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Preface

Friction- and wear-related phenomena are experienced by almost everybody in
daily life. Whether it is by walking on slippery ground, commuting to work, or
when travelling by train, airplane or on a cruise ship, the science known as tri-
bology is omnipresent but mostly hidden to the eye. However, although we
appreciate low friction, for example, when we go inline skating or skiing during the
weekend or high friction when we want to get our car to stop in front of a red traffic
light, we usually do not know how to control the coefficient of friction using
established theories. Scientists strive to unravel the mysteries of friction and wear
processes since the very first systematic studies more than 500 years ago yet uni-
versal guidelines for the selection of the best materials, coatings and chemicals are
not easily at hand. The reason for this is not simple as frictional properties are
governed by mechanisms that can appear on many different length scales from
several metres to the molecular scale and can be related to the topography of sliding
surfaces, to the composition and distribution of phases or to the surface chemistry
directly. Because of this complexity, an experimentalist needs to use, besides a
well-designed tribological apparatus, also other instruments in order to characterize
the surfaces, lubricants and materials.

A century ago, the optical microscope was probably the main and only tool for
the analysis of sliding surfaces. Many important properties of tribological systems
were still hidden at that time. Since then, many new scientific instruments have
been invented that can and need to be utilized to improve our understanding of what
causes high or low friction in various environments. These analytical instruments
undergo constant improvements in resolution, data acquisition and analysis speed.
The constantly filling toolbox of analytical methods available to tribologists
enabled novel technologies such as coatings and lubricants that provide ultra-low
friction and very small wear rates or that allow changing the friction by applying a
potential. It was possible to understand the fundamental steps that lead to these
improvements by a combination of suitable analytical techniques and also by a
combination of experiments and computer simulations. In many recent develop-
ments, those techniques have proven to be particularly important that could be
applied in situ during the experiment or shortly afterwards.
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The aim of this book is to provide a broad overview of the possibilities that
modern state-of-the-art analytical and simulation techniques give in combination
with tribological experiments. In 11 chapters, leading experts introduce the ana-
lytical methods and present examples from the recent research on how the method
can be successfully applied.

Chapters 1 and 2 deal with microstructural characterization of sliding interfaces.
The first chapter presents the method of focused ion beam analysis and related
techniques in order to obtain information on shear-induced changes in the
microstructure. The second chapter demonstrates the use of the transmission elec-
tron microscope (TEM) for the analysis of ultra-low wear tribocouples. The fol-
lowing six chapters are devoted to various techniques for the investigation of
tribochemical mechanisms. The application of Near Edge X-Ray Absorption Fine
Structure Spectroscopy (NEXAFS) and related Synchrotron-based spectroscopic
techniques for the investigation lubricant chemistry and surface termination are
presented in Chap. 3. Chapter 4 is giving an overview over the possibilities of
gas-phase lubrication experiments in combination with in situ X-ray photoelectron
spectroscopy (XPS). Chapter 5 demonstrates the possibilities of the in situ analysis
of tribochemical reactions using Auger electron spectroscopy and low-energy
electron diffraction (LEED). The analysis of anti-wear tribofilms by X-ray
absorption near-edge spectroscopy (XANES) is covered in Chap. 6. Chapter 7
demonstrates the possibilities of micro-FTIR for the in situ analysis of lubricants
and greases. Chapter 8 is devoted to the analysis of the use of synchrotron radiation
in order to measure real-time wear dynamics. The following three chapters deal
with in situ microscopy techniques. Electrochemical atomic force microscopy and
atomic-scale friction measurements in an electrolytical environment are introduced
in Chap. 9. Examples for friction measurements inside an electron microscope are
presented in Chap. 10, and Chap. 11 then reviews instrumentation and the appli-
cation of in situ topography measurements. The final chapter of this book is ded-
icated to simulations as a numerical analytical tool.

Obviously, this book is not intended to be an exhaustive review of all analytical
techniques available nor does it cover all research in tribology as this would go
beyond the bounds of the content of a single book. At this point, the editors are
extremely thankful to all authors who contributed to the chapters of the book and
their time spent in carefully selecting interesting portions of their work. The editors
gratefully acknowledge support from their funding agencies (Centre National de la
Recherche Scientifique de France and Deutsche Forschungsgemeinschaft).

Freiburg/Karlsruhe, Germany Martin Dienwiebel
Écully, France Maria-Isabel De Barros Bouchet
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Chapter 1
Electron Microscopy and Microanalysis
for Wear Surface Characterization

Focused Ion-Beam, Electron Backscattered Diffraction
and Transmission Electron Microscopy

Joseph R. Michael, Paul G. Kotula and Somuri V. Prasad

Abstract Wear surface analysis, specifically in the subsurface regions, is essential
for understanding the fundamental mechanisms of friction and material removal dur-
ing wear. The advent of focused ion-beam systems (combined scanning electron and
focused ion-beam microscopes) has made it possible to prepare site-specific cross
sections of wear surfaces for scanning electron microscopy, electron backscattered
diffraction, transmission electron microscopy, and X-ray microanalysis. During the
past decade, these state-of-the-art electron microscopy techniques are being increas-
ingly used to characterize wear-induced changes to microstructures and crystallo-
graphic textures.

1.1 Introduction

Wear damage is typically initiated in the subsusurface regions of the contacting slid-
ing surfaces before it is fully manifested on the top surface, see Fig. 1.1. In metallic
alloys, sliding contact results in plastic deformation, which often leads to recrystal-
lization and development of crystallographic texture [1]. In the case of brittle mate-
rials, microscopic fracture events in the subsurface regions are the principal source
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Fig. 1.1 Schematic illustration of the cross-section of a typical pin-on-disk wear system showing
the subsurfaces

for wear damage [2]. Amorphous to crystalline transitions in the subsurface regions
of transition metal dichalcogenide solid lubricating thin films (e.g., MoS2, WS2),
with basal planes aligning in the sliding direction, and formation of transfer films on
the counterface have been well documented [3]. Now it is widely acknowledged that
a fundamental understanding of the friction-induced microstructural changes in the
subsurface regions is essential for analyzing the wear mechanisms.

Up until the 1960s, wear surface analysis has primarily relied on visualization
of wear damage from optical microscopy of wear surfaces. Metallographic cross-
sections were sometimes prepared by cutting the sample obliquely to enhance the
vertical magnification relative to the horizontal one. Like in the case of focused
ion beam milling, which will be described in the later sections, it is necessary to
protect the surface from damage from metallographic sample preparation. This is
typically done by electroplating the surface with a metal of similar hardness. Using
this technique, Moore [4] resolved the features indicative of plastic deformation and
work hardening underneath the finely scratched, machined and lapped surfaces of
metals (see also Bowden and Tabor [5]).

The advent of scanning and transmission electron microscopes in the 1960s, pro-
vided a powerful tool to the tribologists with high resolution imaging for visualizing
the surface features, orders of magnitude higher than the optical microscopy [6].
Simultaneously, elemental and chemical analyses of the wear surfaces were made
possible by X-ray and electron spectroscopy [7], while electron diffraction in the
transmission electron microcopy enabled the determination of the crystal structures.
However, specimen preparation for cross-sectional analyses remained a challeng-
ing task. SEM examination of subsurfaces continued to rely on dicing followed
by conventional metallographic sample preparation techniques. Earlier research on
cross-sectional transmission electron microscopy (TEM) of wear surfaces did not
gain widespread application due to the difficulty in preparing the TEM samples by
conventional techniques, which involved core drilling or dicing by diamond saw,
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grinding, electropolishing and dimpling [8, 9]. These steps are not only cumbersome
and time consuming, but also are inadequate in locating the substructures in specific
locations on the wear surface. This chapter will first highlight the application of
modern focused ion beam (FIB) microscopy techniques for visualization of friction-
induced deformation in the subsurfaces as well as the preparation of TEM samples
in site-specific locations on a wear surface. This will be followed by specific exam-
ples from our recent research on the application of electron backscatter diffraction
(EBSD) and high-resolution TEM for analyzing the friction and wear mechanisms
in nanocrystalline metals and transition metal dichalcogenides.

1.2 Focused Ion Beam Preparation and Scanning Electron
Microscopy

1.2.1 Focused Ion Beam (FIB) Preparation of Samples

The development of the combined focused ion beam/scanning electron microscope
platforms (referred to as FIB/SEM) is possibly one of the most important develop-
ments that has enabled an improved understanding of sub-surface microstructural
changes due to wear [11, 12]. The FIB/SEM at the simplest level is the combination
of a high-resolution imaging tool (SEM) with a precision machining tool (FIB). This
combination has turned out to be extremely powerful and has enabled the production
of site specific samples for SEM imaging and other analytical techniques, such as
transmission electron microscopy (TEM), surface analysis, micromechanical testing
and many other analytical methods.

There are now two main ion sources for FIB tools, the liquid metal ion source
(LMIS) and the plasma source. The most common source is a LMIS that typically
produces a Ga+ ion beam that is used to micromachine via sputtering of selected
regions of the sample. The LMIS equipped FIB allows small ion beams to be formed
that are very useful for the preparation of samples that are on the order of 20 μm by
about 10 μm in size. The plasma source ion column can deliver much higher beam
currents to the sample at the expense of the size of the area of the beam. Thus, plasma
sourced FIB columns are quite useful for preparing much larger samples (as large as
1 mm in width) than the LMIS FIB. The beam size of the plasma FIB is not as small
as those that can be produced by LMIS sourced FIB tools. Selection of the plasma
FIB over the LMIS sourced FIB depends on the end use. If larger cross sections of
surfaces are to be routinely made then the plasma FIB may be the best choice. If
TEM samples are more important, then the LMIS FIB may be the better choice. One
also needs to keep in mind that the LMIS produces a beam of Ga+ ions that may
react chemically with the sample. Plasma sources generally utilize inert gases (most
commonly Xe) so chemical reactivity is not a concern. FIB instrumentation has been
covered in detail elsewhere [11, 12].
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To properly utilize any FIB tool, it is important for the user to have some under-
standing of the interactions that occur when an energetic ion interacts with the atoms
in a sample. There aremany events that occur when an energetic ion interacts with the
atoms in a solid, but for the case of SEM and TEM sample preparation and ion imag-
ing, we are mainly interested in sputtering (the removal of atoms from the surface of
the sample), secondary electron production and damage to the sample in terms of ion
implantation and loss of crystalline structure. Sputtering is the process that removes
atoms from the target. Secondary electron production is important as images formed
with secondary electrons induced by ions have some important advantages over sec-
ondary electron imaging. In principle, it is impossible to have an ion beam interact
with a sample without causing some form of surface damage during ion irradiation.

Understanding the interaction of ionswith the targetmaterial is helpful in reducing
the amount of damage to acceptable or tolerable levels through appropriate sample
preparation techniques. Energetic ions interact with a target in many ways. Once
the ion enters the sample its path can be deflected by interactions with the atomic
nuclei and the electron charges. As the ion moves through the sample it has sufficient
energy to knock other atoms off their respective lattice positions. The target atoms
that are knocked off their atomic positions can have enough energy to knock other
target atoms off their atomic positions. This series of moving atoms and ions within
the sample is referred to as a collision cascade. Some of the atoms that have been
knocked from their atomic positions may reoccupy a lattice position or may end up
in interstitial sites. There can also be lattice sites that are not reoccupied by target
atoms and these are vacancies. Both interstitials and vacancies are considered damage
to the crystalline structure of the sample. Most of the time, the original beam ion
will end up coming to rest within the sample. This is termed ion implantation. Ion
implantation results in the detection of the ion beam species in the sample and thus
it is desired to minimize this as much as possible. Many of the collision cascades
will eventually reach the surface of the sample. When the ion leaves the sample, it
may have sufficient energy to knock an atom from the surface into the vacuum. This
process is called sputtering and results in a net loss of material from the sample,
usually from areas very close to the beam impact point. At the same time when the
ion is either entering or leaving the sample, secondary electrons are generated that
are useful for producing images of the sample surface scanned by the ion beam. It is
important to remember that scanning an energetic ion beam over the surface of the
sample will always result in some damage to the sample. The details of this process
have been covered in other texts [10, 12].

It is most common to use the FIB to remove material to produce site-specific
specimens via sputtering, but ions also produce secondary electrons that can be
collected and imaged just like secondary electrons in the SEM. Ions generate many
more secondary electrons than do electrons, thus ion induced secondary electron
imaging can provide quality low-noise images. In addition, ions tend to channel
more strongly than electrons and thus can produce striking grain contrast images. It
is important to remember that during ion imaging of a sample, the continuous process
of ion damage is occurring that will eventually (given sufficient time and ion dose)
alter the sample to the point that it may no longer represent the original material.
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Fig. 1.2 Ion induced
secondary electron image of
a FIB prepared cross section
of a wear scar (100 gm load
for 1000 cycles) in Ni
collected at 30 kV with an
ion beam current of 47 pA.
The dark layer on top of the
Ni is a solid lubricant thin
film

Figure 1.2 is a FIB prepared cross section of a wear scar produced by unidirectional
sliding on electrodepositedNi. This is an ion induced secondary electron (ISE) image
obtained with a Ga+ ion beam using an accelerating voltage of 30 kV and a beam
current of 47 pA. Note the high grain contrast produced by the ion beam and it is
apparent that the stylus had moved from the right to the left-hand side of the image.
The excellent grain contrast provided by ISE imaging provides useful insights into
the wear process.

One common application of FIB is the preparation of cross sections of specific
features. An example, as shown in Fig. 1.2, is that of a cross section normal to a wear
surface that exposes sub-surface microstructural details. Cross sections prepared by
FIB can vary from a few 10’s of μm wide by a maximum of about 10 μm deep due
to the time required to prepare the cross section. However, new developments in the
use of plasma ion sources that can deliver much higher beam currents and thus faster
milling rates have allowed sections to be milled as large as 1 mm wide by 10’s of
μm deep.

This text is not intended to describe in detail all of the steps required to produce
quality cross sections as there are many texts already available that do this [11–13].
Cross sections of surfaces are accomplished in the FIB by careful control of the ion
beam current. The first step of the process is to deposit a protective layer over the
area of interest using electron or ion assisted deposition. Electron or ion assisted
deposition is a process where a precursor gas is injected into the FIB through a
needle that is very close to the sample surface. The electrons or ions in the beam
disassociate the precursor resulting in a very impure Pt layer or a C layer to be formed
only where the ion or electron beams are scanned during gas injections. The purpose
of this protective layer is to prevent the energetic ions from interacting with the area
of interest on the sample and causing damage as discussed previously. Once the
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protective layer is applied, the ion beam is then used to remove material to expose a
cross section of the area of interest. As the process continues lower ion beam currents
are used to allow more precise ion milling of the area and to produce very smooth
surfaces that are representative of the actual sample.

Another common application of FIB is the production of thin samples from spe-
cific sites that are suitable for transmission experiments in the transmission electron
microscope (TEM) or in the SEM (scanning transmission electron microscopy in the
SEM also called STEM in SEM or just STEM.). One other application that requires
thin samples is transmission Kikuchi diffraction (TKD) [14, 15]. This technique is
done in the SEM and provides high resolution (2–10 nm) orientation mapping of thin
samples. No matter which application STEM or TKD is to be used, sample prepa-
ration requirements are very similar. First, the sample must be free (or as close as
possible) of artifacts induced by the FIB milling process. Second, the samples must
be very thin, usually less than 100 nm in thickness to allow the electrons to pene-
trate the sample. Modern FIB milling techniques have been developed that reduce
or eliminate artifacts and allow extremely thin samples to be prepared and mounted
so that the sample can be introduced into the STEM or SEM for imaging. This text
is not intended to discuss all the methods of sample preparation as there are many
complete texts on this subject [11, 12]. A brief discussion of the steps to produce
thin samples with the FIB will be given.

Just as with cross sections made for SEM imaging the first step is to locate the area
of interest and then protect this area with a layer of Pt or C deposited by either ion
beam assisted or electron beam assisted deposition. Once this is done then trenches
are placed on either side of the area of interest as the final thin sample will come
from the material left in between these trenches. The sample thickness is carefully
reduced by using decreasing beam current ion beams in the FIB until the desired
thickness has been reached. At some point during the process (usually before the
sample is at the final thickness) the ion beam is used to cut the sample free from
the surrounding material so that it can be lifted out from the trench and placed on
a suitable support for subsequent imaging. It is often advantageous to use a lower
energy ion beam as a final step to remove the ion beam damage caused during
the sample milling at higher energies. This step is extremely important when high
resolution imaging in the TEM or STEM is to be done. Figure 1.3 is an example of a
completed thin sample prepared by FIBmilling. Here the sample has been thinned to
the final dimensions and is ready to be manipulated to a suitable support for imaging.
The sample is manipulated outside the FIB tool to the support and this is called ex
situ lift-out [16]. Figure 1.4 shows the completed TEM specimen after manipulation
to a carbon-coated TEM grid.

Thin samples may also be produced by in situ lift-out in the FIB system using
an internal manipulator [17]. The general procedure adds a couple of steps to those
described above. The first step is to excise a chunk of material from the bulk sample
using the ion beam and the in situ manipulator. The chunk of material is then attached
to a suitable grid or support structure and held in place with ion beam assisted
deposition of Pt. The sample is then thinned by the removal of material from both
sides of the sample until the desired thickness is reached. The advantage to in situ
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Fig. 1.3 Thin sample
prepared by FIB that is ready
for manipulation onto a
suitable support for
transmission imaging

Fig. 1.4 FIB prepared thin
sample manipulated onto a
thin carbon film support

lift-out samples is that there is no support film to interfere with subsequent analysis
and the sample is now firmly attached to the support structure and may be handled
more easily.

The study of the evolution of sub-surface microstructures during wear requires
that site-specific samples be produced. FIB tools can provide site-specific samples
that are suitable for SEM imaging and analysis, TEM and STEM analysis. Many
different types of samples can be produced in this manner that enhance the study of
wear.
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1.2.2 Electron Backscatter Diffraction and Transmission
Kikuchi Diffraction

An understanding of the microstructure and crystallography of wear scars is required
to fully describe the structure property relationships that control the tribological
response of crystallinematerials. By linking themicrostructure to the crystallography
of the sample, a full picture of the sample can be developed. Electron backscattering
diffraction (EBSD) and the related technique of transmission Kikuchi diffraction
(TKD) provide new insights into the microstructural changes that occur beneath a
wear scar.

EBSD is accomplished in the SEM by the addition of a suitable camera to image
the diffraction patterns and software to analyze the patterns and determine the crys-
tallographic orientation of the sample. Most often, EBSD is conducted on polished
bulk samples or bulk samples prepared in the FIB tool. Improved resolution over
EBSD of bulk samples has been achieved by utilizing thin samples and TKD. TKD
allows many of the fine details in wear microstructures to be observed. Both EBSD
and TKD will be introduced in this section, and the reader is directed to many of the
excellent texts available for more details [12, 18, 19].

EBSD patterns are obtained by illuminating a tilted sample surface with a sta-
tionary electron beam. The beam electrons interact with the sample and are initially
inelastically scattered. The scattered electrons are diffracted by the crystalline planes
in the sample to form the EBSD pattern that is then observed using a suitable camera.
In the case of TKD, the thin sample is held normal or near-normal to the electron
beam and the electrons transmit through the sample and are diffracted to form the
TKD pattern. Note that EBSD and TKD patterns appear visually to be quite similar
and can be indexed in the same manner (Fig. 1.5).

The EBSD pattern consists of sets of parallel lines. These are Kikuchi bands
and the distance between the parallel pairs of lines is inversely related to the lattice
spacing of the specific direction and the angles between the parallel sets of lines are
the angles between the reflecting planes in the crystal. Thus, the angles between the
planes can be compared to a table of angles prepared from known crystal structure
data to determine the orientation of the patterns obtained from each pixel in an image.

EBSD or TKD orientation imaging is conducted by arranging the EBSD or TKD
camera and the sample geometry in the SEM. The sample must be prepared so
that the surface is free of preparation induced artifacts. Typically with bulk samples
metallographic sample preparation is adequate and for TKD either FIB prepared
surfaces or electropolished surfaces must be used. Figure 1.6 shows the arrangement
of the sample and the EBSD or TKD cameras in the SEM. Note that a standard
EBSD camera may also be used for TKD. The electron beam is scanned pixel-by-
pixel over the areas of interest and patterns are collected at each pixel. The patterns
are indexed and the orientation of the crystal is determined for each pixel. This
procedure is repeated at each pixel within the image.Modern EBSD systems can now
do this reliably at over 3000 patterns/sec allowing large areas to be efficiently imaged.
Figure 1.7 shows inverse pole figure maps (IPF) of a wear scar made with a 10 g load
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Fig. 1.5 EBSD pattern
obtained from Mo at 20 kV

on a<111>single crystal of Ni. The wear scar was made in the<211>direction. The
sample for these maps was made by FIB prepared thick lift-outs from the center of
the wear scar. Figure 1.7a is the IPF map with respect to the surface normal and this
is the<111>direction as can be seen by comparing the color of the substrate (blue)
with the color key shown in Fig. 1.7c where the<111>directions on the stereogram
is colored blue. Figure 1.7b is colored with respect to the wear direction and one can
see that the<211>direction on the stereogram is between the blue of the<111>and
the red color of the<100>. Thus by inspection it is relatively easy to understand the
sample crystallography. In these images it is also apparent that the surface of the
sample has been transformed from a single crystal to a layer of finer grained Ni with
more random orientations.

An example of TKD of a wear scar in Ta is shown in Fig. 1.8. In this case a Co pin
was worn against a Ta counterface. Note that this was obtained from a thin sample
that was prepared for STEM imaging. The TKD maps were obtained using a 30 kV
electron beam energy and a step size of 10 nm. Figure 1.8a is formed by a measure
of the pattern’s sharpness at each pixel and then plotting this as a grey scale image.
The result accurately represents the microstructure of the sample. Figure 1.8b is an
orientation map with respect to the wear direction (horizontal). Note that the upper
part of Fig. 1.8b represents very fine grained wear debris that contains some very
small grains that are just resolved.

EBSD and TKD are important characterization tools for wear phenomena in
crystalline materials. TKD has the advantage of higher resolution while standard
EBSD can provide data over larger areas at a reduced resolution.
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Fig. 1.6 Arrangement of the
sample and the EBSD or
TKD detectors in the SEM. a
EBSD b TKD

1.3 Transmission Electron Microscopy and Microanalysis

Transmission electron microscopy (TEM) encompasses a few powerful techniques
for characterizing wear surfaces at length scales from 100 pm to tens of μm.
Since electrons interact strongly with matter we need to use high-energy electrons
(100–300 kV) and create thin specimens (~100 nm in transmission). Before the
advent of the FIB, the challenge was making a sample in the desired location and
an appropriate thickness in projection. As discussed above the FIB now allows for
routine creation of site-specific TEM samples which in many cases would be diffi-
cult or impossible to do by many using conventional sample preparation methods.
In this section we will discuss the basic imaging methods of TEM, diffraction, and
microanalysis and related data analysis methods.

In this section we give a general overview of TEM and associated techniques. The
reader is directed to the text byWilliams andCarter [7] formore detail on TEMand to
Carter and Williams [20] for advanced discussion of TEM techniques including this
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Fig. 1.7 Inverse pole figure maps obtained from wear scars on <111> single crystal Ni substrates.
a IPF with respect to sample normal, b IPF with respect to wear direction, c color key for IPF maps

section’s discussion of microanalysis (spectral imaging and data analysis methods).
The TEM is analogous to a light microscope. We have an electron instead of light
source, electromagnetic instead of glass lenses, condenser lenses which structure
the electron illumination on the specimen, an objective lens, projection lenses and
detectors to record the images. Since electrons interact strongly with matter we
need to use both high-energy electrons, typically 100–300 kV, and thin specimens
typically 100 nm thick or less in the projection direction. As with light microscopes
we can think of the resolving power in terms of the wavelength of the illuminating
light or in the case of TEMs the electrons which are 3.7 pm at 100 kV and 2 pm at
300 kV (at these energies the electrons are relativistic). One of these requirements,
electron energy, leads to additional characterization capabilities to TEMs allowing
us to analyze crystallography of our materials. In particular, the wavelength of the
electrons (which are relativistic and thus act as both particles and waves) is smaller
than the crystallographic plane spacings in materials which are typically 1 nm and
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Fig. 1.8 TKD of Ta worn with a Co pin collected with a 10 nm step size. a A band contrast image
formed by a measure of the collected patterns sharpness at each point in the image. b Orientation
map with respect to the wear direction. Note that the colors represent orientations as shown in
Fig. 1.7c

smaller, so that we get diffraction. Additionally, given the samples must be thin and
analyzed in transmission we can improve the resolution of microanalysis versus a
SEM. This will be discussed in the following sections.

1.3.1 Transmission Electron Microscopy

TEM is both a general term describing an instrument and technique, namely passing
electrons through a specimen, and a specific term referring to the use of broad electron
illumination on a specimen. In this sense, it is analogous to the basic visible-light
microscope. However, because electrons interact strongly with matter, the electrons
can be scattered or diffracted multiple times while passing through a specimen. This
can be used to great advantage for imaging defects like dislocations and stacking
faults.Additionally, twins, precipitates, cracks, and amorphous regions canbe imaged



1 Electron Microscopy and Microanalysis for Wear Surface … 15

in the conventional TEMmodes. The types of data typically acquired for this include
bright-field (BF) and dark-field (DF) images which are distinguished by the use of a
small objective aperture (placed in the back-focal plane of the objective lens where a
diffraction pattern is located) centered on the direct or a diffracted beam respectively.
In TEM (specific definition) we have broad illumination on the sample (created by
the condenser lenses). The sample sits within the objective lens which has two parts,
an upper lens and a lower lens. The upper objective lens is used for focusing the
illumination to a point, and this is important for scanning-TEM (STEM). The lower
objective lens is the image-forming lens. Depending on how the projector lenses are
set we can form an image of our specimen, or a diffraction pattern on the detectors.
The former setting is used to collect a BF, DF or other image. The latter setting
allows us to collect a diffraction pattern. Furthermore, we can place an aperture at a
conjugate image plane within the projector lens system. This aperture can be moved
to capture a small image region from the specimen. By then switching to diffraction
mode, we can see a selected-area diffraction (SAD) pattern. BF, DF and SAD are
powerful methods for characterizing and surveying the coarse-scale structure of a
specimen.

In order to take advantage of the resolving power of the TEM we must operate
in a different mode, high-resolution TEM (HR-TEM). In this operational mode, we
use a larger objective aperture which allows the phase of several diffracted beams to
interfere. In this way can resolve lattice planes from a specimen provided they are
oriented parallel to the electron beam and of a sufficient spacing to be resolved by the
microscope. Recent advances in electron optics, namely the commercial availability
of spherical aberration correctors, have allowed for routine resolution of sub-100 pm
lattice spacings [21]. HR-TEM is useful for imaging basal planes in graphite and
MoS2 especially when aligned parallel to the electron beam as in looking at the
cross-section of a wear surface with those solid lubricants.

1.3.2 Scanning Transmission Electron Microscopy

STEM is analogous to SEM in that we focus the electrons to a point on the specimen
and then scan it across our specimen. We then get contrast from the specimen with
one of several possible detectors. These detectors sit below the projector lenses at
a conjugate diffraction plane and the projector optics can be changed to magnify or
de-magnify the diffraction pattern on the various detectors. By reciprocity [7] we can
form images equivalent to conventional TEMBF and DF images in STEMmode.We
can also form images with electrons scattered out to higher angles. These are called
high-angle annular dark-field (HAADF) images and contrast from the specimen
(presuming constant sample thickness in projection) is proportional to average atomic
number. STEM is a versatile imaging mode for looking at both coarse structure (tens
of microns) and atomic or near-atomic resolution 0.3 nm (lattice in some materials is
resolvable) in a conventional STEM. As with TEM, spherical aberration correctors
[22] have been developed for STEMs and have pushed direct resolution to 0.08 nm
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or better. It’s important to provide a caveat for such resolution numbers, namely that
these numbers are for a crystalline specimen oriented with lattice planes parallel to
the electron beam and are dependent on electron channeling. For a specimen that is
amorphous or not in a special orientation, the beam will broaden as it passes through
lowering the actual resolving power.

1.3.3 Microanalysis

When a high-energy electron hits a specimen, it’s possible for electrons to be knocked
out of atoms in the specimen. As a result of the subsequent electronic relaxation, one
possibility is that X-rays will be emitted from the excited atoms. The energy of the
emitted X-rays is characteristic of the elements present in the specimen. Therefore
we can use our electron probe to perform X-ray microanalysis to understand the
local chemistry of our specimen with sensitivity (varies by element) to the entire
periodic table above Li. As with SEMs, we can add an X-ray detector to detect
the X-rays emitted from the specimen. In the SEM, the resolution of this signal is
complicated and dependent upon both the elements in the specimen and the energy
of the incident electrons. The volume from which X-rays are emitted is known as
the interaction volume. In some cases, this can be a micron or more. This provides
a distinct advantage in resolution for TEM specimens where the bulk of material
has been removed, leaving only a thin lamella of material from which X-rays can
be generated and subsequently detected. The result of this is that fewer X-rays are
generated compared with a typical SEM specimen. The benefit is that the X-rays
that are generated come from a region comparable to the electron probe plus the
amount that the beam broadens as it passes through the specimen. The electron beam
will broaden more in a high atomic number material than in a lower one of similar
thickness. Thinning the specimen can improve resolution but at the expense of less
material which can generate anX-ray signal.Modern analytical electronmicroscopes
(AEM) are STEMswithX-ray and other chemically sensitive detectors (e.g., electron
energy-loss spectrometers). To make up for the smaller number of X-rays generated
by thin samples, X-ray detectors with larger solid-angles of collection have been
developed so that 0.5 steradians to 1 steradian systems are commercially available
[23]. For comparison, older AEMs typically had solid-angles of collection of 0.06
steradians.

There are a number of ways we can interrogate our specimen with X-ray micro-
analysis. The simplest is tomanuallymove the electron beam to a feature and collect a
single high-signal spectrum. This can be repeated on additional features but entails a
significant amount of subjectivity with respect to appropriate sampling. Did we sam-
ple enough regions? And what if regions with important chemical differences show
the same image contrast? Will we sample those? X-ray microanalysis has undergone
a number of advances in the past 25 or so years. The most important was the advent
of spectral imaging systems for commercial X-ray detectors on SEMs [24] and later
STEMs. A spectral image combines imaging with full spectrum acquisition. A spec-
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tral image consists of a full X-ray spectrum at each pixel in an image. We then are
statistically sampling many different points in a regular array. The next most impor-
tant development was the development of the silicon-drift detector (SDD) [25]. In
its modern form [26, 27] the SDD has completely replaced the older liquid nitrogen
cooled Si–Li technology [28]. SDDs are cooled to −20 °C allowing for window-
less operation improving light-element sensitivity. They are also able to operate at
higher X-ray fluxes (over 1 MHz is possible but practical only for an SEM geome-
try) at near theoretical resolution. Since the cooling requirements are less stringent
compared with older detectors, novel geometries have been implemented [29, 30]
improving solid-angle of collection in the AEM by more than ten times [23].

Spectral imaging solved the problem of sampling but created a new one, namely
how to analyze all the data comprehensively. In the next section, we discuss conven-
tional and advanced data analysis methods.

1.3.4 Spectral Image Analysis

In order to understand the structure and chemistry of our specimen with an AEM, we
collect electron images and spectral images. We can make direct measurements from
the images (e.g., film thickness, crack length, phase fraction, etc.) but the spectral
images are more complex, consisting of tens of thousands to hundreds of thousands
of spectra (pixels) each with 2000 energy channels typically. The challenge is how
to comprehensively analyze the sheer quantity of data we can quickly generate on
a modern AEM. The spectral image lends itself to retrospective analysis in that we
can collect the data on the AEM and then analyze and re-analyze it offline.

Conventional analysis of a spectral image is an iterative process [20, 31] starting
with looking at the sum of all the spectra in the spectral image. We can then form
region-of-interest maps of the elements identified from that spectrum. From the
maps, we can identify regions in the image and look at sum spectra from identified
regions. This forms the basis to confirm the analytical results. In X-ray spectroscopy,
there are a number of artifacts in maps. These include Bremsstrahlung or breaking
radiation generated as electrons in the specimen are decelerated. The result is a
continuum X-ray background which is stronger for heavy elements than for light
elements. Looking only at a map for a light element like oxygen, in a specimen with
a heavy element like gold will illustrate the artifact. Regions with gold will produce
a large background signal. In the oxygen map, regions with gold but not oxygen will
show elevated intensity. This can be visualized by looking at spectra from the gold
regions and verifying that no oxygen is present. More importantly we can see that
oxygen is present by looking at spectra from the other distinct regions in the oxygen
map to verify the presence of oxygen. An additional artifact in X-ray spectroscopy
comes from the fact that different elements and have X-ray lines at the same energy.
For example, the silicon K line is at 1.739 kV while the tantalum M-α line is at
1.709 kV. The result is that the silicon map will show intensity everywhere there is
Ta. Also, depending on which tantalum line we use to form the Ta map we might see
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silicon where it is not. Using the iterative analysis approach, we can help solve such
pathological overlap problem cases.

Conventional analysis can be time consuming and subjective. We can also miss
important features due to the artifacts mentioned above as well as just miss a weak
but potentially important feature. For these reasons, we discuss the use of statistical
analysis methods to quickly and comprehensively analyze X-ray spectral images
with no preconceptions of what is or is not present.

1.3.5 Multivariate Statistical Analysis

Multivariate statistical analysis (MSA) encompasses a family of data analysis meth-
ods that are used to visualized data sets subject to various constraints. For X-ray
spectral images the number of variables is typically the number of spectral channels,
perhaps 1000–2000. Understanding how collections of these co-vary can be used to
understand the chemistry of a specimen. One can think of the channels containing a
particular spectral peak or families of peaks as co-varying when the element respon-
sible for the peaks is present in regions in the specimen. Similarly, elements found
together in the same amounts in regions of the specimen would produce channels
that co-vary.

Beforewediscuss differentMSAmethods, it’s important to discuss scaling the raw
X-ray spectral image data for non-uniform noise [32, 33] and estimating the rank of
the data.When we discuss X-ray spectroscopy we have X-ray counts where the noise
is proportional to the signal. If we fail to account for the noise in our MSA methods
then we risk fitting noise when it is greater in magnitude than weaker but chemically
relevant signals in the spectral image. If we have a channel in our data where the
intensity is 100 counts, the associated noise for that datum is the square root of 100
or ±10. Variance-based MSA methods would preferentially fit such a variation over
a chemical signal smaller than that. Noise scaling, for the purpose of the examples
described in this chapter, amounts to dividing the spectral image by the square root
of the mean spectrum in the spectral domain and the square root of the mean image
in the image domain [32, 33]. Once we have performed the noise normalization,
we can then calculate the eigenvalues from the scaled spectral image data. The
sorted eigenvalues on a semi-log plot are referred to as a scree plot, an example of
which is given in Fig. 1.9. Here we examine just the 64 largest eigenvalues. Sandia’s
Automated eXpert Spectral Image Analysis (AXSIA) software [34–36] performs an
automated rank estimation by fitting a straight line to eigenvalues indexed 25 through
64, a region assumed to represent the noise baseline. When an eigenvalue rises above
the fit to the line by greater than 25 σ it is deemed non-noise and usually represents
chemical information. The index of this eigenvalue is the estimated rank, or number
of components needed to describe the data minus the noise.

Following noise normalization and rank estimation we then factor the data into a
formwecan readily interpret. The readermaybe familiarwith oneMSAvariant called
Principal Components Analysis (PCA) [37]. PCA seeks to serially maximize the
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Fig. 1.9 Scree plot showing the results of an Eigenanalysis of a spectral image weighted for non-
uniform noise. The automatically determined rank for the model of the data is four meaning that
only four factors are needed to describe the chemical information in the spectral image consisting
of hundreds of thousands of pixels and thousands of spectral channels

variance in componentswhich aremutually orthogonal. Thefirst principal component
is the mean. The second principal component describes the second most variance
in the data while being orthogonal to the first and so on. The problem with PCA is
that the constraints (serial maximization of variance and orthogonality) result in non-
physical components consisting of a component image and corresponding spectral
shape which both consist of positive and negative intensities. For this reason we add
an additional assumption to the factor analysis that none of the component images or
spectral shapes has negative (non-physical) intensities. The non-negativity constraint
relaxes the orthogonality imposed by PCA such that the resulting factors now are
directly interpretable.AXSIAachieves this via application of aMSA technique called
multivariate curve resolution (MCR) implemented by an alternating least squares
(ALS) approach [36]. The rotational ambiguity, the fact that there are an infinite
number of solutions to fit the data equally well, is addressed by performing aVarimax
rotation [38] on the data to make it simple in either the spectral [34–36] or spatial
[39] domain. Simple implies high contrast or zeros in many parts of the components.
The end result for both spectral and spatially simple representations is a compact and
physically interpretable model for the data. The factors making up this model contain
spatial components and corresponding spectral shapes. The component images tell
us where and how much of the elements are present, and the spectral shapes tell us
the identities of the elements.

1.4 Tribology Case Studies

This section describes a few specific examples on the application of these novel
electron microscopy techniques in tribology and tribological coatings.
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1.4.1 Diamond-Like Carbon Coating Characterization

The most widespread application of FIB in tribology is in the characterization of
the coatings on miniature parts, specifically those on the sidewalls of microelec-
tromechanical systems (MEMS). With miniaturization, the surface interactions play
a predominant role in determining the performance and reliability, necessitating the
need for solid lubricating coatings. Most of the commercial coatings are deposited
by physical vapor deposition processes, which are inherently line-of-sight. FIB has
become an invaluable tool in the characterization of thin films and coatings on the
sidewalls ofminiature parts and on buried interfaces. The example shown in Fig. 1.10
is from our earlier study on the application on diamond-like carbon on Ni Microsys-
tems part fabricated by LIGA (German acronym for lithography, electroforming, and
molding). The DLC coating was applied by a commercial plasma enhanced chemical
vapor deposition technique. TEM analysis was used to assure that the DLC coating
coverage on the sidewalls, where it is most needed, is dense, conformal and without
any interfacial defects [40].

1.4.2 Wear-Induced Recrystallization

The first reported application of EBSD for the study ofwear-induced recrystallization
in metals was on electroplated Ni surfaces [41]. Figure 1.11a shows the location of
the FIB cut on the wear surface created by a Si3N4 ball at an initial Hertzian contact
stress of 315 MPa for 1000 cycles of sliding in unidirectional mode. The direction
of sliding was from left to right, as shown by the arrow. The electroplated Ni had a
predominantly<001>fiber texture. There also appears to be afine-grained regionnear
the top, i.e. right underneath the wear track. Figure 1.11b is the orientationmap of the
substructure underneath the wear track. The colors represent the orientations normal
to the sample surface based on the color key shown in the inset. This is an interesting
area as there is a region that has a <110> fiber texture (designated by green) in the
predominantly <001> fiber texturedmaterial. The thick and thin black lines represent
high- and low-angle grain boundaries respectively. Figure 1.11b clearly reveals two
characteristic zones, each with its own unique features which differ significantly
from the microstructure in the bulk undisturbed material. A few microns below the
wear track, the bending of columnar grains in the direction of sliding is observed,
which is referred to as “Zone 1”. As we approach the wear surface, a lineup of thin
black lines appears in the microstructure indicating the formation of substructures
within the deformed zone. Right underneath the wear track, the columnar structure
broke down into more equiaxed submicron-size grain structure, which is referred to
as “Zone 2”. The depth of this zone extends to 1–2 μm. Zone 1 and Zone 2 are also
referred to as “plastically deformed” and “highly deformed” zones respectively. It
is also interesting to note that Zone 2 is thicker in the <110> fiber textured region
than in the <001> fiber textured region. The pole figures corresponding to <001>
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Fig. 1.10 a SEM micrograph of a Diamond-like carbon coated Ni-based microsystems part fabri-
cated by LIGA, b FIB cut on the sidewall to prepare a TEM sample, c Bright-filed TEM image of
the FIB cut showing the DLC coating on the sidewall. Reproduced by permission of IEEE Xplore
[41, Figs. 3 and 8]

and <110> textured grains are shown in Fig. 1.11c. The spread in orientation of pole
figures (Fig. 1.11c) can be used to judge the extent of wear-induced deformation
in the subsurfaces. The <110> textured grains have wider orientation spread in the
sliding direction (18°–44°) than the <001> textured grains (10°–17°), which is in
agreement with the microstructural findings in Fig. 1.11b.
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Fig. 1.11 EBSDanalysis on the subsurface of awear scar on electroplatedNi. a Location of the FIB
cut on the wear scar; b orientation map with respect to the surface normal (the arrow represents the
sliding direction); the heavy black lines represent orientation changes >10° and thin lines represent
orientation changes of 1° or less, c pole figures of the region underneath the wear scar showing
<001> and <110> fiber textured material (sliding direction is Y0). Inset at the center of Figure c
is the stereographic triangle with color key for (b). Reproduced by permission of Pergamon Press
[40, Fig. 3]

This very first study on the application of EBSD for friction-induced wear phe-
nomena has demonstrated the unique role of focused ion beam techniques in prepar-
ing cross sections of narrow wear tracks generated under very light loads for elec-
tron backscatter diffraction studies. By suitably thinning the samples further, this
technique can be easily extended to prepare cross sections of wear tracks for TEM
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analysis. Unlike in conventional specimen preparation techniques, the FIB enabled
specimens are free of artifacts introduced during dicing, grinding, electropolishing,
dimpling, etc., and sections can be precisely cut at a specific location on the wear
track.

1.4.3 Tribology of Nanocrystalline Metals

While the deformation behavior in metals with relatively large grain sizes is predom-
inantly dictated by dislocation dynamics, gain boundary processes dominate in the
nanocrystalline regimes, when the grain sizes are below 20 nm [42]. Analogous to
the grain size dependency on themechanical behavior, recent studies seem to confirm
that friction behavior of nanocrystalline metals could be significantly altered when
the friction-induced deformation results in the formation of stable ultrananocrys-
talline structures in the subsurfaces. This was first highlighted by Prasad, Battaile
and Kotula [42] from their study on friction behavior of nanocrstalline nickel, which
exhibited two distinct friction behaviors, μ~0.30–0.35 or μ~0.6–0.7, depending
upon the contact stress and sliding speed (Fig. 1.12a).

