly used for protein samples and biopolymers but
was extended also the analysis of small molecules as well. This method showed high sensi-
tivities and easy handling of the ESI source and coupling to HPLC equipment was a simple

task in lab application.
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8.2 Electrospray ionization process

Ionization in ESI is achieved through application of a strong electric field of approximate-
ly 10¢ V/m to a capillary tube. Inside the tube is a liquid containing the analyte molecules
moving with relative low velocities of around 1-10 pl/min. The potential difference of
around 3 to 6 kV is applied onto the capillary and a counter electrode in a distance of up

to 20 mm (de Hoffmann, 2007).

Figure 8-1: Schematic depiction of electrospray ionization process (positive ion mode) (Konermann,
2012).

The ionization process starts with the electrospray dispersion of the analyte containing
fluid. During the application of the potential difference the fluid in the spray tube is
formed into an elliptic shape (see Figure 8-1). Two separate forces are at an equilibrium in

this state (Wilm, 2011):

1) The surface tension is applying a force onto the liquid surface to prevent dissolu-
tion and hold the fluid together.
2) The electrostatic force of the Coulomb attraction applies a force onto the liquid

towards the direction of the counter electrode.
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At the limit of a certain onset voltage, the elliptical shape of the surface will instantly flip
to show a pointed cone. A fine spray is then emitted from the tip of this cone. After Sir
Geoffrey Taylor, who investigated this behavior, it is called the Taylor-cone . He showed,
that equilibrium between forces of surface tension and electrostatic attraction for a cone
of a fluid is reached for a semi-vertical opening angle of 49.3° (Taylor, 1964). When a crit-
ical threshold voltage is exceeded, the Taylor-cone becomes instable and inverts to emit a
jet of liquid droplets (also called Coulomb fission (Gomez, 1994; Gu, 2007)). In this way
the electrospray process is initiated, where analyte ions in the fluid can be transferred to
the gas phase and into the mass spectrometer device. Usually, the applied voltage is slight-
ly above the threshold voltage to achieve stable jet conditions. The newly formed droplets
at the apex of the sharp cone tip are charged close to the Rayleigh-limit, the maximum
number of charges allowed in one drop depending on size and surface tension (Smith,
2002). After the droplets are generated, the containing solvent begins to evaporate as neu-
tral particles. Hence, the resulting surface charge density increases. When again the Ray-
leigh-limit is reached for the secondary droplet a novel Taylor-cone is formed and newly
generated smaller droplets are ejected which are highly charged. In this way, a large
amount of finely dispersed small droplets is achieved until the smallest droplets only con-
tain single analyte molecules (Wilm, 2011). These ions are then detected via the mass

spectrometer.

In general, the spray is slightly focused off-axis to the inlet of the analyzer because the
smallest droplets are found in the outer sphere of the entire spray plume due to electro-
static repulsion of the droplets. Therefore, the highest ion intensities are achieved for
probing this region of droplet samples. So, the spray plume generated via a Taylor-cone
consists of finely dispersed liquid droplets without preceding evaporation of significant

amounts of solvent molecules (Wilm, 2011).
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In general, two main models are proposed for explanation of the exact ionization mecha-
nisms (de la Mora, 2000; Rohner, 2004; Cole, 2011; Wang, 2011; Wilm, 2011). An general
depiction is given in Figure 8-2. One is called the ion evaporation model (IEM), where
ions located at the surface of the generated droplets would overcome inner attraction
forces and will be emitted from the surface into the gas-phase. The second one is called
the charge residue model (CRM), wherein after consecutive solvent evaporation and Cou-
lomb fission of smaller and smaller droplets through Taylor-cone generation in the elec-
trospray the analyte molecules obtain the charges of the dissipated droplets and form gas-

phase ions.

Figure 8-2: lonization mechanisms in ESI: charge residue model (CRM) a); ion evaporation model
(IEM) b) (cf. Konermann, 2012).

8.2.1 The ion evaporation model

Originally, this theory of the ion generation process was proposed by Iribarne and Thom-
son around 1976 (Iribarne, 1976). When the solvent evaporates after the ejection process
the droplets start to shrink. After reaching a certain size, the field strength of their surface
and the Coulomb repulsion become large enough to overcome the attraction forces of the
droplet. The energy needed to increase the droplet’s surface for the ion to be expelled is
surpassed and therefore, it becomes possible for solvated ions to directly be emitted into

the gas-phase from the surface of the droplets before complete solvent evaporation.
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8.2.2 The charged residue model

The model was described by Dole in 1968 (Dole, 1968). It describes the shrinking process
of the highly charged droplets via solvent evaporation. Eventually, an increased field
strength on the surface leads to formation of an additional Taylor-cone wherefrom other
even smaller charged droplets are expelled. After several repetition steps of droplet for-
mation small droplets which in average contain only single analyte ions. After solvent
evaporation and declustering the molecular ion is released. Thus, the analyte molecule
stays inside of the droplet until the entire amount solvent molecules is evaporated. The
charges remain within the small droplets and lead to formation of the gas-phase analyte

ions.
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10 Aim of thesis

The field of tribology has attracted increasing attention in recent surface science. Friction,
wear and lubrication between objects in contact are essential in numerous fields of science
and industrial applications. Boundary tribofilms have been subject of research since the
early days of lubrication science. They consist of chemical reaction products of lubricant
components used within the tribo-contact and can have major influence on the entire
behavior of tribological systems. Driven by the need for improved energy efficiency inter-
est in surface interactions and the understanding of interaction mechanisms has risen sub-

stantially during the last decades.

Much of the information gained over the past century has been gathered in investigations
of specific problems. For great and deep understanding of the mechanisms in surface in-
teractions and influences on tribology, a broad insight in surface chemistry, materials sci-
ence and the contact mechanical aspects is needed. To add a contribution to this under-
standing and support strategies for system optimization, in this work a new method for
the characterization and identification of lubrication additives and chemical reaction
products in boundary tribofilms was applied. In this respect, the main focus of the thesis
was to develop a method to apply the known instrumentation of atmospheric pressure
matrix assisted laser desorption/ionization (AP-MALDI) onto tribologically stressed sur-

faces for identification of model additives used in the applied lubricants.

To lay groundwork for the development of such a method, the planned objective was to
determine and characterize existing boundary tribofilms on heavily stressed surfaces of a
field sample lubricated with various types of additives (Publication A). Herein, a basic
investigation of a used and deteriorated tribologically stressed sample at end-of-lifetime
was accomplished, which can be seen as state of the art approach for analysis of worn sur-
faces. A limiting aspect of applied surface analytical methods is the lack of data about

structural information or molecular weight of chemical components featured on the ex-
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amined surface. However, this information can be detrimental for elucidation of lubricant
additive behavior on the surface and its contribution to friction and wear. Since AP-
MALDI brings the potential to provide missing structural information, the aim was to de-
velop a method which allows for original tribologically stressed surfaces to be analyzed by
this soft ionization technique without the necessity of transferring samples into vacuum
conditions. Therefore, a feasibility study was to be conducted with two model organic
friction modifier additives (Publication B). The possibility was shown to successfully iden-
tify both additives through the AP-MALDI method directly from base oil blends without
further application of any separation techniques. As a next step, detailed structural charac-
terization of tribological contact areas and present boundary tribofilms of used additives
was to be performed (Publication C). Therefore, new target sample holders were designed
and constructed for investigations of various sample configurations (disc and cylinder). In
a first step, various sample materials of different chemical composition, as well as varying
surface roughness were tested for sensitivity and additive ion intensities in AP-MALDI.
Furthermore, the stressed surfaces from tribological experiments were supposed to be ana-
lyzed. With the help of high resolution Orbitrap mass analysis definite identification of
used additive molecules within additive tribofilms was aimed for. For verification of AP-
MALDI results, as well as to complement findings with further elucidation of tribolayers
and degradation fragments from applied friction modifier additives ESI and ToF-SIMS

measurements were applied.

As an approach to the scientific results presented, the applied analytical methods were
described. Prior, a basic introduction focused on lubricant additivation and the assessment
of tribological interactions forming boundary tribofilms was given, including a brief over-

view on general tribological aspects and phenomenons.
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11 Scientific work published

11.1 Publication A

Triboanalysis of hypoid gear components in drive
trains
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Triboanalysis of hypoid gear components

in drive trains

von L. Widder, A. Grafl, A. Lebel, C. Tomastik, J. Brenner’)

Kurzfassung

Getriebesysteme werden im tribologischen
Kontakt sehr hoch belastet und daher sind fiir
einen langlebigen und wartungsfreien Betrieb
ein verfeinertes Oberflichendesign und ver-
besserte Materialeigenschaften unentbehr-
lich. Um dies zu erreichen miissen die Me-
chanismen fiir Oberfldchenschiddigungen,
Schmierstoffalterung, erhéhte Reibung und
morphologische Verdnderung wohl verstan-
den sein. Fiir diesen Artikel wurde ein Hypo-
idgetriebe nach einem Langzeit-Testversuch
mit hoher Belastung detailliert untersucht um
kritische Veranderungen der Getriebekompo-
nenten zu evaluieren. Die gefundenen Ergeb-
nisse sind die Grundlage, um Einfliisse, die
auf den Tribo-Prozel3 zuriickzufiihren sind,
aufzukldren und um Strategien zur System-
optimierung zu untermauern.

Schliisselworter: Hypoidgetriebe, Tribolo-
gie, Oberflichenanalyse, Verschleil3, Tribo-
schicht, Querschliff

Keywords: Hypoid gear, Tribology, surface
analysis, wear, tribo-layer, cross-section

1 Introduction

Tribosystems undergo changes over time
mainly due to lubricant ageing and surface al-
teration. Amongst other things this is expres-
sed in changes of viscosity and formation of
wear debris, resulting in component topogra-
phy and morphology changes. Projected goal
of recent investigations was to determine and
characterize surfaces and tribo-layers on tri-
bologically stressed surfaces of a hypoid ge-
arbox system in the state after a severe long-
term test run. The knowledge gain about tri-
bo-processes and the presence and composi-
tion of tribo-layers can support the search for
concepts to improve friction behavior and
material performance subsequently. Therefo-
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AC2T research GmbH, Austrian Center of Com-
petence for Tribology, 2700 Wiener Neustadt,
Osterreich
Vienna University of Technology, Institute of
Chemical Technologies und Analytics, 1060
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Dipl.-Ing. Alexander Grafl
Dipl.-Ing. (FH) Astrid Lebel, MSc
Dipl.-Ing. Christian Tomastik
Josef Brenner
AC2T research GmbH, Austrian Center of Com-
petence for Tribology, 2700 Wiener Neustadt,
Osterreich

re, the combination of methods for the cha-
racterization of surface and tribo-layers of a
hypoid gear is evaluated.