Figure 1.12b is an annular dark field STEM image showing detailed features of
the subsurface for the case which exhibited low friction behavior (green circles in
Fig. 1.12a). The arrow indicates the direction of sliding. The image shows three
zones (labeled in Fig. 1.12b). The zones observed include an ultrafine grained region
directly at the wear surface (Zone 1), a region with large, textured, flattened grains
(Zone 2), and a gradual transition of grain size approaching that of the bulk material
(Zone 3). The bulk has an average grain size of 20–100 nm. During frictional contact
at stresses and sliding speeds corresponding to the green circles in Fig. 1.12a, ultrafine
nanocrystalline gainswith a size of 2–10nm formed right underneath thewear surface
(Zone 1). The authors attributed the experimentally observed transition from high
friction to low friction regime to the formation of this ultrafine nanocrystlline struc-
ture underneath the wear surface elucidated by FIB-TEM. The authors also reported
that in Zone 1 microstructure was absent in cases that did not exhibit a friction tran-
sition. Zone 2 consisted of platelet shaped grains larger than 100 nm, elongated in
the sliding direction, in between Zone 1 and the bulk microstructure of Zone 3. The
grains in Zone 2 represent a layer approximately 150 nm thick that showed signif-
icant grain growth and the development of crystallographic texture. Additionally,
the transition between Zones 2 and 3 is not sharp but rather graded as the grain size
returns to bulk dimensions over a distance of a few hundred nanometers. The study is
a clear demonstration of the application of modern electron microscopy techniques
for the fundamental understanding of the mechanisms of friction in nanocrystalline
metals.
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(a)

(b)

Zone 1

Zone 2

Zone 3 (transition/bulk)

VoidsWear 
debris

100 nm

Fig. 1.12 a Friction transitions in nanocrystallineNi [42]. The datawas generated over awide range
of contact pressures and sliding speeds. The green dots represent the low friction regimewhile the red
dots correspond to the high friction regime. The dotted line depicts the friction transition. bAnnular
dark field STEM image of the subsurface frim the low friction regime, showing ultrananocrystlline
grain structure at the top. Reproduced by permission of Pergamon Press [42, Figs. 2 and 3b]
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1.4.4 Transition Metal Dichalcogenides

Transition Metal Dichalcogenides (TMD), most notably, molybdenum disulfide
(MoS2) and tungsten disulfide (WS2) arewell known for their solid lubricating behav-
ior and are widely used in several applications. MoS2 crystallizes in the hexagonal
structure where a sheet of molybdenum atoms is sandwiched between two hexag-
onally packed sulfur layers with a high c/a ratio (c �12.29 Å, a �3.16 Å). The
bonding within the S–Mo–S sandwich is covalent, while weak Van der Waals forces
hold the sandwich together resulting in interlamellar mechanical weakness. It has
been widely reported [43] that under a shearing force the basal planes slide over one
another by intracrystalline slip, similar to a ‘deck-of-cards’, resulting in the formation
of a transfer film on the rubbing counterface (e.g., the ball surface in a ball-on-disk
friction and wear test), shown schematically in Fig. 1.1. According to the widely
accepted hypotheses, the main mechanisms for imparting low interfacial shear in
TMD are: creation of (0002) basal planes and subsequent (re)orientation parallel to
the sliding direction, and the development of a transfer film on the counterface to
accommodate interfacial sliding. Until the advent of FIB, preparing TEM samples of
these thin layers transferred onto the ball surfaces from ball-on-disk tribology tests
of MoS2 films that are suitable for high resolution lattice imaging has not been very
successful. A recent study by Scharf, Kotula and Prasad [43] demonstrated the appli-
cation of FIB to prepare TEM samples of transfer films form amolybdenum disulfide
film dopedwith antimony trioxide and gold (MoS2–Sb2O3–Au). This film, which has
been successfully deployed in several space mechanisms, lacks any long-range crys-
tallinity in the as-deposited condition. Using FIB-TEM, these authors have reported
the presence of a thin layer at the top of the cross-section of the wear surface that
has crystalline 2H–MoS2 basal (0002) planes aligned parallel to the sliding direc-
tion (Fig. 1.13b). The arrow indicates the sliding direction, while the region above
the arrow corresponds to the carbon film that was applied as part of the TEM FIB
sample preparation. Just below this crystalline 2H–MoS2 layer, the TEM image in
Fig. 1.13b shows the presence of ~4–6 nmAu particles that are larger than the 2–3 nm
size nanoparticles in the as-deposited coating seen in the bulk. This Au nanoparticle
coarsening is clearly a result of the sliding process. The AXSIA map in Fig. 1.13d
(where red is MoS2/Sb2O3/Au and green is Au) also confirms Au particle coarsen-
ing due to frictional contact. A typical HRTEM image of a FIB cross-section of the
transfer film (Fig. 1.13a) showed that it was comprised of predominantly crystalline
MoS2 through its entire thickness of ~1 μm. However, in the top layer, the basal
planes are aligned parallel to the sliding direction. This layer is about 6 nm thick,
which approximates to nine basal planes of MoS2. A SAD pattern obtained from
this top most region of the cross-section (Fig. 1.13c) showed that the interlamellar
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Fig. 1.13 a and b Cross-sectional HRTEM montage images of wear track on MoS2/Sb2O3/Au
solid lubricant film with its transfer film on the ball surface. c SAED pattern of transfer film with
interlamellar d-spacing between the (0002) 2H2–MoS2 planes measured at~6 Å, which compares
well with indexed 6.1 Å lattice spacing of MoS2. d AXSIA results of the wear surface where red is
MoS2/Sb2O3/Au and green is Au (with some Sb/O). Reproduced by permission of Pergamon press
[43, Fig. 9]

d-spacing between the (0002) 2H–MoS2 planes was~6Å, which compared well with
indexed (PDF#01-087-2416) 6.1 Å lattice spacing for MoS2 lattice. Once again, the
application of modern electron microscopy and microanalysis techniques has been
able to experimentally validate the widely held concept of self-mated ‘basal plane-
on-basal plane’ sliding as the fundamental mechanism of lubrication in transition
metal dichalcogenide thin films.
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Chapter 2
Analyzing Mild- and Ultra-Mild Sliding
Wear of Metallic Materials
by Transmission Electron Microscopy

Alfons Fischer, Wlodzimierz Dudzinski, Birgit Gleising and Priska Stemmer

Abstract Any understanding of tribological behavior is connected to sound analy-
ses of the wear appearances, which render insight into the acting wear mechanisms
and their sub-mechanisms. Today one important method to analyze wear appear-
ances at high resolution is transmission electron microscopy (TEM) being invented
by Knoll and Ruska in the early 1930th in Berlin (Knoll in Z fuer Phys 78:318–339,
1932 [1]).
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AES Auger atom emission spectroscopy
AFM Atomic force microscopy
ECC Electron channeling contrast
EDS Energy dispersive X-ray spectroscopy
EELS Electron energy loss spectroscopy
EFTEM Energy filtered transmission electron microscopy
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KAM Kernel average missorientation
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MD Molecular dynamics computer simulation
RS Raman-spectroscopy
SEM Scanning electron microscopy
TEM Transmission electron microscopy
BF Bright field image
DF Dark field image
DP Diffraction pattern
XPS X-ray photoelectron spectroscopy
nc Nano-crystalline <100 nm
ufc Ultrafine-crystalline 100–500 nm
μc Micro-crystalline 500 nm

2.1 Introduction

Any understanding of tribological behavior is connected to sound analyses of the
wear appearances, which render insight into the acting wear mechanisms and their
sub-mechanisms. Today one important method to analyze wear appearances at high
resolution is transmission electron microscopy (TEM) being invented by Knoll and
Ruska in the early 1930th in Berlin [1]. The history of TEM and tribology started
about in the 1950 by work about solid lubrication [2]. Certainly wear and its mech-
anisms were a crucial part of research already at that time [3], therefore, TEM was
introduced into it in the 1960s by Bill Glaeser et al. [4] and wear mechanisms, sub-
mechanisms and the underlying elementary processes have been investigated for a
long time since then. Investigating metals at the desired small wear rates required
high resolution analyses at and just below the worn surfaces either because of the
materials properties of interest and their microstructural alterations under tribolog-
ical loading [5–8] or under certain processing parameters [9]. Last-but-not least it
is crucial to understand the influence of the interfacial media like lubricants [10]
and wear debris [11] as well as any causal materials science aspects or elementary
processes [12–14]. Thus the number of papers on TEM and wear related phenom-
ena as well as conference proceedings, letters and short notices increased steadily
(Fig. 2.1).

On the basis of the early investigations friction, wear, and lubrication were seen as
interconnected parts of an area being named tribology in 1966. It became clear that
any property is not just related to a certain material but it is connected to the entire
tribological system and its specific structure and acting wear mechanisms (Fig. 2.2)
[15, 16]. This somewhat rough scheme—and even though not all sub-mechanisms
are known or have yet been sufficiently investigated—has been proven to allow for
targeted countermeasures beyond just trial-and-error (or the common hardness vs.
wear) approaches [17]. Due to the fact that in the current English literature the mech-
anisms and sub-mechanisms are described or designated by similar terms wewill use
quotes for the mechanisms and sub-mechanisms. In general we distinguish between
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Table 2.1 Main wear mechanisms and their submechanisms

Main wear
mechanisms

Tribochemical
reactions

Surface fatigue Abrasion [18] Adhesion [19]

Submechanisms Tribooxidation
[20]

Delamination (by
predominantly
elastic interaction
in solid contacts
[21])

Microploughing Material transfer

Microcutting

Tribocorrosion
[22]

Microcracking

Mechanical
mixing [24]

Indentation (by
predominantly
plastic interaction
in solid contacts
[23])

Microfatigue

four main wear mechanisms: “Abrasion”, “Adhesion”, “Surface Fatigue” and “Tri-
bochemical Reactions” [18] which are related to and can be defined by certain wear
appearances. Still depending on the structure of the tribosystem and the properties of
the involved materials there are alterations of the surfaces as to topography, chem-
istry, and microstructure as well as changes of the interfacial and surrounding media.
This did lead to the definition of so-called sub-mechanisms. Table 2.1 sums about up
the current state of sub-mechanisms known to the authors from references of the last
50 years. The references given in Table 2.1 are far from being complete and should
just point on some substantial contributions to this approach.

It also has been shown by [18] and others that “Adhesion” might lead to wear
rates that are nine or more orders of magnitude larger than those caused by “Tri-
bochemical Reactions”. At the desired very small wear rates in the range of less

Fig. 2.1 Number of
reviewed papers on
transmission electron
microscopy and wear
(Scopus Search on Oct. 10th
2017)
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Fig. 2.2 The main wear mechanisms, known related submechanisms and examples for primary
elementary mechanisms and processes

than e.g. <3 nm/h1 one would in general expect sub-mechanisms of “Tribochemi-
cal Reactions” and “Surface Fatigue”. The authors exemplified that a combination
of “Mechanical Mixing” and “Indentation” a sub-mechanisms of “Surface Fatigue”
characterized by predominantly plastic interaction generated by rotating sub-μm
size wear particles may lead to relatively small wear rates [17, 23]. This is the more
pronounced the better the mechanically mixed (or in other systems tribooxidized)
layer at the surface is supported by the subsurface microstructure [25]. Another pre-
requisite is that such layer must not be overloaded by too large contact stresses [26].
Thus if “Indentation” as well as frictional contact shear forces trigger “Mechanical
Mixing” and, therefore, generate a tribofilm and nano-size wear particles the total
wear rates might become very small and even reach the so-called ultra-mild wear
regime [26–28].

In order to properly analyze such near- or sub-surface structures one has to dis-
tinguish between either amorphous, nanocrystalline and/or chaotic surface layer and
the underlying strain gradient. The latter is also called “transition zone” (here: sub-
surface or strain gradient) in many papers and is generated by the accumulation of
cyclic plastic strains [25]. In contrast the uppermost layer (here: near-surface or tri-

1This number is a criterion for piston ring wear that would allow for a minimum of 200,000 km
of a passenger car engine without substantial wear. It is chosen absolutely voluntarily in order
to distinguish between ultra-mild wear and mild wear. While most laboratory tribometers for time
reasons run undermild-wear conditions. Stillmost parts in applicationwould require ultra-mildwear
for a sufficient life time. In sliding wear mild and severe can be distinguished by the characteristics
of contact mechanics; e.g. the plasticity index (s.a. Johnson (1985) Contact Mechanics, Cambridge
University Press, Cambridge, England). If the contact is predominantly elastic it might lead to mild
wear, while a predominantly plastic interaction brings about severe wear. Still all these terms are
not standardized and the regimes might overlap.
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Fig. 2.3 Scheme of surface and subsurface structures generated under tribological stresses based
on [16, 30, 31]

bomaterial) appears like a shear band [13] caused by monotonic stresses and strains
similar to what is known from severe plastic deformation [29] (Fig. 2.3).

Despite all of the research of the last 70 years any direct relation or even quan-
titative connection to the so-called elementary processes (Fig. 2.2) is still missing.
Hence further research is necessary comprising low and high resolution analyses in
combination with the appropriate computer simulation method.

In this section we cannot give an overview over all the work that has been done
by TEM in tribology. We would just like to show how one can get information on
tribological characteristics of the elementary processes and mechanisms by TEM
analyses and—at least—qualitatively relate it to the tribological behavior of exem-
plary selected metallic materials.

2.1.1 TEM Analytics of the Cyclic Strain Gradient

Accumulation of cyclic strains are known from fatigue of metals (also called cyclic-
creep or ratchetting), but here the stress state is multiaxial. Hence no direct quanti-
tative relation between classical fatigue and wear is possible, but elementary mech-
anisms and processes are similar like e.g. phase transformations or the influence of
long- and short-range order effects. Finnie et al. pointed already in 1984 on the fact
that the strain gradient is generated by accumulated cyclic strains [32] they found
the conflicting requirement of high cyclic strength in combination with high ductil-
ity (ability to accumulate cyclic strains without crack nucleation) for wear resistant
metals. In fatigue and, therefore, as in wear this is governed by the characteristics of
either planar or wavy cyclic slip of metals. On the basis of TEM analyses of MgO
and pure Ni, Rigney and Glaeser did also show earlier that such differences in slip
behaviormight govern slidingwear [5]. Glaeser pointed on suchmechanisms already
in 1977 by investigating wear particles detached from copper showing dislocation
cells [33]. He hypothesized that crack nucleation must have taken place at such cell
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walls. In 1983 Saleski and Ritchie proposed a detailed model for plain steel showing
that cracks are initiated at dislocation cells below a sliding surface, which then led
to the formation of wear particles [34]. These early papers already depict towards
the necessity to analyze the strain gradient under worn surfaces by TEM in order to
understand the nature of cyclic sliding mechanisms under such multiaxial stress and
strain fields.

2.1.1.1 The Strain Gradient in Austenitic Materials

By comparing Austenitic Materials with known planar, wavy, and mixed sliding
characteristics Fischer et al. were able to show, that planar sliding improves the wear
behavior distinctly (Table 2.2) [25].

Due to the fact that under planar sliding the lattice defects (dislocations, twins,
stacking faults, ε-martensite, Fig. 2.4a) stay mobile larger cyclic strains can be accu-
mulated over a bigger number of cycles. Thus crack initiation as well as propaga-
tion are hindered. By wavy slip cells are formed blocking dislocations (cell walls,
Fig. 2.4b) which bring about subsurface crack initiation. It is also known that wavy
slip promotes faster crack propagation [35]. If wear particles are generated by crack
initiation and propagation inside the strain gradient their size is likely within the
μm-range. Such elementary process can be attributed to “surface fatigue” and its
submechanism “delamination”. As a results μm-large wear particles deteriorate
the contact situation e.g. by bringing about “microploughing” and destroying also
any existing nanocrystalline tribomaterial (Fig. 2.5) or by “microcutting” generating
instantly further μm-size chips and increase the wear rate (Table 2.2).

Table 2.2 also shows by the wear rates—as has been reported also by others
[11, 36, 37] earlier—that the stacking fault energy as well as strain induced phase
transformations play an important role. From fatigue tests it is known that short-
range order effects are as important for the ability to accumulate cyclic strains as a
so-called low damage accumulation rate [38].

Table 2.2 Sliding characteristics of austenitic materials and their wear rates

Material Sliding characteristics Wear rate in m/m under dry
sliding after 90,000 cycles

X5CrNiMo17-13-2,
ISO5832-1

Wavy 2 × 10−8

X6CrNiMoN22-10-4-3,
ISO5832-9

Mixed 1.8 × 10−8

X13CrMnMoN18-14-3,
ASTM F2229-02

Planar 7 × 10−10

CoCr29Mo6, ISO5832-6 Planar, very low stacking fault
energy

2 × 10−10
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(a) Planar Sliding Structure of an Austenit-
ic High Nitrogen CrMnMoN-Steel with Dis-

locations, Twins, Stacking Faults and ε-
Martensite

(b) Wavy Sliding Structure of an Austenitic 
CrNiMoN-Steel with Dislocations Cells and 

Twins

Fig. 2.4 TEM micrographs of defect structures within the subsurface strain gradient after dry
sliding wear. a Planar and bWavy sliding austenitic steels from [25]

(a) Austenitic High Nitrogen CrMnMoN-
Steel

(b) Austenitic CrNiMoN-Steel

Fig. 2.5 TEM micrographs of nanocrystalline tribomaterial at the worn surfaces of a planar and
b wavy sliding austenitic steels from [25]. The arrows are perpendicular to the contact surfaces
marked by the dashed lines. It should be mentioned here that even though such tribomaterial is
nanocrystalline it may show traces of a directional texture as can be seen by the oriented brightness
of the diffraction pattern in this figure

2.1.1.2 Strain Gradient in Martensitic Materials

Now most steels used in mechanical engineering are not austenitic but ferritic or
martensitic and are known for wavy slip as well. But in contrast to austenitic metals
their strength is much higher, while for martensites the ductility is much smaller.
Thus it is interesting to understand whether high strength martensitic steels would
generate a strain gradient by cyclic multiaxial stresses as well. Figure 2.6 shows
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Fig. 2.6 TEM bright field image and diffraction pattern of a strain gradient of a cold work tool
steel 56NiCrMoV7 (AISI L6) under boundary lubricated sliding wear at a normal load of 150 N
from [39]. The diffraction pattern was rotated in order to parallelize its directional brightness to the
lattice orientation of the crystals inside the red circle

an overview of the subsurface region of a worn cold work tool steel depicting a
zone of distinct subsurface grain refinement parallel to the surface. The red circle
focusses into such refined zone with a grain size of about 200 nm, while the bulk
depicts martensite lathes of some μm. It is worth mentioning that within the strain
gradient the grain size stays above 100 nm also known as the ultra-fine (100–500 nm)
crystalline range.

Similar outcomes can also be found with carburized martensitic steels after 2 ×
106 cycles of ultra-mild sliding wear under boundary lubrication in gear oil at 80 °C
[40]. The bulk within the carburized zone shows μm-large martensite lathes while
the strain gradient depicts again smaller grains as can be derived from the streaks
around the diffraction reflexes (Fig. 2.7).

Now it is extremely important to notice that such strain gradient can already
exist before the wear tests have started. Figure 2.8 shows a SEM cross section of a
carburized and ground 18CrNiMo7-6. Both render similar diffraction patterns that
are characteristic for an ultrafine grain size, while the obvious tendency to become
circular can qualitatively be seen for about 100–200 nm grain size.

Even though the loading during grinding is completely different from those under
ultra-mild wear the internal structure of the about 1μm thick strain gradient (empha-
sized by the arrows) is very similar to that after wear (compare Figs. 2.7b and 2.9)
even though the grains are smaller directly after grinding.
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Fig. 2.7 TEM bright field micrographs and diffraction patterns of a the bulk and b the strain
gradient of a carburized steel 18CrNiMo7-6 (SAE 18NCD6) after 2 × 106 cycles under boundary
lubricated sliding wear at 80 °C in gear oil

Fig. 2.8 SEM cross section
of a carburized steel
18CrNiMo7-6 after grinding.
The strain gradient is
emphasized by white arrows

Hence it is absolutely mandatory, that any TEM analyses of near-surface and
subsurface structures must be put into relation to those, that were there before the
wear test (e.g. after machining, grinding, polishing, etc.). Moreover, any TEM anal-
ysis requires the knowledge of the absolute position of the final samples inside and
underneath the wear track in relation to the incipient surface before wear. Otherwise
neither the predeformation characterized by the lattice defect state (and properties)
of that specific area is known nor their development into the investigated state after
the wear test.
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Fig. 2.9 TEMfigure and diffraction pattern of the strain gradient of a carburized steel 18CrNiMo7-
6 after grinding. The numbers represent indices of martensitic lattice planes

2.1.2 TEM Analyses of the Tribomaterial

The investigation of the uppermost layer by TEM and based on replicas started in
the 1950s under the headline of transfer layer under mild-wear conditions [41] and
was steadily improved. In the beginning the main target was to understand “material
transfer” a submechanism of “adhesion” under more severe-wear conditions. But it
could also be shown quite early that under mild-wear such layers consist in parts or in
total of oxidized wear particles of a few nm in size. It was found later by SEM-EDS
that such layers could be a mixture of materials from the body, the counterbody,
the interfacial media, and the environment leading to an alteration of the internal
structure but also of the chemical composition. In 1983 Heilmann et al. concluded
on the basis of TEM analyses of near-surface and subsurface areas that such layer
is a common appearance of wear, bares some nanostructured, nanocrystalline com-
posite that represents the surface in contact (s.a. 3rd bodies [42]), is generated very
early in the wear process (s.a. [43, 44]), mostly matches the wear particles, and is
influenced by body, counter-body, interfacial medium (e.g. lubricant) as well as the
environment [7]. Today these early findings can be related to different mechanisms
and submechanisms of ultra-mild wear e.g. by “microploughing” (of “abrasion”),
“indentations” (of “surface fatigue”), as well as “tribooxidation”, “tribocorrosion”,
and “mechanical mixing” (of “tribochemical reactions”).

2.1.2.1 The Tribomaterial in Austenitic Material

The generation of such nanocrystallinemetal-base composite—from a formermicro-
crystalline bulk that has been predeformed inside the ultrafine-crystalline strain gra-
dient—appears like a shear band (Fig. 2.10) [45]. It is important to notice that within
such shear bands the chemical composition does not alter but the grain size does over
three orders of magnitude from 20 μm to about 20 nm. The elementary mechanisms
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Fig. 2.10 TEM micrographs of a a shear-banded region and b nanocrystalline tribomaterial with
incorporated metal-oxides marked by White Arrows from [45]

of such formation can be related to those known from severe plastic deformation
[29].

Due to the fact that tribomaterial differs chemically from the bulk material Rigney
proposed amodel, that allows for such chemical changes just by the rotation of atoms
or clusters of atoms and called it “mechanical mixing” [46]. As for atoms in a MD
model this can also take place for nanocrystals which bring about plastic deformation
by the rotation of grains [29, 44]. The marked difference between SPD and tribol-
ogy is, that the stress field in tribology is not uniaxial. The shear band is supposingly
brought about e.g. by rotating compact wear particles (or any other debris) within the
interface generating “indentations”. Besides shallow particles that slide would lead
to “microploughing”. Both submechanisms generate mainly a very localized plastic
deformation while “indentations” is of cyclic nature and, therefore, a submecha-
nism of “surface fatigue” whereas “microploughing” is more of monotonic kind
and a submechanism of “abrasion”. Yet such rotation of nanocrystals at the surface
incorporates any interfacial media consisting e.g. of lubricant, wear particles, con-
taminants, reaction products, and further debris into such layer and a metal-based
nano-composite of some sub-μm thickness is formed by “mechanical mixing2” a
submechanism of “tribochemical reactions”. At mild and ultra-mild wear this tribo-

2The term tribomaterial was proposed by David Rigney on a tribochemistry meeting in Hagi,
Japan in 2011 in order to summarize the large number of already existing terms like Beilby layer,
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Fig. 2.11 BFmicrographs of nanocrystalline tribomaterial of a a CoCrMo-retrieved cup after eight
years in vivo from [47] and b a simulator tested head after 10 × 106 cycles from [48]. The EELS-
maps of b show an extensive amount of C at the surface, which represents denatured proteins, while
the metal is characterized by Co and Cr

material persists, separates body and counterbody, and allows for the extreme shear
rates. Because of the very small size of its constituents far below 100 nm TEM
with EDS or EELS is the only microscopical method that renders a combined local
information about structure, defect state, and chemistry.

Büscher et al. [47] as well as Pourzal et al. [48] showed that even at body tem-
perature and at relatively small Hertzian contact pressures of about 50 MPa a high
strength Co-Base alloy generates such tribomaterial inside the primary articulating
surface of an artificial hip joint with thicknesses up to 500 nm (Fig. 2.11a, b). It con-
sists of CoCrMo nanocrystals, human pseudosynovia (or bovine calf serum if tested
in laboratory), and denatured-proteins, while the latter can be analyzed by EDS or
EELS for their high Carbon content (Bright-Field and C-Map, Fig. 2.11b). It was
found that such metal-organic composite is the main reason for the longevity of such
selfmating metal-metal sliding contacts of austenitic alloys.

The metal part is a CoCrMo solid solution with a grain size ranging from 10
to 70 nm3 and supported by a strain gradient that is stabilized by twins, stacking
faults, and ε-martensite lathes forming rhomboid domains that become the smaller
the closer to the surface. Such tribomaterial is a chaotic structure and might consist

white layer, fragmented layer, transfer layer, glaze layer, mixed layer, 3rd bodies, highly deformed
layer,….
3It is important to notice that even though the tribomaterial appears in different thicknesses and
mixtures nearly at any analyzed position while its grain size range was always very similar and
independent of source (cast, wrought, new or retrieved hip joint), origin (1960s–2000s), make (heat
treatment, low- or high Carbon content, manufacturer) of the CoCrMo alloy, and loading (simulator,
one or twenty-two years in vivo).
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Fig. 2.12 BF Images of tribomaterial of a a simulator tested CoCrMo Head after 5 × 106 cycles
depicting a nanocrystalline zone with denatured proteins on top while b shows a denatured protein
film with embedded metal nanoparticles in a different position of the same sample from [48]. The
dotted line marks the interface within the tribomaterial (compare to the scheme in Fig. 2.3) between
nanocrystalline CoCrMo and the mixed zone of denatured proteins and CoCrMo nanosize particles

of a mixture of metal nanoparticles with a face-centered-cubic (austenite) and/or
hexagonally-closed-packed (ε-martensite) lattice topped by and intermixed with
denatured proteins (Fig. 2.12a) or denatured proteins with embedded metallic or
metal-oxide nanoparticles (Fig. 2.12b).

The structure of the denatured protein constituent in such tribomaterial has been
investigated by TEM as well. It is quite surprising to find graphitic structures which
stem from denatured proteins like e.g. albumin but any artefacts during prepara-
tion and electron-beam as well as photon-based analyses has been experimentally
ruled out [27]. Still the elementary mechanism of this transformation is not clear yet
(Fig. 2.13).

2.1.2.2 The Tribomaterial of Ferritic and Martensitic Steels

Ferritic or perlitic steels are used inmany tribosystems demonstrating their highwear
resistance e.g. in wheel/rail contacts or in cylinders of combustion engines. The latter
might be coated with a ferritic steel by plasma-based processes for the need of higher
ignition pressures and/or because the crank case is made out of AlSi-based castings.
Principally plasma-spray processes allow for a very high solidification rate and lead
to quite chaotic microstructure of μm-size so-called splat grains, which internally
consist of a very fine microstructure (Fig. 2.14) [49].
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Fig. 2.13 HRTEM image of a Tribomaterial with nanocrystals and an embedded graphitic particle
(white arrow); b graphitic structure at highermagnification from [27] and supporting onlinematerial

Fig. 2.14 TEMmicrograph of themicrostructure of a plasma-transferred-wire-arc coating (PTWA)
of plain steel with 0, 1 weight-% carbon depicting a BF; a microcrystalline ferrite, and b BF and c
DF nanocrystalline Fe3C and FeO precipitates from [49]

Thus the incipient structure inside the splat grains appears like a precipitation
hardened ferrite, while the alloying elements C and O stem either from the alloy
by 0.1% C or from contamination by O during atmospheric spraying under just
an inert-gas shield. Laboratory, engine, and field tests did reveal that such coating
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Fig. 2.15 a Bright field and b HRTEMmicrographs of a PTWA coating surface in the combustion
chamber after a field test of 60,000 km in a passenger car’s diesel engine showing an amorphous
layered structure with incorporated nanocrystalline particles from [49]

provides a sufficient resistance against wear and lower friction against Cr-coated
piston rings. Beside the classical analyses of such tribosystems the TEM analyses
revealed somenewfindings at that time.Acylinder-piston ring systemconsists of four
different tribosystems as to the loading characteristics (top dead center, bottom dead
center, combustion chamber above top dead center, and stroke) resulting in different
microstructural alterations of the coating into tribomaterial and strain gradient. Thus
any alterations must be related to the specific position inside the cylinder. Despite
the fact that inside the combustion chamber above the top dead center no piston ring
contact takes place the tribomaterial shows some amorphous layer with embedded
nanocrystals of about 10 nm in size (Fig. 2.15a), while it ranges between 100 and
300 nm within the underlying strain gradient (Fig. 2.15b).

By checking the surface below the bottom dead center it was found that after
honing neither a strain gradient nor tribomaterial could be observed. The incipient
microcrystalline structure must have been refined about 1000 fold just by the cyclic
impacts of the ignition at higher temperatures. An EFETM analysis revealed that the
amorphous layer consists mainly of C, the nanosize particles contain higher amounts
ofO and Fe,while the basematerial contains Fe. From this on can derive that combus-
tion products form an amorphous layer on top of the oxidized steel surface, which
is mechanically and thermally loaded by the ignition leading to grain refinement.
Whether the oxide particles stem from the precipitates or represent oxidized wear
particles was not differentiated (Fig. 2.16).

At the top dead center the piston ring is sliding over the surface but generates
cyclic impacts during ignition. Still the microstructural and chemical alterations
are not very different from the combustion chamber, but now measurable wear of
some μm took place at this position (Fig. 2.17). The tribomaterial appears like a
nanostructured multilayer coating while the strain gradient shows ultra-file grains.
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Fig. 2.16 The EFTEM analysis of the amorphous layer with embedded nanocrystals in the com-
bustion chamber of Fig. 2.15; a bright field, b C-map, c O-map, d Fe-map

Fig. 2.17 HRTEM bright field micrographs of a PTWA coating surface at top dead center showing
a a nanostructured tribomaterial supported by b an ultrafine crystalline strain gradient from [49].
The white arrow represents the relative movement of the Piston Ring

It is quite interesting that the latter appears like a former subgrain or dislocation cell
structure generated by cyclic loading that is more or less immediately recrystallized
by elevated subsurface temperatures during the ignition phase. This was supported
by the fact that at the much colder bottom dead center the dislocation cells were still
visible [49].

An EELS analysis reveals that this layered structure is mainly brought about by O
and C, while interestingly enough O is not always combined with but also exchanged
by Fe in this nanostructure. From this one can conclude that this layer is a mixture
of combustion products and near-surface Fe-base coating. Still any constituents of
the lubricant are missing (Fig. 2.18).

Thus, from such TEM micrographs one might get a very good impression about
the chaotic nature of tribomaterial but in order to demystify it additional analyses
e.g. by XPS, AES, or RS are necessary.

Martensitic steels have a much higher strength—mostly characterized by hard-
ness—than ferritic ones but they might generate tribomaterial as well (Fig. 2.19a,
b). Now it is important to notice that such tribomaterial must not necessarily be a
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Fig. 2.18 The EELS analysis of the nanostructured tribomaterial at the top dead center of Fig. 2.17;
a bright field, b C-map, c O-map, d Fe-map from [49]

Fig. 2.19 Nanocrystalline tribomaterial after boundary lubricated sliding wear of the polished cold
work tool steel 56NiCrMoV7 of Fig. 2.6 but now worn under a normal load of 400 N from [39]

nanocrystalline layer of a certain thickness (Fig. 2.19c, blue arrow), but it can also
appear as a certain near-surface volume of different thicknesses depending on the
loading history of that specific location (Fig. 2.19d, red arrow). Still the interface
between the strain gradient and the tribomaterial is a sharp line.

In order to get a 1st glimpse—still not a full insight—on the loading history of
a specific location for TEM analyses on can combine the depth of the wear scar in
comparison to the incipient surface with EBSD analyses of cross sections as shown
in Fig. 2.20. Due to the limited resolution of EBSD analyses even at 30 nm step
size any nanocrystalline tribomaterial is characterized by no-counts (black areas
in Figs. 2.20a, b). But from such a figure one can read that the nanocrystalline
surface zone frommilling (Fig. 2.20a, c), which represents the secondary-shear zone
generated during chip formation, has completely been worn away and a totally new
one has been generated by further sliding wear (Fig. 2.20b, d). By this procedure it
is unequivocally shown the strain gradient in Fig. 2.7 as well as the tribomaterial in
Fig. 2.20d are no remains of the last production step but generated by wear.
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Fig. 2.20 Cross sections depicting the microcrystalline martensitic structure of a carburized
17CrNiMo7-6. a EBSD after milling, c SEM after milling, b EBSD after boundary lubricated
sliding wear, d TEM BF and DP after Wear. Compare the BFs and DPs of (d) with those of 7a
(bulk) and 7b (strain gradient)

At ultra-mild wear this becomes quite tricky, because at extremely small wear
rates e.g. after milling and finishing the surface levels before wear (Fig. 2.21a) and
after wear (Fig. 2.21b) are the same. Thus one cannot distinguish from such EBSD
analyses alone whether there were any tribologically driven alterations of the near-
surface nanocrystalline microstructure. Now after milling and finishing there is a
nanocrystalline zone on the surface (Fig. 2.21c, d) which also looked absolutely
the same after wear. It was quite interesting to see that the polished microcrystalline
surface of the self-mating counterbody became nanocrystalline during wear and gen-
erated a distinct strain gradient similar to that in Fig. 2.20b, d. Thus, one can conclude
that the frictional work was dissipated mostly—if not solely—by the counterbody
which also corresponded to the measurable differences of the amounts of wear of
both bodies.

Thus the near-surface structures and thewear behavior aftermachining in compar-
ison to machining and finishing leads to the conclusion that not any nanocrystalline
layer generated by manufacturing processes is a good precursor of tribomaterial and
diminishes the wear rate. It strongly depends on the existence and structure of a
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Fig. 2.21 Cross sections depicting the microcrystalline martensitic structure of a carburized
17CrNiMo7-6. a EBSD after milling and finishing, b EBSD after boundary lubricated sliding
wear, c TEM BF image and d DP after milling and finishing

supporting sub-surface strain gradient as well as it is for that of the counterbody. It is
absolutely necessary, therefore, to investigate both body and counterbody by means
of similar methods in order to understand wear of a tribosystem.

2.1.3 Wear Particle Analyses by TEM

In the past wear particles were often believed being representatives for a character-
istic segment of the contacting surfaces before they failed [33]. Thus wear particle
analyses were always a crucial part of exploring and explaining sub-mechanisms like
e.g. “triboxidation” [20, 34]. But by time it was understood that such particles might
distinctly change their structure and chemistry after they detach from surfaces [50].
Today the preparation of wear particles from e.g. the lubricant play an extremely
important role in order to avoid artefacts, that would mislead the analyses. In gen-
eral it is known that depending on its size and nature such particles would oxidize
immediately after detachment. It is not clear in any case, whether they might stem
from an oxide film that detached or whether they detached as metallic particle and
reacted with the interfacial medium because of their pyrophoricity. Either way wear
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Fig. 2.22 TEMmicrographs and correspondingdiffraction patterns ofwear particles extracted from
the lubricant after a self-mating wear test of carburized 17CrNiMo7-6 under boundary lubrication

particles contain information about the tribological behavior of the specific system
and should always be analyzed in combination with the surfaces they stem from [25].

E.g. nanometer small particles detaching from carburized 17CrNiMo7-6 under
boundary lubrication exhibit a compact granular shape and a highly deformed internal
nanostructure (Fig. 2.22).

This resembles that of the tribomaterial fromwhich one can conclude that thewear
particles stem from the near-surface region. By diffraction patterns any oxidation
could be ruled out as it was found under dry sliding wear conditions of such steels.
While such nanosize particles tend to agglomerate (Fig. 2.23) either inside the wear
tracks or outside during preparation forTEManalyses any evaluation of agglomerates
needs further analyses beyond TEM in order to be related to a certain mechanism or
submechanism.

In biomedical engineering wear particles are of major concern, because most of
them are in the nm-range, likely causing adverse tissue reactions, and finally leading
to failure of artificial hip joints [51–53]. Doorn et al. analyzed such particles by
TEM isolated from periprosthetic tissue which stem from both the CoCrMo-head of
such hip joints as well as the TiAl6V4-metal backing [54]. Before his work particle
sizes were reported somewhat between 10 nm and 50 μm, while his particles were
sub-μm size from 10 nm to about 400 nm, while the agglomerates of them were
in the μm-range. He could show that most of the wear particles had a metallic
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Fig. 2.23 SEM micrographs of agglomerated wear Debris a in full and b in detail extracted from
the lubricant after a self-mating wear test of carburized 17CrNiMo7-6 under boundary lubrication

core while some were of Cr- or Ti-oxides. Catelas et al. compared wear particles
taken from hip simulator tests and periprosthetic tissue by TEM and EDS [55]. They
concluded that most particles from the hip simulator resemble those in vivo and—if
not agglomerated—are smaller than 150 nm. According to the EDS analyses they
were either Cr-oxides, Cr-carbides, or they stem from the CoCrMometal matrix. The
latter appeared needle-shaped and were later related to strain-induced ε-martensite
lathes by Büscher et al. [56]. Billi et al. offered a different protocol for particle
preparation and found additional ultrafine particles of about 200–500 nm in size that
mostly contained Mo and Cr [57]. Acc. to Stemmer et al. such particles originate
from intermetallic σ-phases that might precipitate in CoCrMo alloys together with
Cr-carbides of the same size forming “so-called” mixed hard phases [58]. Pourzal
et al. used the Catelas-protocol and compared wear particles by TEM, EDS and
EFTEM [59]. Three different groups of wear particles—named I, II, and III—could
be distinguished by size, chemical composition, and lattice structure.

All type I and II wear particles contain oxygen and chromium (Fig. 2.24). While
type II are Cr-oxides the type I might also contain some cobalt. None showed any
distinct amount of carbon, which would be characteristic for carbides. Surprisingly
some type I particles depicted an amorphous structure with a crystalline Co-rich core
(Fig. 2.25) while type III particles were 5–15 nm small fragments of type II fully
oxidized into Cr2O3.

All these particles would originate from the tribomaterial and can be related to
“mechanical mixing”. The oxides could either be parts of the passive film generated
by “tribocorrosion” that detaches under load or by nanosize particles that oxidize
because of their pyrophoricity. A possible hypothesis would be that single grains
within the nc-zone are transported due to the plastic flow of entire grains to the
mechanically mixed zone where carbon-rich denatured organic material as well as
phosphates settle at the grain boundaries. During ongoing plastic flow by “indenta-
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Fig. 2.24 TEM micrograph of a type I and type II wear particles and b corresponding EFTEM
mapping from [59]

Fig. 2.25 a Diffraction pattern and b HRTEM micrograph of the core of a type I wear particle
from [59]. The region marked by the white arrow is a Co-rich nanocrystal being embedded into an
amorphous matrix

tion” and/or “microploughing”, such grains could be transported to the uppermost
surface where they would stick in a film of denatured proteins. Eventually, the grains
would be pulled out of the tribomaterial and form single particles. Interestingly
enough Pourzal showed byAFM-measurements that at this point, the particles would
still exhibit a relatively high amount of cobalt as well as chromium, and in addition
be protected by a shell of organic material [60]. Thus, it must be mentioned here that
this organic shell is removed by the current preparation protocols of wear particles
and was never found by TEM.
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2.2 Conclusions and Outlook

TEM proved to be a suitable tool to understand the pathways of frictional energy
dissipation into metallic materials. It can render information on the uppermost tri-
bomaterial, its structure, and chemical composition from which the sequence of its
generation can be modelled. Further TEM shows, whether a wear particle is gen-
erated inside the tribomaterial or inside the strain gradient. It allows for structural
and chemical analyses of nm-size particles and brings about information of their
composition and the interaction inside and outside of the contact interface.

Elementary mechanisms and processes can only be analyzed by TEM—even
in situ [61]—rendering a combination of structural and chemical information at a
particular position at high resolution. It is one of the essential tools to understand
metallurgical features and to allow for a well-aimed development of more wear
resistant metallic materials.

Still TEM is not a stand-alonemethod even though today it is combinedwith EDS,
EFTM, EELS, and EBSD. In order to understand the relevance of any appearance
and whether it contributes to the characteristics of a tribosystem further techniques
can and should be involved like e.g. SEM, AFM, XPS, AES, or RS.

Futurework should be based onwhat has been investigated in the past and continue
in connecting mechanisms and submechanisms to the elementary processes. Due to
the fact that most papers focus on steady-state the predominantly plastic interaction
during run-in should be analyzed inmore detail. It has been proven that a combination
of TEM and MD might help to understand peculiar and unexpected tribological
behavior [62]. Even though with TEM we can get information at high resolution as
to location in a wear track we still lack of that high-resolution information as to the
time-line.

Attachments

Preparation of Samples

This chapter exemplifies processes to prepare samples for TEM analyses of near-
surface and subsurface areas of worn specimens and parts of metallic alloys.

Specimens from the Strain Gradient of Austenitic or Ferritic Metal
Alloys

For the preparation of cross sections the method developed by Büscher et al. [63] or
Hahn [64] can be used. Here, two corresponding segments of body and counterbody
were taken and glued onto each other’s articulating surface by means of a suitable
adhesive (Epoxy G1, Gatan, Munich, Germany). The sample was fixed by a slotted
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pipe with a diameter of 2.5 mm and positioned in a brass tube of 3 mm diameter. The
tube was cut to slices of 400 μm thickness. The cross section of one slice precisely
exposed the segments of cups and head lying on each other separated by a small
gap of hardened epoxide adhesive. Using grinding, dimple grinding (Model 656,
Gatan, Munich, Germany) and ion milling (PIPS 691, Gatan, Munich, Germany)
the sample was thinned to the desired thickness of about 40 nm. Afterward the
specimens were investigated by means of transmission electron microscopy (TEM
400 Phillips, Eindhoven, Netherlands). In order to observe chemical changes in the
uppermost surface layers, a high resolution TEM (Tecnai F20 Phillips, Eindhoven,
Netherlands) with EDS and electron energy loss spectroscopy (EELS) was used.

Specimens from the Worn Surface of Martensitic Steels by FIB [39]

Sample preparation by means of focused ion beam (FIB), was performed using a
dual beam FIB/SEM system (Helios NanoLab 600, FEI, Eindhoven, Netherlands).
The cross-section procedure contained several steps. First, a protective Pt-layer was
deposited at the area of interest on the sample surface. After this, bulk material was
removed in a wedge-shaped trench by Ga+ ions, on one side of the area. Using
decreasing energies of the ion beam, the sidewall was polished at a small glancing
angle in subsequent polishing steps. The processing parameters are given inTable 2.3.
Micrographs of the cross-sections were obtained in SE mode at 2 kV accelerating
voltage. Microstructural features emerge due to electron channeling contrast (ECC).

Specimens from the Worn Surface of Martensitic Steels by Ion Milling

TEM cross-section samples of the wear tracks were prepared using an ion polishing
system (EM-09100IS, Jeol, Akishima, Japan). Therefore, small samples parallel to
the sliding direction were cut, as pictured in Fig. 2.4 (1–4) and a silicon wafer was

Table 2.3 FIB cross sectioning parameters

Acceleration
voltage (kV)

Ion current (nA) Stage tilt angle
(°)

Shape

Fast milling 30 6.5 52 Regular cross
section

Milling 30 2.8 52 Cleaning cross
section

Polishing 30 0.46 53 Cleaning cross
section

Polishing 30 93 × 10−3 54 Cleaning cross
section

Cleaning 5 47 × 10−3 55 Rectangle
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Table 2.4 Ion slicer parameter

Acceleration
voltage (kV)

Gun tilt angle (°) Interval Time (h)

Milling 5 1 77 5

Cleaning 2 1.5 77 0.25

Fig. 2.26 Cross section preparation out of a wear track. 1 Cutting, 2 Glueing a Si-Wafer on top
of the wear track 3 grinding down to a thickness of about 100 μm, 4 ion polishing by IS, 5 final
thinning by PIPS from [65]

applied to the surface as described in 4.2. Afterwards, the samples were ground with
1200 grit SiC paper to a thickness of 100 μm. Using an ion slicer, the cross-sections
were then polished on both sides with Ar+ ions, while a thin ridge of the sample
was masked by a metal foil. The process parameters are shown in Table 2.4. In
order to gain electron transparency, an additional ion-milling process was necessary
(Fig. 2.26). Therefore, the specimens were successively thinned on both sides using
an ion-mill (PIPSII Model No. 695, Gatan, USA). The ion-mill was operated at
accelerating voltages between 5–0.5 kV and gun angles between 5° and 10°.



54 A. Fischer et al.

Wear Particle Preparation from Lubricant (Gear Oil)

Particle Isolation

(1) Centrifuge lubricant samples and carefully remove supernatants (centrifuga-
tion time depends on the viscosity of the medium). Do not touch the pellet at
the bottom of the tubes.

(2) Resuspend and wash particles with cyclohexane, use shaker (Vortex-Genie-2,
Scientific Industries, Bohemia, NY, USA) and ultrasonic cleaner.

(3) Centrifuge for 15 min at 20,000 g.
(4) Carefully discard supernatants. Do not touch the pellet at the bottom of the

tubes!
(5) Resuspend and wash particles with acetone, use shaker and ultrasonic cleaner.
(6) Centrifuge for 15 min at 20,000 × g.
(7) Carefully discard supernatants. Do not touch the pellet at the bottom of the

tubes!
(8) Resuspend and wash particles with isopropanol, use shaker and ultrasonic

cleaner.
(9) Centrifuge for 15 min at 20,000 × g.
(10) Carefully discard supernatants. Do not touch the pellet at the bottom of the

tubes!
if necessary repeat steps 2–8.

(11) Store particles in isopropanol or ethanol at 4 °C.

Cyclohexane and acetone are used in order to dissolve the lubricant. These solvents
(particularly cyclohexane) should not be stored in the tubes for too long since they
can damage the tubes! They would also damage the carbon film on the Cu-grids.
Therefore, it is necessary to suspend the particles in a less aggressive solvent, such
as isopropanol or ethanol, before applying them on Cu-grids.