2 Experimental Details

For this research a standard steel hypoid gear
after a severe long-term test was investigated.
Single teeth were separated by Wire Electri-
cal Discharge Machining (WEDM). The lu-
bricant used in these investigations was based
on ester/polyalphaolefine blends and main
additives are sulfur carriers and phosphona-
tes/phosphates. Oil characterization was do-
ne for both, the fresh lubricant before and the
used oil after the test run. Each gear sample
was rinsed extensively using petroleum ether
before measurements. For the characteriza-
tion of the system Optical Microscopy, Con-
focal White Light Microscopy, SEM/EDS
analysis (Scanning Electron Microsco-
py / Energy Dispersive X-ray Spectroscopy),
XPS (X-ray Photoelectron Spectroscopy),
Nanoindentation, ToF-SIMS (Time of Flight-
Secondary lon Mass Spectrometry) and
Computational Simulations were used. An
overview of investigation methods applied
herein is given in Table 1. Detailed informa-
tion about wear measurement with Confocal
White Light Microscopy is published in [1].
[2] gives an overview which kind of infor-
mation is gained with different characteriza-
tion methods.

3 Results
3.1 Tooth flanks

Oil characterization shows the decrease of ki-
nematic viscosity at 40 °C from 63.2 mm?/s
(fresh oil) to 55.2 mm?/s (used oil). Investi-
gations of elemental composition of the used
oil reveals major wear elements such as iron
and manganese. Traces of aluminum, copper
and chromium are also found.

Eingereicht: 29. 11. 2010
Nach Begutachtung angenommen: 15. 1. 2011

Abstract

In tribological contact gear systems
are heavily loaded and therefore im-
proved surface design and material
properties are essential for long life
and maintenance-free operation.
Thus, mechanisms leading to surface
deterioration, lubricant ageing, en-
hanced friction and morphological
changes need to be well understood. In
this work a hypoid gear system is ana-
lyzed in detail to evaluate critical
changes of gear system components
after a severe long term test run. Re-
sults are the basis to elucidate possible
effects due to the tribo-process and to
support strategies for system optimi-
zation.

For a first overview of the condition of the ge-
ar system standard optical microscopy was
used. With this method special characteristics
and macro-features of the worn surface were
determined. Optical microscopy of the surfa-
ce of the hypoid gear tooth flanks shows three
different types of surface structure with dif-
fering visual properties.

First, pinion tooth flanks exhibit unstressed
surface area at the concave pinion drag heel
side. Herein, no contact of opposing pi-
nion/gear teeth had occurred and the original
surface structure of the production process
can be seen. Thus, no alteration and surface
modification on the basis of steel/steel tribo-
contact has happened.

Clearly different appearance is exhibited on
tribologically stressed areas where steel/steel
contact has occurred. Due to surface modifi-
cation and change in topography, these con-
tact areas appear much darker in optical mi-
croscopy. Original grinding grooves of the

Method

Depth of

Information =
Penetration

Cil analysis (e.g. Viscometry, Inductively Coupled
Flasma Optical Emission Spectrometry (ICP-OES))

Viscosity, elemental composition, density,
water content, total acid, base numbers

Optical Microscopy Topography Surface

Confocal White Light Microscopy Topography Surface

HEM | B0 {Scallnlng Eleglron Micrascope ¢ Enetgy- Elemental composition and surface structure <1 um

dispersive X-ray Spectroscopy)

XPS (X-ray Photoelectron Spectroscopy) Elamenial gomposition; cherigal bonding <10 nm
energies, depth profiles

Nanoindentation Hardness, Young's Modulus S0 nm- 5 pm

ToF-SIMS (Time of Flight-Secondary lon Mass
Spectrometry)

Elemental composition, depth profiles

Submonolayers

ICcmpuiatlnnar Simulation

Line of contact

Table 1: Overview of methods used for the investigation of gear components

Tribologie + Schmierungstechnik ¢ 58. Jahrgang ¢ 2/2011

11



Aus Wissenschaft und Forschung

Figure 1: Optical microscopy of severe wear areas of gear (left), pinion (right)

production process are still visible herein but
evidently the steel surface has undergone ra-
dical alteration as a result of heavy load con-
tact.

Additionally, two specific regions reveal
extraordinary surface deformation. Both, on
the concave pinion drag heel side tooth flank
bottom and the convex gear drag heel side
tooth flank top severe wear zones are visible
on the surface (Figure 1). Therein, original
processing grooves are worn off and new ty-
pes of wear tracks appear. As small bright
spots are obvious, in various places surface
material is removed and pits and cavities
occur.

Measurements with confocal white light mi-
croscopy reveal much more details of the
worn surface. The comparison of scans of un-
stressed and stressed surface shows the smoo-
thing of the heavier loaded surface. The app-
lied load and test duration has abraded exis-
ting surface asperities and altered the original
surface structure of the contact areas. Addi-
tionally, the drag and coast side of the gear
teeth have differing load stress during opera-
tion and therefore smoothing of the surface is
unequally pronounced. Detailed images of
the severe wear zone reveal major differences
in height and confirm removal of surface ma-
terial and the existence of several pits and ca-
vities in the heavily stressed areas (Figure 2).

SEM analysis of the tooth flank bottom reve-
als major accumulation of wear debris and
contamination particles on the surface. Parti-
cles of various shapes and structures are ga-
thered at the bottom. The major part was of
round shape and of sizes from ~0.5 pm to
~5 um. EDS analysis of these particles dete-
cted only iron and oxygen. Other particles
had more cubic and crystal-like structure and
EDS revealed a fairly high amount of cal-
cium. Particles of more bulky and shapeless
structure consisted mainly of iron and oxy-
gen, but also copper was detected. When BSE
(back scattered electron) mode was used, ele-
mental contrast of the surface of the tooth
flank is visible in readily distinguishable
bright and dark areas. Whereas in bright are-
as mainly iron from steel substrate could be
detected, dark areas seem to be covered by
various residues and showed clearly different

12

Figure 2: Confocal white light microscopy picture of pinion wear area

composition. In these regions SEM analyses
showed existence of sulfur, phosphorus, sili-
con and also traces of copper were found.

Carbon was also detected in small amounts
but this generally derives from atmospheric
surface contaminations.

Figure 3: SEM pictures of original grooves at tooth bottom including particles (a); severe
wear area with strong plastic deformation (b); flattened surface of heavy load area (c), less
loaded area at tooth top including oil residues (dark) (d)
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For further investigations of the tooth flanks
quasi-line scans of the surface were made.
From the tooth bottom to its top SEM images
were taken every 250 pm with a picture width
of 125 pm. These picture series gives a great
overview of the surface’s condition in each
segment (Figure 3). At the tooth flank bot-
tom, as mentioned above, an accumulation of
particles and contaminations is visible. Mo-
reover, the original surface finish of the pro-
duction process is unaltered in this region.

Towards the middle of the tooth flank, which
is exposed to higher loads, plastic deforma-
tion becomes apparent. In this region of low
load also previous mentioned dark areas of
oil residues containing sulfur, silicon and
phosphorus appeared. As load increases to-
wards the line of contact, these dark areas be-
come less and plastic deformation reaches its
maximum. Within this area original proces-
sing grooves have almost completely vanis-
hed due to severe plastic deformation. Fur-
thermore, oil residue tribolayers for the most
part disappear in this region. Proceeding furt-
her towards the top of the tooth flank, again
reduced surface alteration occurs as the sur-
face stress level decreases and more and mo-
re original grinding grooves appear. In addi-
tion, increasing oil residues become visible
again as the tooth flank top is exposed to less
load.

In the course of these line scans, also pre-
viously mentioned severe wear zone of the pi-
nion tooth flank was imaged by SEM. Heavy
plastic deformation and the removal of mate-
rial is evident as the steel substrate is absolu-
tely evened out and pits and cavities are cle-
arly visible in this area. Top surface layers
seem smeared out and appear to be pushed on
top of each other under a very high local load
and pressure.

For one pinion tooth flank three different qua-
si-line scans were made on each, the drag and
the coast side. It is apparent that the region of
extreme load level varies in distance to the
tooth top when going from heel to toe side. At
the pinion drag heel side the distance is ap-
proximately 2.75-5.5 mm from the top. In the
middle of the pinion tooth the distance is
around 1.75-4.0 mm whereas at the toe side
offset of the most plastically deformed region
to the tooth top further decreased to 0.75-
2.5 mm. For pinion coast heel, middle and toe
side the varying distances of the most stress-
ed surfaces from the top of the tooth were
around 2.0-4.5 mm, 1.75-4.75 mm and 0.5-
2.5 mm, respectively. Furthermore, the coast
side of the teeth generally shows less tribolo-
gical stress. On this side less plastic defor-
mation and also less oil residues could be de-
tected.

XPS analysis of the pinion tooth flank did not
reveal any major differences between the he-
avily stressed and less loaded areas. Typical
profiles show a thin oxide layer and traces of
phosphorus and sulfur. In the stressed surfa-
ce areas around 10 at% (atomic percent)
phosphorus and roughly 2 at% sulfur were

present. Reference measurements in the un-
stressed region also show concentrations of
phosphorus and sulfur. Phosphorus intensi-
ties decreased to around 6 at% which was ab-
out half the value of the stressed area and sul-
fur intensities are even slightly increased to
approximately 3 at% in the less loaded surfa-
ce region.

3.2 Cross Sections

For further investigations cross sections of
the severe wear zones of both, the gear and
the pinion teeth were made. Optical micros-
copy of polished cross sections do not reveal
any micro-structure of the steel bulk materi-
al. However, in the wear zone pits from bro-
ken out material and small fissures in the up-
permost tooth flank surface layers could be
seen. When etched with a solution of hydro-
chloric and picric acid in methanol, micro-
structure of the base material becomes visi-
ble.

In the severe wear zone there are three re-
gions visible with entirely different appea-
rance (Figure 4).

— The outermost layer, where the surface is
most stressed and deteriorated, appears
white and no clear micro-structure can be
seen. In the cross section this white etching
layer has a maximum thickness of around
20 um.

— A slightly broader layer between the bulk
material and the white etching layer is ap-
parent. This layer has much darker appea-
rance than both, the bulk material and the
brighter outer layer and seems to have very
coarse grain structure.

— The structure of the bulk material seems
more or less homogeneous.

Interestingly enough, another feature that
could be seen under the microscope was, that
in contrast to the etched bulk structure diffe-
rent behaviour was observed at the top land
edge of the gear tooth cross section. Here, to
a depth of around 50 pm the grain boundaries
were emphasized along the entire top land
edge after etching.

Another characteristic which can be seen by
optical microscopy in cross-sections of the
tooth flanks is that the bright and dark etching
layers in the severe wear zones and on the
tooth flank’s surface seem to occur at slight-
ly protruding convexities for both, the gear
and the pinion. Furthermore, cavities and
cracks on the tooth flank surface visible by
optical microscopy seem to only occur in the
white etching layer and do not reach further
into the bulk material.

SEM images after etching procedure clearly
show three different regions of varying surfa-
ce conditions. This correlates with results of
surface characterization gained by optical mi-
croscopy. The outermost layer shows very fi-
ne micro-structure and seems to be less affe-
cted by the etching solution. In addition, sur-
face cavities and thin fissures, are captured in
very close detail (Figure 4). This kind of sur-
face deterioration of the severe wear zone on-
ly occurs in this fine structured layer and does
not advance into the second layer. The inter-
mediate layer between the white etching lay-
er and bulk material reveals very coarse stru-
cture and seems to be much more affected by
etching. EDS investigations of the steel ma-
terial in these areas do not show any variation

Figure 4: Optical microscopy of cross sections of severe wear areas of pinion (top) and gear
(middle); SEM picture series of pinion wear area (bottom)
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in elemental composition. However, comple-
mentary to optical microscopy, also SEM
analysis of the gear tooth showed coarse em-
brittlement at grain boundaries at the top land
edge of the cross section.

For further characterization of properties of
these altered surface layers nanoindentation
was used. Therefore, a line of nano indents
was made across the bright and dark etching
layer well into the bulk material while hard-
ness (H) and reduced Young’s Modulus (Eg)
were measured (Table 2). For reference va-
lues another line scan from the tooth flank
surface into the bulk was made in 1.5 mm dis-
tance.

Embedded cross sections of both, pinion and
gear tooth were also analyzed by ToF-SIMS.
From investigations using high current bun-
ched mode it is evident, that at the surface of
the tooth flanks in the region of severe wear
a major amount of oxygen is present. For this
oxygen aggregation primarily iron oxide is
accounted for but also minor amounts of
manganese and chromium oxides are present.
Mainly, these increased oxide ion intensities
are found at sites of fine cracks and burst off
material (Figure 5). This is confirmed by
burst alignment mode with high lateral reso-
lution, where high oxide ion intensities of
iron, manganese and chromium are detected

Table 2: Reduced Young's Modulus (ER)
and Hardness (H) of severe wear area

in particular inside pits and along the very
thin fissures in the outermost brittle white et-
ching layer.

Additionally, at the unstressed top land of the
gear tooth heavy oxidation at the grain boun-
daries was detected. However, no iron oxide
is present in this region and oxides consist
mainly of manganese and chromium oxides
(Figure 6). In the bulk material manganese as
a steel additive is binding undesirable sulfur
as manganese sulfide. It is clearly visible that
the increased amount of manganese at the top
land area is only correlated to the accumula-
tion of its oxide as no sulfur and manganese
sulfide is detected in this region.

Furthermore, one other obvious aspect visible
in ToF-SIMS measurements is the decrease of
iron, manganese and chromium ion intensi-
ties towards the sample edge of the cross se-
ction at the severe wear zone for both, the pi-
nion and the gear tooth. However, the decre-

Figure 5: ToF-SIMS images of embedded cross sections of pinion s severe wear area:
iron oxide overview (left); detailed view of oxygen in small fissures (right)

Figure 6: ToF-SIMS images of the embedded gear tooth cross section: oxides at tooth flank
and top land (left); major manganese oxides at unstressed top land (right)
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ase of yield of ions definitely already starts
further inwards the bulk region than could be
estimated by the dark etching area visible in
optical microscopy images.

4 Discussion

Images of optical microscopy show areas of
severe wear on both, the pinion drag side and
the gear drag side. These wear zones appear
on corresponding sites at the gear drag heel
side top and the pinion drag heel side bottom
of the teeth. Similar behavior is seen throug-
hout the gear and pinion on every tooth at the
same position. An unstressed region, visible
at the pinion tooth flank, is as processed and
no contact to the opposite tooth occurs. Ap-
parently, the gear and pinion do not engage in
a smooth sliding motion but instead a rather
intense collision of the gear top and the pinion
bottom seems to take place, at least tempora-
rily in the test run. As these regions experien-
ce extreme tribological stress levels, this le-
ads to severe wear and surface deterioration.

Particles which can be seen on the tooth bot-
tom are wiped from the tooth flank by the cur-
ved sliding motion of the engaged pinion and
gear teeth and gather at the non-contact zone
at the bottom. These particles mainly consist
of globular wear debris of the steel surface
but also other contaminations are present. Ad-
ditionally, oil and additive residues are sme-
ared down from the tooth surface and gathe-
red at the bottom. Carbon present at the sur-
face usually derives from atmospheric conta-
minations.

As the different gear teeth have been separa-
ted by WEDM, zinc and copper residues most
probably derive from this cutting process.
The influence of this cutting process and cle-
aning procedures on the residues, especially
sulfur, is evident. Oil analysis showed much
more sulfur than phosphorus contained in the
oil but EDS and XPS measurements of oil re-
sidues on the surface only reveals traces of
sulfur much below the amount of phosphorus.
Furthermore, surface sulfur and phosphorus
is detected also on the unstressed surface
which points out the strong bonding of addi-
tives onto the surface.

The SEM image series give a detailed pictu-
re of the variation of the plastic deformation
across the tooth flank. The distance of the he-
avy load region to the tooth top varies from
heel to toe side as the line of contact from pi-
nion and gear in hypoid gears describes an s-
like curve across the tooth flank. This corre-
lates with results of computational simula-
tions of the kinematics which were performed
in tandem with the experimental and analyti-
cal investigations but are not described in this
paper. In the region of highest load the origi-
nal processing grooves of the tooth surface
are completely evened out. In addition, in this
area no additive tribolayers are visible due to
the shear stress of the tooth surfaces. In less
tribologically stressed areas lubricant additi-
ves are not instantly removed and residues
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can still be detected. Furthermore, as load de-
creases from the line of contact to the top and
bottom of the tooth flank, the original grin-
ding grooves of the production process beco-
me more pronounced and less plastic defor-
mation is visible.

The region of severe wear at the pinion drag
side shows extreme surface alteration, remo-
val of material and surface layers seem to be
smeared over each other. Repeated impinge-
ment at the same location on the tooth flanks
and resulting high pressure and temperature
led to a change in microstructure of the steel.
Analysis of etched cross sections reveals dif-
ferent layers at this severe wear zone. The
modification and microstructure of the two
resulting surface layers is deviant to the stru-
cture of the bulk material. Thus, the mecha-
nical properties change and lead to different
surface reactions when repeated impact at the
same position of the tooth flank occurs.

Nanoindentation reveals the very different
properties of these two layers and the main
body of the gear teeth. While the outermost
white etching layer exhibits increased values
for hardness, it is also much more brittle than
subjacent material as pits and cracks only
occur in this surface layer. The underlying
surface modification with a coarsely appea-
ring structure after etching leads to softening
of the subjacent material layer which may be
due to local extreme thermal conditions ge-
nerated by friction. Influence of the etching
process on the mechanical values evaluated
by nanoindentation is unknown. However,
the differentiation of the varying regions on
unetched polished samples was not clearly
visible by nanoindenter analysis.

ToF-SIMS measurements of the cross se-
ctions reveal major oxygen intensities at the
surface of the heavily worn area. Evidently,
oxides appear at the very surface of this se-
vere wear zone. Oxides of iron and to a lesser
extent of manganese and chromium are found
at the surface of the white etching layer as
well as inside pits and cracks (Figure 5). Al-
so inside the very small fissures, where new
surface is generated and provided for oxida-
tion ToF-SIMS investigations detected high
oxide ion intensities.

Furthermore, a general decrease of ion inten-
sity yield can be noticed towards the sample
edge of the cross section, which is attributed
to the change in structure of the material and
consequently a change of the sputter coeffi-
cient of both, the white and dark etching lay-
ers. In addition, heavy manganese and chro-
mium oxidation at the grain boundaries is
found throughout the gear tooth top land whe-
reas no iron oxide ions were detected in this
region. However, the origin thereof is un-
known as no unstressed reference sample was
available for being inspected.

5 Conclusion

Results of these investigations show that the
combination of several analytical methods
yields a significant overview on the condition of
a given tribosystem. A vast spectrum of infor-
mation is gained and leads to profound insight of
tribological processes on the surface while the
system is in motion and heavy load is applied.

The details of analytical investigation reveal
relevant procedures during the friction pro-

cess especially tribomechanical and triboche-
mical alterations of the mating surfaces. Un-
derstanding of the reasons of energy loss and
wear on the surface is the key for system op-
timization. On the basis of these results es-
sential knowledge is achieved for the impro-
vement of future gear systems.
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To develop new products and to apply measures of quality control quick and simple accessibility of additive composition in automo-
tive lubrication is important. The aim of this study was to investigate the possibility of analyzing organic friction modifier additives by
means of atmospheric pressure matrix-assisted laser desorption/ionization mass spectrometry (AP-MALDI-MS] from lubricant solu-
tions without the use of additional separation techniques. Analyses of selected friction modifier ethoxylated tallow amines and oleic
acid amide were compared using two ionization methods, positive-ion electrospray ionization (ESI) and AP-MALDI, using a LTQ Orbitrap
mass spectrometer. Pure additives were characterized from solvent solutions, as well as from synthetic and mineral base oil mixtures.
Detected ions of pure additive samples consisted mainly of [M + H]*, but also alkali metal adducts [M + Nal* and [M + K]* could be seen.
Characterizations of blends of both friction modifiers from the base oil mixtures were carried out as well and showed significant inten-
sities for several additive peaks. Thus, this work shows a method to directly analyze friction modifier additives used in the automotive
industry from an oil blend via the use of AP-MALDI without any further separation steps. The method presented will further simplify the
acquisition of data on lubricant composition and additives. Furthermore, it allows the perspective of analyzing additive reaction products
directly from formulated oil blends.

Keywords: AP-MALDI, mass spectrometry, lubrication, additives, friction modifier

Introduction

Atmospheric pressure matrix-assisted laser desorption/ioni-  oxidants.*® In an atmospheric environment generally lower

zation mass spectrometry (AP-MALDI-MS)'® has evolved
as an important method for the analysis of small molecules
in recent years.*S This technique allows the investigation of
surface-bound molecules of thin films and adsorbed layers.
Surface analysis using AP-MALDI is mainly used in the field
of proteomics and for investigations of biomolecules® ' due
to its relatively soft ionization process.”" AP-MALDI has not
yet been widely applied to additive chemistry but research
has been undertaken on ethoxylated surfactants and anti-

ISSN: 1469-0667
doi: 10.1255/ejms.1283

ion intensities are achieved, whereas in AP-MALDI experi-
ments more volatile molecule species are also accessible,
which would be lost in vacuum-MALDI systems. For this work
the sensitive technique of AP-MALDI was expanded for the
investigation of surface-active friction-modifier additives in
automotive lubrication.

Lubrication of gear and transmission systems is commonly
required in the automotive industry. Modern quality standards
on lubrication cannot be satisfied without high-performance

© IM Publications LLP 2014
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additives since natural base oils and additives do not meet
these requirements.wz’“’ Therefore, synthetic lubricants and
a large amount of additive types have been developed over
the past decades. Lubrication additives are intended to serve
in various roles, such as antioxidants, dispersants, viscosity
index improvers, friction modifiers, corrosion inhibitors, as
well as many others, and are widely used in commercial lubri-
cants to optimize system performance.” " In this work the
focus was on the additive group of friction modifiers.

Organic friction modifiers are one widely used group
of lubricant additives. Their properties improve fuel
efficiency due to reduced wear and friction and enhanced
friction stability."”” Organic friction modifiers take effect in
the boundary lubrication regime. The structure of friction
modifiers usually includes a polar head group and an alkyl
chain. These molecules provide a cushioning effect in minor
surface contacts due to a physisorption process of the polar
groups.'®2 Through adhesive hydrogen bonding of the polar
head groups, organic friction modifiers are adsorbed onto
the metal surface and Van der Waals forces between the long
alkyl chains lead to a stabilized alignment of adjacent mole-
cules.?’ In this way adsorbed layers are formed on the metal
surfaces.