Particle embedding
1st day:

(1) Centrifuge for 15 min at 20,000 × g.
(2) Prepare acetone/epoxy mixture

Mix epoxy and hardener at a ratio of 100:50 (Epoxy 3000 Quick, Cloeren
Technology GmbH, Wegberg, Germany)
Add 100% acetone at a ratio of 1:1.

(3) Carefully discard supernatants. Do not touch the pellet at the bottom of the
tubes! Add 0.5 ml of the acetone/epoxy mixture.

(4) Place tubes in a rotator (Thermomixer compact, Eppendorf, Hamburg, Ger-
many) for 24 h.

2nd day:

(1) Centrifuge for 15 min at 20,000 × g.
(2) Place tubes, with open lids, under vacuum for 1 h in order to remove the acetone.
(3) Place tubes, with open lids, at 80 °C for 24 h for polymerization.
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3rd day:
Remove tubes to obtain solid pieces of resinwith particles embedded at the bottom.
Section with diamond blade to a thickness of approx. 90 nm.

Wear Particle Preparation from Biomedical Lubricant (Bovine Calf
Serum)

The protein rich testing fluid (bovine serum) from both tests containing the wear
particles was stored at −20 °C. Proteins disturb the image contrast, increase the
degree of agglomeration and inhibit the identification of single particles in SEM and
TEM. Compared to rather inert polyethylene particles, the isolation of metallic wear
particles requires a more sophisticated protocol using enzymatic digestion to remove
organic components, especially proteins, without damaging the particles. Particles in
the present studywere isolated following the protocol developed byCatelas et al. [55,
66] but with minor changes. This protocol was shown to minimize particle damage.
It consists of several washing steps as well as incubation steps with two different
enzymes, papain and proteinase K. Papain is a cysteine protease enzyme. Its main
mechanism of action is destruction of peptide bond. ProteinaseK is a broad-spectrum
serine protease. This enzyme is known for its protein denaturing abilities, especially
in presence of reagents like etylenediaminetetraacetic acid (EDTA). The amount of
testing fluid retrieved from the laboratory tests ranged from 60 ml (hip simulator
tests) to 300 ml (sliding wear test rig). Fluid samples were aliquoted into 40 ml
tubes and centrifuged at 18,000 × g for 15 min using a Sorvall RC-5B superspeed
centrifuge (particles from the different aliquots of the same testing fluid sample were
recombined after the first overnight incubation). Supernatants were discarded except
1.5 ml in order to resuspend the pellets and transfer them in microcentrifuge tubes.
All centrifugations were performed for 10 min at 18,000 × g. First, the pellets were
resuspended in 2.5% sodium dodecyl sulfate (SDS) (v/v distilled water) and boiled
for 10 min. This was followed by one wash in 80 % acetone and three washes in
1 ml of 250 mMol sodium phosphate buffer solution (PBS) containing 25 mMol
EDTA at pH 7.4. After 30 s of sonification, papain (3.2 Units in 1 ml PBS/EDTA)
was added. The samples were then incubated overnight on an Eppendorf thermo-
mixer at 65 °C under slight motion. After the incubation, pellets from aliquots of the
same initial fluid sample were combined in microcentrifuge tubes. Pellets were then
resuspended in 2.5% SDS, boiled again for 10 min and then washed twice in 1 ml
of 50 mM Tris-HCl pH 7.6. Before adding proteinase K (3 Units in 1 ml Tris-HCl),
the pellets were sonicated for 30 s. A second overnight incubation was conducted at
55 °C under slight motion. After the incubation, the samples were boiled again in
2.5% SDS. The pellets were then washed once in 1 ml of 50 mMol Tris-HCl, once in
3 % SDS (v/v 80% acetone) and once in distilled, deionized water. At the end of the
isolation protocol, the pelleted particles were stored in 100% ethanol at 4 °C. In a
few cases, the pellets still contained denatured organic components. For those cases,
the second overnight incubation was repeated. This may have been due to the use of
40 ml initial aliquots instead of 15 ml. Particles were then embedded in epoxy resin
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for TEM analysis. Prior to embedding, the particles were centrifuged for 20 min at
18,000 × g. The supernatant was removed and the particles were resuspended in
a solution of 0.5 ml acetone and 0.5 ml liquid epoxy resin (Epoxy 3000, Cloeren
Technology GmbH, Wegberg, Germany). Microcentrifuge tubes were then placed
on a thermomixer overnight under slight motion at room temperature to allow pellet
infiltration by the resin. The tubes were further centrifuged for 20 min at 18,000× g
and degassed for 1 h to evaporate the acetone. One ml of epoxy resin was added and
the tubes were placed in a vacuum chamber for 1 h to remove potential air bubbles
and trace of remaining acetone. The samples were then placed in an oven at 60 °C
for one hour to harden the epoxy resin. Once hardened, the transparent epoxy cone
at the tip of the tubes showed the embedded particles. Approximately 100 nm thick
sections were cut using a diamond knife and placed on carbon film coated copper
grid nets (formvar carbon-film S162-4, Plano GmbH, Wetzlar, Germany) for TEM
analysis.
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Chapter 3
Near Edge X-Ray Absorption Fine
Structure Spectroscopy: A Powerful Tool
for Investigating the Surface Structure
and Chemistry of Solid Lubricants

Filippo Mangolini and J. Brandon McClimon

Abstract Synchrotron-based spectroscopic techniques have been critical tools for
developing a better understanding of the structure and properties of materials and
material surfaces as well as their evolution in response to energetics inputs, such as
mechanical strains present in tribological contacts. Among these techniques, near
edge X-ray absorption fine structure (NEXAFS) spectroscopy is one of the most
powerful tools thanks to its elemental specificity, surface sensitivity, and ability to
provide important information about local bonding configurations, such as hybridiza-
tion, chemical states, and bond orientations. In addition, when coupled with imaging
methods like photoemission electron microscopy and magnetically-guided imag-
ing, NEXAFS spectroscopy enables chemical imaging of materials with high spatial
resolution. This capability can be critical when investigating materials after tribo-
logical experiments, where chemical changes and structural transformations occur
in the first few atomic layers and spatial inhomogeneities can be present across small
length scales. The present contribution first describes the principles of NEXAFS
spectroscopy, followed by experimental methods for the acquisition and processing
of NEXAFS data. Finally, the potential of this analytical method for fundamental
and applied research in tribology is demonstrated by discussing case studies in the
area of solid lubricating carbon-based thin films.
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3.1 Introduction

Fundamental research in tribology hinges on the development of novel experimental
methods capable of assessing, characterizing, and monitoring the phenomena occur-
ring at buried sliding interfaces. It is exactly thanks to instrumental developments
and progress in research that over the last four decades the state of knowledge in
tribology has been shifting from empirically-based to scientifically-based. In par-
ticular, advancements in surface analysis have allowed researchers in tribology to
systematically investigate the local structure, chemistry, and mechanics of materials
after tribological interactions take place, and correlate the resulting information with
the observed tribological behavior, thus providing new and exciting opportunities to
investigate the fundamentals of friction, wear, and lubrication [1–3].

Among the tools and techniques that allow for the exploration of the chemical,
structural, and electronic properties ofmaterials, in the last four decades synchrotron-
based methods have been of utmost importance [4, 5]. In particular, the development
of new generations of synchrotron radiation facilities (e.g., third generation syn-
chrotrons), which are brilliance-optimized (i.e., they provide a beam with small
cross section and a high degree of collimation), have tremendously expanded the
material characterization toolbox and provided flexibility in the development of syn-
chrotron endstations [6]. This has effectively given researchers the possibility of
simultaneously accessing several advanced analytical methods in the same facility.

Among the several synchrotron-based techniques developed for the analysis of
the properties of materials, surfaces, and interfaces, X-ray absorption fine structure
(XAFS) spectroscopy is a unique tool for investigating, at the atomic and molecular
scale, the local structure around a certain element contained in a material [7–10].
Traditionally, the XAFS signal is distinguished in two regions [11]: (a) the near edge
region, which is within 30–50 eV above the absorption edge and usually referred
to as X-ray absorption near edge structure (XANES) or near edge X-ray absorption
fine structure (NEXAFS). The term XANES is more commonly employed for solids
and inorganic complexes, while the term NEXAFS is preferentially employed for
surface studies [5]; and (b) the fine structure region, which extends from the near
edge region up to typically one thousand eV above the absorption edge and is usually
referred to as extended X-ray absorption fine structure (EXAFS).

While the EXAFS signals are dominated by single scattering contributions that
can be used for gaining information about the local geometric structure surround-
ing a given atomic species [8, 10, 12, 13], the absorption features characterizing
the NEXAFS region are sensitive to changes in valence state, coordination chem-
istry, local structure, and ligand symmetry around the absorbing atom. One of the
most important applications of NEXAFS spectroscopy since its introduction in the
1980s is the study of low atomic number (low-Z , i.e., carbon, oxygen, nitrogen,
and fluorine) molecules and materials [5]. The capability of NEXAFS spectroscopy
to provide information about low-Z elements derives from the strong directionality
and short length of the covalent bonds between low-Z atoms, the strong dependence
of the bond length on its hybridization, and the large backscattering amplitude of
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low energy electrons from low-Z atoms [5]. Because of this, resolvable, structure-
dependent resonances are usually detected in NEXAFS spectra of low-Z elements,
whose intensity is strongly affected by the orientation of the final state orbital with
respect to the electric field vector of the incident photon beam [5].

Thanks to this elemental specificity, ability to obtain important information about
local bonding environment (such as hybridization, chemical state, and bond orien-
tation [5]), as well as the possibility to obtain spectra with high spatial resolution
using imaging techniques such as photoemission electron microscopy [14–17] and
magnetically-guided imaging [18], NEXAFS spectroscopy has become an attrac-
tive analytical tool for several research fields, such as tribology [18–20], catalysis
[21–25], self-assembly at surfaces [26–29], nanomaterials [30–38], and polymer
science [39–44].

The present contribution describes the basics of NEXAFS spectroscopy and the
experimental methods for the acquisition and processing of NEXAFS data. Selected
examples of application of this analytical method for fundamental and applied
research in tribology is demonstrated by discussing case studies in the area of solid
lubricating thin films, with a particular focus on carbon-based coatings.

3.2 Principles of Near Edge X-Ray Absorption Fine
Structure (NEXAFS) Spectroscopy

To gain an understanding of the spectral features characterizing NEXAFS data, a
solid theoretical basis of the principles of this spectroscopic technique is a prereq-
uisite. In the following, a brief and simplified description of the basics of NEXAFS
spectroscopy is presented. For a more comprehensive overview, the reader can refer
to selected, focused monographs [4, 5].

When a collimated X-ray beam with flux Φ0 (number of photons per unit time
and unit cross-section) passes through a sample of thickness t, the flux is reduced
according to Beer-Lambert’s Law:

Φ � Φ0 exp(−μ(ω)t) (3.1)

where Φ is the flux of the transmitted X-ray beam, and μ(ω) is the linear attenua-
tion coefficient, which depends on the energy of the X-ray photons and the sample
composition and density.

For X-ray photons with energy between 0.1 and 40 keV (normally employed
in XAFS experiments), two different mechanisms lead to X-ray attenuation, i.e,
photoelectric absorption and scattering (coherent and incoherent). However, since
photoelectric absorption dominates over other interactions (Fig. 3.1a) in the energy
range from 0.1 to 40 keV, the attenuation coefficient in (3.1) can be approximated
with the photoelectric absorption coefficient.
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Fig. 3.1 a X-ray absorption cross-section (photoelectric absorption together with coherent and
incoherent scattering and their sums) for molybdenum (data taken from the NISTXCOMdatabase).
The photoelectric absorption exhibits four edges: the 2p3/2 (LIII) at 2.52 keV, the 2p1/2 (LII) 2.63 keV,
the 2 s (LI) at 2.87 keV, and the 1 s (K) at 19.99 keV; b binding energy of the levels 1s (K), 2p3/2 (LIII)
and 3d5/2 (MV) as a function of atomic number; c absorption of an X-ray photon with excitation
of a core electron to an unoccupied molecular orbital; d de-excitation mechanisms following the
emission of a core electron, i.e., emission of an Auger electron or X-ray photon (fluorescence); e
average fluorescence yield as a function of the atomic number. Data taken from NIST X-ray Data
Booklet

Even though the photoelectric absorption coefficient is overall a smooth function
of the energy of the incident X-rays, sharp discontinuities (absorption edges) occur at
well-defined photon energies and correspond to the extraction of an electron from a
core level. For example, K edges, which are photoabsorption edges with the highest
energy for a given element, result from the emission of electrons from 1s levels.
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Table 3.1 Relationships between X-ray notation, core level notation, and quantum numbers for K,
L, and M edges

X-ray
notation

Core level
notation

Quantum numbers

n l s j � |l + s|

K 1s1/2 1 0 +1/2; −1/2 1/2

L1 2s1/2 2 0 +1/2; −1/2 1/2

L2 2p1/2 2 1 −1/2 1/2

L3 2p3/2 2 1 +1/2 3/2

M1 3s1/2 3 0 +1/2; −1/2 1/2

M2 3p1/2 3 1 −1/2 1/2

M3 3p3/2 3 1 +1/2 3/2

M4 3d3/2 3 2 −1/2 3/2

M5 3d5/2 3 2 +1/2 5/2

Quantum numbers: n principal quantum number; l orbital angular momentum; s spin angular
momentum; j total angular momentum (equal to |l+ s|)

The relationship between the X-ray notation for high-energy edges, core electronic
levels, and quantum numbers is provided in Table 3.1. The fact that the edge energy
varies with the atomic number as shown in Fig. 3.1b makes NEXAFS spectroscopy
element-specific.

The absorption edge is the result of the excitation of a core electron to a con-
tinuum or quasi-continuum of final states. Since the edge energy is related to the
oxidation state of the absorbing atom (it raises by several eV per oxidation unit),
the edge position can be used to determine the valence state of the photoabsorber
[45]. Additionally, the shape of the edge can provide valuable information about the
chemical environment and ligand geometry, thus making it useful for fingerprinting
molecular species [46, 47]. Around the ionization potential (IP), which is usually
superposed on transitions into Rydberg states, resonant transitions, which originate
from the excitation of an electron from a core level to unoccupied molecular states,
are detected. These transitions are superposed on a step-like absorption edge and
only occur when the energy of the incoming X-ray photon matches the energy differ-
ence between the core level and the unoccupied molecular level. Empty molecular
orbitals can be labeled according to their symmetry, i.e., π∗ or σ ∗ orbitals. In the case
of π -bonded diatomic subunits, the lowest unoccupied molecular orbital (LUMO)
is usually a π∗ orbital, while σ ∗ orbitals are normally detected at higher photon
energies. While π∗ resonances are observed below the ionization threshold because
of electron-hole Coulomb interactions [5], σ ∗ spectral features are most often found
above the vacuum level for the neutral molecule. A schematic showing the origin of
NEXAFS features for a diatomic molecule is provided in Fig. 3.1c together with the
effective electrostatic potential and the corresponding K-shell spectrum.

The width of the resonances detected in experimental NEXAFS data is a con-
volution of the natural width of the core hole (or lifetime of the excited state), the
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resolution of the instrument, as well as the vibrational motion of the molecule [48].
Compared to π∗ resonances, transitions corresponding to orbitals with σ -symmetry
are broader because of their large overlap with continuum states, which increases the
decay probability of the electron into continuum states and decreases the lifetime of
the core hole. As a rule of thumb, the higher is the energy of a resonance, the larger
is its linewidth. σ ∗ resonances are often characterized by distinct high-energy tails,
which derive from molecular vibrations along the bond direction.

The energy of σ ∗ resonances can be used to obtain information about bond lengths
in organic molecules through the so-called bond length with a ruler method [5,
49–54], which relies on the determination of the core level IP together the position of
the σ ∗ transition relative to the IP. Even though there is empirical evidence supported
by theoretical predictions [54, 55] for the dependence of the position ofσ ∗ resonances
on the bond length, the validity of the use of these spectral features for bond length
determination has been controversial [55–59].

Weak and sharp resonances are often detected between the characteristic π∗ spec-
tral features and the IP. These resonances are assigned to Rydberg orbitals. For the
case of strongly chemisorbed molecules, pure Rydberg resonances are quenched
due to their large spatial extent (they have most of their density at the periphery of
the molecule). On the other hand, in the case of hydrocarbons or molecules with
carbon-hydrogen bonds, Rydberg orbitals mix with hydrogen-derived antibonding
orbitals with the same symmetry, thus leading to an increase of the intensity of the
corresponding absorption feature [60, 61].

Finally, multi-electron features (also called shake-up structures, analogous to
those observed in X-ray photoelectron spectroscopy, XPS) can also be detected in
NEXAFS spectra. While these features are observed at lower kinetic energies (or
higher binding energies) than the main photoelectron signal in XPS spectra, they are
detected at higher photon energy than the primary resonance in X-ray absorption
data.

The absorption process results in a photoelectron and a core hole. An atom with
a core hole is unstable, and thus spontaneously tends to relax by filling the core hole
with an electron from an upper level. The resulting relaxation energy can be released
in two ways: (a) through the emission of X-ray photons (fluorescence); and (b)
through the emission of an Auger electron (Fig. 3.1d). Both channels can be used for
measuring the formation of a core hole following the absorption of X-rays and, thus,
are a measure of the absorption cross section. The experimental methods used for
detecting either photoemitted Auger electrons or fluorescent photons are described
in Sect. 3.3.1.1. It is worth mentioning that these two de-excitation mechanisms are
in competition. Their relative strength is usually referred to as fluorescence yield ηi:

ηi � Xi

Xi + Ai
(3.2)

where the subscript i represents a defined absorption edge (e.g., K or 1s), while Xi

and Ai are the emission probabilities of a fluorescent photon and an Auger electron,
respectively. The fluorescence yield depends on the atomic number (Fig. 3.1e). In
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particular, the Auger electron yield is much higher than the fluorescence yield for
low-Z elements (e.g., carbon).

Even though X-ray photons penetrate deeply into the sample (several microns),
electron detection providesmuch higher surface sensitivity compared to fluorescence
yield due to the short mean free path of electrons in condensed matter (typically less
than 2 nm for energies between 250 and 600 eV) [62, 63]. The information depth
for electron yield detection, which is the specimen thickness measured normal to the
surface from which a specified percentage of typically 95% of the detected signal
originates, is thus usually less than 5 nm [5]. A detailed description of the influence
of the detection mode on the resulting surface sensitivity is reported in Sect. 3.3.1.1.

Since synchrotron radiation is polarized, NEXAFS spectroscopy can be used to
gain information about the orientation of molecules and molecular fragments [5,
26–28, 30, 31, 64, 65]. Through the investigation of the dependency of the intensity
of a given resonance on theX-ray incidence angle (Θ) or, in otherwords, the direction
of the electric field vector of the impingingX-rays, insights into the spatial orientation
of the corresponding orbital (i.e, the direction of maximum amplitude of the excited
atomic species) can be obtained.

Under the assumption of linearly polarized radiation, the equation that relates the
initial (Ψ i) and final (Ψ f ) states to the absorption cross section (σ x) can be derived
from a quantummechanical description of the excitation process for a single electron
in the dipole approximation (Fermi’s Golden Rule):

σx � ∣
∣〈Ψ f |e · p|Ψi 〉

∣
∣
2
ρ f (E) (3.3)

where e is the unit electric field, p the dipole transition operator, and ρ f (E) the density
of final states [5].

In the case of linearly polarized radiation, the matrix element can be simplified
∣
∣
〈

Ψ f

∣
∣e · p|Ψi 〉

∣
∣
2 � ∣

∣e
〈

Ψ f

∣
∣ p|Ψi 〉

∣
∣
2 � ∣

∣
〈

Ψ f

∣
∣ p|Ψi 〉

∣
∣
2
, where

〈

Ψ f

∣
∣ p|Ψi 〉 is known as

transition dipole moment (TDM). In the case of a 1 s (K) initial state and a directional
final state, the transition intensity becomes:

I ∝ ∣
∣e〈Ψ f | p|Ψ1s〉

∣
∣
2 ∝ |e · O|2 ∝ cos2 δ (3.4)

where δ is the angle between the electric vector (E) and the TDM direction. There-
fore, the resonance intensity is maximum when the electric field vector is along the
direction (O) of the final state orbital (or the TDM direction). Note that σ ∗ orbitals
have a maximum amplitude along the bond axis, while π∗ orbitals have maximum
amplitude normal to the bond direction.
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Fig. 3.2 Schematic of a synchrotron beamline for NEXAFS spectroscopy

3.3 Experimental Methods in NEXAFS Spectroscopy

3.3.1 Data Acquisition

3.3.1.1 Synchrotron Beamline for NEXAFS Spectroscopy

Since NEXAFS spectroscopy requires monochromatic X-rays with tunable energy,
NEXAFS measurements are limited to synchrotron facilities. These facilities, which
generate electromagnetic radiation by accelerating electric charges (electrons) and
forcing them to move on a curved path, usually consist of a storage ring and a booster
(Fig. 3.2). The latter accelerates charged particles (electrons) close to the speed of
light before injecting them into the former, where they orbit. In the storage ring,
synchrotron radiation is generated in bending magnets, which keep electrons on a
closed path, and in wigglers and undulators placed in the linear sections [10, 66–68].
In the bending magnets and wigglers/undulators, the electrons are accelerated and
thus emit radiation. The emitted radiation covers a wide range of the electromag-
netic spectrum, with a broad peak in intensity at an energy that depends on the
energy of the electrons. This synchrotron light with a high photon flux is conveyed
to experimental chambers (endstations) through beamlines. The primary elements
of a beamline are the monochromator and optical mirrors. The former, together with
the exit slits, selects a single wavelength and thus provides a monochromatic X-ray
beam with high-brilliance to experimentalists. The latter collimates and focuses the
beam. Synchrotron X-ray sources have three main advantages compared to labora-
tory sources: (a) they provide monochromatic X-rays with tunable energy; and the
emitted radiation has (b) high brilliance and flux, as well as (c) a high degree of
polarization.

Before reaching the samples, the X-ray photon beam often passes through a gold
grid (with typical transmission around 85%). The electron yield signal from this grid
is used tomonitor the beam intensity and becomes critical when processingNEXAFS
data (see Sect. 3.3.2).

Even though the most straightforward way to acquire X-ray absorption spectra
would be to measure the attenuation of a beam of X-rays transmitted through a
sample, this methodwould require thin samples since the penetration depth of X-rays
is only a few microns (depending on their energy). Additionally, this methodology
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would not allow for assessing the structural, chemical, and electronic properties of
the near-surface regions of materials.

In light of this, the large majority of NEXAFS measurements is nowadays carried
out by detecting the electrons or fluorescent photons emitted from a bulk sample as
a consequence of the relaxation of the excited atom (see Sect. 3.3.2).

In the case of electron yield detection, three main modes are currently in use:
Auger yield, partial electron yield, and total electron yield. Auger yield detection
(AEY) uses an electron energy analyzer to count only those electrons with a defined
kinetic energy Ea (corresponding to a specific Auger emission energy) chosen by
the experimenter. This leads to a very high signal to background ratio at the cost
of reduced signal intensity. However, during the emission from the sample surface,
some of the electrons will suffer an energy loss and emerge with a kinetic energy
lower than Ea. Since the intensity of inelastically-scattered electrons follows the one
of elastically-scattered electrons, secondary electrons can be used to increase the
signal-to-noise. This is used in partial electron yield (PEY) detection mode, where
electrons of kinetic energy larger than a threshold energyEp are detected. This results
in boosting the signal intensity substantially, while also increasing the background.
PEY measurements are normally carried out by selecting the potential (also called
entrance grid bias, EGB) of the center grid of a standard three-grid high pass kinetic
energy filter for the channeltron electron yield detector [26]. Upon increasing the
values of the EGB voltage, only those Auger electrons that have suffered limited
energy loss during the emission from the sample and have sufficiently high kinetic
energy to reach the channeltron will be detected. Thus, the information depth from
which Auger electrons are detected can be adjusted by changing the EGB (the higher
the EGB, the smaller the information depth). Total electron yield (TEY) detection
is the simplest detection scheme, which relies on measuring the drain current from
an electrically isolated sample by means of a sensitive ammeter. Electrons of all
energies and from all X-ray penetrations depths are captured, so this scheme has
the lowest signal-to-background ratio and surface sensitivity. To summarize, the
surface sensitivity of electron yield detection modes increases in the following order:
AEY>PEY>TEY.

The fluorescence yield (FY) detectionmode is not discussed in detail here because
of its limited surface sensitivity. The FY detection mode is, however, the method of
choice when investigating bulk samples or liquids, since the short mean free path
of electrons in these environments hinders the acquisition of data in electron yield
detection modes (either PEY or TEY).

3.3.1.2 Imaging Techniques

Photoemission Electron Microscopy (PEEM)

Photoemission electron microscopy (PEEM) is a full field imaging technique that
is commonly combined with X-ray synchrotron radiation to give a surface sensitive
spectroscopy with excellent spatial resolution (<50 nm [69], or even below 10 nm
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in aberration corrected instruments [70]) [14, 71–75]. Since the pioneering work of
Tonner and Harp [76], several instrumental development have been reported, which
have allowed for the use of PEEM in numerous fields, including tribology [14, 20,
77–82], thin film magnetism [83–85], catalysis [86], semiconductor [87], polymer
science [88–90], geology [91–93], and microbiology [94].

A typical PEEM microscope consists of a sample held at a high negative voltage
followed by a series of electron optics, and a detector (microchannel plane and phos-
phor screen). A schematic of this technique is shown in Fig. 3.3. Monochromatized
X-rays impinge on the sample surface at a grazing angle. This geometry is required
by the close proximity of the electron lens optics to the sample surface (a few mil-
limeters). The sample is held at a large negative bias (between −15 and −20 kV).
Because of this, specimens for PEEM measurements should be flat as any feature
on the sample surface can locally concentrate the electric field, lead to distortions of
the electron images, and, in the worst case, cause arcing between the sample and the
electron lens optics. The photoemitted electrons (primary, secondary, and Auger) are
accelerated by the applied field from the sample towards the electron optics column,
which can be either electrostatic or magnetic and often includes a series of deflectors
and stigmators. After the optics column, which accelerates, filters, and focuses the
electrons, they are detected using conventional channeltrons and phosphor screens.
Overall, the signal acquired in PEEM measurements is in most of the cases close
to NEXAFS data acquired in TEY detection mode, even though detection schemes
equivalent to PEY and AEY modes have been implemented by inserting retarding
grids or energy analyzers upstream of the image detector [95, 96]. Upon varying the
photon energy of the impinging X-rays in a similar manner to the approach used for
the acquisition of NEXAFS spectra, a stack of images is captured, where each pixel
represents a spatially-resolved NEXAFS spectrum.

Magnetically-Guided Imaging NEXAFS Spectroscopy

Magnetically-guided imaging NEXAFS spectroscopy combines NEXAFS spec-
troscopy, a full field parallel processing magnetic field electron yield optics detector,
and a large incident soft X-ray beam (Fig. 3.4a). This technique, which was pre-
viously described in [18, 97], relies on a rapid parallel processing magnetic field
electron yield optics detector, in which the emitted photoelectrons move along the
magnetic field lines towards the partial electron yield grid in front of the channel
plate electron detector. The detected electrons produce a series of two-dimensional
NEXAFS lateral images as the incident soft X-ray energy is scanned across the
selected absorption edge (Fig. 3.4b). The rejection of low energy electrons by the
partial electron yield detector allows for the mitigation of surface charging. The
image stack can be employed for the structural and chemical characterization of the
near-surface region of materials with a lateral resolution of 50μm and a field of view
of 18×13 mm2. Unlike photoelectron emission microscopy (PEEM), magnetically-
guided NEXAFS spectro-microscopy can handle insulators, conductors, and non-
planar samples without charging effects [18, 97]. In particular, the possibility of
analyzing curved surfaces provides significantly increased flexibility in the range of
samples that can be analyzed, while making this technique particularly attractive for
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Fig. 3.3 Schematic of
electron optical path through
a photoemission electron
microscope (PEEM).
Adapted from [73]
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the ex situ characterization of tribological samples, which often comprise a spherical
counterface.

As in the case of the acquisition of NEXAFS spectra in PEY detection mode,
changing the entrance grid bias (EGB) of the channel plate electron detector allows
magnetically-guided imaging NEXAFS measurements with different surface sensi-
tivity to be performed [26, 98, 99] (Fig. 3.4b).

3.3.1.3 Data Processing

The analysis of NEXAFS data is complicated by many experimental factors, includ-
ing photon energy calibration, intensity normalization, and artifacts due to beam
instabilities, signal offsets, and the beamline transmission function [5, 100–102]. In
particular, the presence of an adventitious carbon contamination on X-ray optics in
synchrotron beamlines makes the processing of carbon 1s NEXAFS spectra chal-
lenging, since the carbon contamination can result in artifacts in the as-collected
data, which can even dominate true NEXAFS spectra. The common approach to
remove major artifacts (including the beamline transmission function, flux monitor
contamination, beam stability and signal offsets) with the aim to deconvolute the
real NEXAFS spectrum for the sample under investigation relies upon normaliza-
tion techniques. These techniques are usually based on the use of reference spec-
tra acquired from metallic mesh materials (such as gold) placed in the beamline
upstream from the analysis chamber (see Sect. 3.3.1.1). Even though several meth-
ods of normalization, energy calibration, and artifact removal have been published in
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Fig. 3.4 a Schematic of the parallel processing imagingNEXAFS system at the NIST/Dow endsta-
tion of beamline U7A at the National Synchrotron Light Source (Brookhaven National Laboratory,
Upton, NY, USA). A large incident soft X-ray beam (15×20 mm2) illuminates the sample surface.
The photoelectrons emitted from the specimen are magnetically guided onto a detector that forms a
two-dimensional NEXAFS image over a 13×18 mm2 region, while providing a spatial resolution
of 50 μm at all relevant X-ray incidence angles [18]; b principle of parallel processing imaging
NEXAFSmeasurements. The rapid parallel processing magnetic field electron yield optics detector
produces a series of two-dimensional NEXAFS lateral images as the incident soft X-ray energy
is scanned across an absorption edge (e.g., the carbon 1s absorption edge). Changing the entrance
grid bias (EGB) of the channeltron detector allows NEXAFS measurements with different surface
sensitivity to be performed [26, 98, 99]

the literature, they have been reported in a fragmented manner, thus hindering their
use and implementation.

Recently, Watts et al. reviewed and implemented the numerous methods for cali-
bration, photon flux normalization, and artifact removal for NEXAFS spectra (with
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a particular focus upon carbon 1s spectra) reported in the literature [102]. Besides
providing criteria for assessing the most appropriate method for the photon flux nor-
malization, Watts et al. also presented the methodologies for the determination of
appropriate background functions along with a way for their removal from exper-
imental data. Additionally, the methods used for photon flux normalization were
discussed together with the criteria for assessing the most appropriate one for a
specific application.

While the approaches outlined by Watts et al. are effective for addressing the
issues commonly encountered in the evaluation of NEXAFS data [102], the corrected
spectra they yield represent the photo-absorption spectra of the specimens under the
assumption of structural and compositional homogeneity within the nanometer-scale
depth probed by NEXAFS spectroscopy (in the case of NEXAFS spectra of low-Z
materials acquired in electron yield mode, the information depth, which is the spec-
imen thickness measured normal to the surface from which a specified percentage
of typically 95% of the detected signal originates, is usually less than 5 nm [5]).
However, the assumption of chemical and structural homogeneity does not hold in
the vast majority of solid surfaces, since complex surface-bound species and layers,
e.g., natural oxide and contamination layers, are often present [103, 104]. Thus, this
assumption can lead to significant errors when analyzing elements that are simulta-
neously present in multiple layers. In the case of carbon-based materials previously
exposed to air, as a particular example, their carbon 1s NEXAFS spectra, even when
corrected using any of the approaches outlined byWatts et al. [102], are a convolution
of the spectrum of the sample of interest and the spectrum of the adventitious carbon
contamination on its surface since the thickness of the latter (typically <2 nm [105])
is smaller than the information depth at the carbon 1s.

The authors of this chapter recently developed a methodology for accurately
removing the contribution of thin overlayers (with thickness smaller than the infor-
mation depth) from NEXAFS spectra of two-layered systems to reveal the photo-
absorption NEXAFS spectrum of the substrate [99]. This method relies on the sub-
traction of the NEXAFS spectrum of the overlayer adsorbed on a reference surface
(e.g., gold) from the spectrum of the two-layer system under investigation, where
the thickness of the overlayer is independently determined by XPS. The approach
was applied to NEXAFS data acquired for one of the most challenging cases: air-
exposed hard carbon-basedmaterials (namely ultrananocrystalline diamond (UNCD)
and hydrogenated amorphous carbon (a-C:H)) with adventitious carbon contamina-
tion from ambient exposure. The possibility of removing the contribution of the
adventitious carbon contamination from the as-acquired NEXAFS carbon 1s spectra
allowed the computation of the contamination-corrected photo-absorption NEXAFS
spectra for the materials under investigation (UNCD and a-C:H films) (Fig. 3.5),
which provided qualitatively distinct interpretations and quantitatively distinct values
regarding the sample’s composition and bonding compared to the as-acquired data.
In particular, themethod, which also revealed that the adventitious contamination can
be described as a layer containing carbon and oxygen ([O]/[C]�0.11±0.02) with a
thickness of 0.6±0.2 nm and a fraction of sp2-bonded carbon of 0.19±0.03, signif-
icantly altered the calculated fraction of sp2-hybridized carbon, thus demonstrating
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that the assumption of chemical and structural homogeneity could introduce large
errors in the computed carbon hybridization state (between 5 and 20%) when analyz-
ing carbon-based materials previously exposed to air. Additionally, upon removing
the contribution of the carbonaceous contamination from the as-acquired data, the
absorption features assigned to the C–O σ * antibonding orbital (at 288.5–289.3 eV)
[106] was greatly reduced (Fig. 3.5), which clearly indicated the importance of
accounting for nanometer-thick adventitious contamination when investigating the
surface chemistry of air-exposed carbon surfaces by NEXAFS spectroscopy.

3.4 Applications of NEXAFS Spectroscopy

3.4.1 NEXAFS Spectroscopic Investigation of the Surface
Structure and Chemistry of Thin Films for Tribological
Applications

As outlined above, NEXAFS spectroscopy can provide valuable information about
the chemical, structural, and electronic properties of materials and materials sur-
faces. Additionally, it can be effectively used for the determination of molecular
orientations. This wealth of detailed information NEXAFS yields has made it an
attractive analytical tool for fundamental and applied studies in tribology [18–20],
catalysis [21–25], self-assembly at surfaces [26–29], nanomaterials [30–38], and
polymer science [39–44].

One of the most important applications of NEXAFS spectroscopy is the study of
carbon-based materials. The strong directionality and short length of the covalent
bonds between carbon atoms together with the strong dependence of the bond length
on its hybridization and the large backscattering amplitude of low-energy electrons
from carbon atoms results in the detection of resolvable absorption resonances in
carbon 1s NEXAFS spectra. These absorption features are structure-dependent and
their intensity depends on the orientation of the final state orbital with respect to the
electric field vector of the impinging X-rays [5].

For carbon 1s NEXAFS spectroscopy, in particular, the resolvable energy differ-
ence between the resonant X-ray excitations of a core-level (1s) electron to unoc-
cupied molecular orbitals (either π* or σ *) allows the identification of the bonding
configuration and hybridization state of carbon atoms in the near-surface region for
many materials, including diamond [18, 20, 33, 34, 36, 37, 77, 80, 82, 107–109],
diamond-like carbon [78, 110–128], graphene [38, 129, 130], carbon nanotubes [131,
132], and polymers [31, 39–44], as well as the determination of the surfacemolecular
orientation of nanomaterials [30, 31, 64, 65, 132] and adsorbates [26–28, 133].

As an example, the characteristic carbon 1s NEXAFS spectra (not corrected for
the contribution of the contamination layer following the method outlined in [99])
of two tribologically-relevant, as-deposited thin films, i.e., hydrogenated amorphous
carbon (a-C:H) and silicon- and oxygen-containing hydrogenated amorphous carbon
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Fig. 3.5 Carbon 1s NEXAFS spectra (before and after the correction for the presence of a carbona-
ceous contamination layer) of UNCD and a-C:H films grown by PECVDwith different acceleration
bias voltages (60, 120, and 180 V). a Pre-edge normalized spectra (whole photon energy scale).
The pre-edge normalization removes factors such as synchrotron ring current, beam dispersion
character, and monochromator profile. The spectra were then normalized to the absorption current
measured simultaneously from a gold mesh placed in the beamline upstream from the analysis
chamber. The pre-edge region was then subtracted to zero; b pre- and post-edge normalized spectra
(whole photon energy scale). The post-edge intensity depends on the number density of the absorb-
ing atoms. By normalizing the post-edge to unity, variations in spectral intensity only arise from
chemical changes and are independent of the total number density of absorbers; and c pre- and
post-edge normalized spectra (zoomed absorption edge region). Upon removing the contribution
from the carbonaceous contamination layer, the intensity of the C 1s→π* transition for disordered
carbon−carbon bonds [5] at 285.0±0.1 eV slightly decreased in the case of UNCD, whereas it
increased for a-C:H films. Very significantly, for the a-C:H films, the broad absorption feature at
288.5–289.3 eV (assigned to the C–O σ * antibonding orbital [106]) was greatly reduced. The spec-
tral changes induced by the removal of the contribution of the carbonaceous contamination from
the as-acquired data substantially affected the computation of the carbon hybridization state. From
[99]

(a-C:H:Si:O), are shown in Fig. 3.6. More details about these thin films can be found
in [134], respectively. For comparison, the NEXAFS spectra of ultrananocrystalline
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diamond (UNCD) and highly ordered pyrolytic graphite (HOPG) are also displayed.
The NEXAFS spectrum of as-deposited a-C:H, a-C:H:Si:O, and UNCD exhibits an
absorption feature at 285.0±0.1 eV, which is due to the C 1s→π* transition for
disordered carbon–carbon bonds [5, 118]. The width of this C 1s→π* absorption
feature provides information about the bond length distribution of sp2 carbon–carbon
bonds: the broader the peak, the larger the bond length distribution. It should be noted
that in the case of HOPG, the C 1s→π* feature is detected at 285.5±0.1 eV. Thus,
the position of the C 1s→π* transition can be used to gain insights into the ordering
of sp2-bonded carbon atoms in amorphous carbon materials: the higher the photon
energy of this spectral feature, the more ordered the sp2-bonded carbon phase [112].
A broad hump between 288 and 310 eV, which is due to the C 1s→σ * transition for
disordered carbon–carbon σ bonds [5, 118], characterizes the NEXAFS spectrum
of as-deposited amorphous carbon materials (Fig. 3.6a), whereas the spectrum of
UNCD exhibits sharper C 1s→σ ∗ transitions that are characteristic of ordered sp3-
hybridized carbon–carbon bonds, namely the edge jump at ~289 eV, the exciton
peak at ~289.3 eV, and the second band gap at 303 eV [20] (Fig. 3.6b). Similarly,
in the case of HOPG sharp C 1s→σ ∗ features are detected at 291.8±0.2 eV and
292.8±0.3 eV [135]. The presence of a significant amount of carbon–hydrogen
bonds in hydrogenated amorphous carbonmaterials and the hydrogen-termination of
UNCD result in the detection of a shoulder at ~287.0 eV (for a-C:H and a-C:H:Si:O)
and~287.5 eV (forUNCD),which canbe assigned to theC1s→σ * transition forC–H
bonds [5, 80, 99]. The observed shift of the characteristic C–H absorption feature
between the spectra of a-C:H and the spectrum of UNCDmay be due to the different
bonding states in these materials: while hydrogen terminates primarily sp3-bonded
carbon atoms at the UNCD surface, it is present in a range of bonding environments
within the bulk of hydrogenated amorphous carbon films. Due to the sample exposure
to air before the NEXAFS analysis, a broad absorption feature is usually detected at
288.8±0.2 eV and could be assigned to the C 1s→σ * transition for carbon–oxygen
bonds, as well as to the C 1s→π* transition for carboxyl groups [5, 106, 136]. In the
case of a-C:H:Si:O, the characteristic C 1s→σ * transition for carbon–silicon bonds
[136] contributes to the spectral feature at 288.8±0.2 eV. The presence of carbonyl
groups on the surface of a-C:H and a-C:H:Si:O due their exposure to air also results
in a weak shoulder at 286.7±0.2 eV (mainly due to the C 1s→π∗ transition for
C=O bonds and with a small contribution from the C–O Rydberg orbitals [5, 106])
(Fig. 3.6b).

Besides providing valuable information about the surface chemistry of carbon-
based materials, NEXAFS spectroscopy can also be used for the quantitative eval-
uation of the hybridization state of carbon atoms [137]. The characterization of
the carbon bonding configuration in carbon-based materials, which is of paramount
importance in the case of carbon-based materials due to the strong dependency of the
tribological, mechanical, electrical, and optical properties on the carbon hybridiza-
tion state [138], is a particularly challenging materials science problem, which has
resulted in the use of some of the most powerful weapons in the materials character-
ization arsenal for the analysis of these materials, including NEXAFS spectroscopy
[99, 111–113, 119, 122, 126, 138–142], Raman spectroscopy [113, 138, 143–146],
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Fig. 3.6 a Carbon 1s NEXAFS spectra of HOPG acquired at an X-ray incidence angle (relative
to the sample surface) of 40° together with carbon 1s NEXAFS spectra of a-C:H, a-C:H:Si:O, and
UNCD acquired at an X-ray incidence angle of 55°; b zoomed view of the absorption edge region
of the C 1s spectra. The spectra were not corrected for the contribution of the contamination layer
following the method outlined in [99]

XPS [99, 121, 134, 146–153], Auger electron spectroscopy (AES, including X-ray
induced AES, XAES) [134, 147, 149–151, 153–155], electron energy-loss spec-
troscopy (EELS) [145, 156–158], Fourier-transform infrared spectroscopy (FT-IR)
[159], nuclearmagnetic resonance (NMR) spectroscopy [160, 161], andX-ray reflec-
tivity (XRR) [145]. Among the surface-sensitive techniques, electron spectroscopies
(XPS, AES, XAES, NEXAFS, and EELS) are the mostly widely used for the char-
acterization of carbon-based materials.

The characterization of the bonding configuration of carbon byXPS is usually car-
ried out through the acquisition and fitting of the C 1s spectrum [121, 134, 146–149,
154, 155]. However, the validity of the methodology for the quantitative evaluation
of the hybridization state of carbon on the basis of the C 1s signal, which relies on
fitting it with two distinct features for sp2- and sp3-bonded carbon [121, 146, 154],
has recently been questioned [134, 147], since the binding energy values of the C
1s transition for graphite (100% sp2-bonded carbon), diamond (100% sp3-bonded
carbon), and UNCD (94±1% sp3-bonded carbon [99]) are not significantly different
[134, 147]. However, insights into the carbon hybridization state can be gained by
XPS through the analysis of the plasmon band near the C 1s signal [134, 152], the
π–π* shake-up satellites [162, 163], or the X-ray induced C KVV Auger spectrum
[134, 147, 150, 151, 153, 155].
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Besides XPS, EELS and NEXAFS spectroscopy are effective methods for the
determination of the hybridization state of carbon atoms in carbon-based films [138].
Even though EELS allows the fraction of carbon atoms in sp2- and sp3-hybridization
state to be quantified through the analysis of the low loss region (from 0 to 40 eV) or
the high loss region at the C 1s [138, 145, 156–158], it requires the film to be removed
from the substrate or for a cross-section to be produced. Additionally, the acquisition
of the C 1s is usually carried out with limited energy resolution of approximately
0.5 eV [138, 164].

NEXAFS spectroscopy overcomes these two limitations of EELS since spectro-
scopic data are acquired with an energy resolution lower than 0.1 eV (depending
on the spectrometer) and no sample preparation is usually needed. Even though
NEXAFS spectroscopy has been extensively applied to quantitatively evaluate the
hybridization state of carbon atoms in the near-surface region, a critical assessment of
the methodology for the quantification of the local bonding configuration of carbon
on the basis of NEXAFS data was lacking.