It was shown in previous studies that friction modifiers can
form thick layersintribologically stressed surface contacts. 222
These tribolayers are generally formed by additive molecules
as well as reaction products of both the additives and the base
lubricant.?* As tribolayers alter the contact surface they are
the main influence on changes in friction behavior of a tribo-
logical system. Knowledge about what chemical composition
of surface layers is to be expected from certain lubricants
is essential for improvement of the design of both contact
surfaces and the lubricant formulation.

Conventional organic friction modifiers include alkoxylated
tallow amines and oleamide,”®?” which have been in use for
several years in the formulation of automotive lubricants. Both
friction modifiers are used for their ability to improve friction
behavior as well as for their properties as corrosion inhibi-
tors." Tallow amines are nitrogen derivatives mainly from
natural sources, such as beef tallow, and derived fatty acids.
For use as friction modifier these fatty amines are ethoxylated
with ethylene oxide.?’ Ethoxylated tallow amines, therefore,
are a mixture of molecules with a distribution of different
carbon-chain lengths?” and polyoxyethylene chains. Their
molecular weight distribution can readily be observed by mass
spectrometry.

Work for this research was carried out on a linear ion
trap tandem mass spectrometer (LIT-MS) with an Qrbitrap
mass analyzer for high resolution and mass accuracy.228?
Additionally, to confirm the AP-MALDI ionization behavior of
both organic friction modifiers, electrospray ionization (ESI)
was applied as well. Mass analysis using the same detection
system should yield similar results as was shown in recent
investigations.>'" LIT-collision induced dissociation (CID) MS
was applied for fragmentation experiments in ESI to confirm
the chemical structures of the investigated analytes.

In a first step, pure friction-modifier additives were meas-
ured individually from solutions of suitable solvents as stated
in the Methods using positive-ion ESI and AP-MALDI. Whereas
surface-bound molecules are not readily accessible in direct
infusion electrospray ionization mass spectrometry, an advan-
tage of AP-MALDI is the possibility to ionize selectively the
polar molecules of adsorbed additive layers on metal surfaces
derived from liquid lubricant films. Friction-modifier additives
were investigated via AP-MALDI in base oils individually and,
eventually, blends of both friction modifiers with base oils
were analyzed directly from the target surface without the use
of any further separation techniques. These results promise
improved access to lubricant composition.

Methods

Chemicals and reagents

Ethoxylated tallow amines were purchased from Chem
Service Inc. (West Chester, PA, USA) and oleic acid amide
(98%) was purchased from Sigma-Aldrich (Vienna, Austria).
Acetonitrile (LC-MS Chromasolv® grade), methanol (LC-MS
Chromasolv® grade), 2-propanol (LC-MS Chromasolv® grade),
water (LC-MS Chromasolv® grade), and acetic acid (99.9%,
analytical grade, p.a.] were obtained from Sigma-Aldrich
(Vienna, Austria). Stocks of synthetic base oil consisting of
polyalphaolefines (PAQ, 6 cSt; base oil group IV] and hydro-
cracked mineral base oil of Nexbase 3043 (base oil group
[I1) were generously provided by LUKOIL Lubricants Austria
GmbH (Vienna, Austria). For use in the AP-MALDI experi-
ments the matrix a-cyano-4-hydroxycinnamic acid (CHCA)
was purchased from Sigma-Aldrich (St. Louis, MO, USAJ.

Mass spectrometry

Electrospray ionization linear ion trap Orbitrap
mass spectrometry

Mass spectrometric measurements were undertaken on an
LTQ Orbitrap XL™ hybrid tandem mass spectrometer (Thermo
Fisher, Bremen, Germany). The lonMax™ atmospheric pres-
sure ionization source was equipped with an ESI probe for
direct-infusion experiments. Orbitrap mass analyses for high
resolution and mass accuracy were performed in positive-ion
ESI. Applied experimental conditions for the ESI ion source
were: transfer capillary temperature 275°C, spray voltage 4kV,
capillary voltage 11V, nitrogen sheath gas 10 arbitrary units.
Helium was used as the collision gas for low-energy collision-
induced dissociation (LE-CID] experiments with normalized
collision energy of 30%. The obtained resolution for mass and
CID spectra was given as full width at half maximum (FWHM)
of 30,000. Mass accuracy was calibrated externally and all
measurements were performed with mass accuracy better
than Sppm.

Pure samples of ethoxylated tallow amine and oleamide
were dissolved in isopropanol/water (4:1, v/v) and isopropanol/
water (7:3, v/v], respectively. Samples were applied to the
MS-system via direct infusion with a flow rate of 5pl min™'. The
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acquisition time for ESI-MS experiments was set to 0.5min to
obtain a sufficient signal-to-noise ratio.

AP-MALDI-MS

AP-MALDI experiments were conducted using an AP-MALDI
PDF+ ion source obtained from MassTech (Columbia, MD,
USA]. All measurements using the AP-MALDI PDF+ ion
source were carried out in the positive-ion mode. The wave-
length of the all-solid-state triple-frequency Nd:YAG laser
source was 355nm operated at a repetition rate of 10Hz. The
laser pulse width was at 3-5ns (FWHM] with a pulse energy
of 200 pJ, which could be attenuated from 100% to 0%. The
pulse delay for pulsed dynamic focusing (PDF] was set to
25us to optimize ion signals.®® The temperature of the transfer
capillary was set to 275°C and the automatic gain control was
turned off to secure an equal acquisition time for each single-
scan event.?®" Overall acquisition time for all the AP-MALDI
experiments was set to 0.5 min. Matrix solutions of CHCA were
prepared at concentrations of 10mg ml™ in acetonitrile/water
(1:1, v/v).

Pure additive samples of ethoxylated tallow amines were
dissolved in mixtures of acetonitrile/water (1:1, v/v], whereas
samples of pure oleic acid amide were dissolved in methanol/
water (2:1, v/v). Concentrations of both additives in the solu-
tions spotted on the target plate were 5ul ml™ and 2ul ml™,
respectively. For the investigations of additives in base oil
solutions the friction modifiers were dissolved in synthetic
and mineral oils at a concentration of 20ul ml™" and diluted in
acetonitrile/water (1:1, v/v) to a concentration of 0.1ul ml™" in
the spotted droplet. Blends of both pure additives in one solu-
tion were dissolved in a solvent mixture of methanol/acetoni-
trile/water (5:3:3, v/v/v) or in base oil at a concentration of
0.1ul mU™" and 10pl ml™" for ethoxylated tallow amines and
oleic acid amides, respectively. All solutions were thoroughly
mixed with the matrix solution and a small amount of acetic
acid (<1%, v/v) was added to enhance protonation and increase
the signal-to-noise ratio. All the given additive concentration
values represent the spotted droplet including matrix solu-
tions. The gold-coated stainless-steel target was cleaned
carefully with methanol before each AP-MALDI experiment.
An amount of 1Tplwas spotted onto the AP-MALDI gold-coated
target. Several 1pl spots were set side by side, although each
spot was only used once for an AP-MALDI measurement.

Results
ESI-MS

Mass spectra of the chosen friction modifier additives were
measured using positive-ion ESI to confirm the peak iden-
tification of the AP-MALDI experiments. Owing to the poor
deprotonation abilities of the aminic and amidic head groups
of the additives used, experiments in negative-ion mode were
not performed in this study.>*2

Ethoxylated tallow amines exhibited a homologous series of
peaks with a different hydrocarbon chain length and varying

Figure 1. Positive-ion ESI-mass spectra of ethoxylated tallow
amines in isopropanol/water (4:1, v/v) (A) and oleic acid amides
in isopropanol/water (7:3, v/v) (B).

number of adhering ethoxy groups, as seen in Figure 1. The
observed chain lengths range from 14 carbon atoms to 18
carbon atoms. Although most hydrocarbon moieties were
saturated, unsaturated hydrocarbon chains with one or two
double bonds were detected also. The m/z values of the meas-
ured peaks correspond to a number of adhering ethoxy groups,
from one to three. Different types of ion species could be
observed and identified. Peaks with the highest intensities
were found at m/z values of 330.3, 356.4, and 358.4. These m/z
values correspond to chain lengths of 16 and 18 carbon atoms
including one double bond for m/z 356.4 and saturated carbon
chains for m/z 330.3 and m/z 358.4. Additional to these proto-
nated molecule species [M + H]*, sodium adducts [M + Na]*
were observed. A list of measured m/z values of major peaks
for ethoxylated tallow amines is given in Table 1.

Cationized molecule species of oleamide samples included
[M + HI* at an m/z value of 282.3, as well as alkali metal
adducts [M + Na]* and [M + K]* at m/z values of 304.3 and
320.2, respectively. A list of measured m/z values of major
peaks for oleic acid amide is given in Table 2.

Additionally, CID fragmentation experiments of high-intensity
peaks were conducted to confirm the structural appearance
of used additive substances. Spectra of fragmented addi-
tive peaks are shown in Figure 2. Fragmentation of the high-
intensity peak at m/z 356.4 of ethoxylated tallow amines shows
a prominent peak at m/z 338.3, which has a mass difference
of 18.0Da and represents the loss of a terminal oxygen as
H,0. The product ion at m/z 312.3 was formed by a mass loss
of 44.0Da and corresponds to one ethoxy side chain (C,H,0).
A mass loss of 250.3 Da correlates to a dispatched carbon
chain (CygH,,), which leads to a secondary amine with two
ethoxy groups at m/z 106.1. The fragment corresponding to the
carbon chain itself could not be detected at m/z 250.3 due to
the low ionizability of hydrocarbons in ESI-MS.

Fragmentation of the oleic acid amide peak at m/z 282.3
led to two main product ions with high-intensity peaks at
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Table 1. Peak identification of ethoxylated tallow amines as seen in positive-ion ESlI and AP-MALDI experiments.

m/z Number of carbon Number of dou- Number of Adduct ion lon composition
atoms in chain ble bonds ethoxy groups

296.294 17 2 1 H* [CioH4;NO + H]*
298.310 17 1 1 H* [CioH3oNO + H]*
300.289 14 1 2 H* [CigH4,NO, + HI
302.304 14 0 2 H* [CigH4oNO, + HIY
312.325 18 1 1 H* [C,oH,NO + H]*
316.320 15 0 2 H* [CioH,NO, + HI
328.320 16 1 2 H* [CooH4NO, + HIF
330.336 16 0 2 H* [C,oH,NO, + HIF
342.336 17 1 2 H* [CyHNO, + HIF
344.351 17 0 2 H* [CyHsNO, + HIY
352.320 16 0 2 Na* [C,oH,sNO,+Na]*
354.336 18 2 2 H* [C,,HNO, + HIY
356.351 18 1 2 H* [C,,H;sNO, + HI
358.367 18 0 2 H* [C,,HNO, + HI*
372.346 16 1 3 H* [C,,H,sNO, + HI*
374.361 16 0 3 H* [C,,HNO, + HI*
378.333 18 1 2 Na* [C,,H,sNO,+Nal*
380.350 18 0 2 Na* [C,,H,NO,+Nal*
398.361 18 2 3 H* [C,.H;NO, + HI*
400.377 18 1 3 H* [C, H,NO, + HI*
m/z 265.3 and m/z 247.2. These mass differences of 17.1Da AP-MALDI-MS

and 35.1Da, respectively, correspond to losses of (NH,) and
(NH, + H,0). A low-intensity peak at m/z 264.3 represents the
loss of a water molecule with mass loss 18.0Da (H,0). Peaks
of the homologous series between m/z 240 and m/z 80 corre-
spond to differing hydrocarbon chain lengths separated by the
mass of single CH, groups, where varying components of the
amide head group are attached.