The authors of the present contribution recently reviewed and critically assessed
the commonmethodology for quantitatively evaluating the carbon hybridization state
using carbon 1s NEXAFS measurements [137]. This method, which is based on the
approach developed for the determination of the carbon hybridization state from the
carbon core loss 1s edge in EELS [156, 165] and qualitatively supported by Car-
Parrinello ab initio molecular dynamics simulations [166], considers the relative
intensity of the C 1s→π* and C 1s→σ * absorption features in NEXAFS spectra of
carbon-based materials. Since no theory exists to predict the π*/σ * ratio, a reference
material (usuallyHOPG)with known sp2 content is required for quantitative analysis.
The equation used to compute the fraction of sp2-bonded carbon ( fsp2 ) is:

fsp2 � I π∗
sam /Isam(�E)

I π∗
ref /Iref(�E)

(3.5)

where I π∗
sam and I π∗

ref are, respectively, the areas of the C 1s→π* peaks for the sample
and the reference (which arise exclusively from sp2 bonds), whereas Isam(�E) and
Iref(�E) are the areas under the NEXAFS spectrum between two integration limits
(x1 and x2) for the sample and the reference, respectively. A graphical representation
of the methodology is shown in Fig. 3.7.

A survey of the published literature revealed inconsistencies in applying this
method. First of all, a wide range of integration limit values (x1 and x2) has
been used for computing the area of the C 1s→σ * transition (289–295 eV [123],
294–301 eV [111, 122], 293–302 eV [139], 288.6–325 eV [80], 289–325 eV [20],
and 288.6–320 eV [99]). Secondly, HOPG reference spectra acquired at different
X-ray beam incidence angles have been used in the literature (for example, HOPG
spectra were acquired at 55° with respect to the sample surface [80], while others
were acquired at 45° [99, 139]). This is particularly critical in the case of HOPG due
to the strong dependence of the π*/σ * ratio on the orientation of the basal planes
with respect to the incoming X-ray beam [5] (Fig. 3.8a).
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Fig. 3.7 Carbon 1s NEXAFS spectra of a-C:H and HOPG. Spectra are pre- and post-edge nor-
malized. The NEXAFS spectrum of a-C:H was acquired at a photon incidence angle of 55° with
respect to the sample surface (the so-called “magic angle”) to suppress the effects related to the
X-ray polarization [5], whereas the NEXAFS spectrum of HOPG was collected with the X-ray
beam incident at an angle of 45° to the sample surface. The quantitative evaluation of the carbon
hybridization state in carbon-based materials is based on the relative intensity of the C 1s→π* and
C 1s→σ * absorption features (red- and green-shaded areas, respectively). A referencematerial with
a known fraction of sp2-bonded carbon (e.g., HOPG) is required for quantitative analysis. The area
of the C 1s→π* transition is determined by fitting this feature with a Gaussian synthetic peak [80,
99], whereas the area of the C 1s→σ * absorption feature is computed by numerically integrating
the spectrum between two limits x1 and x2. From [137]

The analysis of the dependence of total resonance intensity for the π* and σ *

orbital on the angle of incidence of the impinging X-ray beam allowed the authors
to derive the experimental conditions (i.e., the critical X-ray incidence angle, θ c)
to be used for the acquisition of HOPG reference spectra to which the π* and σ *

states contribute equally (i.e., the conditions under which amolecular orbital oriented
normal to the substrate surface contributes the same NEXAFS intensity as the orbital
oriented within the substrate plane).

θc � cos−1

√

1

2P
(3.6)

where P is the polarization factor in the plane of the electron beam orbit (P �
∣
∣E‖∣∣2/

(∣
∣E‖∣∣2 +

∣
∣E⊥∣

∣
2
)

) [5], which is equal to 0.85 for the beamlines used in the

present work (NIST/Dow endstation of beamline U7A and at the Oak Ridge National
Laboratory endstation of beamline U12A at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory, Upton, NY, USA) [26, 167]. In the case
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Fig. 3.8 a Carbon 1s
NEXAFS spectra of HOPG
acquired at different X-ray
incidence angles. Spectra are
pre- and post-edge
normalized. Inset: zoomed
view of the absorption edge
region of the C 1s spectra.
Spectra displayed without
any offset to allow for
comparisons; b ratio of the
integrated intensity of the C
1s→π* (computed by fitting
this signal with a Gaussian
synthetic peak) and C
1s→σ * (computed by
numerically integrating the
spectrum between 288.6 and
320 eV) absorption features
as a function of the X-ray
incidence angle. Adapted
from [137]
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of linearly polarized X-rays (P�1), θ c is equal to 45°, while for elliptically polarized
X-rays with polarization factor P equal to 0.85 (as in the case of U7A and U12A),
θ c is equal to 40°. It should be noted that there are claims in the literature that this
angle should be the magic angle (i.e., 55° with respect to the sample surface). The
analysis reported in [137] demonstrated that this is not correct and provided a formula
for computing the X-ray incidence angles that should be used for acquiring HOPG
spectra to be employed as reference in the determination of the carbon local bonding
configuration from NEXAFS data (using (5)).

Since the π*/σ * ratio in HOPG spectra strongly depends on the X-ray incidence
angle (θ ) [5] (Fig. 3.8b), uncertainty in the angular position of the HOPG relative
to the impinging X-ray photons can lead to errors in the quantitative analysis. The
derivation of an analytical expression that describes the dependence of the π*/σ *

ratio on the X-ray incidence angle allowed for the calculation of the uncertainty
of in the fraction of sp2-bonded carbon due to uncertainties in the X-ray incidence
angle (Fig. 3.9a, b). The uncertainty increases with both the fraction of sp2-bonded
carbon (Fig. 3.9a) and the uncertainty in the angle of X-ray incidence (Fig. 3.9b). In
the case of the beamlines used in this work, the uncertainty in the X-ray incidence
angle was 1°, which translates into an uncertainty in the computed fraction of sp2-
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bonded carbon linearly increasing with the fraction of sp2-bonded carbon up to 3.6%
for 100% sp2-bonded carbon, which is modest. However, a larger uncertainty in X-
ray incidence angle of 5° produces a much more significant error of 8.9% for 50%
sp2-bonded carbon, and 17.9% for 100% sp2-bonded carbon. These findings clearly
demonstrated the importance of minimizing any uncertainty in the angular position
of HOPG relative to the impinging X-ray beam.

As pointed out above, a wide range of integration limits (x1 and x2) has been
used in the literature for computing the integrated intensity of the C 1s→σ * absorp-
tion feature in NEXAFS spectra. The investigation of the evolution of the computed
fraction of sp2-bonded carbon for an a-C:H film as a function of the integration lim-
its used to calculate the area of the C 1s→σ * transition is shown in Fig. 3.9c, d.
For highlighting the influence of the integration limits on the results of the quan-
tification, the error in the calculated fraction of sp2-bonded carbon relative to the
fraction obtained using the integration limits employed in [99] (x1 � 288.6 eV; x2 �
320 eV) is also shown in Fig. 3.9c, d. The outcomes of this analysis indicated that
for the quantification of the carbon hybridization state using carbon 1s NEXAFS
spectroscopy, the low-photon-energy integration limit (x1) can be chosen arbitrarily
between 286.6 and 295 eV, whereas the high-photon-energy integration limit (x2)
should be taken at photon energies above 310 eV. In fact, large variations, as large as
10%, in the computed fraction of sp2-bonded carbon occurred upon decreasing the
high-photon-energy integration limit below 310 eV.

3.4.2 NEXAFS Spectroscopic Investigation
of the Thermally-Induced Structural Evolution of Solid
Lubricating Films

The thermally-induced structural evolution of amorphous carbon (a-C) thin films is a
subject of fundamental and technological interest [112, 168–170]. As one particular
example, the investigation of the effect of annealing temperature on the structure of
tetrahedral amorphous carbon (ta-C) has important implications regarding the use of
ta-C as an engineering material. In fact, thermal annealing at elevated temperatures
(~650 °C) for a period of minutes is necessary in the case of ta-C to relieve the high
compressive stress (2–8 GPa) typical for these films [112, 171, 172]. As another
example, knowledge of the temperature effects on the structure of a-C coatings,
which are used as overcoat material in hard-disk drives to protect the magnetic
medium against corrosion and wear [173], is fundamental for developing one of
the most promising solutions for increasing the magnetic storage density, namely
heat-assisted magnetic recording (HAMR) [174]. The intensive localized heating
employed in HAMR for data encoding raises concerns about the structural changes
occurring in a-C overcoats.

Grierson et al. investigated the thermally-induced evolution of the structure of ta-
C by NEXAFS spectroscopy [112]. The results provided evidence that sp3-bonded
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Fig. 3.9 Uncertainty in the computed fraction of sp2-bonded carbon due to uncertainties in the
X-ray incidence angle used for the acquisition of the HOPG reference spectrum as a function of:
a the nominal fraction of sp2-bonded carbon; and b the uncertainty in the X-ray incidence angle. c
Influence of the lower-photon-energy integration limit (x1) used to calculate the area of theC 1s→σ *

transition on the computed fraction of sp2-bonded carbon for a hydrogenated amorphous carbon
film (the high-photon-energy limit x2 was kept fixed at 320 eV). Error bars represent the standard
deviation calculated from multiple independent measurements; d influence of the high-photon-
energy integration limit (x2) used to calculate the area of the C 1s→σ * transition on the computed
fraction of sp2-bonded carbon for a hydrogenated amorphous carbon film (the low-photon-energy
limit x1 was kept fixed at 288.6 eV). Error bars represent the standard deviation calculated from
multiple independent measurements. For highlighting the influence of the integration limits on the
results of the quantification, the error in the calculated fraction of sp2-bonded carbon relative to the
fraction obtained using the integration limits employed in [99] (x1 � 288.6 eV; x2 � 320 eV) is
shown in the upper part of the graphs. Adapted from [137]

carbon–carbon bonds are directly converted to sp2-hybridized carbon-carbon bonds
upon annealing. Additionally, the broadening of the C 1s→π* absorption feature
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clearly indicated an increase in bond length distribution with temperature, while the
shift of this peak to higher photon energies suggested an increase in the degree of
ordering of the sp2 carbon atoms. The quantification of the fraction of carbon atoms
in sp2-hybridization state as a function of temperature allowedGrierson et al. to apply
Sullivan et al.’smodel [171] to determine an activation energy range for the sp3-to-sp2

conversion of carbon hybridization. Sullivan’s model describes the transformation
of sp3- to sp2-bonded carbon as a series of first order chemical reaction. Because of
bond length and angle disorder in a-C materials, a distribution of activation energies
for sp3-to-sp2 conversion of carbon hybridization is also included in the model. The
activation energy range calculated by Grierson et al. (3.5±0.9 eV) was in agreement
with the activation energy for bulk sp3-to-sp2 conversion of carbon hybridization in
ta-C derived from Raman spectroscopic measurements (3.3 eV) [172].

More recently, the authors of the present contribution investigated in situ the
thermally-induced structural evolution of a class of doped hydrogenated amorphous
carbon materials, namely silicon- and oxygen-containing hydrogenated amorphous
carbon (a-C:H:Si:O—also referred to as silicon oxide-doped diamond-like carbon
(SiOx-DLC) or diamond-like nanocomposite (DLN)) [141, 142, 175]. a-C:H:Si:O
is a promising class of multicomponent materials for several applications since the
incorporation of silicon and oxygen reduces their residual stress [176, 177], while not
significantly affecting the mechanical properties [177]. In addition, a-C:H:Si:O films
may present other interesting properties, such as enhanced thermal stability [178,
179] and good tribological behavior (i.e., low friction and wear) across a broader
range of conditions and environments compared to hydrogenated amorphous carbon
(a-C:H) films [177, 180, 181]. The superior thermal stability of a-C:H:Si:O com-
pared to a-C:H was suggested to arise from the fourfold coordination of silicon,
which stabilizes the carbon atoms in the sp3 hybridization state (thus inhibiting their
conversion into sp2-bonded carbon at elevated temperatures) [182–185]. Yet, a fun-
damental understanding of the origin of the superior thermal and thermo-oxidative
stability of a-C:H:Si:O has not been achieved. This hampers the possibility to tailor
the deposition process with the aim of depositing coatings with improved properties.

The thermally-induced structural evolution of a-C:H:Si:O was investigated in situ
by NEXAFS and XPS spectroscopy under high vacuum conditions (pressure <1.0×
10−8 Torr). Carbon 1sNEXAFS spectra (corrected for the contribution of the contam-
ination layer following the method outlined in [99]) of a-C:H:Si:O before and after
annealing are displayed in Fig. 3.10a, b. The NEXAFS spectrum of as-deposited
a-C:H:Si:O exhibited an absorption feature at 285.0±0.1 eV, which is due to the
C 1s→π* transition for disordered carbon-carbon bonds [5, 118]. A broad hump
between 288 and 310 eV, which is due to the C 1s→σ * transition for disordered car-
bon–carbonσ bonds [5, 118], characterized theNEXAFS spectrumof as-deposited a-
C:H:Si:O. The presence of a significant amount of carbon–hydrogen and carbon–sil-
icon bonds in a-C:H:Si:O also resulted in the detection of distinct absorption features
at 287.0±0.1 eV (assigned to the C 1s→σ * transition for C–H bonds [5, 80, 99]) and
288.9±0.1 eV (C 1s→σ * transition for C–Si bonds [136]). It has to be emphasized
that carbon–oxygen bonds are assumed to be only present in the contamination layer.
Under this assumption the composition calculated by XPS more closely agrees with
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Fig. 3.10 a Pre- and post-edge normalized carbon 1s NEXAFS spectra of a-C:H:Si:O acquired
before annealing, and after annealing at different temperatures in vacuum (pressure <1.0×10−8

Torr); b zoomed view of the absorption edge region of the carbon 1s spectra. Spectra displayed
without any offset to allow for comparisons; and c fraction of sp2-hybridized carbon versus anneal-
ing temperature calculated from NEXAFS spectra following the approach outlined in [137]. For
comparison, the evolution of the fraction of sp2-bonded carbon for a-C:H thin films annealed under
similar experimental conditions [134] is also displayed (note: the as-deposited a-C:H thin film has
a fraction of sp2-bonded carbon comparable to the one of as-grown a-C:H:Si:O as well as a similar
hydrogen concentration to a-C:H:Si:O, i.e., 26±3 at.% for a-C:H and 34±3 at.% for a-C:H:Si:O)

the results of secondary ionmass spectrometry (SIMS) andRutherford backscattering
spectrometry (RMS) (SIMS and RBS measurements performed by Evans Analyti-
cal Group, Sunnyvale, CA, USA). Thus, carbon–oxygen absorption features do not
contribute to the contamination-corrected NEXAFS spectrum of a-C:H:Si:O shown
in Fig. 3.10a, b, in contrast to as-acquired NEXAFS data (displayed in Fig. 3.6).

Upon annealing, the intensity of the peak at 285.0±0.1 eV progressively
increased, suggesting an increase in the fraction of sp2-bonded carbon in the near-
surface region. At the same time, the absorption feature at 288.9±0.1 eV decreased
in intensity with the annealing temperature, thus indicating the breakage of car-
bon–silicon bonds. The absorption feature assigned at 287.0±0.1 eV also changed
at elevated temperatures: its intensity first increased upon annealing at 150 °C, which
might be due to hydrogen diffusion to the near-surface region upon low temperature
annealing, and then progressively decreased, which suggests the scission of car-
bon–hydrogen bonds upon annealing. These spectral variations could be highlighted
by computing the difference in NEXAFS spectra between subsequent annealing
steps (not shown). The calculation of difference spectra also highlighted a progres-
sive increase in spectral intensity on the high photon energy side (at ~285.5 eV) of
the C 1s→π* transition, suggesting an increase in the degree of ordering of the sp2

carbon phase [5, 112, 118]. This finding was corroborated by XPS measurements
(not shown).

The fraction of sp2-hybridized carbon, which was calculated following the
methodology reported in [137], is displayed as a function of annealing temperature
in Fig. 3.10c. For comparison, Fig. 3.10c also reports the evolution of the fraction
of sp2-bonded carbon for an a-C:H film obtained from in situ XPS annealing experi-
ments performed under similar experimental conditions (the as-deposited a-C:H film
has a fraction of sp2-bonded carbon comparable to the one of as-grown a-C:H:Si:O
as well as a similar hydrogen content to a-C:H:Si:O, i.e., 26±3 at.% for a-C:H and
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34±3 at.% for a-C:H:Si:O) [134]. These results clearly indicate that doping a-C:H
with silicon and oxygen at themodest level of, respectively, 6±1 at.% and 3±1 at.%
slightly increases the thermal stability of a-C:H:Si:O compared to a-C:H in high vac-
uum [141, 142]. The analysis of the energetics of the thermally-induced structural
evolution of a-C:H:Si:O is reported in [141], where atomistic insights (from molec-
ular dynamics (MD) simulations) into the processes occurring in this material at
elevated temperatures are also presented.

3.4.3 NEXAFS Spectroscopic Investigation
of the Tribochemistry of Solid Lubricants

3.4.3.1 Photoemission Electron Microscopy (PEEM)

As outlined in Sect. 3.3.1.2.2, photoemission electron microscopy (PEEM) is a full
field imaging technique commonly combined with X-ray synchrotron radiation. The
high surface sensitive of this spectroscopic technique together with its excellent spa-
tial resolution (<50 nm [69], or even below 10 nm in aberration corrected instruments
[70]) [14, 71–75] has made it an increasingly attractive characterization technique
in several fields, including tribology [14, 20, 77–82], thin film magnetism [83–85],
catalysis [86], semiconductor [87], polymer science [88–90], geology [91–93], and
microbiology [94].

Anders et al. employed PEEM to study lubricated and unlubricated hard disks
after wear tests [78, 79]. The hard disk/slider interface involves mechanical and tri-
bochemical processes between the hard carbon-based overcoat on the disk, the lubri-
cant (a perfluoropolyether (ZDOL) fluid [173]), and the carbon coated or uncoated
slider surface. By exploiting the excellent lateral resolution of PEEM, Anders et al.
acquired NEXAFS spectra inside the wear track after the disks failed the tribological
tests. The spectroscopic results indicated the formation of various new carbon–oxy-
gen (mostly carboxylic) bonds in the wear tracks with a reduction of the amount
of fluorine and carbon. These findings provided clear evidence that the chemical
modifications inside the wear track were induced by the degradation of the lubricant,
which was not solely a mechano-chemical process, but it was also accompanied by
oxidation reactions.

Konicek et al. investigated by PEEM the surface-chemical phenomena governing
the environmental dependence of the tribological properties of UNCD [20]. This
material exhibits poor tribological performance in dry or vacuum conditions, which
is hypothesized to be due to the high strength of the carbon–carbon bonds that rapidly
form across the interface. This happens as a consequence of the removal of passivat-
ing surface species (like hydrogen) induced by the sliding process [186, 187]. The
reduction of friction andwear asmolecular species such as hydrogen, oxygen orwater
are present in the surrounding vapour is thought to be due to the dissociative adsorp-
tion of gaseous species, which saturate the dangling bonds formed on the surface by
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the applied stress [188–191]. These findings are consistent with molecular dynam-
ics (MD) simulations [192–194] and density functional theory (DFT) calculations
[195–197] as well as with the studies performed at the nanometer scale by atomic
force microscopy (AFM) [198]. However, others proposed that low friction and wear
are achieved in humid environments in the case of highly sp3-bonded hydrogen-free
carbon by the rehybridization of carbon atoms to ordered (graphitic) sp2 bonding
[199–201]. The debate regarding the origin of the impressively low friction and wear
of highly sp3-bonded hydrogen-free carbon-based films in humid environments may
have been settled thanks to the work of Konicek et al., who, using PEEM combined
with NEXAFS spectroscopy, provided a spectroscopic evidence of the passivation
hypothesis [20, 82], as outlined in the following.

Konicek et al. performed tribological experiments using UNCD-coated silicon
nitride (Si3N4) spheres and silicon wafers at low (0.1 N, 300 MPa mean Hertzian
contact pressure) and high (1.0 N, 649 MPa) loads, in low (1%) and high (50%)
relative humidity (RH). The tests were referred to as HD, LD, HW, and LW for high
(H) or low (L) load and dry (D) or humid (W for wet) conditions. In all cases, friction
coefficients below 0.05 were achieved at steady state, even though in the case of the
experiments performed in dry environment at high load (HD), more sliding cycles
were required to achieve this low friction coefficient.

Figure 3.11a displays an example of PEEM image captured at a photon energy of
289 eV (corresponding to the edge jump in the NEXAFS spectrum of UNCD, see
Fig. 6) [20]. Carbon 1s NEXAFS spectra could be extracted from regions of interest
(ROI) and compared to the spectrum of unworn UNCD (Fig. 3.11b). The authors
observed increases in spectral intensity from 286 to 289 eV, an energy window in
which the characteristic signals of C=O (~286.4 eV [5, 139]) and C–H (~287.5 eV
[5]) are found. These changes in the intensity of NEXAFS spectra, which strongly
depended on the environment and applied load (Fig. 3.11b), were accompanied by
some conversion of sp3-bonded carbon to sp2-bonding, as evidenced by the increased
intensity at 285 eV (due to the C 1s→π* transition for disordered carbon–carbon
bonds [5, 118]. In the case of as-deposited UNCD, this absorption peak is due to
sp2-bonded carbon present at grain boundaries, as surface contamination, and due
to the reconstruction of diamond surfaces). However, upon sliding none of the C
1s→π* absorption features exhibited the shift from 285 to 285.5 eV (characteristic
position for the C 1s→π* absorption peak for HOPG), thus indicating that graphitic
(ordered) carbon is not formed upon sliding. Based on these findings, the authors
concluded that the lubrication mechanism for diamond involving the formation of
substantial graphitic carbon layers does not occur for UNCD under the broad range
of conditions explored. Rather, the mechanism leading to low friction is passivation
of dangling bonds.

This conclusion was substantiated by a subsequent study by the same authors
[82], inwhich tribological experiments were performed usingUNCD- and hydrogen-
free tetrahedral amorphous carbon (ta-C)-coated silicon nitride spheres and silicon
wafers. The experiments were carried out under different environmental conditions
(relative humidity, RH, from 1 to 50%) and applied normal pressure (initial mean
Hertzian contact pressure ranging from 240 to 649MPa). For the ta-C, tracks created
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Fig. 3.11 a Example of PEEM image (acquired at 289.0 eV photon energies) of the wear track
generated upon sliding a UNCD-coated silicon nitride (Si3N4) pin on UNCD with an applied load
of 1.0 N and a relative humidity of 1.0% (HD); b carbon 1s NEXAFS spectra extracted from PEEM
images. Top spectrum (black line): reference taken far from the wear track; bottom spectrum (gray
line): spectrum extracted from the region drawn in (a). Inset: magnified plot (C1 s→π* region) of
the spectra shown in (b) together with a spectrum extracted from the track generated at 0.1 N and
50% RH (LW. PEEM image not shown). From [20]

at lower humidity and higher load experienced increased friction and wear, while for
the UNCD friction trends were unclear but lower humidity did lead to greater wear
rates.

Ex situ PEEM measurements were carried out to gain information about the
chemical changes and structural transformations induced by the sliding process.
Figure 3.12a displays a typical PEEM image (with a defined region of interest, ROI)
obtained at 289.0 eV for the case of the track formed on ta-C at 0.5 N and 1.0%
RH. This track was heavily worn. The extracted carbon 1s and oxygen 1s spectra
from the selected ROI are also displayed in Fig. 3.12a. Reference spectra taken from
the unworn region are reported together with the spectra obtained from the PEEM
analyses of the track created upon sliding at 0.5 N and 50% RH (this track was only
lightly worn). Two main differences could be noticed when comparing the carbon 1s
NEXAFS spectra of the heavily-worn (0.5 N, 1.0% RH) and unworn regions: first,
the C 1s→π* transition for disordered carbon–carbon bonds at 285.0 eV [5, 118]
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Fig. 3.12 a Example of PEEM image (acquired at 289.0 eV photon energy) of the wear track
generated upon sliding a ta-C-coated silicon nitride (Si3N4) pin on ta-C with an applied load of
0.5 N and a relative humidity of 1.0%. The carbon 1s and oxygen 1s spectra extracted from the
region of interest defined in PEEM images are shown. The spectra extracted from PEEM images
collected from a sample after tribological testing at a relative humidity of 50% are also displayed;
b example of PEEM image (acquired at 289.0 eV photon energies) of the wear track generated
upon sliding a UNCD-coated silicon nitride (Si3N4) pin on UNCD with an applied load of 1.0 N
and a relative humidity of 1.0%. The carbon 1s and oxygen 1s spectra extracted from the region of
interest defined in PEEM images are shown. The spectra extracted from PEEM images collected
from a sample tribologically-stressed at a relative humidity of 50% are also displayed. From [82]

increased in intensity in the former, which indicates the conversion of carbon atoms
from sp3- to sp2-hybridization state upon sliding; secondly, a significant amount of
oxidation is present in the track, as suggested by the peaks at ~286.7 and 288.6 eV,
whichwas assigned toC–ORydberg orbitals andC–Oσ * orbitals, respectively [106].
As for the case of the track generated at 0.5 N and 50.0% RH, which was lightly
worn, these spectral differences occurred to a much lesser extent, indicating a small
amount of rehybridization and some traces of oxidation. The oxygen 1 s spectra
provided additional information. While the spectrum of the track formed at 0.5 N
and 50.0% RH was very similar to the one extracted from the unworn area, in the
case of the experiments performed at 0.5 N and 1.0% RH there was a substantially
higher oxygen concentration in the wear track. Additionally, the oxygen was more
σ bonded as opposed to π bonded, as demonstrated by the much larger edge jump at
538.0 eV and the C–O feature at ~541 eV. In the case of the tracks for at 0.5 N and
1.0% RH, the pre-edge peak shifted from 532.7 eV (characteristic to a π* transition
for double-bonded oxygen) to 533.4 eV, indicating the presence of O–H bonds [106].
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The PEEM results obtained from the tribological tests carried out with UNCD
were similar to those from the experiments performed with ta-C. Figure 3.12b shows
a typical PEEM image (acquired at 289 eV) from a region entirely inside the UNCD
track created at 1.0 N and 1.0% RH. The carbon 1s and oxygen 1s spectra extracted
from the worn and unworn regions are reported, together with the spectra obtained
from the experiments ran at 1.0 N and 50.0% RH. For the experiments carried out at
1.0N and 1.0%RH, the increase in intensity of the peak at 285.0 eV,which is assigned
to the C 1s→π* transition for disordered carbon-carbon bonds [5, 118], provided
evidence of sp3-to-sp2 rehybridization. Additionally, the spectral features appearing
at ~286.4 and ~288.6 eV clearly indicated the oxidation of the near-surface region.
The oxygen 1s data acquired on UNCD are also similar to those collected on ta-C:
there is a weak oxygen signal in the unworn region, while this signal significantly
increased in intensity in the case of the tracks generated at 1.0 N and 1.0% RH.
While the spectrum extracted from the wear track generated at 1.0 N and 50.0% RH
has a similar intensity to the one of the unworn region, the pre-edge peak shifted
from 533.2 to 533.5 eV, indicating, as in the case of the ta-C experiments, more O–H
bonding.

These results supported the conclusion that the lubrication mechanism of ta-C
and UCND is related to the passivation of surface dangling bonds by dissociated
water vapor. Upon sliding, dangling bonds are generated, but the overall tribological
behavior is dominated by the competition between their passivation by the disso-
ciative adsorption of water and the formation of covalent bonds across the slid-
ing interface. Additionally, the experimental results provided clear evidence that no
ordered graphitic carbon is formed upon sliding, even though some rehybridization
of sp3-bonded carbon to sp2 bonding occurred. All together, the outcomes of this
work indicated that the primary solid-lubrication mechanism for highly sp3-bonded,
nearly hydrogen-free carbon materials (either amorphous or polycrystalline) is the
passivation of dangling bonds by OH and H from the dissociation of vapor-phase
water. This was supported by ab initio density functional theory (DFT) calculations
[195–197].

3.4.3.2 Magnetically-Guided Imaging NEXAFS Spectroscopy

As outlined in Sect. 3.3.1.2.2, magnetically-guided imaging NEXAFS spectroscopy
is a spatially-resolved techniques that allows for the acquisition of spectroscopic data
over a field of view of 18×13 mm2 with a lateral resolution of 50 μm.

Konicek et al. employed this surface-analyticalmethod to perform chemical imag-
ing of both countersurfaces of a self-mated sphere-on-flat UNCD contact [18]. Two
wear tracks were created using a bidirectional linear reciprocating microtribometer
placed in a sealed environment (5% RH): the first track was generated using a new,
unconditioned sphere, whose surface was then conditioned during the first experi-
ment and used for the second test. Conditioning of the sphere led to faster run-in,
lower friction, and lower wear when producing the second wear track. By taking
advantage of the capabilities of the rapid parallel processing magnetic field electron
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yield optics detector of NIST/Dow endstation of beamline U7A at the National Syn-
chrotron Light Source (NSLS, Brookhaven National Laboratory, Upton, NY, USA),
spectromicroscopic images could be collected on both the spherical and flat surfaces.
The spectroscopic results acquired on the flat indicated that the carbon chemical state
undergoes less modification when friction and wear are low. Additionally, the NEX-
AFS spectra extracted from the imaging data acquired on the film deposited on the
sphere exhibited a C 1s→π* transition at a photon energy of 285.2 eV both before
and after sliding, thus suggesting the presence of both disordered and ordered car-
bon–carbon bonds [5, 118, 122, 139]. These results led the authors conclude that the
higher ordering of the sp2-bonded carbon for the material present in the near-surface
region of the sphere compared to the material deposited on the flat was not responsi-
ble for low friction and short run-in. Rather, conditioning of the sphere, which could
likely remove asperities and passivate surface dangling bonds, was proposed to be
the reason leading to immediate run in when sliding on a new portion of the flat and
resulting in lower friction with less chemical modification of the substrate.

The authors of the present contribution recently employed magnetically-guided
imaging NEXAFS spectroscopy to investigate the tribological properties of silicon-
and oxygen-containing hydrogenated amorphous carbon (a-C:H:Si:O). a-C:H:Si:O
thin films are promising materials for several applications (e.g., microelectrome-
chanical systems, aerospace, overcoats for hard-disks), since the incorporation of
silicon and oxygen in the hydrogenated amorphous carbon matrix renders its tri-
bological behavior less dependent on the environmental conditions compared to
undoped carbon-based materials [177]. While the tribological properties of these
films have been studied quite extensively in different environments (from dry to
humid atmospheres) [177], only a few studies have focused on the mechanisms by
which their excellent tribological performance is achieved, particularly under low
pressure conditions.

Tribological tests were performed using a pin-on-flat configuration, where a steel
pin was slid on an a-C:H:Si:O surface. The results revealed a strong environmen-
tal dependence of the tribological performance of a-C:H:Si:O: under high vacuum
conditions, the friction coefficient quickly reached values above 1, but a signifi-
cant reduction in friction was observed when hydrogen or oxygen was leaked in the
experimental chamber at a pressure of at least 50 or 10mbar, respectively [98]. Addi-
tionally, upon increasing the oxygen pressure in the chamber from 10 to 1000 mbar,
the coefficient of friction increased from 0.02±0.01 to 0.06±0.01, whereas upon
increasing the hydrogen pressure from 50 to 2000 mbar, the coefficient of friction
decreased from 0.08±0.01 to 0.02±0.01.

To investigate the structural transformations and chemical reactions occurring in
the near-surface region of a-C:H:Si:O upon sliding under different environmental
conditions, imaging NEXAFS measurements were performed. Figure 3.13a shows
a schematic of an a-C:H:Si:O sample on which multiple tribological experiments
were performed at different oxygen and hydrogen partial pressures. Using the same
experimental apparatus employed by Konicek et al. [18], a series of two-dimensional
NEXAFS imageswere acquired as the energy of the incident soft X-rayswas scanned
across the carbon 1s edge. Figure 3.13b-e displaysNEXAFS images collected at pho-
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ton energies corresponding to the characteristic absorption features of the NEXAFS
spectrum of a-C:H:Si:O [98], i.e., 285.1±0.2 eV, 286.7±0.2 eV, 287.6±0.2 eV,
and 288.8±0.2 eV. These images were generated after pre- and post-edge normal-
izing the NEXAFS data to ensure that variations in spectral intensity only arise from
chemical changes and are independent of the total carbon content. Independently
of the sliding environment, the intensity of the signals at 285.1±0.2 eV (assigned
to the C 1s→π* transition for disordered carbon–carbon sp2 bonds [5, 118]) and
287.6±0.2 eV (assigned to the C1 s→σ * transition for C–H bonds [5, 80, 99])
increased inside the wear tracks, whereas the intensity of the spectral feature at
288.8±0.2 eV (due to the C 1s→σ * transition for carbon–silicon and carbon–oxy-
gen bonds, as well as to the C 1s→π* transition for carboxyl groups [5, 106, 136])
decreased in the wear tracks. As for the signal at 286.7±0.2 eV (mainly due to the C
1s→π* transition for C=O bonds and with a small contribution from the C–O Ryd-
berg orbitals [5, 106]), its intensity significantly increased in the tracks generated
upon sliding under oxygen environment.

NEXAFSspectrawere extracted from thewear tracks generated at different hydro-
gen and oxygen partial pressure (Fig. 3.13f). Subtle changes in the intensity of the
characteristic absorption features of a-C:H:Si:O could be discerned by comparing
the spectra. To more easily investigate the structural transformations and chemical
changes occurring in the near-surface region of a-C:H:Si:O upon sliding at differ-
ent hydrogen and oxygen partial pressure, the difference between spectra obtained
from the worn and unworn a-C:H:Si:O regions was calculated (Fig. 3.13g). Com-
puting these difference spectra also allows the contribution of the carbonaceous
contamination layer present on the sample surface due to its exposure to air to be
eliminated. This is valid under the assumption that the adventitious contamination
layer is laterally homogeneous in composition, density, and thickness across both
worn and unworn region, i.e., is due to ambient exposure after the tribotesting. This
approach avoids the need for correcting the as-acquired spectra for the presence of an
adventitious carbonaceous contamination using a reference sample [99]. As for the
tests performed in hydrogen, the intensity of the C 1s→π* transition for disordered
carbon–carbon sp2 bonds at 285.1±0.2 eV significantly changed upon sliding at
different gas pressure: it increased for low gas pressure (50 and 200 mbar), which
demonstrates a significant conversion from sp3- to sp2-bonded carbon, whereas it
decreased for the highest hydrogen pressure (2000 mbar). Furthermore, a decrease
in intensity of the signal at 288.8±0.2 eV (assigned to the C 1s→σ * transition for
carbon–silicon and carbon–oxygen bonds, as well as to the C 1s→π* transition for
carboxyl groups [5, 106, 136]) was observed. Since the computation of difference
spectra allows the contribution of the carbonaceous contamination layer present on
the sample surface due to its exposure to air to be eliminated, the main contribution
to the signal at 288.8±0.2 eV derives from carbon–silicon bonds (carbon–oxygen
bonds are assumed to be only present in the contamination layer. Under this assump-
tion the composition calculated by XPS more closely agrees with the results of
secondary ion mass spectrometry (SIMS) and Rutherford backscattering spectrom-
etry (RMS). SIMS and RBS measurements performed by Evans Analytical Group,
Sunnyvale, CA, USA). Finally, intense peaks were also observed in difference spec-
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Fig. 3.13 a Schematic of an a-C:H:Si:O sample on which multiple tribological experiments were
performed at different oxygen and hydrogen partial pressure using a steel counterbody; b–e NEX-
AFS maps acquired at different photon energies, i.e., 285.1±0.2 eV (assigned to the C 1s→π*

transition for disordered carbon-carbon sp2 bonds [5, 118]), 286.7±0.2 eV (mainly due to the C
1s→π∗ transition for C=O bonds and with a small contribution from the C–O Rydberg orbitals
[5, 106]), 287.6±0.2 eV (assigned to the C 1s→σ * transition for C–H bonds [5, 80, 99]), and
288.8±0.2 eV (due to the C 1s→σ * transition for carbon–silicon and carbon–oxygen bonds, as
well as to the C 1s→π* transition for carboxyl groups [5, 106, 136]) are also displayed; f carbon
1s NEXAFS spectra of a-C:H:Si:O extracted from the contact and non-contact regions of the NEX-
AFS images reported in (b–e); g difference NEXAFS spectra (contact minus non-contact spectra)
computed to highlight chemical differences between contact and non-contact regions

tra at 286.0±0.2 eV and 287.8±0.2 eV (respectively due to the C 1s→π* transition
for carbonyl groups [5, 106] and the C 1s→σ * transition for C–H bonds [5, 80, 99]).
The detection of a peak that can be assigned to carbon–oxygen bonds in the spectra
extracted from the tracks produced in hydrogen can be due to some residual oxygen
in the vacuum chamber. It is worth noticing that the relative intensity of these two
peaks decreased with the hydrogen pressure, indicating a progressive increase in the
concentration of carbon–hydrogen bonds in the near-surface region of a-C:H:Si:O
upon increasing the hydrogen partial pressure during tribological tests against steel.

As for the tribological tests performed in oxygen, the difference carbon 1s NEX-
AFS spectra revealed a positive peak at 285.1±0.2 eV, thus indicating an increase
in the fraction of disordered carbon–carbon sp2 bonds. Additionally, the peak at
288.8±0.2 eV (assigned to the C 1s→σ * transition for carbon–silicon and car-
bon–oxygen bonds, as well as to the C 1s→π* transition for carboxyl groups [5,
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106, 136]) decreased in intensity with gas pressure, while a positive peak appeared
at 286.0±0.2 eV (assigned to the C 1s→π* transition for carbonyl groups [5, 106]),
thus indicating an increase in the fraction of carbonyl groups in the near-surface
region upon sliding in oxygen. The detection of a positive peak at 287.8±0.2 eV,
which can be assigned to carbon–hydrogen bonds [5, 80, 99], in the spectra extracted
from the tracks produced in oxygen can be due to some residual hydrogen in the vac-
uumchamber. The relative intensity of the peaks at 286.0±0.2 eV and 287.8±0.2 eV
did not significantly change with the oxygen partial pressure, but their absolute inten-
sity decreased.

To gain information about the silicon oxidation state and quantitatively evaluate
the composition of the near-surface region, in situ (post mortem) XPS analyses were
performed (not shown). When sliding in hydrogen, a slight increase in the fraction of
silicon atoms in low oxidation states was observedwith gas pressure. On the contrary,
in the case of the experiments performed in oxygen, the silicon oxidation state first
decreased at the lowest gas pressure (10 mbar), and then increased upon increasing
the gas pressure. The composition of the near-surface region of the wear tracks also
changed with gas pressure: when sliding in hydrogen, no significant variations were
observed up to 2000 mbar. At this pressure, the oxygen concentration in the near-
surface region of the wear track slightly decreased. In the case of the experiments
performed in oxygen, a progressive increase in oxygen and silicon concentration
was observed in the wear track upon increasing the gas pressure during tribological
experiments.

On the basis of the NEXAFS and XPS results, the authors developed a model
for explaining the friction response of a-C:H:Si:O sliding against steel under differ-
ent environmental conditions. Independent of the gas environment, a stress-induced
conversion from sp3- to sp2-bonded (disordered) carbon–carbon bonds occurs in the
near-surface region. When sliding in hydrogen, the newly-generated, strained sp2

carbon layer reacts with hydrogen molecules to form a hydrogenated amorphous
carbon material. Upon increasing the hydrogen pressure, the fraction of carbon–hy-
drogen bonds increases. This is proposed to progressively lower the shear strength of
thematerial at the sliding interface, thus resulting in a decrease of frictionwith hydro-
gen pressure. When sliding in oxygen, the dissociative reaction of oxygen molecules
with strained sp2 carbon–carbon bonds leads to the formation of carbonyl groups, as
indicated by imaging NEXAFS measurements. Additionally, increasing the oxygen
pressure during tribological testing leads to an increase in oxygen concentration in
the near-surface region of a-C:H:Si:O together with an increase in the fraction of
silicon atoms in high oxidation states, which are proposed to increase friction with
oxygen gas pressure by progressively increasing the shear strength of the material
generated at the sliding interface.
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3.5 Conclusions

Fundamental research in tribologyhinges on the development of newcharacterization
techniques to better analyze contacting, sliding interfaces. Synchrotron-based near
edge X-ray absorption fine structure (NEXAFS) is a powerful surface-analytical
tool thanks to its elemental specificity, surface sensitivity, and ability to provide
important information about local bonding configurations, such as hybridization,
chemical states, and bond orientations. Additionally, spatially-resolved NEXAFS
spectroscopic techniques, such as photoemission electron microscopy (PEEM) and
magnetically-guided imaging, enables chemical imaging of material surfaces with
high spatial resolution. In light of this, NEXAFS spectroscopy has effectively been
used for investigating tribological surfaces as well as for accessing spatial inhomo-
geneities in their surface chemistry and structure.

In the present contribution, the principles of NEXAFS spectroscopy were
described together with the methods for acquiring and processing NEXAFS. Exam-
ples of the application of NEXAFS spectroscopy for fundamental and applied
research in tribology were provided. In particular, case studies concerning the
thermally- and tribologically-induced structural evolution of amorphous carbon-
based materials were presented.
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Chapter 4
Tribochemistry of n-Alkane Thiols
Examined by Gas-Phase Lubrication
(GPL)

Maria-Isabel De Barros Bouchet and Jean-Michel Martin

Abstract Gas Phase Lubrication (GPL) is an approach allowing to simulate exper-
imentally the reaction mechanism of lubrication additives on a surface thanks to a
specific device, an environmentally controlled analytical tribometer (ECAT). Indeed
it is shown that GPL is able to simulate the boundary lubrication regime by bringing
directly the molecules on the surface in contact. The presence of in situ chemical
analysis clearly gives some insights on the chemical dissociation pathway and reac-
tion of additive molecules on the surface under shearing leading to the tribofilm
formation. This is a huge advantage compared to standard liquid phase lubrication
coupled with ex situ post mortem surface analyses. GPL approach also permits to
investigate the critical role of the freshly nascent surfaces obtained by friction inUHV
in the decomposition mechanism of the additive molecules. This brings new knowl-
edge of the complex phenomena that can occur in lubricated friction experiments.
Moreover, such experimental approach appears particularly suited for combination
with numerical simulations, offering unique capabilities for investigating boundary
lubricated interfaces. In this chapter, GPL is applied to investigate the tribochemical
reactions of sulfur-based compounds, N-alkanethiols. Undoubtedly, the primordial
role of nascent tribo-stressed metallic surfaces obtained after shearing in the disso-
ciation of lubricant additives under boundary lubrication conditions is highlighted.
The investigation into the reactivity of thiol molecules showed that they suffer dis-
sociative adsorption on the asperities of the tribo-stressed nascent metallic surface,
rapidly forming a thin protective film composed of iron sulfide reducing the friction.
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4.1 Introduction

Currently, the development of new efficient and sustainable lubrication technologies,
such as low SAPS (low sulfated ash, phosphorus and sulfur) lubricants or lubricants
containing biodegradable additives, is crucial to meet both environmental and eco-
nomic concerns of the 21st century [1]. As formulated lubricants are highly complex
fluids due to the numerous additives mixed with the base oils, the reaction mech-
anisms of each, as well as possible synergistic or antagonist interactions between
them, need to be well understood. Given the complexity of the reaction mechanisms
at the origin of the properties of the lubricating additives and the physico-chemical
phenomena that may impact these reactions, it is necessary for researchers to control
and simplify tribological systems. Most studies in the literature were conducted with
traditional tribometers to understand the action mode of the additives by controlling
as many parameters as possible and using surface analysis techniques. However,
these studies at atmospheric pressure still have some restrictions, such as the lack
of control of the surface chemistry and post-mortem chemical analyses. To avoid
these problems and since chemical analyses are crucial for understanding physico-
chemical phenomena, studies combining tribometry and in situ surface analyses
were carried out using ultra-high vacuum (UHV) chambers. Initially, such tribome-
ters were used to investigate the friction of clean materials without contaminants [2],
with the advantage that the surface of these materials can be modified in a controlled
way by introducing molecules in the gaseous phase [3]. The coupling of tribological
experiments with in situ analytical techniques (XPS, AES, SIMS, etc.) allowed the
formation ofwell-defined surfaceswith controlledmolecular top layers and the deter-
mination of their absorption and decomposition properties [4, 5]. These tribometers
have also been used to develop and test solid lubricants for aerospace applications [6,
7]. These new in situ approaches, aimed at further simplifying tribological systems
by controlling the atmosphere, surfaces and products formed, appear to be perfectly
suited for investigating the action mechanisms of lubricating additives. As in all
simplified systems, the connection between these systems and reality remains to be
established. In particular, it is necessary to study the link between liquid-phase lubri-
cation and gas-phase lubrication. Many experiments, including those of Lauer [8],
illustrate the possibility of lubricating a surface with gaseous molecules and suggest
that the two above means of lubrication are not so different [9]. This point is partic-
ularly justified under boundary lubrication conditions, where friction mainly results
from the additives adsorbed on the asperities of the sliding surfaces where there is no
longer a liquid lubricant film and thus no effect related to the rheology of the fluid.
Therefore, how the additives are brought to the sliding surfaces does not matter. The
crucial point for boundary lubrication to be effective is their presence on the surface!