Table 2. Peak identification of oleic acid amides as seen in positive-
ion ESI and AP-MALDI experiments.

m/z Number | Number | Adduct lon

of carbon | of double ion composition

atoms bonds

226.215 14 1 H* [C,,HyyNO + HI*
228.230 14 0 H* [Cy,HyeNO + HI*
254.246 16 1 H* [C, HyNO + HI*
256.261 16 0 H* [C,,HaNO + H]*
280.262 18 2 H* [CigH43NO + H]*
282.277 18 1 H* [CigH45NO + H]*
302.243 18 2 Na* | [CgHs3NO+Nal*
304.259 18 1 Na* | [CigHssNO+Nal*
318.217 18 2 K" [CigH3NO+K]
320.232 18 1 K" [CigHasNO+K]*

Pure ethoxylated tallow amine samples dissolved in acetoni-
trile/water (1:1, v/v] and pure oleic acid amide samples
dissolved in methanol/water (2:1, v/v] were measured to
compare m/z values of additive peaks of ESI-MS and examine
the accessibility of additive samples via the AP-MALDI method.
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Figure 2. CID fragmentation spectra of ethoxylated tallow
amine peak at m/z 356.4 (A) and of oleic acid amide peak at
m/z 282.3 (B).
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Figure 3. Positive-ion AP-MALDI-mass spectra of ethoxylated
tallow amines in acetonitrile/water (1:1, v/v) (A) and oleic acid
amides in methanol/water (2:1, v/v), including CHCA-matrix
peaks at m/z 190.0 and m/z 379.1 (B).

AP-MALDI measurements of both friction modifier additives in
solvent solutions are shown in Figure 3. Peaks of the homolo-
gous series with different chain lengths and a varying number
of ethoxy groups were observed, similar to ESI-MS meas-
urements for ethoxylated tallow amines. The CHCA matrix
was not visible due to suppression effects of the ethoxylated
tallow amines, which show a higher ionization efficiency. High-
intensity peaks of [M + H]* ions were observed at m/z values of
330.3, 356.4, and 358.4, as seen before in ESI-MS experiments
[Figure 3(A)].

AP-MALDI measurements of pure oleic acid amide samples
exhibited two major peaks of ion species [M + H]* and
[M + Nal* at m/z 282.3 and m/z 304.3, respectively [Figure
3(B]]. Additional to the ESI measurements, various peaks
of the CHCA-matrix single molecules were detected where
[M + H]* had the highest intensity at m/z 190.0. Matrix adduct
ions were also clearly visible, as well as a high-intensity matrix
cluster ion consisting of two matrix molecules at m/z 379.1 for
[2M + H]*. AP-MALDI CID fragmentation experiments of high
intensity peaks at m/z 356.4 and m/z 282.3 for ethoxylated
tallow amines and oleic acid amines, respectively, exhibited
similar spectra as fragmentation experiments using the ESI
method.

Subsequently, pure additives were dissolved in synthetic
oil PAO and mineral oil Nexbase 3043 (not shown), which
were used as base oils. Measurements utilizing the AP-MALDI
method can be seen in Figure 4(A). Peaks of the significant
homologous series are clearly visible and also minor matrix
peaks were detected when measuring ethoxylated tallow
amines in both base oils. Observed ionic species for the
tallow amines were only [M + H]" with no other adduct ions
visible. Compared to measurements of sample additives in
solvents, similar or even slightly higher peak intensities could
be reached.

Figure 4. Positive-ion AP-MALDI mass spectra of ethoxylated
tallow amines (A) and oleic acid amides (B) in base oil solu-
tion (PAO) including CHCA-matrix peaks at m/z 190.0 and
m/z379.1.

Additionally, the oleic acid amide was dissolved in PAO and
Nexbase 3043 (not shown). Major peaks at the same m/z values
appeared aswhen measured by ESI-MS in pure solvents [Figure
4(B)]. lon species [M + H]" and sodium adducts [M + Na]* with
a mass difference of +22u were of significant intensity. Peak
intensity of matrix [M + H]* and matrix clusterions [2M + H]" at
m/z 190.0 and m/z 379.1, respectively, exceeded the intensities
of additive peaks. Overall peak intensity of the oleamide addi-
tive in base oil was around one-sixth of the intensities of the
major peaks for ethoxylated tallow amines in PAO.
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Figure 5. Positive-ion AP-MALDI-mass spectra of ethoxylated
tallow amines and oleic acid amides combined in methanol/
acetonitrile/water (5:3:3, v/v/v) solvent solution (A) and in
base oil solution (PAO) (B) including CHCA-matrix peaks at
m/z190.0 and m/z 379.1.
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For further experiments, both additives were dissolved in the

same solvent mixture of methanol/acetonitrile/water (5:3:3,

v/v/v) and combined with the matrix solution. When measured
by AP-MALDI, peaks of significant intensity of ion species
[M + H]" of both additives could be detected. The spectra
included high-intensity peaks at m/z 330.3, 356.4, and 358.4
of ethoxylated tallow amines [Figure 5(A)], as well as the peak

at m/z 282.3 of oleic acid amide [Figure 5(B]]. For oleic acid,

amide alkali metal adduct ions of [M + Na]" and [M + K]* were
detected at m/z 304.3 and m/z 320.2, respectively. Additional to
the additive peaks, minor matrix peaks were observed.

Subsequently, both additives combined were dissolved in
PAO. The base oil mixture was added to the matrix solution
and measured via AP-MALDI. Again, distinct peaks of both
additives had significant intensities and were clearly visible.
Additive peaks at m/z values of 282.3 and 356.4 obviously
correspond to ethoxylated tallow amines and oleic acid amide,
respectively. Generally, most matrix fragment and cluster
peaks were of lower intensity than exhibited when measuring
both additives together in the solvent mixture.

Conclusion

Both friction modifier additives analyzed could be successfully
identified via the AP-MALDI method. Measurements were
undertaken directly from the base oil mixture without the use
of any separation techniques. Thus, we believe this is the first
attempt to analyze friction-modifier additives directly from a
formulated base oil mixture using AP-MALDI.

However, intensities of all the major peaks for both additives
in the formulated base oils were slightly lower in comparison
to analyzing each additive individually, either in solvents or
in base oil. Since no difference could be detected between
analysis in the synthetic and mineral base oil, results are
shown only for additives in synthetic oil PAO. Matrix peaks
could be observed more clearly when both additives were
analyzed in one sample on account of lower suppression
effects due to the lower concentration of ethoxylated tallow
amines. Nonetheless, peak intensities for both, ethoxylated
tallow amines and oleic acid amide, still had a significant
signal-to-noise ratio sufficient for an effective identification.
Comparison to ESI-MS and CID experiments confirmed the
m/z values of friction modifier additives obtained in AP-MALDI.

The results presented herein provide a valuable gain in
knowledge for the analysis of selected additives directly from
the base oil mixtures without prior separation steps. In future
experiments use of the AP-MALDI method has to be stretched
to a wider range of additive molecules in the field of tribometry.
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ABSTRACT: For many tasks in failure and damage analysis
of surfaces deteriorated in heavy tribological contact, the
detailed characterization of used lubricants and their additives
is essential. The objective of the presented work is to establish
accessibility of tribostressed surfaces for direct characterization
via modified atmospheric pressure-matrix assisted laser
desorption/ionization-mass spectrometry (m-AP-MALDI-
MS). Special target holders were constructed to allow target
samples of differing shape and form to fit into the desorption/
ionization chamber. The best results of desorption and
ionization on different target materials and varying rough-
nesses were achieved on smooth surfaces with low matrix/
substrate interaction. M-AP-MALDI characterization of

tribologically stressed steel surfaces after pin-on-disc sliding wear tests (SRV-tribotests) yielded positive identification of used
friction modifier additives. Further structure elucidation by electrospray ionization mass spectrometry (ESI-MS) and
measurements of worn surfaces by time-of-flight-secondary ion mass spectrometry (TOF-SIMS) accompanied findings about
additive behavior and deterioration during tribological contact. Using m-AP-MALDI for direct offline examinations of worn
surfaces may set up a quick method for determination of additives used for lubrication and general characterization of a

tribological system.

Atmospheric pressure-matrix assisted laser desorption/
ionization-mass spectrometry (AP-MALDI-MS) was de-
veloped around the turn of the century' ™ and has been strongly
improved over the years by using various types of mass
spectrometers”*~” and different types of lasers.” '* In recent
years, AP-MALDI has been widely used for analytical purposes in
proteomics and the emerging field of lipidomics.*~*>"'~'® Only
a little research has been carried out on additives such as cationic
surfactants from wastewater,'”'® as well as ethoxylated
surfactants'” and antioxidants’® from lubricants, but no
comprehensive study on organic friction modifiers (FM)
utilizing AP-MALDI is known. Only recently, the general
possibility to analyze friction modifier additives directly from
base oil solutions via AP-MALDI-MS has been introduced.”’
Furthermore, several materials have been used as AP-MALDI
targets in previous studies, whereas the gold-covered metal target
showed superior desorption/ionization yield.">*°

Lubrication additives are important to improve friction
properties of tribologically stressed surfaces.”””>° In this work,
focus was placed on the additive group of friction modifiers as the
reduction of the coefficient of friction is essential to increase
energy efficiency in tribological systems.”’ >’ FM-additives are

-4 ACS Publications  ©2015 American Chemical Society
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widely used to enhance efficiency in boundary lubricant
applications. In general, they appear in the form of long
hydrocarbon chains with polar head groups. Typically, the polar
head groups of FMs consist of amines and amides, as well as
carboxylic acids and respective derivatives, i.e., detergent-like
compounds.®*™** The additives used for the present inves-
tigations consisted of ethoxylated tallow amines (ETA) as well as
oleamide (OA).

For the recent examinations, AP-MALDI was used to analyze a
combination of the two FM-additives directly from the base oil
solution on surfaces of various types of materials. The ionization
intensity of the FM-additives on the original gold covered AP-
MALDI target was compared to sample targets made of steel,
aluminum, and three different copper alloys. All of these
materials are widely applied throughout various tribological
systems. The roughness of the alternative metal surfaces was
varied, and the influence on the crystal formation, which
influences the ionization efficiency, was evaluated.
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The objective of the herein presented work was to examine the
general possibility to use the AP-MALDI method to identify oil
components used as lubrication additive in a tribolayer of a
tribologically stressed surface, similar to recent developments in
offline monitoring of tribometrical experiments directly from
disc specimens via vacuum-LDI-MS.* For this purpose, pin-on-
disc sliding wear tests (SRV-tribotests) were conducted and the
sample surface of the wear tracks was analyzed. Through
modification of the AP-MALDI ionization chamber and
application of especially manufactured sample holders, the use
of SRV-discs and -cylinders as m-AP-MALDI sample targets
became accessible. Furthermore, electrospray ionization mass
spectrometry (ESI-MS) and time-of-flight-secondary ion mass
spectrometry (TOF-SIMS) were used as supporting methods to
identify additional fragments of single additive molecules and
chemical reaction products of additive components within oil
residues and tribolayers, respectively.

B EXPERIMENTAL SECTION

Materials. Oleic acid amide (98.5%) was purchased from
Sigma-Aldrich (Vienna, Austria), and the second friction
modifier consisting of polyethoxylated tallow amines was
purchased from Chem Service Inc. (West Chester, PA, USA).
Additional chemicals such as acetonitrile, methanol, ethanol,
water (all in LC-MS grade), and acetic acid (99.9%, analytical
grade, p.a.) were purchased from Sigma-Aldrich (Vienna,
Austria). Lukoil Lubricants Austria GmbH (Vienna, Austria)
contributed the supply of the polyalphaolefine base oil (PAO, 6
cSt). AP-MALDI experiments were performed using a-cyano-4-
hydroxycinnamic acid (CHCA) as matrix component, which was
obtained from Sigma-Aldrich (Vienna, Austria).

Sample materials for experiments on varying surfaces were
standard materials commonly used in industry applications. The
standard AP-MALDI gold target was used as reference material.
Other materials include steel, aluminum, brass, bronze, and a
nickel silicon bronze. All alternative target materials are listed in
Table 1. For comparison of additive ionization intensities on

Table 1. Sample Description

sample composition description

gold Au-covered steel Reference AP-MALDI target
steel 100Cr6 1.3505, AISI 52100

Al Al aluminum

CuZn CuZn25AI5SMn4Fe3 brass

CuSn CuSn8P bronze

CuNi CuNi2Si nickel silicon bronze

different target materials, samples were polished and additional
surface grinding was used to vary the surface roughness. Sample
roughness was measured via a Mahr MarSurf PS1 Perthometer,
and 3D-microscopy was performed on an Alicona InfiniteFocusL
applying the focus-variation method. Applied target specimens
are given in Figure 1.

AP-MALDI. All m-AP-MALDI experiments were conducted
using the AP-MALDI PDF+ ion source, which was obtained
from MassTech (Columbia, MD, USA) on a LTQ Orbitrap XL
hybrid tandem mass spectrometer (ThermoFisher Scientific,
Bremen, Germany). Obtained results reached mass resolution of
60.000 (fwhm), and mass accuracy was better than 3 ppm. A
frequency-tripled Nd:YAG laser with a wavelength of 355 nm
was used as energy source. The pulse width of the laser was at 3—
S ns (fwhm), and it was operated at a repetition rate of 10 Hz

Figure 1. Variation of target materials used for analysis with new target
holder: (a) Standard AP-MALDI target used as reference; (b) 100Cr6
SRV-disc used as steel sample; (c) aluminum target; (d) brass target; (e)
bronze target; (f) nickel silicon bronze target.

with spiral motion. A pulse energy of 8 4] was used while pulsed
dynamic focusing (PDF)** was set to 25 us for signal
optimization. To secure equal acquisition periods for all single
scan events, automatic gain control (AGC) was turned off”** and
acquisition time for one AP-MALDI experiment was set to 0.5
min. Measurements on varying surfaces were carried out on at
least six different spots on one disc for each type of material.
Results were used for calculation of average and maximum ion
intensities. The CHCA matrix was mixed in solutions of
acetonitrile/water 1:1 (v/v) in concentrations of 10 mg/mL.
On unstressed surfaces, the dried droplet method was used,
whereas in wear tracks the matrix was applied onto the analyte
layer for modified AP-MALDI (m-AP-MALDI). The FM
additive concentrations used were 2% and 0.025% in PAO for
oleamide and polyethoxylated tallow amines, respectively. The
base oil was warmed slightly in a water bath to enhance dissolving
of the additives. To still allow homogeneous crystallization of the
matrix, 40 uL of the additive mixture was added to 1 mL of matrix
solution. Droplets of 1.5 4L were spotted onto the surface of the
target samples and dried at 60 °C.

Sample Holders. For measurements on alternative target
samples, special target holders for discs and cylinders of pin-on-
disc tribotests were constructed out of stainless steel (Figure 2).

Figure 2. Novel in-house built conductive target holders made of
stainless steel for m-AP-MALDI-MS: target holder for SRV-discs
holding a used disc with visible wear track (a); target holder for SRV-
cylinders holding a used cylinder (b). Both holders can be adapted for
the use of targets of various size and shape through adjustable screws.
Drilled holes on top of the target holders allow connection to the high
voltage cable of the AP-MALDI system.

DOI: 10.1021/acs.analchem.5b02793
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The in-house built target holders were fit into the ionization
chamber of the AP-MALDI system. To install the new target
holders, the high-voltage cable was disengaged and the original
holder for the standard target was removed. Both sample holders,
for cylinders and discs, respectively, are adaptable to the size and
shape of the target material through adjustment screws. They are
easily mounted into the AP-MALDI chamber and connected to
the high-voltage cable.

Tribotests. SRV-tribotests were carried out on a reciprocat-
ing pin-on-disc tribometer (3rd generation SRV). Test
parameters of 1.6 kN and a sliding speed of 1 m/s were applied
for 1 h. The FM additive concentrations used for tribotesting
were 2.5% and 0.05% in PAO for oleamide and polyethoxylated
tallow amines, respectively. After SRV-tribotests, the samples
were cleaned with ethanol. For m-AP-MALDI analysis, 1.5 uL
droplets of CHCA-matrix were applied on the wear track. Oil
residues collected in the cleaning process of the targets were
analyzed through ESI-MS. For further elucidation of existing
tribolayers after friction testing, TOF-SIMS measurements of
wear tracks were conducted.

ESI-MS. Measurements using ESI-MS were performed in
positive ion mode on the LTQ Orbitrap XL mass spectrometer
by direct infusion (flow rate: S yL/min). The ESI interface was
used to ionize and form the protonated molecular ions. The
technique of ESI-MS is well-known to provide information on
molecular mass and structure.’® Orbitrap as a high resolution
(>100000) and high accuracy detector (better than 1 ppm) in
combination with linear ion trap as external mass analyzer
enables multiple levels of fragmentation. The following ESI ion
source conditions were applied: spray capillary temperature, 275
°C; spray voltage, 4.0 kV; capillary voltage, 27 V. Nitrogen (2
arbitrary units) was used as sheath gas and helium as collision gas
in the linear ion trap section. LE-CID (low-energy collision-
induced dissociation), like MS2 and MS3, was performed with an
optimized normalized collision energy ranging from 25% to 40%.
CID-generated fragment ions were detected by the high
resolution Orbitrap-section of the instrument at a resolution of
60.000 (fwhm). All accurate mass measurements were acquired
with a mass accuracy of 3 ppm or better. The original lubricant
mixture before tribotesting was dissolved in methanol (dilution
factor of 1000) and used as a reference sample. After the SRV-
test, the residual lubricant was rinsed with ethanol from the disc’s
surface and diluted in methanol (dilution factor of 10).

TOF-SIMS. TOEF-SIMS measurements were used as a
complementary analytical technique to examine FM content of
tribolayers after pin-on-disc tests. The device used was a TOF-
SIMS S of Iontof GmbH (Miinster, Germany). High current
bunched mode was applied on the wear tracks with a pulse width
of 16 ns for analysis of a 500 X 500 ym? region utilizing primary
Bi," ion clusters of the liquid metal ion gun (LMIG) with a target
current of 0.87 pA and a beam width of 2 ym.

B RESULTS AND DISCUSSION

AP-MALDI. AP-MALDI measurements of a combination of
lubrication additives out of a base oil solution on the gold-
covered steel target were already described elsewhere in great
detail.*! For this work, target materials have been varied to
examine differences in ionization intensities and direct measure-
ments of tribologically stressed surfaces have been undertaken. In
addition to the gold-covered standard, model experiments were
conducted on a 100Cr6 steel target and an aluminum target as
well as three different copper alloys. Surface roughness R, of the
alternative targets was varied by polishing and two different

Table 2. Roughness R, of Used AP-MALDI Targets

sample  polished [um]  grinding step 1 [um]  grinding step 2 [um]

gold 0.021

steel 0.007 0.019 0.035
Al 0.035 0.115 0.244
CuZn 0.016 0.023 0.039
CuSn 0.016 0.041 0.070
CuNi 0.014 0.020 0.081

Figure 3. Average AP-MALDI ion intensities for ETA (top) and OA
(bottom) on alternative target materials.

Figure 4. AP-MALDI-MS spectrum achieved on bronze target showing
cluster ions of CHCA-matrix and copper.

surface grinding steps (grinding 1: lower roughness; grinding 2:
higher roughness) and is given in Table 2.

Using the plain steel target, the highest ion intensities of all
alternative target materials were accomplished, although values
were still significantly lower than ion intensity of FM additives
measured on the gold-covered target. Average ion intensity yields
of ETA and OA on alternative target materials are given in Figure
3. The aluminum target showed excellent ionization properties as
well and yielded only slightly lower intensities compared to the

DOI: 10.1021/acs.analchem.5b02793
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Figure 5. Maximum AP-MALDI ion intensities for ETA (top) and OA
(bottom) on alternative target materials compared to surface roughness
R,

Table 3. Decline of AP-MALDI Ion Signal Intensity When
Surface Roughness Is Increased from R, 0of 0.015—0.020 ym to
R, of 0.035—0.040 pm

sample target ETA signal decline [%] OA signal decline [%]

steel 38 11
CuZn 54 38
CuSn 31 30
CuNi 63 49

Figure 7. M-AP-MALDI mass spectra of wear track after SRV-tribotest:
(a) peaks of FM additive ETA at m/z 356.35 (C18) and m/z 330.34
(C16); (b) OA additive identified at m/z 282.28.

Figure 8. ETA degradation products of lubricant residues after tribotest
measured via ESI-MS. Saturated alkyl amines (blue) with chain lengths
of C8 (m/z 130.16) to C18 (m/z 270.31) and unsaturated alkyl amines
(red) measured at 2 and 4 mass units lower. Diethoxylated ethylene
amine was detected at m/z 132.14 (green).

Figure 6. Focus variation of (a) the 3D-image of the original steel
surface and (b) the steel surface after SRV-tribotesting.

steel target. Average ionization intensities of analytes on the gold-
covered target are significantly higher than for the other materials
and reach 12.5 and 9.7 X 10* cts, for ETA and OA, respectively.
In general, ETA showed better ionization properties on all
surfaces compared to OA. Using copper alloys, AP-MALDI
experiments on polished target samples lead to significantly
higher ion intensities for ETA friction modifier compared to
ground surfaces, whereas for OA ionization intensities were close
to the detection limit for all roughness levels. However, polished
brass samples even yielded similar results as aluminum or steel
targets for ETA, when in fact ion intensities significantly dropped
when the target was ground to higher roughnesses.

Figure 9. OA degradation products of lubricant residues after the SRV-
tribotest measured via ESI-MS (orange). Ion intensity in the area within
the dashed lines is multiplicated S times.