Consequently,we examined a newapproach based on gas-phase lubrication (GPL)
combined with in situ surface analyses to experimentally simulate reactions of the
additives under boundary lubrication conditions. In the following sections of this
chapter, theGPLapproach is detailed, and its application in the studyof the adsorption
and tribochemistry of thiol compounds on steel-based substrates is presented. A



4 Tribochemistry of n-Alkane Thiols Examined … 109

specific experimental methodology allowed by GPL to separate the different sources
of activation of the tribochemical reaction described in the literature (i.e., thermal
effects, pressure effects, nascent surfaces,molecular shearing, exo-electron emission,
etc.) is also presented.

4.2 Experimental

4.2.1 Gas-Phase Lubrication (GPL) Coupled with In Situ
XPS/AES Surface Analyses

Under boundary lubrication conditions, surfaces asperities bear all the load of the
contact. In these specific conditions, the contact can be considered ‘dry’ because there
is practically no base oil fluid film at the contact. The friction is concentrated at the
lubricant additives adsorbed on the surface of each body in contact. In GPL exper-
iments, low-molecular-weight molecules, which are easily vaporized, are needed.
First, polished surfaces are heated to approximately 100 °C under UHV to remove
physisorbed molecules. Second, gaseous molecules are introduced and chemically
or physically adsorbed on the surfaces. These model molecules must display the
same chemical functionalities, i.e., long hydrocarbon chains containing additives,
in order to simulate the tribochemical reactions that occur under boundary lubrica-
tion conditions. Third, friction experiments can be carried out under a controlled
partial pressure of gas. In this way, the conditions are very similar to those existing
under boundary lubrication conditions because the friction occurs on the molecules
adsorbed on the contacting surfaces.

A device dedicated to GPL, coupling an environmentally controlled tribometer
and XPS/AES surface analysis system, named ECAT (Environmentally Controlled
Analytical Tribometer) was built in the LTDS laboratory (Fig. 4.1) [10]. This device
is composed of three independent parts: a UHV chamber for tribometry, a surface
analysis system and a UHV chamber for the preparation and cleaning of samples.
ECAT allows friction experiments to be carried out under UHV or controlled gas
pressures. Pure or mixed gases can be introduced, and the inlet gas pressure can be
monitored from 10−9 to 2000 hPa with a membrane vacuum gauge. The purity and
proportion of inlet gases can be controlled by a residual gas analyser. This anal-
yser also permits the nature of molecules generated during the friction experiments
to be analysed, providing complementary, interesting information about the tribo-
chemicalmechanism [11]. Friction experiments under a controlled environmentwere
conducted with a reciprocating pin-on-flat tribometer over a wide range of contact
pressures and sliding speeds. The flat temperature can be varied from liquid nitrogen
temperature (approximately −100 °C) to 800 °C. For the experiments discussed in
the following paragraphs, a normal load of 3.5 N was applied, corresponding to a
maximum Hertzian contact pressure of 0.52 GPa and a track width of 114 µm. The
track length was adjusted to 2 mm, and the sliding speed of the reciprocating motion
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Fig. 4.1 ECAT device equipped with a tribometry chamber (green), XPS/AES surface analysis
system (blue) and UHV preparation chamber (orange) [10]

was 0.5 mm/s. All experiments were performed at ambient temperature (flat tem-
perature of approximately 25 °C). This tribometer can measure friction coefficients
with both very low (milli range) and very high values (above 1). The applied normal
load was adjusted automatically as the partial pressure changed.

In addition, this device makes it possible to carry out in situ XPS and Auger anal-
yses. For these analyses, the tribometry chamber is connected to a surface analysis
system by an intermediate UHV chamber dedicated to the cleaning (heat treatment
and surface abrasion) and preparation (thermal evaporation) of samples (Fig. 4.1).
This intermediate chamber prevents the worn surfaces from being contaminated by
the gases used in the GPL experiments and allows transfer of the sample with-
out exposure to air. XPS analyses were carried out with a focused (250 µm) and
monochromatic Al X-ray source, and AES analyses were performed with an elec-
tron gun FEG1000 (spot size of approximately 0.1 µm). The photoelectrons emitted
by the surface during XPS/AES analyses were detected by a VG 220i spectrometer.
First, an XPS survey spectrum covering a range of 1200 eV was obtained to identify
all elements and the presence of contaminants. Afterwards, a more detailed scan-
ning of the individual elements of interest over a smaller range of 15–20 eV was
undertaken to establish the different chemical states of the species and to perform
a quantitative analysis. XPS photopeaks were fitted with a Shirley background, and
atomic quantifications were made with the Scofield table of sensitivity factors. All
peakswere calibrated against theC 1s level of adventitious carbon at a binding energy
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Fig. 4.2 Schematic of the experimental simulation of tribochemical reactions using GPL/in situ
XPS/AES analyses

(BE) of 284.8 eV. Argon ions from a VG EXO5 ion gun were used for etching to
clean the surfaces before the friction experiments and to measure XPS/AES depth
profiles. In comparison with XPS, AES analysis presents a strong spatial resolu-
tion of approximately 0.1 µm (versus 100 µm for XPS), making possible accurate
measurements inside the tribofilm.

Overall, GPL coupled with in situ XPS/AES surface analyses appears to be an
efficient way to experimentally simulate real, complex tribochemical reactions. The
operation of this approach, schematically displayed in Fig. 4.2, shows two main
advantages:

– No cleaning of the rubbed surfaces is required, avoiding any pollution and/or
deterioration of the surfaces by the cleaning solvents in the case of liquid-phase
lubrication;

– Perfect control of the chemical nature of the surfaces before and after the friction
experiment (due to surface etching in the preparation chamber before the exper-
iment) can be obtained without any issues of contamination by the surrounding
air.

This can bring new knowledge of the complex phenomena that can occur in lubri-
cated friction experiments. Moreover, such approach appears particularly suited for
combination with numerical simulations, offering unique capabilities for investigat-
ing boundary lubricated interfaces.

4.2.2 Materials

The tribochemical reactions of different kinds of lubricating additives currently used
in industry were previously investigated by the authors using GPL experimental
simulations. For example, phosphite, phosphate and borate additives were simu-
lated [12–17]. The friction results obtained by GPL were corroborated by the results
obtained in liquid-phase lubrication. New insights into the chemical composition of
the tribofilms generated in the presence of these additives as well as more detailed
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information about their reaction mechanisms were obtained using GPL [13]. This
chapter focuses on the investigation of tribochemical reactions of sulfur-based com-
pounds. These compounds have been used in many applications, such as biosensors
[18, 19], corrosion inhibitors [20] and lubricant additives [21–26]. Different studies
in the literature have focused on N-alkanethiols and, in particular, their adsorption
mechanism on different metallic surfaces, such as gold, nickel, silver and iron. How-
ever, until now, the detailed adsorption mechanism is still not fully understood [27].
The authors have shown that these compounds can adsorb on metallic surfaces to
form stable self-assembled monolayers (SAMs). The structure and properties of
these SAMs have been studied by different surface techniques, such as spectroscopy,
microscopy and electrochemistry, to understand their formation mechanism. Self-
chemisorption seems to be a particularly attractive approach in this field. The growth
mechanismofSAMsonmetallic surfaces strongly depends on themolecule-molecule
andmolecule-substrate interactions [28, 29]. It has been shown that the lateral carbon
chain and deposition temperature play important roles in both the formation and the
stabilization of the SAMs [30–32]. The –SH functional group promotes the adhesion
of organic layers to the metal surface. The authors, by studying the mechanism of
the decomposition of thiol compounds on different metallic surfaces, showed that
S–H bond scission occurs upon chemisorption at low temperature, forming adsorbed
alkylthiolate (R–S–Fe) [21, 33–37]. It appears that the nature of the bond formed
between the adsorbate and substrate has an influence on the structure of the mono-
layer films formed by these species [21]. At high temperature, the S–C bond in the
adsorbed thiolate breaks, and atomic sulfur remains on the surface. This thermal
decomposition at high temperature results in the formation of gas products and the
adsorption of alkyl groups on the metallic surfaces [35–37]. Authors have also stud-
ied the effect of an oxide layer using different oxidized metallic surfaces. They found
that a thin oxide layer is sufficient to oxidize thiol to sulfonate on iron oxide surfaces
[38, 39]. Different components, such as sulfinates and sulfonates, were observed to
have similar behaviour on aluminium oxide [40] and titanium oxide surfaces [41]. In
contrast, on clean iron substrates without an oxide layer, a chemisorptive S–Fe bond
is observed between the thiol group and the substrate [20]. The adsorption kinetics
of thiols on oxidized metals are quite different from those on noble metals [39].
However, the formation and properties of SAMs on gold substrates, in particular,
those derived from alkanethiols, are among the most widely studied because such
SAMs are easily prepared and chemically stable and present well-orderedmonolayer
structures [28]. Much less is known regarding the reaction between alkanethiols and
steel substrates. In a previous work [42], the friction and wear behaviour of thiol and
polysulfide compounds were compared using GPL. This study showed that the good
friction modification and anti-wear performances of thiols under moderate pressure
conditions are related to the formation of an iron sulfide-rich tribofilm. However, the
key mechanism controlling its formation could not be elucidated accurately because
different activation sources can operate simultaneously.Moreover, themicrostructure
of such a tribofilm, in particular, its stoichiometry, structure, thickness and interface
with the substrate, is not known. In this paper, we investigate the adsorption and tri-
bochemical reaction mechanisms of 1-hexanethiol on two different surfaces: (i) steel
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with native iron oxide layers and (ii) an ion-etched steel surface, revealing metallic
iron. Moreover, we design a model GPL experiment to separate the different poten-
tial activation sources of tribofilm formation described in the literature (i.e., thermal
effects, nascent surfaces, molecular shearing and exo-electron emission). For our
study, we choose 1-hexanethiol (C6H13-SH), supplied by ARKEMA, which is liquid
at room temperature. 1-Hexanethiol can be easily evaporated and introduced into the
UHV chamber dedicated to tribometry at a limited pressure at room temperature,
corresponding to the saturation vapor pressure (SVP) (Fig. 4.2). This compound was
further purified by freeze–pumping–thaw cycles before being introduced into the
tribometry chamber. Iron sulfide (FeS) was used as a reference for the AES surface
analysis.

The friction materials, pin and flat, were made of AISI 52100 steel (composition
96.9 Fe–1.04 C–1.45 Cr–0.35Mn–0.27 Si, in wt%), and both surfaces were polished
with a 1 µm diamond paste solution to obtain a surface roughness average (Ra)
of approximately 20–25 nm and then cleaned with n-heptane and 2-propanol in
ultrasonic baths. The use of steel is preferred to crystalline pure ironmaterial because
the hardness of pure iron is too low to easily reach the required contact pressure in
real applications. The pin has a hemispherical radius of 8 mm. The 3–4 nm-thick
native oxide/hydroxide layer present at the top surface of the steel samples can be
removed using a VG EXO5 Ar ion gun (ions of 3 keV) to reveal a metallic pure iron
surface. Before starting the GPL experiments, the etched sample was first analysed
byXPS to check its iron purity, i.e., the absence of any adventitious carbon or residual
oxide layers.

4.3 Adsorption of Hexanethiol on Steel

4.3.1 Procedure for Adsorption Study

1-Hexanethiol was deposited as droplets on the steel substrate and kept in contact for
2 h. The excess liquidwas removedwith paper so that a very thin liquid layer remained
on the surface. The sample was then introduced into the XPS analysis chamber. After
XPS analysis, the sample was removed from the analysis chamber and cleaned with
heptane for 30 min in an ultrasonic bath. After ultrasonic cleaning, this sample was
analysed again by XPS to determine whether 1-hexanethiol chemisorption occurred
on the substrate. To study adsorption on a pure iron surface, gaseous 1-hexanethiol
was directly introduced in the tribometry chamber at a vapor pressure of 0.1 hPa to an
ion-etched steel surface. After the 1 h adsorption experiment, the flat was transferred
without exposure to air to the analytical chamber to be analysed byXPS (see Fig. 4.2).
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Fig. 4.3 S2p XPS spectra of liquid 1-hexanethiol deposited on the native oxide layer of steel a
before and b after ultrasonic cleaning with heptane

4.3.2 Adsorption of Hexanethiol on the Native Oxide Layer
of Steel

At ambient temperature, it is well known that bearing steel is covered by a 2–3 nm-
thick native oxide/hydroxide layer, as revealed by XPS [43]. A survey spectrum,
covering a range of 1200 eV, was first recorded to identify the elements present after
the adsorption experiment in the presence of 1-hexanethiol. The results revealed the
presence of sulfur, carbon, oxygen and iron on the surface. Figure 4.3 compares the
S 2p XPS spectra of 1-hexanethiol covering the native oxide layer before and after
ultrasonic cleaning with heptane.

Notably, the sulfur S2p photopeaks recorded before the cleaning step are the result
of two contributions, the first peak at approximately 163 eV BE (S2p3/2) corresponds
to the H–S–C bond present in the 1-hexanethiol molecule. This peak completely dis-
appears after heptane cleaning, confirming that 1-hexanethiol does not chemically
adsorb as a thiolate on the native oxide layer of steel. However, another weaker pho-
topeak at higher binding energy (S2p3/2 core level at 168.2 eV BE) is detected before
and after cleaning, although the peak is quite smaller in the latter case. According to
the literature data [19, 20], this peak can be assigned to the sulfonate bond (R–SO3)
fixed on the oxide surface. The oxygen XPS photopeak is composed of two contribu-
tions: one located at 530 eV and attributed to iron oxide species, and another located
at 532 eV and attributed to –O–C bonding. The iron Fe2P3/2 photopeak at 710.8 eV
is assigned to iron oxides, Fe2O3 and Fe3O4. To summarize, the XPS results show
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(b) 

Fig. 4.4 a S2p XPS spectrum of liquid 1-hexanethiol covering steel, b S2p and C1s XPS spectra
of gaseous hexanethiol adsorbed on metallic iron (etched steel), and c S2p XPS spectrum of iron
sulfide (FeS) for reference

that n-alkanethiol molecules are weakly bound to oxygen atoms from the oxide layer
by sulfur atoms, forming a few sulfonate species.

4.3.3 Adsorption of Hexanethiol on Metallic Iron (Etched
Steel Surface)

1-Hexanethiol was introduced at a vapor pressure of 10−1 hPa in the tribometry
chamber and kept in contact for 2 h with an iron surface obtained by ion-etching.
At the end of the adsorption experiment, the gas was pumped down to 10−8 hPa,
and the sample was transferred into the analytical chamber. Figure 4.4 compares
the XPS results obtained after the adsorption of 1-hexanethiol on a pure iron surface
(ion-etched steel surface) (Fig. 4.4b) and on the native oxide layer of steel (Fig. 4.4a).
The S2p spectrum of the iron sulfide standard is also shown for reference (Fig. 4.4c).

TheS2p3/2 XPS spectrum (Fig. 4.4b) reveals a sulfur contributionofweak intensity
at 161.5 eVBE, which is very close to the value reported for iron sulfide (Fe–S bond),
as shown in Fig. 4.4c. This peak is easily distinguished from the R–S–H bond in the
1-hexanethiol molecule at 163 eV BE (Fig. 4.4a). The carbon C1s signal (Fig. 4.4b)
is composed of a first peak at 284.8 eVBE, corresponding to the C–C/C–H bond, and
a second peak at 282.8 eV BE, typical of the carbide state (C–Fe or C–Cr bond). It
was observed that both the sulfur peak (S2p3/2 at 161.5 eV BE) and the carbon peak
(C1s at 284.8 eV BE) disappear from the surface after ion-etching, but the carbide
peak is still visible and may originate from chromium carbide present in the AISI
52100 steel composition. The iron Fe2p3/2 peak at 706.8 eV is attributed to metallic
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iron and/or iron carbide, because these species have almost the same binding energy
(not shown here).

This first section clarifies the reactivity of 1-hexanethiol on steel surfaces at room
temperature. We showed that 1-hexanethiol weakly interacts with iron oxide present
on steel substrates by forming a sulfonate bond. In contrast, 1-hexanethiol chemisorbs
on pure metallic iron by cleavage of the S–H bond, forming an iron sulfide and
possibly iron carbide. However, the kinetics of this reaction appear to be very slow,
as shown by the intensity of the S2p photopeak. This could be attributed to the
modification of the metallic iron surface due to ion implantation during the etching
process and to the lower molecular concentration in the gas phase in comparison
with the liquid phase. This result will be discussed in the following section with the
role of mechanically activated surfaces.

4.4 Model GPL Experiment for Understanding
the Formation Mechanism of Hexanethiol-Based
Tribofilm

It is still extremely challenging to provide an accurate description of the surface
chemistry and interfacial properties of a tribofilm, which are relevant for under-
standing the functionality of lubricant additives, due to the need to clean rubbed
surfaces before analysis (ex situ analyses). Part of the tribofilm may be removed by
the cleaning procedure, and exposure to air may partially and/or totally oxidize its
elements. This is particularly the case for adsorbed films,which are usually extremely
thin. That is the reason why the ECAT system was developed, and the tribometer is
schematically shown in Fig. 4.5. We illustrate the different steps used to accurately
investigate both the adsorption and tribofilm formation mechanisms of additives on
tribo-stressed metallic iron. First, the heptane- and propanol-cleaned steel surface
is introduced in the UHV chamber, and the oxide layers are removed by Ar+ iron
etching, the metallic nature of the surface after etching can be then checked by XPS
or AES (step 1 in Fig. 4.5). Second, a friction experiment under UHV (below 10−8

hPa) is performed to generate a nascent tribo-stressed metallic iron surface inside
the wear scar (red track formed during step 2 in Fig. 4.5). Third, both the etched
and tribo-stressed surfaces are exposed to gaseous hexanethiol for adsorption studies
(step 3 in Fig. 4.5). Fourth, the friction experiment is performed in the presence of
gaseous hexanethiol to form a tribofilm (blue track formed during step 4 in Fig. 4.5).
Finally, the three different surfaces (adsorbed film on etched steel, adsorbed film on
nascent tribo-stressed iron and thiol-derived tribofilm) are analysed by in situ XPS
and AES analyses (step 5 in Fig. 4.5). This approach, which combines GPL and
in situ surface analyses, is very efficient to study the tribochemistry mechanisms of
lubricant additives and highlight the critical role of nascent metallic surfaces in the
dissociation of the additives under boundary lubrication conditions.
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1- Ion etching  of pin/flat 
Removal of oxide layers  

2- Friction under UHV  
(1st track in red) 

3- Exposure to gas 
partial pressure Pg

4- Friction under GPL Pg
(2nd track in blue)  

5- XPS/AES analyses 
Inside tracks and outside

Fig. 4.5 Model GPL experiment for elucidating the origin of tribochemical reactions of lubricating
additives

4.4.1 Tribochemical Reactions of Hexanethiol on Oxidized
Steel and Metallic Iron

First, the friction behaviours of oxidized steel and its metallic iron counterpart in the
presence of gaseous hexanethiol were compared. For this, two-pass friction experi-
ments were performed in the presence of 10−1 hPa 1-hexanethiol with metallic iron
(pin and flat) surfaces (blue friction curve) and with oxidized steel (pin and flat)
surfaces (green friction curve). Figure 4.6 shows the central part of the friction coef-
ficient recorded during the back and forth motion in order to avoid the perturbing
effect of changes in the sliding direction. In the case of the etched surface (Fe/Fe),
the friction coefficient is initially low for a few cycles; then increases rapidly to high
values near unity, indicatingwelding between the iron atoms from each side; and then
begins to decrease until the end of the first pass. During the second (reverse) pass,
the friction is much lower. This suggests that the chemisorbed layer on the nascent
tribo-stressed iron flat was quickly formed during the first pass at the rear of the
contact zone and is highly efficient at reducing friction during the reverse pathway.
This tribolayer formed on metallic iron can be seen in the optical image of the track
presented in Fig. 4.6b. The situation is very different if the contacting surfaces are
oxidized (non-etched). The friction coefficient is almost stable during the first pass
and increases during the second pass, reaching a value of approximately 0.6–0.7 at
the end of the two passes. This result seems to indicate that no reaction occurred
between oxidized steel and hexanethiol during the two friction passes. This result is
in good agreement with the optical image of the track presented in Fig. 4.6c and the
weak gas adsorption on oxidized steel observed previously (Fig. 4.3).

At the end of these GPL experiments, gaseous hexanethiol is pumped down, and
AES analysis is performed on the different rubbed surfaces. It is important to note
that the time necessary to reach a high vacuum below 10−8 hPa in the chamber is
at least 1 h (3600 s), so some hydrocarbon adsorption from the residual gas on the
steel surfaces occurs before analysis. Indeed, at a gas partial pressure of 10 nPa,
the time for a monolayer to adsorb is approximately 104 s. Figure 4.7 compares
the in situ AES spectra recorded inside the tracks formed on both the oxidized and



118 M.-I. De Barros Bouchet and J.-M. Martin

Passage 2 

Steel (oxidized surface)  

Etched steel (metallic iron) 

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300 350 400 450 500

Number of friction coefficient measurements

Fr
ic

tio
n 

co
ef

fic
ie

nt
 

Passage 1 

Passage 1 

Passage 2 

(Fe/Fe in 10-8 hPa) 

on metallic iron

(b)

on oxidized surface

(c)

(a) 

Fig. 4.6 a Evolution of the friction coefficient (for two passes, back and forth) obtained under GPL
in the presence of 10−1 hPa pressure of 1-hexanethiol at room temperature. The friction curves in
blue represent metallic iron surfaces (ion-etched steel), and the friction curves in green represent
oxidized steel surfaces. The steady-state friction level for an etched steel surface under UHV is
shown for reference. b, c Optical images of the corresponding tracks formed on the metallic iron
flat and the steel flat

etched steel surfaces. In the spectrum recorded inside the tribofilm formed on etched
steel, the formation of iron sulfide is clearly evidenced by the strong SLMM peak
at approximately 151 eV KE, confirming the decomposition of hexanethiol under
shear and the release of S elements to form S–Fe bonds. It is noticed that no sulfate
bonding is detected in the spectrum near 158.5 eV KE, which is in good agreement
with the quite low amount of oxygen in the spectrum. For the steel surface covered
by a native oxide layer, sulfur is not clearly detected in the AES spectrum. The
friction reduction property (Fig. 4.6) is correlated with the quick formation of iron
sulfide in the tribofilm on etched steel. These experimental results are in agreement
with previous first-principles calculation results, which revealed that sulfur is very
efficient at reducing the adhesion and shear strength at the iron-iron interface [17].

4.4.2 Study of the Role of Nascent Metallic Surfaces
on the Tribochemistry of Hexanethiol

Additional AES spectra were recorded after exposure of the tribo-stressed nascent
metallic surface (red) and the etched steel surface (outside the tracks) to 10−1 hPa hex-
anethiol to compare the nature of both adsorbed species and the tribofilm. Figure 4.8
compares the three different in situ AES spectra recorded. First, practically no oxy-
gen is detected on the different surfaces (O KLL at 530 eV KE), confirming that no
contamination by oxygen or water from the gaseous atmosphere occurred in any
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Fig. 4.7 In situ AES spectra recorded inside the tracks formed after the two-pass friction experi-
ments with 10−1 hPa hexanethiol at room temperature on oxidized and etched steel surfaces

sequence (total duration of the experiment 2 h). As already observed by the authors,
iron sulfide is quickly formed by tribochemical reaction (blue), whereas a very small
amount of sulfur can be detected outside the tribofilm due to molecular adsorption
on the etched steel. In the AES spectrum in red, corresponding to the friction track
formed under UHV followed by exposure to the gas phase without friction, a small
but visible signal is detectable at approximately 151 eV KE, in comparison with the
spectrum registered outside the track. This peak indicates the possible formation of
iron sulfide. From this result, we can conclude that the tribo-stressed iron surface,
but not the ion-etched surface, chemically reacted with 1-hexanethiol. It is noticed
that the mean free path of 150 eV electrons in the substrate is very small (approx-
imately 1 nm), which is very different from the iron 700 eV electrons (mean free
path of 3.5 nm). Therefore, the sulfur signal results from the first atomic layers, and
the quantity of iron sulfide formed from the interaction of the molecules with the
mechanically activated surface is very small, i.e., a partial monolayer.

From this model experiment, we can deduce some important features of the tri-
bochemical reaction of 1-hexanethiol with steel surfaces:

– 1-Hexanethiol does not form iron sulfide in the presence of a native oxide layer
on steel, but some sulfonate bonding was detected. This is in agreement with the
chemical hardness model developed by Pearson [44], which states that a soft base
(R-SH) prefers to react with a soft acid (metallic iron).

– Surprisingly, hexanethiol does not react significantly with pure metallic iron
obtained by ion-etching the steel surface (free of carbon and oxygen). This is
supported by the adsorption experiments shown in Fig. 4.4. This could be tenta-
tively explained by the effect of Ar ion implantation, which can disturb the surface
and remove some crystal defects. However, the presence of Ar was not detected
in the AES spectra (peak at approximately 210 eV KE).
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Fig. 4.8 In situ AES spectra recorded after the model GPL experiment on the tribofilm formed
during the two-passes friction experiment with 10−1 hPa hexanethiol (blue), on the tribo-stressed
nascent surface (red) and on the etched steel surface exposed to 10−1 hPa hexanethiol (purple)

– 1-Hexanethiol molecules dissociate on a tribo-stressed metallic iron surface
(Fig. 4.8) by forming sulfide bonds (Fe–S). This dissociative reaction occurred
approximately 1 h after the creation of the nascent tribo-stressed metallic iron sur-
face. Therefore, neither the contact temperature nor electron emission is respon-
sible for this dissociative reaction. The creation of crystal defects and dangling
bonds at the metallic surface caused by high friction under UHV is certainly the
origin of the activation energy of this thiol decomposition mechanism.

– 1-Hexanethiol rapidly forms a tribofilm containing iron sulfide in two passes on
a metallic iron surface (Fig. 4.6). The detailed analysis of the thiol-metallic iron
surface interaction as a function of the surface chemistry shows that the thiol
molecules completely dissociate on the nascent surface at the contact zone exit.
This confirms that the creation of the nascent metallic iron surface by mechanical
action is one of the energy sources responsible for tribofilm formation. Once
the iron sulfide accumulated in the tribofilm after successive passes, the friction
greatly decreased. The formation of iron sulfide appeared to bewidely enhanced by
tribological solicitation, in particular, by shearing stress occurring at the colliding
asperities.

4.5 Ex Situ Analyses of the Iron Sulfide Tribofilm Formed
by Thiol

The GPL experiments coupled with in situ surface analyses showed that 1-
hexanethiol efficiently reduced friction. This is correlated with the formation of iron
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sulfide inside the tribofilm. We highlighted the role of the active nascent metallic
surface on the dissociation of adsorbed molecules and the activation of the tribo-
chemical reaction to rapidly form a protective iron sulfide tribofilm. However, the
microstructure of such tribofilm is not clearly known. Previous in situ XPS/AES
chemical analyses have identified the chemistry of the top surface of the tribofilm (a
few nm depth) but did not provide any information on the structure of the tribofilm
and its interface with the steel substrate. Moreover, the exact stoichiometry of iron
sulfide cannot be easily determined due to technical difficulties in accurately quanti-
fying such compound and the existence of various forms of iron sulfide (FeS, FeS2).
The aim of this final section is to fully characterize the iron sulfide tribofilm formed
by 1-hexanethiol on steel substrates, in particular, its stoichiometry, structure, thick-
ness and the interfacial region with the steel substrate. Amulti-technique approach is
proposed, combining focused ion beam (FIB) sample preparation, transmission elec-
tron microscopy (TEM) observation, chemical analysis by energy dispersive spec-
troscopy (EDS) and time-of-flight secondary-ion mass spectrometry (ToF-SIMS).
The studied tribofilm was obtained using GPL, taking advantage of this approach to
control the contact surfaces, without the need to clean the surfaces after the friction
experiment. ToF-SIMS analysis was performed on the top surface of the tribofilm,
and TEM observations coupled with EDS analyses were carried out on a transversal
cross section of the tribofilm prepared by FIB.

4.5.1 Formation of a 1-Hexanethiol Tribofilm by GPL

To clearly identify the nature of the tribofilm and its interfacial zone with the
steel substrate, thicker tribofilms were generated by performing long-time friction
experiments. The operating tribological conditions were similar to those previously
described, except that 1-hexanethiol gas was introduced into the tribometry chamber
of the ECAT system at a high pressure of 3 hPa and the duration of the experiment
was approximately 1 h.

Figure 4.9 shows the evolution of the friction curve for the experiment in the
presence of 3 hPa 1-hexanethiol gas. First, the friction coefficient slightly increased
to 0.18 and then quickly decreased and stabilized at 0.15 (15th cycle). This value
is in agreement with the formation of a tribofilm containing iron sulfide [42]. This
tribofilm is clearly visible by optical microscopy, and some debris are present around
the track, as shown in the inset of Fig. 4.9. However, 1-hexanethiol seems to have
a good anti-wear property because both the width of the wear track on the steel flat
(inset in Fig. 4.9) and the diameter of the wear track on the hemispherical pin almost
correspond to the calculated initial Hertzian diameter, i.e., 114 mm.
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4.5.2 ToF-SIMS Chemical Analysis of the 1-Hexanethiol
Tribofilm Formed by GPL

ToF-SIMS analysis is performed on a Physical Electronics TRIFT III ToF-SIMS
instrument operated with a pulsed 22 keV Au+ ion gun (ion current of approximately
2 nA) rastered over a 100 µm×100 µm area. No charge compensation was needed.
The ion dose was kept below the static conditions limit. The data were analysed
using theWinCadence software.Mass calibrationwas performed on the hydrocarbon
secondary ions. The data were normalized to the total intensity of the secondary
ions minus the ion contributions resulting from hydrogen and contaminants. The
corrective eliminations were implemented because of their critical dependence on
slight variations in the experimental settings (such as H ±) or because they were
related to the signatures of contaminants usually observed in ToF-SIMS (such as
alkalis and fatty acids).

The ToF-SIMS analysis focused specifically on the question of the exact stoi-
chiometry of iron sulfides formed during the tribochemical reaction of 1-hexanethiol
on the steel surface. For this, four different analyses were undertaken to compare the
inside and outside of the tribofilm formed by hexanethiol and two references, i.e.,
the hexanethiol molecule and virgin steel. The standard deviations were calculated
from several measurements in different areas for each case. Figure 4.10 presents
the ion intensity ratios FeS+/Fe+ and FeS2+/Fe+ recorded inside and outside the tri-
bofilm. The chemical signatures of the steel substrate and the sulfur-containing thiol
molecule could easily be identified via characteristic Fe+ and S− ions. In contrast,
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Fig. 4.9 Evolution of the friction coefficient obtained for the etched steel/etched steel friction pair
under GPL in the presence of 3 hPa 1-hexanethiol versus the number of cycles at room temperature.
The corresponding track formed on the etched steel flat at the end of the experiment is shown in the
inset
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Fig. 4.10 ToF-SIMS
intensity ratios FeS+/Fe+ and
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no specific signature for the hexanethiol molecule could be found (CxHySz− ions
were not detected). The normalized intensities of the Fe+, S+, FeS+ and FeS2+ ions
and the FeS+/Fe+ and FeS2+/Fe+ ion intensity ratios were used to differentiate the
spectra (so-called univariate ToF-SIMS data analysis). The results obtained from this
univariate analysis (Fig. 4.10) confirmed the presence of a notable amount of these
species, depending on whether the zones are contacted or not. The results seem to
indicate that the tribofilm formed by hexanethiol is characterized by a higher relative
FeS+ intensity. However, this univariate data analysis made on a small number of
molecular signatures is inherently incomplete and may lead to artefacts of interpre-
tation. To confirm and complete our understanding of the nature of the iron sulfide
created by the tribochemical reaction of hexanethiol on a steel surface, TEM obser-
vations combined with EDS analyses were carried out on a transversal cross section
of the tribofilm.

4.5.3 TEM Observations and EDS Chemical Analyses
of the 1-Hexanethiol Tribofilm Cross Section

A cross section was taken at the centre of the tribofilm formed under GPL with 3 hPa
1-hexanethiol. The cross section was thinned by FIB after deposition of a protective
resin on the surface of the tribofilm.We usedGa+ ions for nanomachining the sample.
A high-resolution JEOL 2010Fmicroscope equipped with a field-emission gun oper-
ating at 200 kV accelerating voltage was utilized to perform the TEM observations
as well as the EDS analyses with a point-to-point resolution of 2 nm.

Figures 4.11 and 4.12 show a cross-sectional TEM image of the tribofilm. From
Fig. 4.12 recorded with higher-resolution, it is possible to distinguish 4 zones: the
steel substrate, the interfacial region, the tribofilm, and finally the Pt protective resin
used for FIB preparation. Cross-sectional observations allow the measurement of the
thickness and observation of the structure of the tribofilm. Even though the interface
between the tribofilm and the steel substrate is not clearly marked, it appears smooth,
and the thickness of the tribofilm is quite homogeneous and can be estimated to be
approximately 15–30 nm. This smooth interface may be related to the fact that the
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Fig. 4.11 TEM
cross-sectional view of a
tribofilm formed on steel
under GPL in the presence of
3 hPa 1-hexanethiol at room
temperature for 1180 sliding
cycles
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GPL friction experiment was performed directly on etched steel (metallic iron), so
that the quickdissociation and reaction of thiolmoleculeswas possible. Themeasured
thickness is on the same order of magnitude as that of the tribofilms obtained from
liquid-phase lubrication, even though in GPL, the concentration of the active element
(here, sulfur) is generally lower than that in the liquid phase. Thus, the growth kinetics
seem to be comparable. In fact, when molecules are introduced in vacuum, access
to the surface is favoured. In the liquid phase, interaction with other additives or
viscous base oils may limit access to the surface and further tribochemical reactions.
This observation confirms the original hypothesis that GPL is a good way to simulate
tribochemical reactions.

Further details of the tribofilm are given by the higher-resolution image in
Fig. 4.13a. In addition to the quite homogeneous thickness and the defined inter-
face, it is possible to see that the tribofilm is composed of nanocrystalline areas
of approximately 3–5 nm in diameter embedded in an amorphous matrix. Chemi-
cal analysis by EDS conducted on the cross section of the tribofilm is presented in
Fig. 4.13b.We carried out EDS analysis at three specific zones: the interface with the
steel substrate, the centre of the tribofilm and a crystallite inside the tribofilm. Some
expected contaminants and artefacts were detected in all spectra, including copper
from the microscope grid and gallium from the FIB process. As expected, EDS anal-
ysis of the substrate reveals an iron-rich composition (81 at.%) with 9 and 10 at.%
oxygen and carbon, respectively. The nanocrystals inside the tribofilm are mainly
composed of iron and sulfur with a similar ratio of approximately 40 and 42 at.%,
respectively, which can be assigned to the stoichiometry of iron sulfide (FeS). It is not
unusual to find a crystalline structure for iron sulfide-based compounds because dif-
ferent crystalline structures can exist for these compounds. A large amount of carbon
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Fig. 4.12 HRTEM
cross-sectional view of a
tribofilm formed on steel
under GPL in the presence of
3 hPa 1-hexanethiol at room
temperature for 1180 sliding
cycles
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but little oxygen was detected inside the amorphous matrix of the tribofilm, as shown
by the intermediate EDS spectrum in Fig. 4.13b. Carbon may have been introduced
during tribofilm formation (via the 1-hexanethiol molecule, which contains 6 carbon
atoms) or after FIB preparation (adventitious contamination of the tribofilm). The
EDS line scans (Fig. 4.14) show the distribution of the main elements: platinum,
iron, sulfur, carbon and oxygen. The profiles of the S and Fe elements are similar,
and the elements are homogeneously distributed in the main part of the tribofilm.
Near the interface with steel substrate, the amount of sulfur decreases, while that of
iron increases. However, the absence of oxygen in the interfacial zone with steel may
be because the GPL experiment was performed directly on etched steel (Fig. 4.14).

The TEM cross-sectional observations, EDS analyses, and ToF-SIMS analyses
converge on the same conclusion about the composition of the tribofilm formed on the
etched steel surface in the presence of 1-hexanethiol. This surface ismainly composed
of iron sulfidewith a stoichiometry close toFeS.Taking into account thermodynamics
considerations, the preferential formation of iron monosulfide is not corroborated.
By considering that iron sulfide formation is the result of the reaction of metallic
iron Fe with atomic sulfur S after decomposition of 1-hexanethiol, all reactions in
the formation of FeSx are characterized by a negative �Gf0, and thus, iron sulfide
forms spontaneously. However, the Gibbs free energy of formation �Gf0 of iron
disulfide FeS2 (−167 kJ mol−1) is more favourable than that of iron monosulfide
FeS (−100 kJ mol−1) [45]. Consequently, the nucleation of this last phase is not
the most preferential. The energy dissipated at the tribological contact allows this
phase to be stabilized under friction. In addition, the thiol molecule contains only
one sulfur atom, which is not considered to be very “active” since it is bonded to a
carbon atom of the alkyl chain.
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Fig. 4.13 a HRTEM cross-sectional view of a tribofilm formed on steel under GPL in the presence
of 3 hPa 1-hexanethiol at room temperature for 1180 sliding cycles and b EDS spectra recorded on
three different parts of the tribofilm
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Fig. 4.14 EDS line scan analyses conducted on the cross section of the hexanethiol tribofilm
(yellow arrow)
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4.6 Conclusions

An approach combining gas-phase lubrication (GPL) and in situ XPS/AES analy-
ses was found to be very efficient to investigate the tribochemistry mechanisms of
lubricant additives under boundary lubrication conditions. Using a specific device
called ECAT, it is possible to perform friction experiments under different gaseous
atmospheres and to perfectly control the surface chemistry of the friction surfaces.
In situ XPS/AES analyses allowed us to clearly detail the chemistry of the tribofilm
formed by the lubricant additive under friction. This permitted us to determine the
principal activation energy of the tribochemical reaction due to themodel GPL exper-
iments. Undoubtedly, we highlighted the primordial role of nascent tribo-stressed
metallic surfaces obtained after shearing in the dissociation of lubricant additives
under boundary lubrication conditions. The investigation into the reactivity of thiol
molecules showed that they suffer dissociative adsorption on the asperities of the
tribo-stressed nascent metallic surface, rapidly forming a thin protective film com-
posed of iron sulfide. Comparison with the tribofilm obtained by tribological action
under GPL showed that iron sulfide formation is largely enhanced by friction, in
particular, by shearing stress. For severe collisions at the asperities, the preferen-
tial reaction between thiol species and nascent iron metal leads to the formation
of an iron sulfide tribofilm, promoting the lubrication effect and efficient friction
reduction. The detailed analysis of the tribofilm formed with hexanethiol using a
multi-technique approach revealed that the tribofilm was mainly composed of iron
and sulfur. The tribofilm displays a nanocrystalline structure made of nanograins
of iron sulfide embedded in an amorphous carbon-rich matrix. The EDS analysis
showed a Fe/S ratio close to unity for thiol-derived tribofilm corresponding to iron
monosulfide.

Overall, this study indicates that the approach combining GPL and in situ sur-
face analyses can be a promising way to study the potential competitive/synergic
mechanisms occurring between additives in a formulated lubricant at the sliding
surface.
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Chapter 5
In-Situ Measurement of Tribochemical
Processes in Ultrahigh Vacuum

Wilfred T. Tysoe

Abstract Monitoring chemical reactions occurring at a solid-solid interface is par-
ticularly challenging because of the problem of analyzing a buried interface with
surface-sensitive spectroscopic techniques. This can, to some extent, be addressed if
one of the contacting materials is transparent. In the case of optically opaque mate-
rials that are often of the greatest tribological interest, truly in-situ techniques are
limited to the detection of gas-phase products formed by rubbing in high vacuum
using a mass spectrometer, or by monitoring the contact resistance or friction coeffi-
cient variations during sliding. Optical techniques such as infrared spectroscopy can
be used when one of the materials is transparent. The results of such in-situ analy-
ses can be corroborated by using so-called pseudo in-situ techniques to analyze the
surfaces after rubbing without exposing the samples to the atmosphere. Examples of
such techniques are Auger spectroscopy and low-energy electron diffraction. Finally,
the use of these approaches is illustrated using a simple model tribochemical reaction
consisting of the gas-phase lubrication of copper by dimethyl disulfide.

5.1 Introduction

Being able to understand tribochemical processes and their reaction pathways is per-
haps the most challenging of surface science problems since the reactions occur at an
inaccessible, solid-solid interface. However, understanding such reaction pathways
is crucial since the majority of lubricants include additive molecules that react at the
sliding interface to form a film that reduces friction or wear, or both, and are used
in applications as diverse as machining, in the so-called extreme pressure regime,
where the interfacial temperatures are exceedingly high [1], to lubricants used in
engines and machines, where the conditions are less severe. A recent study suggests
that ~20% of energy used in the world is used to overcome friction and that it could
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be possible to save as much as 17.5% of the energy use in road transportation, much
of it by improved lubricants [2].

The majority of the work carried out to understand the way in which lubricant
additives or gas-phase lubricants operate relies on post-mortemanalyses, inwhich the
nature of thefilm is analysed after it has formed, to correlate the chemical composition
of the film with its mechanical properties. However, while this approach is useful to
understand the filmproperties that lead to improved tribological behavior, it generally
yields few insights into the surface chemical processes that result in the formation
of tribofilms. This is, in part, because chemical (including tribochemical) reactions
generally consist of a sequence of elementary-step reactions that constitute an overall
“reaction mechanism”. Only by understanding such mechanisms for tribochemical
reactions can the design of gas-phase lubricants and lubricant additives be placed on
a firm scientific basis, rather than relying on trial-and-error approaches. Achieving
such understanding requires that the nature of the reaction products be analysed as a
function of time.

Reaction rate constants depend on temperature and are often analysed in terms of
transition state theory [3]. For a simple, elementary-step reaction, A → B, the trans-
formation of A into B involves an initial increase in energy, known as the activation
energy, Eact, before forming the product B. If this were not the case, A would spon-
taneously transform into B, and thus be an unstable compound. The configuration
of the system at the peak of this activation barrier is known as the transition state.
Transition state theory shows that the rate constant for the reaction, k, is given by:

k � A exp
(
− Eact

kBT

)
, where kB is the Boltzmann constant, T the absolute temperature

in degrees Kelvin (K), and A is a pre-exponential factor, which is weakly temperature
dependent, so that the overall temperature dependence of the rate constant is dom-
inated by the exponential term, and this follows a so-called Arrhenius dependence.
The derivation of this equation from transition-state theory assumes that the reactant
(A) is in thermal equilibrium with the transition state. Thus, correctly modelling tri-
bochemical reactions requires both a knowledge of the interfacial temperature during
sliding and that the interface be in thermal equilibrium. This can impose restrictions
on the sliding conditions since molecule dynamics simulations have suggested that
the interface can deviate from thermal equilibrium during sliding [4], thereby inval-
idating the use of simple kinetic models. This also suggests that one mechanism by
which the rates of tribochemical reactions can be accelerated is simply by frictional
heating in the contact. Since the temperature appears as an exponent in the Arrhe-
nius form of the temperature-dependence of the rate constant shown above, relatively
small temperature changes can cause significant increases in chemical reaction rates.

The above considerations place quite severe strictures on carrying out-in-situ
analyses of the kinetics of tribochemical reactions. In addition, depending on the
contact geometry, which generally consists of a ball sliding on a flat surface, that
size of the contact region may be quite small, thus often requiring the use of surface
analytical techniques with good spatial resolution.

The most useful but most difficult systems to study are those which are of the
greatest interest to understanding tribochemistry, namely metal and oxide surfaces
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since they are the most common in engineering systems. However, since they are not
transparent to electrons and photons that are most commonly used as the basis for
surface spectroscopic techniques, there are relatively few in-situ techniques that can
be applied to such systems.

A solution to such a problem is to use contacts in which one of the materials is
transparent to enable photon-in/photon-out techniques to be used for in-situ analyses
of the sliding interface [5]. While this does extend the range of techniques that can
be used, it does limit the tribochemical systems to ones that may not be relevant to
engineering interfaces. In addition, photon-based techniques tend to be less surface
sensitive that those based on electrons.

Since the range of truly in-situ techniques, even when using contacts in which
one of the materials is transparent, is rather limited, we include a class of pseudo
in-situ techniques. This consists of techniques that cannot be directly implemented
at the solid-solid contact, but can be sequentially applied to one of the surfaces after
it has been rubbed. These technique should analyze with the sample in the same
location at which rubbing occurs to allow the evolution of the nature of the interface
to be examined as a function of the number of times the sample has been rubbed.
This definition is distinct from truly ex-situ techniques where the sample has to be
removed from the tribometer in order to perform the analyses. Such ex-situ analyses
can potentially suffer from the problem that the nature of the surface may be different
from that at the sliding interface, either because it continues to evolve after having
been rubbed or because of contamination from the ambient.

The techniques that are available for the three hierarchies of in-situ analysis are
discussed in the next section.

5.2 In-Situ Analyses of Sliding Interfaces

5.2.1 In-Situ Analyses with Opaque Interfaces

Since such opaque interfaces, for example for metal-metal or ceramic-metal inter-
faces are opaque to both electrons and photons (light), there are no spectroscopic
techniques for studying such interfaces.

5.2.1.1 Detection of Gas-Phase Products During Sliding

While the nature of the film formedon the surface is of primary tribochemical interest,
the reaction of adsorbed gas-phase lubricants may evolve gas-phase products and the
formation of such products can provide insights into the reactions occurring on the
surface and their rates. However, in general, only a small amount of product is formed
from the small contact area usually found in sliding contacts, thus requiring sensitive
detection. In particular, it is not feasible to carry out such an experiment for lubricants
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additives in a base oil, except after a very large number of rubbing cycles, and is most
informative for tribochemical reactions in high [6, 7] or ultrahigh vacuum [8], where
the background pressure is low. In this case, the products are detected using a mass
spectrometer that is placed in-line-of sight of and as close as possible to the contact.
The experiments can be carried out either with the sample pressurized by a reactant
(vapor phase lubrication) or by adsorbing amonolayer of adsorbate of the surface and
measuring the evolution of gas-phase species as the surface is rubbed. In the former
case, the mass spectrometer fragmentation masses of the products that are formed
by rubbing must be distinct from those of the vapor-phase lubricant to allow them to
be distinguished. This experiment allows the nature of the gas-phase product(s) to
be identified from the relative intensities of the features at various masses.

In the second case, where a monolayer of adsorbate is rubbed, the nature of the
desorbing species can similarly be identified from its mass spectrometer fragmenta-
tion pattern, and the surface reaction kinetics measured from the decay in the amount
of products evolved from the surface as a function of the number of times that it has
been rubbed, where the signal eventually decays to zero when all adsorbed species
have completely reacted.

This is illustrated for methyl thiolate (CH3–S) species adsorbed onto copper by
dosing dimethyl disulfide, which reacts rapidly on copper by S–S bond scission at
~200 K. The resulting methyl thiolate thermally decompose to desorb hydrocarbons
(methane, ethylene and ethane) at ~425 K in temperature-programmed desorption
(TPD), corresponding to an activation energy of ~100 kJ/mol [9], resulting in the
deposition of sulfur on the surface [10, 11]. Here the additional hydrogen required
to form methane from methyl thiolate species was provided by formation of C2

hydrocarbons.
Sliding a tip over copper covered with methyl thiolate species at a substrate tem-

perature of ~300 K (well below the thermal decomposition temperature), causes the
formation of gas-phase methane where the amount produced by each scan of the tip
over the surface is displayed in Fig. 5.1.Monitoring signals at othermasses confirmed
methane and C2 hydrocarbon formation, and control experiments were carried out to
establish that the methane was formed by rubbing [12]. Analyses of the surface after
rubbing (see Sect. 5.2) reveal that only sulfur remains on the surface after rubbing.
The integrated areas of the methane signal as a function of the number of passes of
the tip over the surface decrease (see inset to Fig. 5.1), eventually decreasing to zero
as the surface becomes completely depleted of adsorbedmethyl thiolate species. This
reveals that methyl thiolate species decompose via a tribochemical (shear-induced
reaction) to evolve methane and deposit sulfur on the surface. The rate of this simple
reaction can be written as:

−dΘ

dt
� kΘn (5.1)

whereΘ , the coverage (in monolayers) defines the proportion of the surface covered
by the adsorbate, k is the rate constant of the tribochemical reaction, and n the reaction
order where n � 1 for a first-order and n � 2 for a second-order reaction. Here, a
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Fig. 5.1 The 16 amu (methane) signal measured by sliding a tungsten carbide tip with a copper
transfer film on a copper foil as a function of the number of scans at a sliding speed of 1 × 10−3

m/s with a normal load of 0.44 N. The inset shows the desorption yield measured from the area
under each methane pulse as a function of the number of scans. After collecting data for the first
DMDS dose while sliding at 4 × 10−3 m/s, until no more methane was detected (�), the sample
was re-saturated with DMDS and the 16 amu signal again monitored (●). This experiment was
repeated for the third (▲), fourth (▼) and fifth (˛) DMDS doses

first-order reaction would imply that the reaction occurs by a single decomposition
step of an adsorbed thiolate species and a second-order reaction that it occurs via the
reaction between two adsorbates and so can provide mechanistic information.

If the time that an element on the surface spends in the contact per pass is given
by tC , then the proportion of the adsorbate that decomposes during each pass can be
calculated by solving (5.1) over a time tC . The total yield of gas-phase products for
each pass is simply the difference in coverages before and after the tip passes over
the surface. Writing k ′ � ktc gives the yield of gas-phase products for the pth pass,
Yp, for a first-order reaction (n � 1):

Yp � (1 − exp
(−k ′))(exp(−k ′))(p−1)

. (5.2)

Similar considerations for a second-order reaction (n � 2) yields:

Yp � 1

1 + (p − 1)k ′ − 1

1 + pk ′ . (5.3)

A linear plot of ln(Yp) versus (p − 1) yields a straight line indicating that shear-
induced thiolate decomposition occurs via a first-order reaction, thereby allowing k ′
to be measured [8, 13]. Measurement of the rate constant k requires a knowledge
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of the contact time per pass tC and thus a knowledge of the contact area. However,
under a constant load, tC will vary as 1

ν
.

5.2.1.2 In-Situ Measurements of Coverages from Friction Forces

Perhaps themost commonmeasurement in tribology is of the friction force or friction
coefficient (friction force divided by normal load). It has been found that the friction
coefficient of a surface covered by several species is proportional to the proportion
of the surface covered by each species (denoted as the coverage, Θ) [14]. Thus, if
during a tribochemical reaction, the surface contains a number of species, where
the coverage varies with time in the contact as the reaction proceeds, then if the
ith adsorbate has a time-dependent coverage Θi (t), with an associated characteristic
friction coefficient μi , then the time evolution of the friction coefficient μ(t) can be
written as:

μ(t) �
∑
i

μiΘi (t). (5.4)

with the constraint that
∑

i Θi � 1. This method requires that the characteristic
friction coefficients of each species participating in the surface tribochemical reaction
be known, and is generally the most useful in confirming a proposed tribological
model.

However, this approach is particularly useful for analyzing simple, first-order
reactions, A(ads) → B(ads) since, μA and μB can be measured before and after
reaction to obtain the time-dependent coverages. In this case, (5.4) simplifies to:

μ(t) � (μA − μB)ΘA(t) − μB, (5.5)

because of the constraint that the coverages sum to unity. The value of μB is the
asymptotic friction coefficient of the sample after the reaction is complete and μA

is the initial friction coefficient assuming that the extent of decomposition induced
by sliding during the first pass is negligible. For example, for a first-order reaction,
(5.5) becomes:

μ(p) � (μA − μB)exp
(−k ′ p

) − μB . (5.6)

This approach has recently been exploited to follow shear-induced reactions in
an AFM [15].

5.2.1.3 Contact Resistance Measurements

In principle, contact resistances can provide information on the nature of the inter-
faces between opaque materials, and provide estimates of film thickness, t:
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t � ρAC

R
, (5.7)

where ρ is the resistivity of the film material, R the contact resistance and AC the real
area of contact. Since the resistivity of the film material is not known, either because
of its uncertain composition and non-uniformity, and the real contact area is often not
well defined, even this simple interpretation makes it difficult to obtain qualitative
film thickness and this approach is primarily useful for qualitative estimates of film
thickness. The analysis is further complicated since the contact between real surface
occurs at asperity tips that have small dimensions that may influence their conductive
properties.

5.2.2 In-Situ Analyses of Transparent Interfaces

The notion that lubricating films could be interrogated with optical techniques with
transparent contacts was pioneered by Cameron, who used interferometric methods
to measure lubricant film thickness in-situ during sliding [16]. While such tech-
niques have not yet been applied to sliding interfaces in ultrahigh vacuum, pre-
sumably because of the difficulty in implementing optical techniques in ultrahigh
vacuum because of the potential utility of such techniques in surface analysis, the
applications of such techniques are briefly discussed. The majority of optical tech-
niques such as Raman spectroscopy have been used to study tribofilm formation in
air since the Raman scattering cross section is generally too low to measure molec-
ularly thin layers except in exceptional circumstance in which there is a surfaces
enhancement in scattering intensity on rough coinage metals in a technique known a
surface-enhanced Raman spectroscopy (SERS). In principle, such techniques could
be applied to examining tribo-film growth in ultrahigh vacuum [17].

Infrared spectroscopy is one of the most commonly used technique for examining
the surface chemistry of monolayer adsorbates primarily on metal surfaces. Since
metals substrates are conductive, electric fields that are oriented parallel to the surface
are screened, while electric fieldwith components normal to the surface are enhanced
[13, 18]. As a consequence, reflection-absorption infrared spectroscopy (RAIRS)
is carried out on metal surfaces at grazing incident to enhance the component of
the electric field normal to the surface and is sufficiently sensitive to detect sub-
monolayer coverages of adsorbates on metals. This leads to the so-called surface
selection rules in which only vibrations that have atomic motions with a component
perpendicular to the surface are detected. This yields information on the orientation
of the adsorbate on the surface.

Perhapsmost importantly, infrared spectroscopy can provide detailed information
on the chemical nature of adsorbates through characteristic “group frequencies”
[19, 20]. Here, a functional group of an adsorbate is found to generally exhibit a
characteristic range of frequencies that can be used to identify the nature of the
adsorbate and is particularly useful for understanding surface chemistry. However,
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Fig. 5.2 Schematic depiction of the ATR-IR experiment

while potentially powerful for following surface tribochemical reactions, RAIRS
cannot provide a truly in-situ interrogation of the sliding interface.

An alternative approach which does overcome this limitation is attenuated total
internal reflection infrared spectroscopy (ATR-IR). A typical experimental geometry
of the implementation of an ATR-IR experiment is illustrated in Fig. 5.2. This tech-
nique uses an ATR crystal which is fabricated from an infrared-transparent material
with a high refractive index, typically germanium, or zinc selenide. The ends of the
crystal have bevelled edges cut at an angle such that the infrared light impinges on
the long faces of the crystal below the critical angle ΘC defined as ΘC � n1

n2
, where

n2 is the refractive index of the ATR crystal and n1 is the refractive index of the
medium outside the crystal, typically vacuum or air so that n1 ∼ 1. In this case,
the infrared radiation repeatedly reflects off the inner faces of the crystal and exits
from the opposite bevelled face, which is cut at the same angle as the opposite face.
However, the infrared light does not terminate abruptly when reflecting from the
inner faces of the crystal but can penetrate as an evanescent (decaying) wave some
distance into the low-refractive-index region of the sample. The decay length for this
evanescent wave is of the order of the wavelength of the light passing through the
crystal. Thus, the spectrum of any material placed on the face of the ATR crystal that
absorbs infrared radiation can be recorded.

However, since the infrared signal passes through the whole of the crystal, using a
ball-on-flay geometry (where the ATR crystal comprises the flat) will result in only a
relatively small signal so that the technique is generally used with a cylinder sliding
on theATR crystal to provide awider detection area and greater sensitivity [21, 22]. A
major advantage of this approach is that theATRcrystal can be coatedwith a thin layer
of metal which, if sufficiently thin, still allows the infrared radiation to penetrate it,
thus allowing tribochemical reactions to be studied in-situ for ametal-metal interface.
In this configuration, the method has a transparent interface while maintaining the
ability to study tribochemically realistic interfaces. While this approach has not yet
been used to study tribochemical reactions in vacuum, there are no technical reasons
that this should not be done.
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5.2.3 Pseudo In-Situ Analyses

This section describes the use of what is termed “pseudo-in-situ” techniques which
include surface-sensitive techniques that, while they are not able to directly probe the
contacting interface while rubbing, they can be used to analyze the surface immedi-
ately after rubbing, as a function of the number of times that it is rubbed. This allows
kinetic information on the nature of the surface to be obtained. In this case, it is
helpful to be able to correlate the results of true in-situ analytical techniques with the
pseudo-in-situ measurements. Strategies for accomplishing this will be discussed in
Sect. 5.4.

Analytical techniques that are the most surface sensitive and those based on the
use of the electron since the mean-free path of electrons in most materials is of the
order of a few nanometers [23]. Such techniques include those that are excited by
high-energy photons andwhere electrons are detected to render the technique surface
sensitive, or those that are themselves excited by electrons. In general, to be useful
in understanding tribochemistry, they should have good spatial resolution. However,
photon-based techniques such as X-ray Photoelectron Spectroscopy (Chaps. 4 and
6) tend to require complex light sources that can be difficult to incorporate into the
same chamber as the tribometer itself and are generally carried out by transferring
the sample, in vacuo, from the chamber in which the surface is rubbed to an analysis
chamber. However, they do have the advantage of being able to provide quite detailed
analytical information, for example on the chemical state of the surface region.

Perhaps the simplest pseudo-in-situ analytical technique that is excited by elec-
trons is Auger spectroscopy. This is generally excited by electrons with a few keV in
energy, which can be generated using compact electron sources and can be focused
to spot sizes of less than a few microns.

5.2.3.1 Surface Analysis by Auger Spectroscopy

Materials are ionized by incident high-energy electrons. In particular, high-binding
energy electrons, so-called core states, can be removed if the incident electron kinetic
energy is greater than the ionization energy of the electron in that state. In general,
the ionization cross section, or the probability that an electron is removed, increases
as the electron energy increases above the threshold ionization energy, reaching its
maximum value when the incident electron kinetic energy reaches about 2–3 times
the ionization energy.

The ionized atom in the material is unstable and can relax by lower-binding-
energy electrons undergoing a transition onto the vacant energy level. The energy
gained by such a transition can be released either by emitting a photon or another
electron. Since the photons emitted during this process generally have energies in
the X-ray region of the spectrum, this process is known as X-ray fluorescence. The
emission of an electron during the decay process was first described by Pierre Auger
and this three-electron process forms the basis for Auger stectroscopy [24].
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Fig. 5.3 Schematic depiction of the Auger process

The energy of the emitted Auger electron therefore depends on the energies of
three electron states in the atom; the energy of the state which was initially ionized,
the state from which the decaying electron originated and finally, the state from
which the Auger electron was emitted (Fig. 5.3). Since the energies of the electrons
in a particular atom are characteristic of that particular atom, the pattern of kinetic
energies of the electrons emitted by a particular atom are characteristic of that atom so
that the Auger spectrum provides detailed information on the chemical composition
of the sample.

In order to collect an Auger spectrum, the sample is illuminated with high-energy
electrons (with kinetic energies of a few keV), and the energies of the emitted elec-
trons are analysed using an electron energy analyser. They are invariably electrostatic
analysers that are essentially parallel plates across which a voltage is applied to create
an electric field, which deflects the electrons in an arc of radius r. The magnitude
electric field E across parallel plates separated by a distance d is given by E � V

d ,
so that the force F exerted on an electron with charge e is F � eV

d . This causes the

electron to move in an arc of radius r such that the centripetal force (mv2

r ) balances

the electrostatic force. Since the kinetic energy is given by K � mv2

2 , this leads to a
relationship between the kinetic energy and voltage across the plates:

K � er

2d
V . (5.8)

In practice, the parallel plates are bent to have some fixed radius so that r and
d are fixed and depend on the geometry of the electron energy analyser. There are
several designs of electrostatic analysers, but they all operate on the same physical
principle, and an example of the schematic of a typical electron energy analyser is
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Fig. 5.4 Schematic depiction of a hemispherical electron energy electron analyzer

shown in Fig. 5.4. Here the plates have been bent into the form of two concentric
hemispheres and is known as the hemispherical analyzer. Other configurations such
as the cylindrical mirror analyzer and the 127° sector analyzer are used [24]. Similar
types of analyzer are used for X-ray photoelectron spectroscopy. In order to provide
good energy resolution, narrow slits are placed at the entrance and exit of the analyzer
plates. The system shown in Fig. 5.4 includes an electron lens at the entrance of the
analyzer to optimize the collection of electrons and an electron detector located after
the exit slit. Based on (5.8), the spectrum is recorded by monitoring the number of
electrons passing through the analyzer as a function of the voltage across the analyser
plates, and this technique is used in Auger spectroscopy. It should be noted that the
resolution of electrostatic analyzers also depends on the electron kinetic energy.
While this is not an issue for measuring Auger spectra since the lines are generally
quite broad and the measured kinetic energies relatively low, it is important in XPS
where a higher resolution is required and electron analyzer is therefore configured
slightly differently for XPS (see Chap. 4).

An complication with Auger spectroscopy is that, since electrons interact strongly
with solids (and thus have a short mean-free path), high-energy electrons create an
intense background of inelastically scatted electrons so that the peaks in the Auger
spectrum are generally superimposed on a large background intensity. This is illus-
trated in Fig. 5.5, where the top curve shows the relatively small Auger peaks super-
imposed on an intense background due to the emission of inelastic electrons. Since
the inelastic background intensity varies slowly with kinetic energy, while the fea-
tures due to Auger emission are narrower, the first-derivative spectrum (lower curve),
shows well-defined peaks with both positive and negative excursions. Note also that
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Fig. 5.5 Auger spectra of an
oxidized Fe–Cr–Nb alloy.
The top spectrum shows the
number of counts as a
function of electron kinetic
energy showing the large
inelastic electron
background. The lower curve
shows the differentiated
spectrum. Reproduced with
permission from [25]

Fig. 5.6 Carbon KLL Auger
spectra of various
carbon-containing materials
illustrating the effect of
chemical environment on
Auger lineshape.
Reproduced with permission
from [26]

the measured kinetic energies are characteristic of the elements in the sample; in this
case, distinct features due toNb, Cr and Fe are clearly evident, while the large oxygen
peak indicates that the alloy is oxidized and also contains some carbon contamination.
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The spectrum in Fig. 5.5 illustrates the utility of Auger spectroscopy for analyzing
the elements in a sample and, because it relies on electrons, it is sensitive only to
the outermost few nanometers of the sample. However, unlike XPS, it is somewhat
insensitive to the chemical nature of the species near the surface. The exception
is cases in which the Auger process involves the valence electrons of the element
since these are strongly modified by changes in the chemical environment [26].
An example is shown in Fig. 5.6 for various carbon-containing species including
carbides, graphite and diamond. Since the carbon Auger transition involves an initial
ionization of the carbon 1 s electron (with a binding energy of ~280 eV), followed by a
decay from the valence orbitals of the carbon, and the emission of an Auger electron,
also from the carbon valence orbitals, significant changes occur in the lineshapes.

The composition of the surface region can also be estimated by measuring the
peak-to-peak amplitudes of the features for each element in the first-derivative spec-
trum. The atomic composition of the sample can then be estimated using tabulated
values of sensitivity factors [27].

Application of Auger Spectroscopy to Tribological Processes; Shear-Induced
Loss of Sulfur

This section discusses the use of Auger spectroscopic surface analyses for study-
ing tribochemical kinetics. The experiments are carried out in an ultrahigh vacuum
(UHV) chamber, operating at a base pressure of ~1 × 10−10 Torr, where the sample
can be rubbed using a tungsten carbide ball that slides on the surface with various
sliding speeds and loads [8]. Sliding creates awear track on the surface that is approx-
imately 100 µm wide, so that the analysis spot size must be less than this to ensure
that only the composition inside the wear track is analyzed. In order to carry out
the experiment, a clean copper sample is rubbed ~70 times to create an initial wear
track. The surface is then exposed to a model gas-phase lubricant, dimethyl disulfide
(DMDS, CH3–S–S–CH3), which reacts by S–S bond scission to deposit methyl thi-
olate species (CH3–S) on the surface. An initial Auger spectrum of the wear track is
collected prior to rubbing and the peak-to-peak amplitude of the sulfur KLL Auger
signal at ~160 eV kinetic energy is normalized to the peak-to-peak amplitude of the
Cu LMM feature at ~920 eV. Subsequent measurements are collected in this way to
eliminate the effect of variations in experimental conditions such as electron beam
current.

It is a challenge in any tribological experiment to ensure that only the worn region
of the sample is analyzed. In the case of the Auger spectra collected here, the spatial
resolution was measured using a 100 µm diameter silver wire attached to the surface
to mimic a wear track and Auger spectra collected to ensure that only silver and no
copper is detected. Note that smaller electron beam spot sizes generally yield lower
electron fluxes and thus less intense spectral signals so the experiment involves a
compromise between surface sensitivity and spatial resolution.

In order to carry out Auger analyses sequentially on the same rubbed region of the
sample, the electron gunwas oriented such that the electron beamwas incident on the
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Fig. 5.7 Loss of sulfur from
the surface as a function of
the number of rubbing cycles
following the adsorption of
dimethyl disulfide on copper.
Reproduce with permission
from [12]
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wear track to allow the sample to move repeatably between the rubbing experiments
and the surface analyses. The electron gun used for these experiments also included
deflection plates that allowed the electron beam to be rastered across the wear track.
Scattered electrons were detected using a channeltron located inside the vacuum
chamber which allowed scanning electron microscope images to be collected and
the position of the wear track to be identified.

After obtaining the initial sulfur signal, the surface was rubbed at a normal load
of 0.44 N using a sliding speed of 4 mm/s with the sample at room temperature.
The Auger spectrum was then collected by rotating the sample towards a cylindrical
mirror electrostatic electron energy analyzer (CMA) to measure the peak-to-peak
ratio of the sulfur Auger signal ratioed to that of the copper substrate. The sample
was then rotated back to its original position and rubbed once again to yield a plot of
S/Cu Auger signal as a function of the number of passes of the ball over the surface
(Fig. 5.7). This shows a rapid decrease in the amount of surface sulfur, so that, after
~80 passes over the surface, no sulfur is detected.

Because the experiment is carried out in UHV, the amount of adsorption from
the gas phase when the experiment is being carried out is negligible so that the data
shown in Fig. 5.7 are due to the shear-induced effects that result in the removal of
sulfur from the surface. Since the data yield a time sequence of the surface coverage,
the results can be analyzed to yield kinetic parameters. Accomplishing this requires
a kinetic model to be developed, which, in turn, relies on being able to identify the
elementary steps occurring during the tribochemical reaction. This will be discussed
in greater detail in Sect. 5.3.4.
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5.2.3.2 Surface Analysis by Low Energy Electron Diffraction

Low-energy electron diffraction (LEED) is a surface-sensitive electron diffraction
technique that provides information on the crystal structure and order of surfaces.
It is based on de Broglie’s proposal that particles can have wave-like properties
[28], where the wavelike properties (wavelength, λ) are related to particle properties
(momentum, p) through: λ � h

p , where h is Planck’s constant. This indicated that
electrons should diffract from crystalline surfaces in a manner analogous to X-rays
and this was confirmed by the first LEED experiments, although they did not call it
that, by Davisson and Germer [29]. Because of the short mean-free path of electrons
in solids, the diffraction pattern is sensitive to the outermost layers of the sample and
this was one of the first techniques applied to the study of surfaces. The principle of
the LEED experiment is relatively straightforward and consists of a monoenergetic
beam of electrons with energies ~100 eV, to give de Broglie wavelengths of the order
of lattice spacing in metals, impinging on a metal single crystal and observing the
resulting diffractions pattern. However, as noted above, high-energy electrons pro-
duce large number of inelastically scattered electrons when interacting with surfaces
and must be filtered out to allow the elastic LEED electrons to be observed. By
definition, the energies of the inelastic electrons are lower than the incident beam
energy and so can be filtered by a retarding grid. A typical LEED apparatus is shown
in Fig. 5.8 and consists of concentric, electron-transparent grids and a fluorescent
screen to detect the diffracted electrons. The sample is located at the center of cur-
vature of the grids so that electrons diffracted from the sample impinge normal to
the grids and a fluorescent screen to image the diffracted electrons. An electron gun
protrudes from the center of the LEED screen and is incident onto the single crystal
sample. From the de Broglie relation above, the electron wavelength can be varied
merely by changing the electron kinetic energy Ep as λ � h√

2mEp
where m is the

electron mass. In order to remove any inelastic electron, a retarding voltage of +Er

is applied to one of the grids so that Er < Ep to allow only elastically scattered
electrons to pass through the grid. Grounded grids are placed between the retarding
grids and the sample, and the sample and the screen to ensure that there are field-free
regions between them. The LEED pattern is imaged using a fluorescent screen using
a high applied potential Es to accelerate the electrons to the screen.

The beam is diffracted through an angle Θ given by the Bragg equation:

nλ � 2d sinΘ, (5.9)

where d is the lattice spacing and n is the diffraction order and can be used to
precisely measure surface lattice spacings. Since the beam energy, and hence the
electron wavelength, can be easily varied, the diffraction pattern can be collected at a
variety of electron wavelengths and the resulting intensity versus beam voltage data
can be used to obtain detailed structural information [30].
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Fig. 5.8 Schematic diagram
of a LEED apparatus. An
example of a LEED pattern
is also shown

Application of Low Energy Electron Diffraction to Material Transfer
in a Contact

Buckley used LEED experiments to explore the transfer of material from the (111)
surface of gold to the (111) face of copper-aluminum alloys as a function of alloy
composition [31]. The experiments were carried out in a UHV chamber using various
aluminium-copper alloys by bringing a clean gold sample into contact with it. The
applied load was controlled by external magnets through an arm that contained the
sample at the end. This arrangement allowed the adhesion force between gold and the
copper-aluminum alloys to be measured after contacting them. Figure 5.9 display the
adhesive force after contacting the surfaces for 10 s with a 20 mg load. The surfaces
of the alloys were examined by LEED after contacting with gold where, for example,
epitaxial gold films were found to be transferred to the copper-aluminum alloys with
less than 0.5% aluminum.

5.3 Elementary Steps in Tribochemical Reactions

As indicated in the Introduction, fully understanding tribochemical reactions, their
rates and the processes that control them require an understanding of the elementary
steps in the reaction that lead to the formation of an antiwear and/or friction-reducing
film, the so-called reaction pathway. A general outline of the processes that lead to the
formation of a boundary film are illustrated in Fig. 5.10. The first step is necessarily
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Fig. 5.9 Adhesive force of (111) gold to a (111) surface of aluminum and various aluminum-copper
alloys. Initial applied load, 20 mg, Contact time 10 s. Reproduced with permission from [31]

the adsorption of the lubricant additive or gas-phase lubricant onto the surface. This
chemistry will depend both on the nature of the surface and additive as well as the
experimental conditions such as the temperature and concentration.

These initial thermal reactions may then be followed by sliding effects that may
induce further mechano- or tribochemical reactions. These may be deleterious, as
in the case of the decomposition of organic friction monolayers (comprising self-
assembled monolayers of adsorbates) or beneficial when it eventually leads to the
formation of a tribofilm. The final step is the formation of the tribofilm. This may,
in principle, either occur by the sliding-induced products growing a film on the
surface [32, 33] or by penetrating the subsurface region of the sample. The latter
process will create a new surface on which the lubricant can adsorb, thus start-

Fig. 5.10 Schematic
diagram indicating possible
elementary steps in a
tribochemical reaction to
form an antiwear or friction
reducing film

Lubricant (Addi ve) 
adsorp on on the 

surface.

Ini al thermal chemical 
reac on on the surface.

Sliding-induced adsorbate 
decomposi on.

Tribofilm forma on
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ing the second tribochemical reaction cycle. As this cycle proceeds, the nature of
the surface will evolve as the tribofilm forms so that both the thermal and sliding-
induced reactions and their rates may be different for each cycle, thus emphasizing
the potential complexity of fully understanding tribochemical reaction pathways. In
addition, many engineering surfaces themselves may be structurally and chemically
rather complex, being covered by contaminants and oxides from reaction with atmo-
spheric gases, thus emphasizing the importance of carrying out experiments in UHV
on well-characterized samples. Furthermore, the complexity of the reaction cycle
shown in Fig. 5.10 suggests that it is important to use simple model systems. For this
purpose, we use the gas-phase lubrication of copper by dimethyl disulfide (DMDS)
to illustrate the use of in-situ and “pseudo” in-situ approaches to understanding the
elementary steps in a tribochemical reaction cycle and their kinetics. While this is
not a commercial lubricant, it does contain the key aspects of commercial lubri-
cant additive since it contains a S–S linkage, typical of sulfur-containing lubricant
additives, as well as a hydrocarbon functionality. The discussion will address the
following key steps. It is first necessary to demonstrate that DMDS does act as a
gas-phase lubricant and then to identify the nature of the elementary steps in the
reaction cycle shown in Fig. 5.10. The first two steps in the cycle in Fig. 5.10 involve
investigations of the thermal surface chemistry and the nature and stability of the
initially adsorbed species arising from exposure to DMDS and are explored using
standard UHV surface science techniques. The final steps in the reaction occur at
the sliding interface and illustrate the use of the in-situ techniques described above.
Finally, once the nature of the elementary steps has been identified, this will allow
a simple kinetic model to be constructed to establish how the surface composition
evolved during rubbing.

5.3.1 Gas-Phase Lubrication of Copper by DMDS

The gas-phase lubrication of copper by DMDS is explored in UHV. As noted above,
DMDS is selected because it mimics commonly used lubricant additives and sulfur-
containing molecules are used as to lubricate iron [34–37]. The tribological exper-
iments were carried out using the following protocol. First, an initial wear track
was made on the clean copper substrate without DMDS dosing to obtain an initially
constant friction coefficient to ensure that any subsequent changes in friction were
due to DMDS dosing. As shown in Fig. 5.11, this resulted in a friction coefficient
decrease from an initial value of ~0.82 to ~0.53 after rubbing 40 times, and remained
essentially constant thereafter. The sample was then pressurised with 5 × 10−8 Torr
of DMDS to cause a rapid initial decrease in friction, followed by a slower change
for longer rubbing times, thereby showing that DMDS does act as a gas-phase lubri-
cant. Experiments were also carried out using a model lubricant that consisted of
5% DMDS dissolved in a poly α-olefin and found a friction coefficient of ~0.05
for sliding on copper. This work established that DMDS does act as a lubricant for
copper [38].
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Fig. 5.11 Plot of friction coefficient versus number of cycles measured in the ultrahigh vacuum
tribometer at a sliding speed of 4 × 10−3 m/s and a normal load of 0.44 N. The clean surface was
initially rubbed 70 times to reach a steady-state value of friction coefficient, and then dimethyl
disulfide was introduced via a dosing tube at a background pressure of ~5 × 10−8 Torr and the
friction coefficient then recorded in the presence of gas-phase DMDS. Reproduced with permission
from [39]

5.3.2 Thermal Chemistry of DMDS on Copper

The initial steps in the tribochemical reaction cycle involve the adsorption and ther-
mal reaction of DMDS on the clean copper surface (Fig. 5.10) in UHV. Such studies
are also required to explore the stability of the resulting surface species. Many of
the techniques that are used to study tribological interfaces such as XPS (see previ-
ous chapter), Auger spectroscopy (Sects. 5.2.3.1), LEED (Sect. 5.2.3.3) and infrared
spectroscopy (Sect. 5.2.3) are equally applicable to studying surface in UHV. An
additional technique, that is not applicable to in-situ studies of the tribological inter-
face, but is extremely useful for following surface chemical reaction pathways and
their kinetics in UHV is temperature-programmed desorption (TPD). This technique
involves adsorbing the molecule of interest onto a clean sample held at a sufficiently
low temperature (usually ~80 K, by cooling the sample with liquid nitrogen) to pre-
vent decomposition of the adsorbate. The sample is then placed close to and in-line-of
sight of a mass spectrometer and is heated linearly as a function of time and the des-
orbing products monitored as a function of the sample temperature. The detection
of gas-phase products is analogous to the detection of gas-phase products during
sliding described in Sect. 5.2.1.1. The resulting plot of mass spectrometer signal as
a function of time generally consists of peaks, where the onset temperature of the
peak depends on the activation energy of the surface reaction giving rise to the peak.
However, as the surface becomes depleted of reactants, the mass spectrometer signal
decreases once again to produce a peaked structure.
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Fig. 5.12 TPD profile of
DMDS adsorbed on copper.
Reproduced with permission
from [10]
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The nature of themolecular species giving rise to a particular peak can be obtained
by measuring the peak intensity at various masses and comparing with mass spec-
trometer ionizer fragmentation patterns of various compounds. A typical series of
TPD profiles for DMDS adsorbed on copper at ~100 K are shown in Fig. 5.12 when
monitoring the 16 amu mass spectrometer signal [10, 11]. The data are collected for
various initial exposures of DMDS, which are indicates in Langmuirs (1 Langmuir
(L) � 1 × 10−6 Torr s). This shows two distinct peaks, a sharp feature centered at
~159 K, and a broader feature at 426 K. By measuring the signals at other masses,
it can be shown that the low-temperature (~179 K) peak is due to the desorption of
condensed, molecular DMDS, while the higher-temperature (~426 K) is due to the
reactive formation of methane due to the decomposition of adsorbed methyl thiolate
(CH3–S(ads)) species [10].

The maximum temperature of a desorption peak, Tp can be used to estimate the
reaction activation energy assuming that the sample temperature varies linearly with
time t:

T � T0 + βt, (5.10)

where T0 is the initial temperature and β is the heating rate. For a first order reaction
(5.1), and taking the amplitude of signal at a particular temperature in the TPD profile
(Fig. 5.12) to be proportional to the reaction rate, r, gives:
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−dΘ

dt
� r � Aexp

(
Eact

kBT

)
Θ, (5.11)

where Eact is the activation energy for the process that gives rise to the desorption
product, T is the absolute temperature and kB the Boltzmann constant. The peak
occurs when the desorption rate is the maximum. Putting dr

dt � 0 gives, for a first-
order process, an equation for the activation energy in terms of Tp [9]:

Eact

kBT 2
p

�
(
A

β

)
exp

(
Eact

kBTp

)
. (5.12)

This reveals that, for a first-order process, the value of Tp is independent of the
adsorbate coverage, indicating that the methane formed in the TPD profile is due to a
first-order process (methyl thiolate decomposition). In order to simplify this equation,
it is found that a plot of Eact versus Tp is approximately linear for 1013 > A

β
> 108

and can be approximated by:

Eact

kBTp
� ln

(
ATp

β

)
− 3.64. (5.13)

Applying this “Redhead” equation [9] to themethane desorption peak in Fig. 5.12,
and using a typical pre-exponential factor A for a first-order process of 1013 s−1, gives
an activation energy of ~100 kJ/mol. The reaction is confirmed using XPS, which
shows the disappearance of carbon over a temperature range which methane desorbs
and the persistence of sulfur on the surface. These results confirm that methyl thiolate
species are stable on the surface at ~300 K, the temperature at which the tribological
measurements are carried out.

5.3.3 Identifying Elementary Steps During Sliding

The subsequent sliding-induced elementary reaction steps are explored using a com-
bination of the in-situ and pseudo in-situ techniques described above. It should be
emphasized that the temperature rise for the relatively mild conditions used in the
UHV tribometer is negligible [8]. The products formed during slidingwere discussed
in Sect. 5.2.1.1 and Fig. 5.1 shows the desorption of methane pulses as the pin slides
over a methyl thiolate-covered surface. The rate of thiolate decomposition to form
methane (and C2 hydrocarbons) is accelerated by interfacial shear, since it does not
occur thermally at this temperature and there are now a number of reactions for which
this has been found including the decomposition of oxygen-containing adsorbates
on graphene [15] and the growth of anti-wear films from ZDDP [32, 33]. However,
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unlike the thermal chemistry on copper, where adsorbed sulfur remains on the sur-
face, Auger analyses of the wear track reveal that the sulfur is removed during sliding
(Fig. 5.7, Sect. 5.2.2.2).

Because of the strong binding of sulfur to copper, sulfur is unlikely to desorb
and no sulfur was detected in the gas phase, implying that shear causes sulfur to
penetrate the subsurface region of the copper sample. This idea is tested by taking
advantage of the observation made above that sulfur is thermodynamically stable
on the surface of copper rather than in the bulk. That is, any subsurface sulfur is
metastable so that heating the sample should cause sulfur to diffuse to the surface
once again. However, the DMDS-dosed copped sample is covered by methyl thiolate
species which must be removed for this experiment to be carried out. The results of
this experiment are displayed in Fig. 5.13, which display the profiles of the sulfur
coverage across a wear track measured using small-spot-size Auger spectroscopy.
The center of the wear track is located at 300 µm. The baselines of the scans shown
in Fig. 5.13a have as S/Cu Auger ratio of ~0.42, corresponding to the sulfur in a
saturated monolayer of methyl thiolate species, while in Fig. 5.13b, the baseline has
a S/Cu ratio of zero. Profile I shows a scan across a previously formed wear track for
a copper surface that has been saturated with methyl thiolate species. It seems that
slightly more methyl thiolate species can adsorb in the wear track, possibly because
it is somewhat rougher than the surface outside the wear track. Profile II shows the
effect of rubbing the surface 50 times, confirming that sulfur has been removed in
the rubbed region as found in the data plotted in Fig. 5.7. This sulfur is proposed to
have penetrated the bulk of the sample. In order to test this, the surface sulfur was
carefully removed by Argon ion bombardment and the resulting profile of the sulfur
Auger signal is shown in scan III; all of the surface sulfur has been removed. Profile
IV shows the result of heating to ~780 Kwhere now sulfur is detected on the surface.
This is proposed to have diffused from the subsurface region and is wider than the
originalwear track presumably due to lateral diffusion of sulfur on the copper surface.
This effect provides a shear-induced pathway for the low-temperature formation of
a tribofilm and formally results in an oxidation of the copper by sulfur.

A possible explanation for this shear-induced surface-to-bulk transport come from
molecular dynamics simulations [40–43] which suggest that shear can induced mix-
ing of the surface regions of soft metals during sliding. Analytical models of this
effect [44] show that the surface-to-bulk transport depends on the strain-rate sensi-
tivity of the material. For copper, which has a low value of the strain-rate sensitivity
[45–52], this theory predicts that the distance that the sulfur on the surface penetrates
the bulk is proportional to the number of times that the surface has been rubbed and
this dependence has recently been verified for subsurface sulfur in copper [53]. The
elementary steps for the tribochemical reaction of DMDS with copper are summa-
rized in Fig. 5.14.
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Fig. 5.13 Plots of sulfur peak-to-peak LMM Auger intensity (152 eV kinetic energy) ratioed to
the peak-to-peak intensity of the Cu LMM Auger transition (920 eV kinetic energy) as a function
of position through the wear track, which is centered at ~300 µm. a Shows the effect of rubbing,
where profile I plots the sulfur coverage after the sample was dosed with DMDS after rubbing the
clean surface, and profile II shows the result of subsequently rubbing the surface 50 times under a
normal load of 0.44 N at a sliding speed of 4 × 10−3 m/s. b Shows that all of the sulfur is removed
from the surface by argon ion bombardment (profile III), but that subsequently heating the sample
to ~780 K causes sulfur to segregate to the surface only in the region of the wear track (profile IV).
Reproduced with permission from [12]

Fig. 5.14 A schematic of the elementary steps in the tribochemistry of DMDS on copper
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5.3.4 Microkinetic Modelling of Tribofilm Formation
for DMDS on Copper

Having defined the elementary steps in the tribochemical reaction pathway sets the
stage for developing microkinetic models to describe the film formation reaction
rates based on the reaction pathway (Fig. 5.14), which consists of a sequence of two
shear-induced reactions: RS(ads) → S(ads) → S(subsurface), where the rate constant for
the first reaction is k1 and for the second is denoted as k2.

The data in Fig. 5.1 for the formation of gas-phase hydrocarbons indicated that
methyl thiolate decomposes via a first-order reaction (Sect. 5.2.1):

−dΘth

dt
� k1Θth, (5.14)

where Θth is the thiolate coverage. Writing k ′
1 � k1tC and integrating (5.14) gives:

Θth � exp
(−k ′

1 p
)
, (5.15)

where p is the number of passes, where the method for obtaining k ′
1 is discussed in

Sect. 5.2.1.
Denoting the coverage of adsorbed sulfur, S(ads) formed by this reaction as ΘS

then, from the sequential reaction shown in Fig. 5.14, adsorbed sulfur is formed by
alkyl thiolate decomposition and removed by surface-to-bulk transport:

dΘS

dt
� k1Θth − k2ΘS, (5.16)

and assuming that surface-to-bulk transport occurs via a first-order process as will
be discussed in greater detail below, substituting for the alkyl thiolate coverage Θth

from (5.15) and solving gives:

ΘS(p) � k1′

k2′ − k1′
(
e−k ′

1 p − e−k ′
2 p

)
, (5.17)

where k ′
2 � k2tC . The rate constant k ′

2 is that for the transport of adsorbed sulfur
into the subsurface of copper where the film penetrates a distance d(p) into the
subsurface region as a function of the number of scans as: d(p) � dp px , where dp is
the distance that the sulfur penetrates the subsurface region per pass [44] and it has
been shown the x ~ 1 [53]. If the initial film thickness at t � 0 is d0 (corresponding
to the thickness of the original saturated sulfur overlayer), then it can be shown that
k ′
2 � dp

tC
[54].

Since the Auger analyses of the surface during rubbing (Fig. 5.7) measure the
sulfur from both adsorbed sulfur and alkyl thiolate species, the coverage of all sulfur-
containing species is calculated as ΘS(tot) � ΘS + Θth, and this gives:
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ΘS(tot) � k ′
2

k ′
2 − k ′

1

e−k ′
1 p − k ′

1

k ′
2 − k ′

1

e−k ′
2 p. (5.18)

Finally, the coverage of the clean surface, Θclean is calculated from:

Θclean � 1 − ΘS − Θth. (5.19)

However, surface spectroscopies, including Auger spectroscopy, are sensitive not
only to adsorbates but also include signals from the sub-surface region [24, 55]. It
has been previously shown that the Auger signal due to subsurface sulfur varies as
1/p [53] so that the Auger signal contribution arising from subsurface sulfur is taken
to be ∝ Θsubsurface

p+1 where Θsubsurface is the subsurface sulfur coverage and p + 1 is used
to avoid a singularity at p � 0. Therefore the sulfur Auger signal IAuger(p) is given
by:

IAuger(p) ∝ IAuger(S) + IAuger(th) +
αΘsubsurface

p + 1
, (5.20)

where α is a constant. Since Θsubsurface � 1 − Θth − ΘS , this yields:

IAuger(p) �
(

k ′
2

k ′
2 − k ′

1

e−k ′
1 p − k ′

1

k ′
2 − k ′

1

e−k ′
2 p

)(
1 − α

p + 1

)
+

(
α

p + 1

)
, (5.21)

which is normalized to the initial Auger signal of the clean surface.
The above kinetic equations are used to analyze the shear-induced elementary

reaction steps of alkyl thiolates on copper (Fig. 5.14). The rate of decomposition of
methyl thiolate species, analyzed as described inSect. 5.2.1.1 gives k ′

1 � 0.63± 0.03.
In order to obtain k ′

2, the sulfur Auger data (Fig. 5.7) are fit to (5.21) to yield values
of α � 0.9 ± 0.1 and k ′

2 � 2.5 ± 0.5. The line through the experimental data in
Fig. 5.14 is a fit to this equation.