Interestingly, along with generally low analyte ion intensities,
copper alloys as target materials yielded intense peaks of cluster
ions composed of matrix and copper [2*CHCA + Cu]**. These
radical cation peaks appeared at m/z 441.0 (C,H;,0(N,Cu**)
(Figure 4). Additional pronounced peaks of cluster ions of matrix
fragments and copper included radical cation molecular ions m/z
279.0 (C;HgO;N,Cu**) and m/z 397.0 (C,,H,,0,N,Cu**), as
well as the molecular cation m/z 529.9 (C,;H;,O4N;Cu,").

The phenomenon of matrix and copper cluster ion formation
when copper targets were used for MALDI-TOF experiments

DOI: 10.1021/acs.analchem.5b02793
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Table 4. Overview on FM Additives and Main Degradation Products Detected via m-AP-MALDI, ESI-MS, and TOF-SIMS within
Wear Tracks after SRV-Tribotesting on a Steel Surface

was previously reported by Esser et al.”” Thus, the substrate for Comparing ion intensity maxima with surface roughness for
analyte crystals plays an important role for the achievable ion most alternative target material polished samples yielded
significantly higher intensities than ground sample surfaces. In
Figure S, an overview of the resulting ion intensities compared to
surface roughness is given. Noticeably, the steel sample yielded a

intensities. Strong surface interactions and bonding between the

target material and sample/matrix crystals can have detrimental

effects to the overall sensitivity. Inert materials, such as the gold- much steeper decline of ion intensities with increasing surface
covered steel reference target, are favorable for higher sensitivity. roughness than the other target materials. An interesting finding
11379 DOI: 10.1021/acs.analchem.5b02793
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Figure 10. Region of interest for TOF-SIMS measurements (dashed
line) within the wear track after SRV-tribotest and ion distribution of
detected additive ions at m/z 281.32 (OA) and m/z 357.65 (ETA).

Figure 11. Area of TOF-SIMS measurements (dashed line) including
tracks of more intense surface deterioration (a). Distribution of OA
additive at m/z 281.32 showing significantly increased ion intensity
corresponding to highly stressed areas (b).

was that aluminum targets did not show significant deviation of
ion intensities with increasing surface roughness at all for both
additives. However, due to the very low hardness values of the
aluminum target compared to the other sample materials with an
equal preparation method, only relatively high rough values were
accomplished for aluminum surfaces. For the resulting roughness
regime, no significant change in achievable ion sensitivity
occurred for the aluminum target.

The polished brass sample led to similar values as those for
steel and aluminum for ETA friction modifier additive, but
surface grinding significantly decreased the resulting ion
intensities. Both additional copper alloys, bronze and nickel
silicon bronze, yielded a similar picture, whereas even the
polished samples led to rather low ion intensities of ETA.
Oleamide friction modifier in general yielded low intensity peaks
on all copper alloy sample targets. However, polished surfaces
principally lead to higher ion intensities for both additives on all
types of material. Comparing two regions of certain roughness
(Table 3), the highest drop in ion intensity for both additives was
seen when nickel bronze was used as target material. Bronze
yielded a decrease of around 30% for both additives. For steel and
brass sample targets, the signal intensity for ETA declined
significantly more for considered target roughness regimes than

for OA additive. For aluminum samples, similar roughness was
not obtained in the polishing process. Maximum ionization
intensities of analytes on the gold-covered target are significantly
higher than for the other materials and reach 30.8 and 15.3 X 10*
cts, for ETA and OA, respectively.

Surface parameters of the target are essential for the ion yield
in MALDI-mass spectrometric experiments. The achievable ion
sensitivity is strongly dependent on the homogeneity of the
sample distribution and the crystallization behavior of matrix and
analyte ions. Except for aluminum, for each material, the
smoothest sample targets resulted in the highest ion sensitivity.
There, the polished surface supplied the most homogeneous
distribution of initial nuclei for crystallization. Rougher and
furrowed target surfaces, such as the ground samples, lead to
fewer and also larger crystals. As a result, this disadvantageous
distribution and orientation of sample/matrix crystals can cause
less effective interaction between incoming laser energy and
analyte crystals.'>*°

Subsequently, the possibility of additive identification inside
tribologically worn surfaces using m-AP-MALDI was deter-
mined. Pin-on-disc SRV-tribotests were carried out with 1.6 kN,
and CHCA-matrix was applied onto the surface and dried. M-
AP-MALDI analysis of the plain surface outside the wear track
showed no signs of the presence of both additives. This indicates
that the cleaning procedure was harsh enough for molecules only
physically bonded to the surface of the specimen via adsorption.
Additional measurements were carried out also on the steel disc’s
surfaces which were ground to roughnesses (R, of 0.065 ym)
similar to the wear track's surface roughness (R, of 0.058 ym).
Additive solutions were applied onto the surface and kept for 1 h.
After rinsing of the surfaces with ethanol, no signals of additives
could be detected anymore using m-AP-MALDI. For this reason,
rinsing was considered a method to sufficiently clean rough steel
surfaces from loosely adhering additives.

Though no additives were detected outside the wear tracks,
inside the wear track, definite evidence of additive-containing
tribolayers was found. Surface roughness inside the wear tracks
was significantly increased compared to the polished and original
steel surface (Figure 6). The original SRV-disc’s surface
roughness R, was at 0.036 ym. Inside, the wear track roughness
increased to 0.058 ym, which is significantly higher than polished
steel surfaces and is a possible reason for low ion intensity of
additive peaks detected after the SRV-tribotests.

However, on account of the use of an Orbitrap detector with
the modified atmospheric pressure-matrix assisted laser
desorption/ionization-mass spectrometry (m-AP-MALDI-MS)
system and its high mass resolution, both FM additives yielded
significant peak intensity for definite identification despite high
roughness values of the steel surface. Mass spectra of both
additives are given in Figure 7. Main peaks of polyethoxylated
tallow amines appear at m/z 330.34 (C16:0) and m/z 356.35
(C18:1). The oleamide peak was detected at m/z 282.28. Even
though matrix peaks lead to complex spectra, the resolution
capabilities of Orbitrap detection allowed one to filter for
additive peaks with known m/z values but low ion intensities.
Tallow amines were clearly differentiable from matrix peaks
(Figure 7a), whereas Orbitrap resolution capabilities were
important for identification of oleamide molecular ions at m/z
282.28 due to the close proximity of the matrix molecular ion
peak at m/z 282.08 (Figure 7b). In general, both used additives
could be identified inside the wear track via m-AP-MALDI well
above the detection limit with the use of the newly built target
holders for components of SRV-tribotests.
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During the tribotest, the entire disc was covered in additivated
oil and was thoroughly cleaned after the test. Thus, additive
molecules, present after the test and subsequent sample cleaning,
which were detected inside the wear tracks, are not only
physisorbed but also most probably arise from tribolayers
partially chemically bound to the specimen surface. Compared to
measurements on unstressed surfaces before the tribo-experi-
ment relatively low sensitivity was achieved. This suggests only
thin layers of both friction modifiers to be bound onto the
surface, whereas larger amounts of additives where used up in the
tribo-contact or remained in the oil, which was rinsed from the
surface. Degradation products of both friction modifiers were not
detected via AP-MALDI due to general low ion intensities.

ESI. In this work, electrospray ionization with an Orbitrap
mass spectrometer was used for the direct analysis of residual
lubricant of a tribosurface. The collision induced dissociation of
precursor ions (m/z) results in characteristic fragmentation ions
that allow elucidation of chemical structures and confirmation on
the presence of certain compounds.

In the reference lubricant mixture, i.e., both FM additives in
base oil before tribotesting, all protonated molecular ions of the
additives were identified in positive ion mode. High accuracy
Orbitrap-MS yielded m/z 282.28 for oleic acid amide FM
additive and m/z 302.30, m/z 316.32, m/z 330.34, m/z 346.33,
m/z 356.35, m/z 358.37, m/z 372.35, and m/z 400.38 for
corresponding structures of the polyethoxylated tallow amine
with different lengths of saturated and unsaturated alkyl chains.”'
The identities of the structure of additives were confirmed via
CID-fragmentation of the corresponding precursor ions.

Total ion count (TIC) mass spectra of the lubricant reference
sample and the residual lubricant after the SRV-test were
compared in order to find products of degradation reactions of
the additives occurring during the tribological experiment.
Detected degradation products of the polyethoxylated tallow
amines without ethoxylated species were found for example at
m/z 130.16 (C8), m/z 144.17 (C9), m/z 158.19 (C10), m/z
17221 (C11), and m/z 186.22 (C12) for molecular ions of
saturated alkyl amines. Various analogous amines were detected
at m/z values 2 and 4 units lower for unsaturated amines with one
and two double bonds, respectively. Additional reaction products
were found in steps of 14.02 mass units (CH,) up to m/z 270.31
(C18). A peak of low ion intensity at m/z 132.14 was identified as
diethoxylated ethylene amine (C4H;,O,N*). Degradation
products of ETA are given in Figure 8.

Detected ions at m/z 133.10, m/z 135.12, m/z 137.13, m/z
139.11, and m/z 142.12 in the lubricant sample after the SRV-test
are identified in a low abundance as degradation product ions
from oleic acid amide (Figure 9). Ions with m/z 133.10, m/z
135.12, and m/z 137.13 represent the loss of octyl acid amide
with unsaturated carbon chains of different chain length. On the
other hand, the molecular ion observed at m/z 139.11
(C4H,50%) is formed by loss of ammonium and an alkylene
group (C9) from oleic acid amide. Degradation product ion octyl
amide is detected at m/z 142.12. It can be concluded that the
degradation of oleic acid amide during tribotesting occurred
predominantly in the region of the double bond.

An overview of various degradation products of both FM
additives detected via ESI-MS in residual lubricant after
tribotesting is given in Table 4. Structures of the reaction
products were confirmed by CID-fragmentation. None of these
degradation products were found in ESI-MS of unused reference
lubricant fluids before the tribotest.

TOF-SIMS. TOEF-SIMS measurements were used as a
supporting method to m-AP-MALDI to prove the existence of
tribolayers using a complementary ionization method with
higher lateral resolution.”™** Mass spectra of wear tracks with
additional measurements of reference surface regions in several
millimeters distance to the worn area were compared regarding
characteristic signals of the lubricant additives and their
fragments. Furthermore, the spectra were compared to previous
results of the AP-MALDI and ESI-MS analysis.

Molecular ions were detected inside the wear track but were
not found on the unloaded reference surface including m/z
281.30 and m/z 282.30 (protonated) for OA as well as m/z
25528 for an amide with differing alkyl chain length (C16,
palmitamide). Detected ions at m/z 330.33, m/z 343.65, m/z
357.65, and m/z 358.65 (protonated) result from ETA of varying
carbon chain lengths (C16/C17/C18) (cf. Table 4). All
molecular ions showed significant signal-to-noise ratio. Interest-
ingly, of all the detected additive peaks, the highest intensities
were found at m/z 281.32 and m/z 282.30, which are referred to
oleamide (C;gH3sNO*) as well as its protonated species
(C;sH3sNO + H*), respectively. Thus, contrary to m-AP-
MALDI- and ESI-MS results, TOF-SIMS investigations yielded
higher signal intensities for oleamide ions than for ethoxylated
tallow amines. Images of summed up scans show the surface
distribution of the recorded analytes inside the measured area of
the wear track. Figure 10 shows the ion distribution as the sum of
TIC for each friction modifier with equally distributed signals
within the worn surface.

In Figure 11, three linear regions of higher stressed areas are
visible. Within this more severely worn surface, increased
intensities of the unprotonated oleic acid amide of m/z 281.32
(C1sH3sNO*) in heavily loaded wear tracks were yielded. This
significant increase in signal intensity is attributed to a high
applied load in the pronounced area and subsequent formation of
higher density tribolayers than in adjacent less stressed regions.

B CONCLUSION

For this work, we adapted the AP-MALDI ionization chamber to
be able to vary the shape of the target specimens for surface
analysis. A base oil mixture with two friction modifier additives
was applied on different target materials, which are widely used in
industrial applications. Both additives could well be identified on
all surfaces. However, copper containing compounds yielded
significantly lower ion intensities. Increased roughness of sample
targets also yielded lower ion sensitivity. The best results were
obtained on smooth steel samples and the inert gold-covered
reference target.

The surface roughness has a significant effect on matrix
crystallization. M-AP-MALDI-MS of tribolayers within the wear
tracks after the SRV-tribotests with the lubricant mixture lead to
definite identification of both components. Furthermore, newly
adapted target holders were applied in the ionization chamber to
analyze pin and disc from the tribotest. Orbitrap resolution
capabilities lead to definite identification even for low intensity
additive peaks.

Through m-AP-MALDI analysis, using the novel target
holders, worn surfaces of tribologically stressed materials become
readily accessible for analysis of lubricant residue composition
and additive behavior. Without further effort, the adapted system
of the target holders can be used for failure and surface analysis
directly on samples of real field applications. Despite commonly
increased roughness of wear tracks using suitable databases, AP-
MALDI-MS measurements can become a quick method to
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directly investigate additive containing tribolayers and lubricant
residues.

ESI and TOF-SIMS measurements helped to further elucidate
tribolayers and degradation fragments of used additives on
loaded surfaces. The identification of product ions from oleic
acid amine and polyethoxylated tallow amines indicates
degradation of both additives during the SRV-test. The ability
of ESI-Orbitrap-MS and TOF-SIMS to detect and provide the
important information about tribolayers and degradation
products of additives complements findings of m-AP-MALDI.
This is of practical interest for better understanding of the
tribological degradation process of lubricants and additive
components on tribostressed surfaces.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.5b02793.

CID-spectra of N-containing additives and degradation
products thereof after SRV-tribotests measured via ESI-
MS (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: widder@ac2t.at.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The work presented was funded by the Austrian COMET
Programme (Project XTribology, no. 849109) and the ERDF, as
well as the province of Lower Austria (Onlab project), and
carried out at the “Excellence Centre of Tribology” (AC2T
research GmbH).

B REFERENCES

(1) Laiko, V. V.; Baldwin, M. A.; Burlingame, A. L. Anal. Chem. 2000,
72, 652—657.

(2) Laiko, V. V.; Moyer, S. C.; Cotter, R. J. Anal. Chem. 2000, 72,
5239-5243.

(3) Laiko, V. V; Burlingame, A. L. Proceedings of the 47" ASM
Conference on Mass Spectrometry and Allied Topics, Dallas, TX, June
13—17, 1999.

(4) Moyer, S. C.; Cotter, R. J. Anal. Chem. 2002, 74, 468A—476 A.

(5) Miller, C. A;; Yi, D.; Perkins, P. D. Rapid Commun. Mass Spectrom.
2003, 17, 860—868.

(6) Moyer, S. C; Marzilli L. A; Woods, A. S.; Laiko, V. V;;
Doroshenko, V. M,; Cotter, R. J. Int. ]. Mass Spectrom. 2003, 226, 133—
150.

(7) Schneider, B. B.; Lock, C.; Covey, T. R. J. Am. Soc. Mass Spectrom.
2008, 16, 176—182.

(8) Laiko, V. V.; Taranenko, N. L; Berkout, V. D.; Yakshin, M. A
Prasad, C. R;; Lee, H. S.; Doroshenko, V. M. . Am. Soc. Mass Spectrom.
2002, 13, 354—361.

(9) McLean, J. A.; Russell, W. K;; Russell, D. H. Anal. Chem. 2003, 75,
648—654.

(10) Von Seggern, C. E.; Gardner, B. D.; Cotter, R.]. Anal. Chem. 2004,
76, 5887—5893.

(11) Madonna, A. J.; Voorhees, K. J.; Taranenko, N. I; Laiko, V. V.;
Doroshenko, V. M. Anal. Chem. 2003, 75, 1628—1637.

(12) Moyer, S. C; Von Seggern, C. E.; Cotter, R. J. J. Am. Soc. Mass
Spectrom. 2003, 14, 581—592.

(13) Taranenko, N. L; Doroshenko, V. M.; Shukla, A. K.; Shukla, M. M.
Am. Lab. 2004, 36, 34—38.

(14) Pittenauer, E.; Zehl, M.; Belgacem, O.; Raptakis, E.; Mistrik, R;
Allmaier, G. J. Mass Spectrom. 2006, 41, 421—447.

(15) Pittenauer, E.; Kassler, A.; Haubner, R.; Allmaier, G. J. Proteomics
2011, 74, 975—981.

(16) Shrivas, K.; Wu, H. F. Anal. Chem. 2008, 80, 2583—2589.

(17) Shrivas, K;; Wu, H. F. J. Mass Spectrom. 2007, 42, 1637—1644.

(18) Shrivas, K; Wu, H. F. Anal. Chim. Acta 2008, 628, 198—203.

(19) Hanton, S. D.; Parees, D. M.; Zweigenbaum, J. J. Am. Soc. Mass
Spectrom. 2006, 17, 453—458.

(20) Kassler, A; Pittenauer, E.; Dérr, N.; Allmaier, G. Rapid Commun.
Mass Spectrom. 2009, 23, 3917—3927.

(21) Widder, L.; Brenner, J.; Hutter, H. Eur. Mass Spectrom. 2014, 20,
299-308S.

(22) Papay, A. G. Lubr. Eng. 1983, 39, 419—426.

(23) So, H.; Hu, C. C. ASTM Spec. Technol. Publ. 2001, 1404, 125—
139.

(24) Anghel, V.; Bovington, C.; Spikes, H. A. Lubr. Sci. 1999, 11, 313—
33s.

(25) Spikes, H. A. Lubr. Sci. 2002, 14, 147—167.

(26) Widder, L.; Grafl, A.; Lebel, A.; Tomastik, C.; Brenner, J. Tribol.
Schmierungstech. 2011, 58, 11—15.

(27) Holmberg, K.; Andersson, P.; Erdemir, A. Tribol. Int. 2012, 47,
221-234.

(28) Tartakovsky, L.; Gutman, M.; Mosyak, A. Energy efficiency of
road vehicles — trends and challenges. In Energy Efficiency: Methods,
Limitations and Challenges; Nova Science Publishers: New York, 2012;
pp 63—90.

(29) Chu, S.; Majumdar, A. Nature 2012, 488, 294—303.

(30) Kenbeck, D.; Bunemann, T. Organic Friction Modifiers. In
Lubricant Additives: Chemistry and Applications, 2" ed; Rudnick, L. R,,
Ed.; CRC Press: Boca Raton, 2009; p 195—212.

(31) Braun, J. Additives. In Lubricants and Lubrication, 20 ed,; Mang,
T., Dresel, W., Eds.; Wiley-VCH: Weihneim, 2007; p 88—118.

(32) Basu, S. Friction Modifiers. In Encyclopedia of Lubricants and
Lubrication; Mang, T., Ed.; Springer: Weihnheim, 2014; p 700—707.

(33) Gabler, C.; Pittenauer, E.; Dorr, N.; Allmaier, G. Anal. Chem.
2012, 84, 10708—10714.

(34) Tan, P. V,; Laiko, V. V.; Doroshenko, V. M. Anal. Chem. 2004, 76,
2462—2469.

(35) Garrett, T. J; Prieto-Conaway, M. C.; Kovtoun, V.,; Bui, H;
Izgarian, N.; Stafford, G.; Yost, R. A. Int. J. Mass Spectrom. 2007, 260,
166—176.

(36) de Hoffmann, E.; Stroobant, V. Mass Spectrometry — Principles and
Application, 3 ed; Wiley: Chichester, 2007; p 243.

(37) Esser, E.; Keil, C.; Braun, D.; Montag, P.; Pasch, H. Polymer 2000,
41, 4039—4046.

(38) Gunst, U.; Zabel, W. R;; Poll, G.; Arlinghaus, H. F. Surf. Interface
Anal. 2004, 36, 1231—1235.

(39) Carlsson, P.; Bexell, U.; Olsson, M. Wear 2001, 251, 1075—1084.

(40) Gunst, U.; Zabel, W. R; Valle, N.; Migeon, H. N.; Poll, G;
Arlinghaus, H. F. Tribol. Int. 2010, 43, 1005—1011.

DOI: 10.1021/acs.analchem.5b02793
Anal. Chem. 2015, 87, 11375-11382


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b02793
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b02793
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b02793/suppl_file/ac5b02793_si_001.pdf
mailto:widder@ac2t.at
http://dx.doi.org/10.1021/acs.analchem.5b02793

Chapter Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here. —
Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

12 Conclusions and Outlook

It has been shown that a combination of various analytical techniques can result in broad
understanding of the present condition of a given tribosystem. While substantial amounts
of information are generated certain analytical methods are focused on special aspects and
other topics can be left neglected. To contribute to a deepened comprehension of the de-
termination of the chemical structrue of constituents of such tribofilms an additional ex-
amination by means of atmospheric pressure-matrix assisted laser desorption/ionization
was undertaken. Thus, also the identification of originally used additive composition was
aimed to become accessible, which can be essential to aid understanding processes of en-

ergy dissipation and surface wear occurrences.

The possibility of identification of both, ethoxylated tallow amines and oleic acid amide
friction modifier additives with Orbitrap high mass resolution directly from oil blends
without the use of any separation techniques prior to the measurements is a significant
step towards the simplification of lubricant analysis. Furthermore, strong dependence of
singal intensities on the used material and surface roughness was observed in analytical
results. Their influence on matrix crystallization strongly influences the results. Hence,
the preferences for certain material parameters was established. The additional identifica-
tion of used additives in boundary tribofilms achieved through tribological experiments
using newly adapted sample holders opens new doors towards analytical feasibilities of
original stressed sample surfaces in a simple way. Aided by supplementary use of ToF-
SIMS and ESI-MS measurements, further elucidation of tribofilms and degradation prod-
ucts of applied friction modifiers complemented previous findings. The degradation of

both additives could thus be displayed.
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The achieved development could prepare the grounds for failure and stressed surface
analysis directly on targets from real field applications for a better comprehension of lub-
ricant and additive degradation processes on tribostressed surfaces. The AP-MALDI meas-
urements including the utilization of ToF-SIMS and ESI-MS are a quick method for future
investigations of boundary tribofilms and additive residues. However, the application of
these techniques on genuine field samples requires further experiments on a more broad
spectrum of lubricant additive molecules. Future applications may also include simultane-
ous online analytical assessments of an engaged surface concurrent to ongoing tribometric

experiments to correlate friction and wear parameters to additive degradation processes.
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