Since these kinetic parameters derive from a pseudo in-situ technique, Auger
spectroscopy, the results are verified using an in-situ method measuring the friction
coefficient as a function of number of rubbing cycles (Fig. 5.15). Adapting (5.4)
(Sect. 5.2.1.2) to the reaction sequence shown in Fig. 5.14 gives an equation for the
friction coefficient μ(p) as a function of the number of passes p:

μ(p) � μthΘth(p) + μSΘS(p) + μclean(1 − Θth(p) − ΘS(p)), (5.22)

where μth, μS and μclean are the characteristic friction coefficients of the thiolate-
covered, sulfur-covered and clean surfaces, respectively. Here, the rate constants
were constrained to be in the range determined above and μclean was allowed to vary
between 0.45 and 0.55 found for sliding on clean copper. The fit to the data is shown
as a solid line in Fig. 5.15 and yields μth = 0.07 ± 0.02, μS � 0.39 ± 0.06, and
μclean � 0.47 ± 0.05. The agreement between experiment and theory suggests that
the value of k ′

2 measured from the Auger data is reasonable. The resulting plot of
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Fig. 5.15 Plot of the friction
coefficient as a function of
the number of scans while
rubbing a
methyl-thiolate-covered
copper surface at a normal
load of 0.44 N and a sliding
speed of 4 mm/s. The line
shows a fit to the data.
Reproduced with permission
from [54]

Fig. 5.16 Plot of the
calculated coverages of
adsorbed methyl thiolate
species (�), adsorbed sulfur
(●) and the clean copper
surface (▲) as a function of
the number of scans over a
methyl-thiolate covered
surface with a normal load of
0.44 N and a sliding speed of
4 mm/s. Reproduced with
permission from [54]

the adsorbate coverages as a function of the number of scans for an initially methyl
thiolate-saturated surface, at a load of 0.44 N and a sliding speed of 4 mm/s, is shown
in Fig. 5.16. This shows that a clean surface is produced after ~8 scans, since the
clean surface coverage (▲) becomes almost unity after this number of scans, thereby
allowing the tribochemical cycle to be repeated to eventually form a sulfur-containing
boundary film. In addition, as a consequence of k ′

2 being much larger than k ′
1, the

sulfur is transported into the subsurface region almost as quickly as it is formed on
the surface resulting in the adsorbed sulfur coverage always remaining less than 0.2
monolayers (●).
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5.4 Conclusions

This Chapter describes a number of in-situ and pseudo in-situ techniques that can
be used to explore the elementary steps in tribochemical reactions to form friction-
reducing or antiwear films under UHV conditions. The application of some of these
techniques is illustrated using a simple model system of DMDS reacting with copper
to form a sulfur-containing tribofilm. The results of these experiments allow the ele-
mentary steps in the reactionpathway to be identified. In particular, two shear-induced
processes were found. The first consisted of an increase in the rate of decomposition
of methyl thiolate species into adsorbed sulfur and gas-phase hydrocarbons. Here,
the shear-induced reaction pathway was identical to that found for the thermal reac-
tion. This behaviour can be rationalized using model that was first applied to cell
adhesion [56] but has its roots in earlier models proposed by Prandl and Eyring [57]
and has also been shown to apply to adsorbate decomposition measured in the AFM
[8]. This approach of in-situ measurements of tribochemical reaction pathways on
model systems will lead to a more detailed fundamental understanding of the way in
which interfacial shear accelerates the rates of surface chemical reactions and lead
to the formation of tribofilms.

The second shear-induced step in the reaction pathway consisted of the surface-to-
bulk transport of sulfur to initiate the formation of a tribofilm. As shown in Fig. 5.16,
this results in the regeneration of a clean surface to allow methyl thiolate species to
once again adsorb onto copper to provide a tribochemical reaction cycle (Fig. 5.10).
However, alternative film formation processes have also been observed with ZDDP,
where the growing film forms on top of the substrate [32, 33].

Finally, while this Chapter has focussed on the film formation chemistry because
of its relevance to tribology, the reaction shown in Fig. 5.14 could equally as well be
viewed as a tribocatalytic reaction in which a combination of surface reactivity and
interfacial shear combine to accelerate the rate of DMDS decomposition into small
hydrocarbons and form a copper sulfide film.
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Chapter 6
Tribochemistry and Morphology
of P-Based Antiwear Films

A. Dorgham, A. Neville and A. Morina

6.1 Introduction

Zincdialkyldithiophosphate (ZDDP) is one of the most widely used additives,
whether in oils or greases. ZDDP is multifunctional as it can work as antiwear,
antioxidant and anticorrosion additive [1]. It exhibits these beneficial functionalities
by its ability to decompose under rubbing, heating or possibly high pressure to form
a protective film. In the case of this film is formed during heating without rubbing it
is called a thermal antiwear film whereas in the case of rubbing, the film is called a
tribofilm [2]. The antiwear mechanism of this tribofilm originates from its capability
to separate the contacting surface [3–7], to digest the abrasive wear debris [8–10]
and to decompose peroxides and peroxy-radicals [11–13].

Despite the numerous benefits of using the antiwear ZDDP additive, it has disad-
vantages as well. Firstly, ZDDP increases micropitting of the steel surface and thus
decreases its bearing life [14–17]. Secondly, it can poison the catalyst in the cars
equipped with a catalytic converter and therefore degrades the converter’s capability
to reduce harmful emissions in the exhaust gas [18, 19]. This led to an ever expanding
strict rules on the allowed concentrations of ZDDP, phosphorus and zinc in the oil
[20, 21]. The trend of these rules suggests that the ZDDP should be replaced. One
of the available options is to use neutral or acidic ashless dialkyldithiophosphate
(DDP). The ashless additives can provide better [22, 23], comparable [24] or worse
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[25, 26] antiwear properties than the ZDDP, which seem to depend greatly on the
operating conditions, properties of contacting surfaces and chemistries of base oil
and additives.

Replacing the ZDDP completely is not an easy task due to the lack of complete
understanding of the complex pathways involved in its decomposition reactions and
the possible interactions with the other additives in the oil. This statement is also true
for the case of the DDP, which shares in general the same complexity. Nonetheless,
despite these difficulties, a myriad of experimental works were carried out over the
last 70 years in order to understand the ZDDP decomposition reactions. These works
have been discussed in different reviews [21, 27, 28]. The review of Barnes et al.
[27] discussed the role of the ZDDP in the oil and its functions as an antioxidant and
antiwear additive. In addition, the review covered the interactions between the ZDDP
and various other components that can be present in the oil. The ZDDP review of
Spikes [21] presented a historical overview of the additive starting from its inception
until its current use. The review focused on the reaction mechanisms of the ZDDP
in the oil and the composition of the formed protective tribofilm and its formation
and removal kinetics. It also examined the contribution of different experimental
techniques to our current understanding of the ZDDP tribochemistry. Finally, the
review of Nicholls et al. [28] focused on the decomposition reactions of the ZDDP
in the absence and presence of other components in the oil, the composition of the
formed tribofilms and theirmechanical properties. This review is the last one focusing
on the ZDDP and was presented more than a decade ago.

It should be noted that the early works in the field of tribology focused on using a
single surface characterisation technique such as XPS, FTIR and EDX to study the
complex tribochemistry of the ZDDP andDDP tribofilms. However, every technique,
despite its numerous advantages, has certain limitations as summarised in Table 6.1,
which are mainly related to the experimental atmosphere; whether ambient (A),
high vacuum (HV) or ultra-high vacuum (UHV); detection sensitivity, chemical and
structural information capability, lateral resolution and sampling depth. Therefore,
as more and more of these techniques become available added to the insufficient
information gathered from a single technique only, the recent tribological studies
have started employing what is commonly known as the multi-technique approach.
In this approach, observations and evidence are collected from various experimental
techniques to help understand not only the composition but also the tribological and
mechanical properties of ZDDP and DDP tribofilms.

Despite the extensive research in the tribological and mechanical properties of the
ZDDP and DDP tribofilms and their compositions, the link between these properties
is still not clear. This review aims at discussing these properties and highlighting the
different links between them in order to provide a clearer picture on their tribochem-
istry in the base oil and the properties of the formed antiwear films. As the main
body of the literature is related to the ZDDP and due to the large similarities between
the ZDDP and DDP additives, the focus of this review will be mainly on the ZDDP
while making a direct comparison to the DDP whenever appropriate.
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Table 6.1 Comparison between the surface characterisation techniques

Method Atmospherea Sensitivity Chemical
information

Structure Lateral
resolution

Detected
depth

XPS UHV 1% Yes No 10 µm 3–8 nm

AES UHV 1% Yes No 20 nm 3–8 nm

XAS UHV-A 50 ppm Yes Yes 50 nm-mm 1 nm—bulk

EDX HV 0.1% No No 1 µm 1 µm

Raman A 0.1 at.% Yes Yes 1 µm 0.2–10 µm

FTIR A 1 ppm Yes Yes 10–100 µm 20 Å–1 µm

SIMS HV <1 ppm No No 60 µm 0–10 µm

XRD A 1% No Yes 30 µm 0.1–10 µm

XRF A 1 ppb No No 1 cm Bulk

AFM A NA No Yes <0.1 Å 0.1 Å

aExperimental atmosphere whether ambient (A), high vacuum (HV) or ultra-high vacuum (UHV)

6.2 Chemical Nature of ZDDP and DDP

Most of the added ZDDP to the base oil is either neutral, basic or hybrid of both [21,
27, 29, 30], which are depicted in Fig. 6.1. Similarly, the DDP can be either neutral,
acidic or a mixture of both, as depicted in Fig. 6.2. The neutral ZDDP usually exists
in equilibrium state between the monomeric structure (Zn[PS2(RO)2]2) shown in
Fig. 6.1(I) and the dimeric one (Zn2[PS2(RO)2]4) shown in Fig. 6.1(II) [31]. On
the other hand, the basic ZDDP is stable and has a structure with the chemical
formula (Zn4[PS2(RO)2]6O) [29, 30, 32, 33],which is depicted in Fig. 6.1(III).Within
these types of ZDDP and DDP additives, new categories can be defined as primary,
secondary, tertiary, etc., depending on the number of carbon atoms, i.e. one, two
or three respectively, that are attached to the carbon atom of the alkyl (R) group
[32]. These functional groups predetermine the thermal stability of the additive,
which can be arranged as follows [30]: aryl > primary alkyl > secondary alkyl. It
is interesting to note that the least thermally stable additive provides the best wear
protection. Therefore, according to the alkyl functional group (R), thewear protection
performance can be arranged as follows [21]:

secondary alkyl > primary alkyl > aryl

This can be attributed to the fact that primarily the decomposition process of
the additive is thermally activated, which will be discussed in more detail in the
subsequent sections.
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Fig. 6.1 The different structures of ZDDP: (I) neutral dimeric in equilibrium with (II) neutral
monomeric; (III) basic ZDDP. Reprinted from Harrison and Kikabhai [31]

Fig. 6.2 The different
structures of DDP: (I) neutral
and (II) acidic DDP.
Reprinted from Kim et al.
[34]
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6.3 Reactions of ZDDP and DDP

Different theorieswere proposed to explain the reactions of P-based additives, such as
ZDDP and DDP, in lubricating oils, which can be grouped into three main categories
[21]: (i) ligand exchange, (ii) peroxides and peroxy-radicals decomposition and (iii)
thermal, oxidative or hydrolytic degradation. These reactions can have very complex
pathways due to the fact that the commercial oils containing ZDDP or DDP may
as well contain some impurities, other additives, detergents or dispersant that might
alter these paths and ultimately alter the precursors and the final reaction products
forming the tribo- or thermal films [35].

To avoid such complexities, the three reactionsmentioned earlierwill be discussed
in detail in the following sections assuming that only the P-based additive is present
in the oil.

6.3.1 Ligand Exchange

During the ligand exchange reaction, the zinc cations (Zn2+) in the ZDDP or any of
its decomposition products can be exchanged by another cation. For example, the
Zn2+ in the monomeric form of the neutral ZDDP can undergo a ligand exchange
reaction with another metal ion (M2+), as follows [21]:

Zn
[
PS2(RO)2

]
2 + M2+ → M

[
PS2(RO)2

]
2 + Zn2+ (6.1)

The relative order of the ability of one cation to replace another one is as follows
[36]:

Pd2+ > Au3+ > Cu+ > Cu2+ > Fe3+ > Pb2+ > Zn2+ (6.2)

This means that Zn2+ can be replaced easily by Fe3+, which can be released from
the metal surface as a result of wear of parts of the contacting surfaces. This reaction
is very important as the nature of themetal cations in the substrate or themetal dialkyl
dithiophosphate molecules can alter the thermal decomposition process by changing
the decomposition temperature and kinetics and possibly the final composition of
the formed tribofilm [37].

6.3.2 Decomposition of Peroxides and Peroxy-Radicals

Peroxides and peroxy-radicals can oxidise the steel surface as follows [11]:

ROO· + Fe → RO· + FeO (6.3)
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2ROOH + Fe → 2RO· + 2OH− + Fe2+ (6.4)

ROOH + Fe2+ → RO· + OH− + Fe3+ (6.5)

Several studies [11, 12] found that in the presence of hydrogen peroxide, the oil
that has antiwear additives, such as ZDDP, results in less wear than the oil without
the additive. This suggested that one of the different antiwear mechanisms to protect
the contacting surfaces is by decomposing the peroxides and hence terminating the
oxidation chain reaction. However, other authors noted that when the antiwear addi-
tive acts as an antioxidant additive it cannot completely protect the surface fromwear
[38]. This indicates that the additive is used in decomposing the peroxides instead of
forming a protective film. Therefore, there is a need to tailor the proactive tribolog-
ical considerations based on not only the general application but also the operating
conditions while inspecting the compatibility between the additive and contacting
surfaces [38].

6.3.3 Formation of Tribo- and Thermal Films

The currently accepted view on the formation of tribo- and thermal films regards
the decomposition of P-based antiwear additives as a thermally-activated and stress-
assisted reaction [40–42], which can be catalysed by either heat or mechanical action
in the form of rubbing or shear at the interface of the contacting bodies. Nevertheless,
the classical view of this decomposition reaction considers it as a chemical reaction
that can be either thermal, oxidative, hydrolytic or hybrid. These mechanisms will be
discussed in detail in the following sections while highlighting the effect of rubbing
on the reaction kinetics and the final decomposition products.

6.3.3.1 Thermal Decomposition

Numerous studies suggested that the decomposition of the ZDDP or DDP addi-
tive occurs thermally [35, 36, 43–45], which means that the extent and rate of the
decomposition process are temperature dependent. The high temperature is espe-
cially needed at the early stage of the decomposition process as reported by Jones
and Coy [46]. This was based on the observation that after the initial decomposition
of the ZDDP at high temperature, the decomposition continued at a high rate even
at low temperature as indicated by the continuous formation of white deposition in
the oil. This suggested that the reaction can be multistage where intermediates must
be formed before the final products. The initial stage of this multistage reaction can
occur at elevated temperature in solution [36, 40, 47−49] or on the steel surface,
which was argued to be essential for this process [4, 50–52].
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In the case that the steel surface is not required, it was suggested that the formation
of the protective filmat high temperature can occur due to an in situ deposition process
on the steel surface by one or more of the following mechanisms [49]:

1. Polymerisation of small molecules to form a complex large molecule on the steel
surface.

2. Isomerisation of one or more of the additive molecules to other molecules
deposited on the steel surface as a protective layer.

3. Decomposition of the additive molecules and the deposition of the resulting
products on the steel surface.

4. Chemical reaction between two or more intermediate molecules to form the
surface layer.

On the other hand, Coy and Jones [50] suggested that the availability of the steel
surface can play a vital role in the thermal decomposition process. A reaction with
the steel surface can transform the organic phosphates into inorganic ones, which
can subsequently polymerise to a range of polyphosphates [46].

Jones and Coy [46] explained these reactions based on Pearson’s hard and soft
acids and bases (HSAB) principle [53–57]. The principle suggests stable pathways
for any chemical reaction according to the general observation that hard acids prefer
to form bonds with hard bases whereas soft acids favour forming stable compounds
with soft bases. Following the hardness classification of the acids and bases of the
most relevant compounds to ZDDP and DDP additives, which are summarised in
Table 6.2, Jones and Coy [46] proposed that the following chain of reactions can take
place during the thermal decomposition of the ZDDP:

1. Migration of the soft acid alkyl from the hard base oxygen atoms to the soft base
sulphur atoms of thiophosphoryl (P=S)

2. Formation of phosphorus acid as a result of the elimination of the thioalkyl (_SR)
functions.

3. Formation of phosphates P_O_P as a result of the nucleophilic reaction of one
hard acid tetravalent phosphorus O_P in one short phosphate segment with a hard
base oxygen bonded to another phosphate segment O_P.

Table 6.2 Classification of the hard and soft acids and bases relevant to ZDDP [55]

Type Hard Soft Borderline

Acid Tetravalent
phosphorus –P–

Tetravalent carbon
(CH4)

Ferrous Fe2+, Zn2+

Base H2O, OH–, O2–
Phosphoryl (P=O),
PO−3,

4

Thiophosphoryl (P=S)
Thiolate (RS−)

Sulphite (SO−2
3)

ROH, RO–, SO−2
4 Phosphine (PR3)
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4. Formation of zincmercaptide Zn(SR)2 as intermediate, which upon reactionwith
an alkylating agent formsdialkyl sulphidewhereas upon reactingwithmercaptide
forms dithiophosphate, trithiophosphate and finally tetrathiophosphate.

5. Formation of a mixture of zinc thiophosphate, zinc pyro-thiophosphate and zinc
polypyro-thiophosphate as a final deposition.

Although the predictions of Jones and Coy [46] do not entirely match the current
consensus that the final decomposition product is a mixture of zinc pyro, poly- and
meta-phosphate glass, theway theyutilised theHSABprinciple to explain the thermal
decomposition reaction was revolutionary at the time. They were one of the first to
explore the thermal decomposition mechanism not as a black box but as a tractable
chain of chemical reactions in which several intermediates can be identified. It took
nearly two decades untilMartin et al. [8] explored theHSAB inmore detail to explain
various important parts of the ZDDP reactions using the chemical hardness approach
whilematching the predictions with the experimental findings. This will be discussed
in the following section.

6.3.3.2 Thermo-Oxidative Decomposition

A number of studies proposed that the decomposition reaction of the P-based addi-
tives is a thermo-oxidative in nature.Willermet et al. [58] suggested that the antiwear
additive decomposition takes an oxidative pathway in the case of an equimolar quan-
tity of free radicals is present in the oil, otherwise a thermally controlled decom-
position occurred. However, the authors pointed out that in some localised areas
of a thermally controlled decomposition, products of a thermooxidative controlled
decomposition coexisted aswell. Based on this observation, they concluded that apart
from the availability of free radicals, stress plays a controlling role in determining the
predominant decomposition pathway. To test the hypothesis of the thermo-oxidative
controlled decomposition, which is controlled by the availability of O2, Willermet
et al. [58] conducted their tribological experiments in air and argon atmospheres. In
the two cases, they did not observe any differences in the tribofilm composition. This
should have necessary ruled out the oxidative decomposition mechanism. However,
the authors argued that the experimental conditions somehowdid not allow the oxida-
tive decomposition to compete well with the thermal one. This apparent discrepancy
can be related to the role of the ZDDP as an antiwear additive and oxidation inhibitor
[21, 27], i.e. helps decompose the peroxy-radicals [59, 60].

Yin et al. [1] proposed a thermo-oxidative mechanism for the ZDDP tribofilm
growth starting with the strong chemisorption of the ZDDP to the oxide layer on the
steel surface followed by the fast formation of long polyphosphate chains and the
slow formation of short polyphosphate chains, which can be summarised as follows:

• Step 1: Physisorption or chemisorption

Zn
[
(RO)2PS2

]
2(solution) → Zn[(RO2)PS2]2(adsorbed) (6.6)
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• Step 2: Formation of long polyphosphate chains

Zn
[
(RO)2PS2

]
2 + O2(or ROOH) → Zn(PO3)2 + sulphur species (6.7)

• Step 3: Formation of short polyphosphate chains

Zn(PO3)2 + FeO → FeZnP2O7 (6.8a)

or

Zn(PO3)2 + 2FeO → Fe2Zn(PO4)2 (6.8b)

Following Yin et al. [1], Najman et al. [25] proposed similar steps for the decom-
position of the DDP additive, as follows:

• Step 1: Physisorption or chemisorption

(RO)3PS2(solution) → (RO)3PS2(adsorbed) (6.9)

• Step 2: Formation of long polyphosphate chains

(RO)3PS2 + O2 + FeO → Fe(PO3)2 + sulphur species (6.10)

• Step 3: Formation of short polyphosphate chains

Fe(PO3)2 + FeO → Fe2P2O7 (6.11)

• Step 4: Formation of sulphate species

S +
3

2
O2 + FeO → FeSO4 (6.12)

Similar to the above reactions, Martin et al. [8, 9, 61] suggested that the depoly-
merisation of the initially formed long phosphate chains of the ZDDP tribofilm into
shorter ones is a result of their reaction with iron oxides on the steel surface, as
follows:

5Zn(PO2)2 + Fe2O3
θ,τ,P→ Fe2Zn3P10O31 + 2ZnO (6.13)

which can be accompanied by other intermediate reactions, such as:

4Zn6(P10O29S2) + 10Fe2O3 → 10Fe2Zn(P2O7)2 + 8ZnS + 6ZnO (6.14)

These proposed reactions were justified based on Pearson’s principle of hard and
soft acids and bases (HSAB) [53]. According to this principle, the harder acid Fe3+

than Zn2+ will react preferentially with the hard base tetravalent phosphorus. Thus,



168 A. Dorgham et al.

under high temperature, shear and pressure, iron can be easily digested by the zinc
phosphate glass to form mixed iron and zinc phosphates. However, under severe
conditions of shear, the authors suggested that the digestion of iron can convert the
long zinc phosphate chains completely into short iron phosphate chains according to
the following reaction:

Zn(PO3)2 + Fe2O3
θ,τ,P−−→ 2FePO4 + ZnO (6.15)

As these reactions need iron oxide and thus wear to commence near the metal
surface, the tribofilm is expected to have a uniform structure of zinc phosphate free of
iron in the case of mild wear conditions whereas it should have a layered structure in
the case of severe wear. In this structure, the short chains of zinc and iron phosphate
or iron phosphate are formed on the metal surface whereas the long chains of zinc
phosphate are continuously formed away from the metal surface.

Fuller et al. [62] suggested a thermo-oxidative decomposition mechanism similar
to one proposed by Yin et al. [1] but with two main modifications. The first one
concerns the additive adsorption [step 1 in (6.6)]. It was suggested that when the
antiwear additive such as the ZDDP adsorbs to the steel surface, it undergoes a trans-
formation into a rearranged linkage isomer in which the alkyl groups have migrated
from O to S atoms. This alkylation reaction is based on the mechanism proposed by
Jones and Coy [46], which was discussed in the previous section. However, Fuller
et al. [62] further suggested that in this linkage isomer all the sulphurs are partially
or totally replaced by oxygen. The other modification concerns the formation of the
short phosphate chains [step 3 in (6.8a) and (6.8b)]. Instead of being a product of the
reaction of the long phosphate chains with iron oxide, the short phosphate chains can
also be formed as a product of the reaction between the long phosphate chains and
water, which increases with increasing temperature. These steps can be summarised
for the case of the ZDDP additive as follows:

• Step 1: Physisorption or chemisorption of ZDDP to the metal surface

Zn
[
(RO)2PS2

]
2(solution) → Zn

[
(RO)2PS2

]
2(ZDDP adsorbed) (6.16)

• Step 2: Decomposition of ZDDP to LI-ZDDP

Zn
[
(RO)2PS2

]
2(solution) → Zn[O2P(SR)2]2(LI-ZDDP insolution) (6.17)

• Step 3: Physisorption or chemisorption of any LI-ZDDP in oil to the metal surface

Zn
[
O2P(SR)2

]
2(solution) → Zn

[
O2P(SR)2

]
2(LI-ZDDP adsorbed) (6.18)

• Step 4: Thermal-oxidation of ZDDP and LI-ZDDP to form long polyphosphate
chains

Zn
[
O2P(SR)2

]
2 + O2(or ROOH) → Zn(PO3)2 + sulphur species (6.19)
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• Step 5: Hydrolysis of the long polyphosphate chains to form short polyphosphate
chains

7Zn(PO3)2 + 6H2O → Zn7(P5O16)2 + 4H3PO4 (6.20)

2Zn(PO3)2 + 3H2O → Zn2P2O7 + 2H3PO4 (6.21)

Bell et al. [6] suggested that the adsorption step described earlier occurs only
on localised areas of the wear scar where asperities are rubbing against each other.
This heterogeneity in the adsorption was suggested to be responsible for the noticed
heterogeneity of the tribofilm thickness and composition. In addition, the authors
suggested that after the adsorption of the rearranged linkage isomer (step 3) and
before the formation of the long polyphosphate chains (step 4), sulphide products
can react with the steel surface to form iron sulphide (FeS).

6.3.4 Hydrolytic Decomposition

Few studies suggested that the decomposition of P-based additives such as the ZDDP
is hydrolytic in nature, i.e. catalysed by water. In order to provide evidence for
this mechanism, Spedding and Watkins [35] showed that in the absence of water,
e.g. by heating the sample up to 100–170 °C in order to evaporate all water as
well as by flooding the sample with dry nitrogen, the decomposition reaction was
suppressed. In contrast, when the sample was flooded by watersaturated nitrogen, a
rapid decomposition rate was observed. Therefore, they proposed that the following
hydrolysis reaction chain can take place:

1. alcohol formation

RO−P− + H2O → ROH + HO−P− (6.22)

2. alcohol dehydration to olefin

ROH
H+→R′ � CH2 + H2O (6.23)

The sum of the above two reactions demonstrates the catalytic action of water in
the overall reaction, as follows:

RO−P
H2O−−→ R′ � CH2 + HO−P− (6.24)

3. polyphosphate formation

−P−OH + HO−P → −P−O−P− + H2O (6.25)
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4. hydrogen sulphide formation due to the consumption of water by the sulphur
species

−P−−S + H2O → −P−−O + H2S (6.26)

It should be noted that when Spedding andWatkins [35] conducted tests at 200 °C,
at which most of the water should evaporate, the decomposition proceeded with-
out any significant reduction in the reaction rate. Willermet et al. [13] argued that
even lower temperatures than 200 °C could not slow down the reaction rate. This
either disproves the hydrolytic decomposition mechanism or simply suggests that
more complex reaction pathways or multiple mechanisms, e.g. thermo-hydrolytic or
thermo-oxidative-hydrolytic, can take place at the same time.

6.4 Composition of Antiwear Films

The tribo- and thermal films of P-based additives such as the ZDDP and DDP have a
dynamic tribochemical nature as their compositions change continuously during the
decomposition process [1, 63–66]. Nevertheless, the typical decomposition products
of such additives are some volatile products, e.g. olefins and mercaptans, and some
non-volatile products [45]. The non-volatile products can be oil soluble, e.g. organic
sulphur-phosphorus compounds, or can be oil insoluble, e.g. phosphate polymers,
zinc or iron thio- and poly-phosphate [43, 45, 46]. This indicates that the formed
antiwear films, in general, consist mainly of Zn or Fe, P, S, O and C. This was
confirmed using electron probe micro analysis (EPMA) [6, 67], scanning electron
microscopy (SEM) [5, 6, 43, 67–70], Auger electron spectroscopy (AES) [5, 58,
67–69, 71], X-ray fluorescence (XRF) spectroscopy [3, 4, 44, 72, 73], X-ray pho-
toelectron spectroscopy (XPS) [3, 6, 51, 52, 58, 69, 71, 74–77], X-ray absorption
near edge spectroscopy (XANES) [1, 62, 63, 65, 75, 78–80] and secondary ion beam
spectroscopy (SIMS) [3, 6, 35]. Willermet et al. [69] found that the carbon can only
be detected in the thinnest parts of the tribofilm. This suggested that this carbon
was originated from the environment or steel substrate but not a real part of the tri-
bofilm. Ancillary experiments conducted by Lindsay et al. [71] supported the same
conclusion that carbon existed as a result of adventitious sources, i.e. contaminants.
Furthermore, the results of Martin et al. [81] showed that no carbon existed in the
samples under study, which confirms its adventitious nature.

It should be noted that although the composition of the tribo- and thermal films
are similar they are not completely identical. Kasrai et al. [75] found differences
in the ratio of the elements forming the thermal film and tribofilm. Hence, other
factors than the high temperature, e.g. reaction with the steel surface, rubbing and
high contact pressure, can also play a role in determining the final decomposition
products [50, 75].

In the subsequent sections, the decomposition species of the ZDDP and DDP
additives will be discussed in detail. Phosphorus, zinc and iron species will be exam-
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ined first followed by sulphur species. The role of the operating conditions on the
formation of these species will be discussed as well.

6.4.1 Phosphorus, Zinc and Iron Species

The solid precipitates of the decomposition reaction of the ZDDP or DDP additive
is a complex mixture of zinc or iron polyphosphates depending on the available
cations. DDP forms, in general, tribofilms of short chains of iron polyphosphate
[25, 34, 66, 82, 83] with a minor concentration of sulphur species consisting mainly
of iron sulphate under high contact pressure [84, 85] and iron sulphides, e.g. FeS
or FeS2, under low pressure [66, 84]. On the other hand, the ZDDP forms tribo-
and thermal films of zinc phosphate of different chain lengths and a small content of
sulphur in the reduced form of sulphides [46]. The chain length is typically a complex
function of the operating conditions, e.g. load and temperature, as well as the type
of additives, dispersant and contaminants such as water that can be present in the
oil. For instance, in the case of thermal films, increasing the temperature can lead
to the formation of longer chains of polyphosphates [35]. However, in the case of
tribofilms formed under rubbing, increasing the temperature can lead to the formation
of short chain pyrophosphate [45]. This apparent controversy can be attributed to the
observation that regardless of the oil temperature short phosphate chains are likely to
be formed near the steel surface as a result of the depolymerisation reaction occurring
to the long phosphate chains [8, 9, 86–89]. The depolymerisation can occur due to
the high shear stress at the asperity-asperity contacts, which can possibly cleave the
long phosphate chains into shorter ones, and to wear that can remove the weakly
adhered long phosphate chains from the surface [89]. In addition, other studies [8,
9, 86] suggested that in the presence of iron oxide the long phosphate chains are
depolymerised into short ones of mixed Fe–Zn or Fe phosphates, as discussed in
Sect. 10.3.3. The depolymerisation effect is significant especially in the case of
ZDDP tribofilms consisting initially of long to medium phosphate chains, whereas
it might not affect the short chains of iron phosphate predominantly formed in the
case of the DDP additive [84].

The ratios between metal cations (M+) and phosphorus (P) [90] on the one hand,
and between oxygen (O) and phosphorus (P) [58] on the other hand, are useful
indicators for the length of the phosphate chains. For instance, in the case of the
ZDDP, assuming that the zinc phosphates have a general formula of x(ZnO).(1 −
x)P2O5, then the chain length n can be related to the ratio of the mole fraction of
ZnO, x, to the one of P2O5, 1 − x, as follows [91]:

x

1 − x
� n + 2

n
(6.27)

Alternatively, if the zinc phosphate is assumed to have the general formula
Znn+2[PnO3n+1]2, for odd n and Zn(n+2)/2PnO3n+1 for even n, then the chain length
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can be related to ratio of the atomic concentration of phosphorus to the one of oxy-
gen, as follows [9]:

P

O
� n

n + 1
(6.28)

These two ratios above appeared to give comparable results for the chain length of
phosphates [92]. Alternatively, another option to quantify the length of the phosphate
chains would be the intensity ratio of the bridging oxygen (BO) to non-bridging
oxygen (NBO) [86, 92–97], as follows:

B

N BO
� 1

2

n − 1

n + 1
(6.29)

Based on (6.27), the phosphate chains seem to change from metaphosphate (n →
∞) at x �0.5, to orthophosphate (n → 1) at x �0.75. As the chain length changes
drastically over a small concentration range of ZnO, or FeO and Fe2O3 in the case of
DDP, one should examine the presence of zinc and iron more closely. Increasing the
metal oxides content of these cations in the phosphate can increase the fragmentation
of the long chains and thus depolymerises them into shorter chains [97–99].

6.4.2 Sulphur Species

There is no clear consensus on the evolution of the sulphur species present in the
tribo- and thermal films. For instance, Bird andGalvin [51] suggested that the thermal
film contains sulphur in the form of sulphate and free sulphur whereas the tribofilm
contains large patchy areas of sulphide and a small amount of sulphate. Zhang et al.
[26] showed that for the ZDDP tribofilms, the evolution of P/S ratio was nearly con-
stant over time, whereas it showed a gradual increase in the case of DDP tribofilms.
Kim et al. [34] observed that for the ZDDP the sulphate concentration increases with
heating while sulphide decreases possibly due to its oxidation to sulphate. For one of
the tested DDPs, both sulphides and sulphates were detected whereas for the other
no sulphides were observed but only sulphates with a similar behaviour to the ZDDP.
Similarly, Najman et al. [85] showed that the DDP reacts rapidly with the substrate
covered with oxides, which leads to the oxidation of the sulphur species into iron
sulphate. This was confirmed for both neutral and acidic DDPs [100]. Other studies
[25, 84] showed that under high contact pressure, DDP tribo- or thermal films con-
tain Fe sulphate near the steel surface whereas under less harsh conditions initially
mixed iron sulphide, as FeS and FeS2, and sulphate, as FeSO4, are formed where the
sulphides can oxidise over rubbing time yielding primarily sulphates at the end.

The role of the operating conditions can explain some of the conflicting results.
For instance, Zhang et al. [66] reported that the DDP additive forms mainly FeS
whereas the ZDDP forms FeS in the early stage near the metal surface and ZnS in
the later stages. The observed sulphides in the case of DDP, which is in contrast to
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the previously discussed studies suggesting sulphates, can be related to the different
operating conditions used while generating the various tribofilms.

The complex decomposition reaction of the antiwear additives might have several
intermediates. One of these intermediates, which might be formed initially in the
solution even at low temperature and be deposited on the metal surface, can be
a sulphur-rich thiophosphate [43]. Subsequently, when the temperature of the oil
is raised or the local temperature at the asperity-asperity contacts of the rubbing
surfaces increases due to frictional heating, the reaction between the thiophosphate
deposit and rubbing surfaces becomes possible to occur.

The amount of the deposits of the sulphur-rich thiophosphate and its rate depend
closely on the thermal stability of the additive. In the case of the ZDDP, Spedding
and Watkins [35] found that by increasing the temperature, more of the sulphur is
consumed. In contrast, Kim et al. [34] found that for the ZDDP the progression of
heating makes the thermal films richer in sulphur whereas for the DDP it makes the
films richer in phosphorus. Despite the trend, this indicates that the local temperature
during the tribofilm formation can be inferred from the local composition. This is
possible by examining the local ratio of zinc to sulphur or phosphorus to sulphur,
which indicates the minimum temperature attained during the formation of that part
of the tribofilm [43].

Several other studies [3, 5, 6, 25, 26, 66, 82, 85, 101] suggested that the decompo-
sition products can be a result of a direct reaction between the additive and contacting
surfaces instead of being formed in the oil and deposited on the surface. This starts
with the adsorption of the additive to the steel surface with the maximum cover-
age occurs when the additive molecules are flat on the surface, which means that
the sulphur atoms lay near the surface [102]. Several authors [51, 103–105] have
already found that the amount of sulphur chemisorption products are higher on the
steel surface. Bell et al. [6] suggested that immediately after the adsorption of the
ZDDP to the steel surface, sulphide products from the decomposition of the ZDDP
react with the steel surface to form iron sulphides. In agreement with these results,
Loeser et al. [76] also found that the amount of sulphur is localised in the areas of
high pressure, i.e. asperity-asperity contacts. These various reports indeed corrob-
orate the observation of Dacre and Bovington [102] that initially the four sulphur
atoms should be near the steel surface.

Watkins [3] suggested that FeS reacts with the oxide layer to form a eutectic sys-
tem, which its phase and potential diagrams are depicted in Fig. 6.3. This system
has a melting temperature of 900 °C and was postulated to form a viscous film at the
contacting surfaces under extreme conditions. The results of Glaeser et al. [5] sup-
ported the idea of the formation of iron-oxide-sulphide complex. On the other hand,
Barcroft et al. [43] could not detect any complex mixture of zinc oxide, phosphate,
and sulphide as the one proposed by Watkins [3]. Nevertheless, they suggested that
this system can still be formed at the asperity contacts where temperature can be
high. Bell et al. [6] suggested that the iron sulphide and iron oxide can enter the
phosphate layer as cations or fragments from the worn surface. They also suggested
that the replenishment of sulphur and oxide to the layer on the steel surface occurs
continuously either by entrainment, mixing, or diffusion. Similar to these findings,
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Fig. 6.3 The Fe_O_S
ternary system that can be
formed on the steel surface
under rubbing. a Is its Phase
diagram. Reprinted from
Watkins [3]. And b is its
potential diagram at 673 K.
Reprinted from Watanabe
et al. [106]

Glaeser et al. [5] suggested that the iron sulphide forms a chemisorbed layer of
iron-sulphide-iron oxide that prevents direct contact between asperities.

Nevertheless, it should be noted that other studies [51, 58, 68, 71] showed that iron
is absent in the formed tribofilm, i.e. iron detected was mainly iron oxide rather than
iron sulphide. These results led to the conclusion that the tribofilm is deposited over
the substrate rather than being a result of a chemical reactionwith the rubbing surface.
This also suggests that the formation of the tribofilm occurs through a thermal route
rather than an oxidative one.
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6.4.3 Factors Affecting the Tribofilms’ Composition
and Formation

6.4.3.1 Material of Counterbodies

As the additive molecules adsorb to the substrate before decomposing to form a
tenacious tribofilm, it is expected that the type of substrate, e.g. steel, DLC-coated,
ceramic and etc., should have an important effect on the tribofilm formation and its
tenacity. There are two views related to the effect of substrate. The first considers the
substrate effect to be mainly related to its mechanical properties such as hardness.
On the other hand, the second view considers that the substrate effect is related to a
more complex chemo-mechanical rather than mechanical properties of the rubbing
interfaces, such as the chemical, electronic and structural properties of the substrate.
These two views are discussed in the following sections with much of the emphasis
is put on the second.

6.4.3.2 Mechanical Properties

Several studies investigated the effect of the mechanical properties of the substrate,
especially hardness and elastic modulus, on the tribofilm formation. The overall
conclusion is that the tribofilm formation, friction and wear are affected by not only
the mechanical properties of the substrate but also the compatibility between the
substrate and additive [38]. For instance, Li et al. [107] used XANES to investigate
the effect of steel hardness on the composition of the formed ZDDP antiwear films.
The results indicated that longer phosphate chains are formed on the hard substrates.
The results also indicated that the softer the substrate the larger the surface rough-
ness, tribofilm thickness, wear scar width and friction. Furthermore, more uniform
but thinner tribofilms were formed on the hard substrate but less uniform but thick
tribofilms were formed on the soft ones. FIB/SEMwas used to examine the elements
present in the formed tribofilms and to assess the substrate damage based on the
dimensions of the wear scar. It was found that mainly sulphides and few sulphates
were formed on the hard substrates whereas the soft ones contained more sulphates
and fewer sulphides.

Sheasby et al. [108] also studied the effect of steel hardness on the formation
of protective tribofilm and wear performance. The study found that the wear per-
formance was enhanced with increasing the substrate hardness, although wear was
in general small, even for the soft substrates. The results showed that in several
occasions, medium softened substrates resulted in less wear than harder substrates.
They argued that mechanical mixing can occur between the formed tribofilm and
the soft substrate, which can result in improving the overall mechanical properties
of the interface and thus better resisting wear. However, the results of Vengudusamy
et al. [109], using six different types of DLCs of hardness ranged from about 760 to
6800 HV, suggested that there is no direct correlation between wear resistance of the
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contacting surfaces and the surface hardness. This further highlights the significance
of tailoring the tribological and mechanical properties of the interface by taking into
account the compatibility between the substrate and used additives [38].

6.4.3.3 Chemo-Mechanical Properties

Apart from hardness, the substrate chemical properties are expected to affect the
decomposition of the antiwear additives and the formation of their protective tri-
bofilms. This effect is manifested in the fundamental question of whether there is a
substantive requirement for the presence of metal cations, e.g. Fe, W and Ti, for the
tribofilm to be formed or such metallic cations are dispensable. There is a definite
consensus that the ZDDP molecules can adsorb to steel surfaces and decompose
to form protective tribofilms of excellent tenacity [21, 27, 28]. Furthermore, other
studies showed that ZDDP tribofilms can also be formed on surfaces other than
steel. For instance, Zhang and Spikes [41] were able to generate ZDDP tribofilms
on a WC substrate. The results showed that the rate of formation ranges from 0.2
to 0.7 nm/min depending on the interfacial shear stresses. Similarly, Gosvami et al.
[40] using elaborate in situ AFM tribotests showed that the ZDDP can adsorb and
decompose to form tribofilms on both Fe-coated and uncoated Si substrates with
a similar rate depending on the temperature and contact pressure. It is not clear
whether the ability to form tribofilms in these cases was due to the presence of W
and Si in particular or due to the operating conditions. This can be better understood
by studying some cases of coated surfaces, e.g. DLC, both non-doped and doped
with various metallic cations. For such surfaces, the exact chemo-mechanical nature
of the coating is expected to play a vital role in the adsorption and decomposition of
the P-based additives.

The wear and friction performance of DLC coatings and the properties of any
formed tribofilms on themwere reviewed extensively in the literature [38, 110–114].
Several previous studies reported that the P-based additives such as ZDDP can react
and form protective tribofilms on DLC coatings even without containing any doped
metallic cations [109, 115–120]. In contrast, other studies found that no tribofilms can
be formed on non-doped DLC without metallic cations [121–126]. We will review
some of these reports and try to identify the reasons behind this apparent discrepancy.
The available literature will be divided into three main themes: (i) formation of
tribofilms on DLC, (ii) structure of the formed tribofilms on DLC and (iii) effect of
the formed tribofilms on friction and wear.

(i) Formation of tribofilms on DLC coatings

Regarding the formation of tribofilms on DLC coatings, it is interesting to note that
the literature is somehow divided between two contrasting views. The first suggests
that no tribofilm formation is possible on non-doped DLCwhereas the other suggests
that the formation is possible on any type of DLC coatings.

In support of the first view, Haque et al. [121] found, using XPS, that no ZDDP-
derived tribofilm was formed on a-C:H DLC even in the case of one of the counter-
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bodies is made of cast iron. The role of iron cations was suggested to be deactivated
by the presence of a carbon transfer layer, which might be graphitic, on the cast
iron counterbody. This is also in line with the results of Bouchet et al. [125] regard-
ing the interaction of the ZDDP and MoDTC additives with hydrogen-free DLC
(a-C), hydrogenated (a-C:H) and Ti-doped (Ti–C:H) DLC coating s. The XPS and
TEM/EELS analysis revealed that no P-derived tribofilm was formed and no iron
was present, which indicated that the pin surface was protected by a transfer layer
from the DLC. Similarly, Podgornik et al. [122] investigated the effect of coating one
contacting surface or both withWC doped hydrogenated DLC coatings (Me–C:H) in
the presence of ZDDP antiwear additive. Based on the SEM/EDX analysis, the study
found that no P-based antiwear tribofilm was formed on the DLC coating. Further-
more, Podgornik et al. [124, 127] using SEM/EDX confirmed that for (a-C:H) DLC
no tribofilm was formed for both S-based and P-based additives. The results also
suggested that probably W from the coating can combine with S to form a protective
layer. Furthermore, Ban et al. [126] tested the reaction of Si-doped (a-Si:H) and non-
doped (a-C:H) DLC coatings with ZDDP. Using XPS, no tribofilm was detected on
the (a-C:H) DLC coating whereas a P-based tribofilm was formed on the Si-doped
DLC. Kalin et al. [128] also found that for the self-mated (DLC/DLC) nondoped
and doped Ti-, W-, and Si-DLC coatings, the EDX and FTIR results did not provide
evidence to support a reaction between the DLC coatings and the extreme pressure
(EP) additives. In another study, Kalin et al. [118] found that the tribo- and thermal
films can be formed on the Ti-doped DLC, which was found to have 10 times higher
activity than the W-doped (P/S>25 folds). They also found some reactivity with a-
C:H DLC but much slower. They concluded that the metal doped DLCs behave more
like metal steel that catalyses the decomposition of the additive and the formation of
tribo- or thermal films.

In contrast to the previous view, Akbari et al. [120], using ATR-FTIR and XPS,
found that the thermal films can be formed equally on bare steel surfaces andSi-doped
(a-Si:H) and non-doped (a-C:H) DLC coatings. The thickness of the thermal films as
estimated fromXPS sputteringwas thicker in the case of bare steel as compared to the
coated ones, which suggested that steel can still catalyses the thermal decomposition
of theZDDPevenwithout rubbing.Apart from this, the decompositionproducts of the
ZDDP does not seem to be affected by the substrate as the short chain pyrophosphate
and zinc oxide was detected on all the tested surfaces. Nonetheless, ATR-FTIR
showed that organic sulphides (R–S) were present on all the surfaces but sulfhydryl
(R–SH) groupswere detected on the steel surface only. These species were confirmed
by their XPS analysis except for the H–S, which could not be resolved. Nevertheless,
it should be noted that these results apply only to thermal films, which could indicate
that in the case of tribofilms any formed species on the DLC coatings, especially if
non-doped, are of low tenacity and thus under rubbing can be easily removed. This
can partly explain the discrepancy in the literature regarding whether a tribofilm can
be formed on non-doped DLC coatings or not. However, other studies, e.g. see [109,
115, 116], suggested that tribofilms can indeed be formed on the non-doped DLCs.
However, despite the assertion, the data provided do not seem to be conclusive for



178 A. Dorgham et al.

the a-C:H non-doped DLC, as will be discussed in the next paragraph describing the
structure of what was perceived to be a tribofilm on DLC coatings.

(ii) Structure of the tribofilms formed on DLC coatings

The studies that showed a formation of P-based tribofilms on DLC coatings indi-
cated unique tribofilms’ structures with some similarities to the ones formed on
bare steel surfaces. For instance, Vengudusamy et al. [109] analysed the ZDDP tri-
bofilms possibly formed on six different types of DLCs using various experimental
techniques including AFM, SLIM, ToF-SEM and EDX. The DLCs had a hardness
ranging from about 760 to 6800 HV. The structure of the tribofilm was analysed
using the AFM. The study found that a tribofilm with a pad-like structure similar to
one formed on steel surfaces can only be observed in the case of a DLC containing
metallic elements, e.g. W-doped DLC. For the other types of DLC, tribofilms of
minuscule amount with scattered patches were formed instead. The thickness of the
pads formed on theW-DLCwas <30 nm, which wasmuch larger than the one formed
on the other types of DLC. This may suggest that the metallic cations can catalyse
the decomposition of the additive and the formation of a protective tribofilm. SLIM
interferometry images after different rubbing times showed an interesting behaviour
that the tribofilms formed on DLCDLC contacting surfaces are less tenacious than
the ones formed on metal surfaces, which was also reported by other studies as well
[115, 116]. The low tenacity was evidenced based on the decrease in the concentra-
tions of the decomposition products over rubbing cycles. The ToF-SIMS analysis of
Equey et al. [115] and theXPS and TEM/EELS analysis of Haque et al. [121] showed
that no iron is present in the formed tribofilms on DLC surfaces, which suggests that
the low tenacity to the surface can be related to the absence of mixed oxide/sulphide
base layer.

In agreement with the previous discussion, Equey et al. [115] using AFM found
that the tribofilm seemed to lack the pad-like structure observed in the tribofilms
formed on steel surfaces but instead it appeared to have a similar structure like the one
of DLC coating, i.e. rounded nodular structure. The AFM images indicated that the
tribofilm does not cover the metal surface completely but forms more like scattered
islands of thickness up to 100 nm. In a different study, Equey et al. [116] tested the
decomposition of ZDDP, butylated triphenyl phosphorothionate (b-TPPT) and amine
phosphate (AP) additives on (a-C:H) DLC coating. Using ToF-SIMS and AFM, it
was found that the ZDDP and b-TPPT can form thin tribofilms, although AFM was
unable to quantify their thicknesses as they seemed to be within the roughness of the
DLC coating. This is in line with the conclusions of Topolovec et al. [117] regarding
(a-C:H) DLC and Cr-doped non-hydrogenated and graphitic DLC coatings.

The above discussion indicates that the main factor behind the wide disparity
between the observations of the tribofilm formation on DLC coatings is the tribofilm
tenacity. Any formed tribofilm does not seem to strongly adsorb to the DLC surface,
especially if non-doped, leading to its effortless removal under rubbing once formed.
Another explanation was provided by Kalin and Vižintin [129] who suggested the
presence of a different thermal activation barrier for the additive reaction with doped
as opposed to nondoped DLC, which is also different from the one of steel. The
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difference was attributed to the low thermal conductivity of the non-doped DLC in
comparison to steel or metal doped-DLC. This can lead to higher contact temperature
that helps in decomposing the additive and forming a tribofilm.

(iii) Effect of the formed tribofilms on friction and wear

Apart from the additive decomposition to form a tribofilm on the DLC surface, its
role in friction and wear is contentious. For instance, Haque et al. [130] suggested
that the decomposition of the ZDDP additive seems to be essential in protecting
the surface from polishing wear. This was based on the observation that outside
the boundary lubrication regime where the conditions might not be suitable for the
decomposition of the additive, the coating surface undergoes sp3 to sp2 conversion
(possibly graphitisation), which reduced friction and the DLC hardness leading to
more wear. Yang et al. [131] showed that the extent of this is additive dependent
but could not establish a direct relation between the friction reduction and sp2/sp3

ratio in the coating or between the hardness reduction and wear volume. Contrary
to these results, Vengudusamy et al. [109] suggested that no graphitisation takes
place because of rubbing and that for most of the tested DLCs including a similar
a-C:H DLC coating used by Haque et al. [130], wear was less in the absence of
ZDDP than in its presence. In contrast, the results of Bouchet et al. [125] suggested
that ZDDP additives can improve wear properties of the hydrogen-free DLC (a-C),
hydrogenated (a-C:H) and Ti-doped (Ti–C:H) DLC coatings. Similarly, Equey et al.
[115] tested (a-C:H) DLC coating and found that although wear was insignificant in
the presence or absence of the ZDDP, its absence caused some abrasive wear scars
to appear on the surface of the coating.

Kalin and Vižintin [129] investigated the interactions occurring between the con-
tacting surfaces when only one of them is coated, i.e. DLC versus steel. They studied
a-C:H, Ti–C:H, a-C:H/a-C:H–W multilayer and a-C:H/a-Si:O single layer when
interacting with antiwear additive (mixture of amine phosphates) and EP additive
(dialkyl dithiophosphate). Wear was found to be dependent on the coating and addi-
tive types. Metal doped DLCs and steel were found to have similar tribological
behaviour except for steel/W-DLC, which shows large friction and wear. The EDX
surface analysis shows no P derived tribofilm was formed on the DLC coatings. In
the case of non-doped DLC, the additive presence seems to increase wear whereas
the opposite was found in the case of doped DLCs. They related this to the formation
of a soft tribofilm on the metal surface or metal doped DLC coating instead of a
transfer layer from the coating. The soft tribofilm can decrease wear of the substrate
more than in the case where the additive is not present. In line with these results,
Podgornik et al. [122] tested the effect of coating one contacting surface or both with
WCdoped hydrogenated DLC coatings (Me–C:H) in the presence of ZDDP antiwear
additive and found that although no P-based antiwear tribofilm was formed on the
DLC coating, the additive type seems to have a great effect on the running-in period.
Interestingly, the results showed that the DLC/iron combination gives the best tri-
bological performance in terms of low friction and wear, which is in line with other
studies [123]. The EDX analysis revealed that in this case a mixed material from
the DLC coating and decomposition material from the additive can form a protective
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tribofilm on the uncoated or exposed steel surfaces, which seems to exhibit a superior
protective properties than the individual components. Donnet and Grill [132] indi-
cated that the low shear stress of the carbon-rich transfer layer formed on the DLC is
responsible for the improved tribological properties in comparison to steel surfaces.
Ban et al. [126] tested the reaction of Si-doped (a-Si:H) and non-doped (a-C:H) DLC
coatings with ZDDP. Using XPS, a P-based tribofilm was formed on the Si-doped
DLC, which seemed to have low shear stress that helped lower friction force. In
contrast, Kalin et al. [128] found that for the self-mated (DLC/DLC) non-doped and
doped Ti-, W-, and Si-DLC coatings, the use of EP additives mitigated wear but
friction relatively increased. The increases in friction suggested a formation of a
high shear strength interface, despite the observed reduction in surface roughness.
However, the EDX and FTIR results did not provide evidence to support a reaction
between the DLC coatings and additives.

Based on the above discussion, any tribofilm formed on the DLC coating can
generally serve two purposes [119]. First, it can form a lubricating layer that helps
separating the contacting surfaces. Second, the formed layer is soft and thus can
reduce the peak shear stresses and strains at the surface of the coating [133, 134]. This
can result in possibly graphitisation suppression and wear reduction [119] though
the effect on friction can be higher or lower depending on the type of the formed
interface, i.e. friction increases in the case of ZDDP tribofilms but decreases in the
case of carbon-rich layers.

6.4.3.4 Type of Base Oil

P-based additives, such as ZDDP and DDP, can be represented typically as a polar
moiety, attached to P or S atom, and a non-polar tail, which is typically an alkyl
moiety [135]. The affinity of such a molecule to the steel surface originates from
the molecules’ polarity due to the electron charge difference, i.e. asymmetric charge
distribution, between the different parts of the molecule due to the difference in
electronegativity between the bonded atoms [135]. Tomala et al. [136] used the AFM
to study the effect of base oil polarity on the decomposition of the ZDDP. The study
found that in the case of non-polar oils, the tribofilms were formed faster, thicker and
caused less surface roughening than the ones formed in the case of polar oils. The
explanation behind this is that polar base oils, as expected, have a large affinity to
the steel surface and thus compete with the additive and hinder its accessibility to the
metal surface. On the other hand, non-polar oils was found to improve the additive
accessibility to the steel surface, which results in accelerated formation of thicker
tribofilms than in the case of polar oils [135, 137]. The composition of the tribofilms
formed in polar and non-polar oils were similar consisting mainly of phosphate but
a difference was observed in the formed sulphur species. For the ZDDP in polar oils,
sulphide species were formed as opposed to the mixture of sulphide and sulphate
species in the case of non-polar oils [135].

Kar et al. [138] usedTEM,SEM,XPS,AFMandmicrohardness tests to investigate
the effect of base oil polarity on the decomposition of additives. The results showed
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that polar oils provided smoother tribofilms than the ones formed in non-polar oils.
The results indicated that the coverage of polar oils on themetal surface enhanced the
effective lubrication and protected the metal surface. In contrast, other studies [139,
140] found that the P-containing additives reduce wear more efficiently when used in
non-polar oils due to the ease of access of the additive to the steel surface and thus the
better formation of the protective antiwear tribofilm. Suarez et al. [137] used SLIM,
SEM-EDX XPS, AFM and nanoindentation to study the effect of oil polarity on the
interplay between the tribological properties and composition of the formed ZDDP
antiwear tribofilms. The study showed that the tribofilm thickness is not the only
parameter determining the wear and friction performance but the composition can
play a vital role aswell. The results showed that although the polar base oil suppresses
the formation of thick tribofilms and decreases their formation rate, it reduces friction
more efficiently than the thicker tribofilms formed in the non-polar oils. The tribofilm
structure in the polar oil seemed smoother and more homogeneous and continuous
than the one formed in non-polar oils. This smoother tribofilm provided better wear
properties, which was proposed to be related to the harder tribofilm formed in the
case of polar oils as opposed to the softer tribofilm in the case of non-polar oil. The
study suggested that this softer tribofilm leads to a larger contact area and thus larger
wear. However, larger contact area should necessarily mean lower contact pressure
and thus wear is expected to be less. This discrepancy cannot be explained based on
hardness point of view only. In addition, measuring the hardness of a tribofilm of
thickness less than 40 nmwith the NI technique using an indentation depth of 20 nm,
will inevitably include a significant effect from the hard substrate underneath.

6.4.3.5 Duration of Rubbing and Heating

The duration of rubbing and heating can greatly affect the composition of the formed
tribofilms and therefore their antiwear properties. Yin et al. [1] used XANES to
study the decomposition species of the ZDDP after different rubbing times, i.e. 5min,
30min, 6 h and 12 h. They also investigated the effect of rubbing amature film formed
after 30 min in base oil for another 5.5 h to examine the durability of the tribofilm
and the effect of rubbing without additives. The results indicated that the tribofilms
formed after short rubbing times exhibit different fingerprints than the ones formed
after longer rubbing times, which suggested that different species are formed initially
before the phosphate chains. They also found that initially a large concentration of
unreacted ZDDP adsorbs to the metal surface, which can coexist with the reacted
ZDDP. Rubbing the ZDDP tribofilm in base oil led to the depolymerisation of the
long chains into shorter ones.

Similarly, Gosvami et al. [40] used the in situ AFM liquid cell shown in Fig. 6.4
to study the evolution of ZDDP tribofilms over time. The study showed that initially
the tribofilm volume increased linearly over rubbing time. However, after a certain
threshold the volume started to have exponential growth. The EDX and Auger elec-
tron spectroscopy (AES) analysis of the tribofilm revealed that it consisted mainly
of Zn, P and S. Furthermore, the distribution of Fe was uniform inside and outside
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Fig. 6.4 In-situ AFM liquid cell used by Gosvami et al. [40]

the wear scar indicating that the tribofilm does not have any significant amount of
Fe, if any.

Different other studies also used in situ XANES to follow the change in com-
position of ZDDP thermal films over heating time. For instance, Dorgham et al.
[141] used the in situ XANES tribotester shown in Fig. 6.5 to follow the change in
composition of ZDDP tribo- and thermal films over time. The results showed that
the formation rate of the tribofilm is much faster than the thermal one but the two
eventually have a similar composition. It was also found that the decomposition of
ZDDP starts with the formation of sulphate species, which over time is reduced into
sulphide along with the formation of zinc phosphate. In agreement with these results,
Morina et al. [64] using the in situ XANES heating cell shown in Fig. 6.6 showed that
in the beginning of the thermal decomposition process, sulphide and sulphate species
are formed. In order to have a surface sensitive signal, the in situ experiments were
performed in the total external reflectance mode by tilting the samples to an angle
less than the glancing angle. The XANES results showed that in the beginning of
the thermal decomposition reaction, sulphide and sulphate species are formed. The
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Fig. 6.5 Schematic of the assembly of the tribological apparatus used by Dorgham et al. [141] for
in-situ XAS experiments

Fig. 6.6 Schematic of the assembly of the thermal liquid cell used by Morina et al. [64] in-situ
XAS experiments

sulphate formation was related to the effect of relative humidity [64, 143, 144], i.e.
water contamination in the oil. The presence of sulphate species was also detected
by Ferrari et al. [142, 145] who used the heating cell shown in Fig. 6.7 to follow the
ZDDP thermal films over heating time.

For the DDP antiwear additives, Kim et al. [35] tested two types of DDPs and
compared them with ZDDP. They performed these experiments at 170 °C at which
the additive decomposes in the oil and produces solid precipitates, which are subse-
quently deposited on steel coupons underneath. The results indicated that the pro-
gression of heating makes the ZDDP thermal films richer in sulphur whereas the
DDP films richer in phosphorus. Zhang et al. [26] found that the evolution of P/S
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Fig. 6.7 Schematic of the
assembly of the thermal
liquid cell used by Ferrari
et al. [142] for in-situ XAS
experiments

ratio was nearly constant over time for the ZDDP tribofilms, whereas it showed a
gradual increase for the case of DDP tribofilms. This is despite the general increase
in the tribofilm thickness over rubbing time, which indicates that the composition
evolves mainly during the initial stage of rubbing [25]. Najman et al. [25] suggested
that initially the DDP additive reacts rapidly with the substrate covered with oxides,
which leads to the oxidation of the sulphur species into iron sulphate. These species
do not help in protecting the contacting surfaces but only does the subsequently
formed phosphate [85].

The DDP additive forms Fe phosphate of short chains whereas the ZDDP forms
initially zinc phosphate of short chains that grow into longer ones away from the
metal surfaces whereas the layers near the substrate remain of shorter chains due to
the presence of Fe cations near the steel substrate [25, 66].

6.4.3.6 Concentration of Additive

The concentration of the ZDDP affects its adsorption and coverage on the metal sur-
face [105, 146], i.e. the larger the concentration of the ZDDP, the larger its adsorption
and coverage. Yin et al. [1] used XANES to study the effect of the ZDDP concentra-
tion, i.e. 0.25%, 0.5%, 1.0% and 2.0 wt%, on the decomposition species. The results
showed that a lowconcentration ofZDDPcan lead to the formation of short phosphate
chains whereas a high concentration leads to the formation of long chains in addition
to the short ones and unreacted ZDDP. Furthermore, Tomala et al. [136] found that
the larger the additive concentration (i.e. 2 and 5%) the thicker the tribofilm and the
larger its roughness. Similarly, Ghanbarzadeh et al. [147] indicated that increasing
the additive concentration increases the formation rate and terminal film thickness
and decreases the average wear depth. Thus, the additive concentration evidently has
a strong effect on the decomposition kinetics. This is further supported by the study
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of Akbari et al. [120] of the effect of ZDDP concentration, i.e. 1%, 2.0% and 20
wt%, on the composition of thermal films formed on bare steel, Si-doped (a-Si:H)
and non-doped (a-C:H) DLC coatings. The results showed that the thickness of the
thermal film increases linearly with the concentration with a rate about 2.75 nm/min
on bare steel and 1.5 nm/min on a-C:H DLC coating.

6.4.3.7 Temperature and Load

Temperature and load are expected to affect not only the composition of the formed
tribofilm but also its structure as well as its tribological and mechanical properties.
Zhang and Spikes [40] showed using the AFM that at low temperature of 60 °C the
tribofilm morphology was patchy of roughness similar to the large initial roughness
of the substrate. As temperature increased to 100 and 120 °C, the tribofilm thickness
increased and a more pad-like structure was formed with wide pads elongated in
the direction of rubbing. Similarly, Yin et al. [1] showed that the high temperature
accelerates the decomposition of the unreacted ZDDP and helps increase the length
of the formed polyphosphate chains. However, the study found that after a certain
threshold, the high temperature can be detrimental to the chains length. Short chains
were formed at 200 °C as opposed to the long chains formed at 100 and 150 °C.
The study also found that high temperatures promote sulphate species formation.
At 100 °C, sulphide species were detected whereas sulphate species were found at
200 °C. Other studies observed a similar effect for the load [84]. For instance, under
high contact pressure, the DDP additive forms mainly sulphate, e.g. FeSO4, whereas
under low pressure mainly disulphide (FeS2). Contact pressure did not seem to affect
the already short chains composing the DDP tribofilms but reduced the chain length
of the ZDDP tribofilms from long to medium.

Similar to load, temperature can notably increase the formation rate and terminal
film thickness of the formed tribofilms but decrease the average wear depth [147].
The tribofilm thickness during the early stages of rubbing, e.g. running-in period,
and not only the steady state thickness, seems to be responsible for the antiwear
protection [147]. Similarly, Parsaeian et al. [148, 149] found that by reducing the
temperature from 100 to 80 °C, the tribofilm thickness decreases accompanied by a
conspicuous increase in wear.

The effect of temperature on the mechanical properties of postmortem tribofilms
was studied by Pereira et al. [150] using nanoindentation. The tribofilms consisted
mainly of polyphosphate of medium chain length and sulphides as indicated by the
XANES analysis. The tribofilm thickness measurement based on FIB-SEM cross-
section suggested a thickness of 180 ± 60 nm, which is consistent with the XANES
P k-edge estimation of 105 nm. The evolution of the indentation modulus over tem-
perature, i.e. from 25 to 200 °C, showed that up to 200 °C the modulus was nearly
constant at around 100 GPa but dropped to about 70 GPa at 200 °C. The decrease
in the modulus might be responsible for the good antiwear properties of the ZDDP
tribofilm, i.e. the low modulus means a compliant sacrificial tribofilm that can be
easily worn instead of the substrate.
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The combined effect of load and temperature on the evolution of ZDDP tribofilms
was investigated by Gosvami et al. [40] using in situ AFM tribotests. The study
showed that temperature exponentially increases the growth rate of the tribofilm.
Similar to temperature, load ranging from 2 to 7 GPa, appears to increase the growth
rate of the tribofilm exponentially until reaching steady state. Therefore, the study
concluded that load and temperature have the same catalytic effect on the tribofilm
formation. This is in agreement with the results of Yin et al. [1], which found that
load has the same effect as temperature, i.e. accelerating the decomposition of the
unreacted ZDDP and the formation of long phosphate chains. The study also found
that load does not affect the sulphur species type or concentration, i.e. sulphides
were the only sulphur species to be formed and their intensity did not change much
with load. Zhang and Spikes [41] showed using SLIM that in the EHL regime the
larger the load (50–75 N) the faster the tribofilm formation and thicker the terminal
thickness of the formed tribofilms on WC. The formation rate ranges from 0.2 to
0.7 nm/min depending on the maximum shear stress (220–250 MPa) at the edge of
the tribofilm. Similarly, Tomala et al. [136] found that the larger the load, ranging
from 1.3 to 2.4 GPa, the thicker the tribofilm and the larger its roughness.

The effect of load on the ZDDP decomposition was also studied by Ji et al. [151]
using XANES and AFM. The results indicated that the formed tribofilms consisted
of polyphosphate of thickness between 10 and 100 nm. The results also showed that
the larger the load the thicker the tribofilm. Additionally, based on the correlation
between the friction force behaviour and electrical contact resistance measurements,
they concluded that the ZDDP decomposition and tribofilm formation undergo three
different stages:

1. Induction period, which increases with load and generally decreases with sliding
speed. During this period, ZDDP molecules adsorb to the substrate and friction
increases.

2. Tribofilm growth period during which tribofilm thickness increases and friction
stays constant.

3. Tribofilm growth and removal period during which tribofilm thickness and fric-
tion stay constant.

The effect of load and temperature on DDP additives seems to be similar to the
one of ZDDP. It was reported that the higher the temperature the thicker the thermal
film [82]. Furthermore, the tribofilm thickness was found to be at least twice the
thickness of the thermal film [82] and in general increases gradually over rubbing
time [25], which suggests that load and temperature can both help accelerate the
decomposition reaction.

In summary, the above discussion suggests a similar effect of temperature and
contact pressure on the growth rate of ZDDP and DDP tribofilms, which indicates
they have a catalytic effect on the additive decomposition process. Thus, it can be
stated that the decomposition of P-based additives is a thermally and mechanically
assisted reaction, which can be activated by the availability of either shear or heat.
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6.4.3.8 Sliding and Rolling Speeds

It is understood that the ratio of sliding to rolling speeds can affect the contact severity
and thus the lubrication regime. To further understand this effect on the decomposi-
tion of the ZDDP, Suarez et al. [135] followed the ZDDP tribofilm formation under
different levels of slide-to-roll ratio (SRR), i.e. 0, 2, 5 and 10%. The study found that
the larger the SRR, the faster the tribofilm formation. However, the study showed that
the exact sliding percentage, as long as >0, does not have a significant effect on the
limiting tribofilm thickness. On the other hand, the SRR appeared to have a different
effect on the topography of the tribofilm depending on the base oil. In the case of
polar oil, the tribofilm appeared homogeneous throughout the different levels of the
SRR. When nonpolar oil was used, low SRR generated smooth tribofilms whereas
large SRR (≥5%) generated a rougher pad-like structure. That is the larger the SRR
is, the rougher the tribofilm topography becomes and the more the structure appears
patchy.

The effect of sliding speed on the ZDDP decomposition was also investigated by
Ji et al. [151] using XANES and AFM. The results showed that lower velocities and
higher load increase the tribofilm thickness whereas higher speeds and lower loads
decrease the tribofilm thickness. In terms of friction relation to velocity, there was
no simple relation. Under all the tested loads there seems to be a certain threshold
of sliding speed below which the friction appears to decrease with increasing the
sliding speeds whereas the opposite trend was observed above this threshold.

The effect of high SRR, i.e. 50–230%, on the ZDDP tribofilm formation was
examined byShimizu and Spikes [152] using SLIM,EDXandAFM.The study found
that in the mixed sliding and rolling condition, the formation rate of the tribofilm
is less sensitive to the exact SRR, which indicates that the rubbing time is far more
important than the sliding distance.

6.5 Mechanical Properties of Antiwear Films

6.5.1 Structure

The first report on the structure of the P-based antiwear films goes back to the study
of Bird and Galvin [51] who suggested that the ZDDP tribofilm is polymeric and has
a patchy structure. The authors conjectured that the first layer of this structure is a
discontinuous sulphide, possibly zinc sulphide, or sulphate layer covering the metal
surface. This layer in turn is covered with islands of unknown compounds containing
Zn, P, and S. They also found that the ratio of Zn:P:S changes considerably along
and across the wear scar. This heterogeneity can be related to the different local
conditions, e.g. temperature, pressure and load. For instance, Sheasby et al. [67] and
Palacios [7] observed that at low temperatures, e.g. 35 °C, a thin but uniform film
was formed as compared to a thick but less uniform film at higher temperatures, e.g.
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Fig. 6.8 Arrangements of
atoms in the amorphous
tribofilm. Reprinted from
Martin et al. [81]

150 °C. The tribofilm formed at high temperature was patchy in nature suggesting
that it was only formed at the asperity-asperity contacts where temperature was high.
In addition, the thickness was not found uniform amongst the different patches.
Martin et al. [81] used X-ray absorption fine structure (XAFS) spectroscopy to show
that the ZDDP wear particles have a continuously random amorphous structure, as
depicted in Fig. 6.8. This structure was hypothesised to be formed due to friction-
and shear-induced atomic-scale mixing processes at the interface [81] in addition to
the digestion of the iron oxide by the phosphate layers near the metal surface [8].
Furthermore, it could be formed due to thermal effects by the interface quenching
[81].

Later on, the tribofilm was identified of having a multilayer structure [1, 6, 9,
153–155]. The layers close the substrate appear to be solid and adhere strongly to the
rubbed surface. However, the outer layers are viscous or semi-solid of hydrocarbons
and organic radicals, which adhere weakly to the lower layers and hence they can be
removed easily by rinsing with a solvent [6, 153, 155]. The concentrations of these
products decrease along the depth whereas the concentrations of iron, iron oxide and
iron sulphide increase. Above the iron sulphide/oxide layer, a layer of amorphous
polyphosphate glass was identified, which can contain zinc oxide and zinc sulphide,
as depicted in Fig. 6.9. The mechanical and physical properties of this amorphous
3D network are predetermined by the Zn2+ cations and organic radicals. However,
the layers near the metal surface are mainly affected by Fe2+ and Fe3+ cations. Bell
et al. [6] reported that the detected phosphate was similar to P2O5 glass. Therefore,
they proposed that the ZDDP tribofilm consists mainly of glassy polyphosphate that
has different physical and mechanical properties along the depth of the tribofilm. In
addition, they noticed that the molar ratio of M2O/P2O5 increased from 1.2 at the
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Fig. 6.9 Schematic of the structural model of the ZDDP tribofilm elucidating its multilayer char-
acteristic. Reprinted from Bell et al. [6]

Fig. 6.10 TEM Cross section image of the ZDDP Tribofilm layers and EDX semi-quantitative
analysis of the elements constituting the different layers. Reprinted from Ito et al. [103]

outer surface to about 2 in the bulk of the tribofilm.This suggested that the outer layers
have longer chain length than those in the bulk. This also indicated that the outer
layers have less concentration of zinc. Furthermore, recent experiments conducted
by Ito et al. [103, 104] showed that the concentration of zinc is much higher near the
metal surface, as shown in Fig. 6.10. This indicates that the cation exchange reaction
between zinc and iron at high temperature should have occurred during the initial
stage of the ZDDP decomposition. This also suggests that the presence of zinc near
the metal surface plays a significant role in the observed short phosphate chains near
the substrate.

Yin et al. [1] noticed that the XANES results of the Total Electron Yield (TEY),
which is surface sensitive, and Fluorescence Yield (FY), which is bulk sensitive,
were different. This suggested that the tribofilm has a layered structure consisting
of a layer of short phosphate chains laid with a layer of long phosphate chains. Bec
et al. [155] used the Surface-Force Apparatus (SFA) to determine the structure of
the ZDDP tribofilm. The authors reported a full schematic of the ZDDP tribofilm
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before and after washing with solvents as shown in Fig. 6.11. The tribofilm appeared
to be patchy and every patch has several layers. Using the AFM, Warren et al.
[156] and Graham et al. [157] further confirmed that the tribofilm has a patchy-like
structure. In addition, they observed stripes of discontinuous ridges along the wear
scar. Pidduck and Smith [158] also observed that these patches were elongated in the
direction of sliding. The estimated film thickness was in the range of 100–140 nm,
which is in agreement with the recent measurements using the Spacer Layer Imaging
Method (SLIM) of the Mini-Traction Machine (MTM) [159]. In addition, the results
ofBec et al. [155] indicated that the tribofilm thickness and friction coefficient change
substantially from one position to another. This suggests that these parameters should
be considered as local properties rather than as averaged values.

Aktary et al. [160] followed the topography evolution of ZDDP thermal films
using Atomic Force Microscopy (AFM). During the first two hours, the structure
appeared as isolated islands of phosphate precipitates, as confirmed by the Fourier
Transform Infrared spectroscopy (FTIR). However, after 3–6 h, these islands coa-
lesced and the thermal film became smooth and continuous. The thickness of the film
increased linearly with immersion time and continued to increase even after 6 h dur-
ing which it reached an average thickness of 420 nm. The results indicated that there
is some correlation between the structure, thickness and morphology of the thermal
film. The FTIR results showed that the early formed thin film of isolated islands
consists of shorter phosphate chains than the mature thick and continuous film. The
follow-up study of Aktary et al. [70] showed that the ZDDP tribofilm evolves in the
same way as the thermal film. The only difference found was that after long rubbing
time, the continuous film disintegrates to form very small pads. The results of Can-
ning et al. [161] confirmed that the tribofilm is largely heterogeneous in the lateral
direction. The tribofilm was found to have ridges of mainly long phosphate chains
and troughs of mainly short phosphate chains. Same conclusions were also reached
by Nicholls et al. [20, 28, 80, 162] using X-ray Photoemission Electron Microscopy
(XPEEM) and AFM. The results of these studies showed that the ZDDP tribofilm
is also heterogeneous along the depth. The large pads of the tribofilm were found to
have a multilayer system where long polyphosphate chains lay on the top of short
polyphosphate chains. Based on these results amongst others, Spikes [21] proposed
that the ZDDP tribofilm has a structure similar to one depicted in Fig. 6.12. This
structure is in line with the findings of the previous studies that the tribofilm consists
of multilayer structure, which is largely heterogeneous in the lateral direction and
along its depth. This is also similar to the structure of DDP tribofilms, which initially
appears less patchy than the ones of ZDDP but eventually the two provide a similar
uniform pad-like structure [25, 26]. Distinctively though, the DDP additive forms Fe
phosphate of predominantly short chains as opposed to the initially zinc phosphate
of short chains that grow into longer ones away from the metal surface in the case
of ZDDP [25, 66]. Furthermore, the formation of iron sulphides or sulphates in the
DDP tribofilms near the metal surface depends greatly on the operating conditions
[84], as discussed in detail in the previous sections.
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Fig. 6.11 Schematic of the multilayer structure of the ZDDP tribofilm a before and b after washing
with solvent. Reprinted from Bec et al. [155]

Fig. 6.12 Schematic of the patchy structure of the ZDDP tribofilm. Reprinted from Spikes [21]



192 A. Dorgham et al.

The structures proposed by Bec et al. [155], Martin et al. [9] and Spikes [21] seem
to be the most accepted picture of the structure of P-based antiwear tribofilms up to
date.

6.5.2 Hardness and Elastic Modulus

Due to the largely heterogeneous nature of the ZDDP orDDP antiwear films, whether
tribofilms or thermal films, probing their mechanical properties is a complex and
intricate task. The main difficulties are attributed to the error brought by averaging
over a large area and propagated by the different uncertainties associated with every
experimental technique. This necessitates the need to analyse a large area of the
sample at a high lateral resolution and at different length scales. Measuring the
mechanical properties at a small length scale became feasible with the advent of the
AFM, interfacial force microscope (IFM) and nanoindentation.

Many studies have already used the AFM to study the mechanical properties
of the ZDDP tribofilms [70, 77, 156, 157, 160, 163–166] as well as tribofilms of
other additives [167, 168]. This enormous work concluded that the layers close to
the metal surface are most likely elastic solid whereas the outer layers are probably
viscous. This indicates that the layers in between can have a combination of the two.
Furthermore, Warren et al. [156] observed stripes of discontinuous ridges along the
wear scar. These stripes were speculated to originate from repetitive sliding, which
suggested that the ridges were the only part of the tribofilm that carry the load. In
agreement with these results, the experiments of Graham et al. [157] showed that
these ridges were elongated in the sliding direction. Aktary et al. [70] attributed this
heterogeneity in the tribofilm growth to the local variations in the contact pressure
between the contacting surfaces. However, as the tribofilm is not heterogeneous only
in the lateral direction but also along its depth, this indicates that the heterogeneity
of the tribofilm is not only due to the local variations in the contact pressure [77].
Warren et al. [156] proposed three possibilities for the patchy structure of the P-based
tribofilms, which are as follows:

1. Ridges are formed due to the high contact pressure between the asperitieswhereas
the troughs are formed due to the three body interaction between the wear debris
and the contacting surfaces.

2. Ridges are formed due to the repeated rubbing between the asperity contacts at
the same average locations whereas the troughs are formed due to occasional
contact between the asperities at the troughs regions.

3. Ridges are formed due to the repeated rubbing between the asperity contacts
whereas the troughs are originated from the flow of some material from the
ridges to troughs’ regions.

The authors suggested that the way the ridges and troughs appeared indicated that
the third mechanism is likely to be the case. Other possibilities to account for the
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heterogeneity in the tribofilm growth have also been proposed recently by Gosvami
et al. [40] to be due to the following:

1. Heterogeneous random nucleation sites due to the surface roughness or any sur-
face defects.

2. Instabilities in the decomposition and growth mechanisms due to any variations
in the operational conditions.

These possibilities are plausible and can be combined with the ones proposed by
Warren et al. [156] to give a wider understanding.

To quantify the mechanical properties of the ZDDP or DDP tribofilms, several
studies attempting atmeasuring the elasticmodulus using nanoindentation, AFMand
SFA. Table 6.3 summarises the indentation modulus that was reported for the ZDDP
and the measurement conditions. Aktary et al. [70] measured the elastic modulus
of the ZDDP tribofilm after different rubbing times and found that the modulus and
hardness of the tribofilm are independent of the rubbing time. They explained this
result by pointing out that the majority of the bulk material of the tribofilm at any
time consists mainly of short polyphosphate chains. Therefore, the nanomechani-
cal properties are predetermined by the properties of this bulk material. However,
Nicolls et al. [162] reported that the large pads of the tribofilm consist mainly of long
polyphosphate chains whereas the small pads and troughs consist of short chains.
Graham et al. [157] showed that the pads have a great elastic response. The measured
indentation modulus was about 180–250 GPa at the centre of the pad compared with
50–110 GPa at the edge. Nicolls et al. [80] found that the indentation modulus was
120 GPa at the centre of the pad compared with 90 GPa at the edge. In a later study,
Nicolls et al. [162] reported an indentation modulus of 80 GPa for the large pads but
could not measure the modulus of the small pads due to the effect of the substrate
on the indentation measurements of these thin regions.

This wide range of values of the reported indentation modulus could be related
to the extent of the additive decomposition to form polyphosphates [20] in addition
to the intrinsic uncertainties associated with probing such thin heterogeneous films
using any indentation technique.

In contrast to the aforementioned studies, which suggested that the tribofilm is
highly elastic,Aktary et al. [70] found that theZDDP tribofilmexhibits highplasticity.
They suggested that this is in line with the sacrificial nature of the tribofilm, which
is continuously formed and removed at the interface. Conversely, Warren et al. [156]
showed that the ridges of the tribofilm exhibit a great capacity of elastic deformation,
which was also confirmed by the results of Graham et al. [157] and Ye et al. [163]
showing that the ridges of the ZDDP tribofilm resist plastic deformation to a great
extent.

Ye et al. [77, 163, 164] studied various tribofilms formed in oils containing ZDDP
and ZDDP/MoDTC additives. In the two cases, the results showed a gradual increase
of hardness andmodulus over depth until they reach the ones of the substrate. Thiswas
considered as evidence that the tribofilmconsists of amultilayer systemof a hard layer
covered by a softer one. Similarly, Bec et al. [155] showed that the ZDDP tribofilm
resists indentation by increasing hardness and elastic modulus with the indentation
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Table 6.3 Elastic modulus and hardness of the ZDDP thermal and tribo-film

Material Elastic
modulus
(GPa)

Method Lubricant Test
conditions

References

5 min
tribofilm

88.5 ± 23.7 Nanoindentation 1.49 wt% Plint [70]

10 min
tribofilm

92.8 ± 18.6 ZDDP 100 C

40 min
tribofilm

88.6 ± 29.9 In MCT-10 225 N

1 h tribofilm 88.9 ± 12.1 25 Hz

2 h Tribofilm 96.1 ± 25.7

3 h thermal
film

34.8 ± 9.7

1 h tribofilm 87.8 ± 3.9 Nanoindentation 1.2 wt% Plint [80]

Edge of pad ZDDP 100 C

1 h tribofilm 119.5 ± 5.8 In MCT-10 220 N

Centre of pad 25 Hz

Sulphide
oxide

90 SFA Amsler [155]

t ≤80 nm 100 C

Polyphosphate 15 400 N

20< t <30 nm 5 h

Polyphosphate 27–30

70< t
<100 nm
Polyphosphate
t >140 nm

40

6 h tribofilm 25 IFM 1.2 wt% Plint [156]

Trough ZDDP 100 C

6 h tribofilm 81 In paraffinic 220 N

Ridge Base oil 25 Hz

1 h thermal
film

36 ± 9 200 C

Large pads 209 ± 38 IFM 5 mM/kg Plint [157]

Ridges ZDDP 100 C

Large pads 87 ± 23 In paraffinic 225 N

Troughs Base oil 25 Hz

Small pads 74 ± 20

Off pads 37 ± 7.3

1 h tribofilm 85.1 ± 11.1 Nanoindentation 1.2 wt% Plint [169]

And IFM ZDDP 100 C

In MCT-10 220 N 25 Hz

1 h tribofilm 80.5 ± 4.5 Nanoindentation 1.2 wt% Plint [80]

(continued)



6 Tribochemistry and Morphology of P-Based Antiwear Films 195

Table 6.3 (continued)

Material Elastic
modulus
(GPa)

Method Lubricant Test
conditions

References

Ridges ZDDP 100 C

1 h tribofilm 30 In MCT-10 220 N

Troughs 25 Hz

10 min
tribofilm

78–110 ± 8 Nanoindentation 1.2 wt% Plint [162]

And IFM ZDDP 60 C

1 h tribofilm 97–110 ± 8 In MCT-10 60 N
25 Hz

1 h tribofilm 80–215 Nanoindentation Pin-on- [163]

Depends on ZDDP in Disc

Contact 5 W–30 SG 490 N

Depth Engine oil 0.03 m/s

depth. Therefore, they suggested that the heterogeneity of the mechanical properties
of the tribofilm along its depth is due to work hardening but not a real intrinsic
property. However, in contrast to these results, the loading-unloading experiments of
Warren et al. [156] using AFM indicated that the tribofilm ridges have two layers of
which the one that is more compliant lay beneath the stiffer surface layer. The base
layer seemed to exhibit a significant tenacity, which was manifested in the apparent
adhesion during the retraction of the AFM tip from the sample. These features were
neither observed in the troughs of the tribofilmnor in the thermal film.Themechanical
properties of the trough region of the tribofilm seemed identical to the ones of the
thermal film. Based on these results, Warren et al. [156] suggested that the thermal
film is formed first as a precursor to the tribofilm. In line with these results, Kim et al.
[22] showed that the surface layer of the ZDDP tribofilms, away from the substrate,
is harder than the bulk layers. In contrast, DDP tribofilms showed a more compliant
tribofilm without the presence of a hard surface layer. They suggested that the hard
crust protects against wear while the compliant bulk helps dissipate energy. This is
despite the fact that they observed that the more compliant but thicker DDP tribofilm
showed a much better tribological performance than the one of ZDDP. To resolve
this discrepancy, they suggested that the effective coverage of the DDP tribofilm is
higher than the ZDDP one leading to better protection against wear.

Based on the discussion above, it can be concluded that the ZDDP and DDP
antiwear films have rich mechanical properties. These properties can be affected by
the decomposition mechanism, load and temperature. In addition, the mechanical
properties might also be affected by the rheological properties of the tribofilm. For
instance, in case of the tribofilm is viscoelastic then its mechanical response can
look similar to the plastic behaviour of a compliant material [170]. Moreover, a
viscoelastic tribofilm may suggest that its mechanical properties are rate dependent.
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Hence, the history and rate of measurement can play a major role in the measured
properties. Therefore, studying the rheological properties of the antiwear tribofilm is
necessary to give insight into its mechanical as well as tribological properties. These
rheological properties will be discussed in detail in the subsequent section after the
tenacity and durability of the tribofilm is reviewed.

6.5.3 Tenacity and Durability

In order to study the tenacity and durability of ZDDP tribofilms, Bancroft et al. [2]
examined the effect of the ZDDP concentration in oil on the tribofilm that has already
been formed. After the formation of the tribofilm, the base oil containing ZDDP was
replaced with oil without ZDDP and then the rubbing continued for extended periods
of 6–24 h. The tribofilm showed a great thermal and mechanical stability even after
rubbing for periods as long as 24 h. In addition, the results showed that rubbing
the tribofilm in base oil has two main effects. The first one is that the tribofilm
maintains a certain thickness above 30 nm without being completely removed by
rubbing. The second effect is that the polyphosphate chains become shorter in the
form of orthophosphate and pyrophosphate. Ancillary experiments of Suominen
Fuller et al. [79] showed that when the oil of mature ZDDP tribofilm was replaced
by base oil without ZDDP, no change occurred in the tribofilm thickness with further
rubbing in the base oil. However, Parsaeian et al. [171] found that rubbing premature
tribofilm (after 25 min rubbing: before reaching steady state thickness) in base oil
without ZDDP causes an initial sharp decrease in the tribofilm thickness after the
first few minutes of rubbing. The reduction was about 20–70 nm depending on load
and temperature, i.e. the higher the load or temperature the higher the removal.
The sharp decrease in the tribofilm thickness was followed by a steady state period
during which the tribofilms maintained its thickness without any further removal.
Adding fresh oil containing ZDDP again after 60 min of total rubbing time (35 min
of rubbing in base oil) results in a fast growth of the tribofilm thickness similar
to the initial growth rate before replacing the oil with base oil. On the other hand,
rubbing mature tribofilm in base oil (after 180 min rubbing: after reaching steady
state thickness) results in just a small decrease in the tribofilm thickness. As indicated
before, increasing temperature or load after replacing oil with base oil resulted in
more immediate removal of the tribofilm. However, temperature and load did not
show any monotonic trend on the steady state thickness. The drop in the tribofilm
thickness was investigated using XPS, which showed that before replacing the oil
with base oil the top layer of the tribofilm contains longer phosphate chains. This
layer seems to be the one removed after replacing the oil, which suggests that it is
softer and less tenacious than the layers underneath it. It was also found using XPS
analysis that if rubbing is continued again by adding fresh oil containing ZDDP, the
removed long phosphate chains can be formed again.
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6.6 Rheological Properties of Antiwear Films

The friction, lubrication and adhesion properties of any tribological surface are
greatly affected by the rheological properties of the interface [172]. These prop-
erties can undergo changes when using additives such as ZDDP or DDP, which can
form a protective tribofilm of transient thickness covering the interface. In order to
quantify these changes, the rheological properties of the thin antiwear film should
be measured. This can be mainly achieved using two methods. The first one is by
generating a thick tribo- or thermal film that can be scratched and removed for ex
situ analysis using the bulk or interfacial rheometry. The second possible method is
by measuring these properties in situ. The in situ rheological measurements of the
antiwear tribo- or thermal films or generally speaking any thin film on a substrate are
performed, in essence, in the same way as the bulk rheological measurements, e.g.
creep and shear, but using different experimental techniques such as SFA and AFM.
For instance, Georges et al. [173] used SFA to measure the rheological and mechan-
ical properties of the ZDDP physisorbed films by imposing an oscillatory motion in
three different directions, i.e. x, y and z axes. This enabled them tomeasure the damp-
ing coefficient, normal stiffness and lateral stiffness at different separation distances
between the ball and disc. They could then relate the measured damping coefficient
(Aω) at a certain oscillatory frequency (ω) and a separation distance (D) to viscosity
(η) using the following relation:

Aω � 6πηR2ω

D − 2Lh
(6.30)

where R is the ball radius and Lh is the total thickness of any adsorbed layers on each
surface. Good agreement between the experimental data and the damping coefficient
given by the previous equation was found as shown in Fig. 6.13. One interesting
result is the approximately exponential increase in the viscosity at small separa-
tion distances, which has the effect of increasing the viscous resistance to sliding.
Another important finding is that the elastic compressive and shear moduli appeared
to increase with reducing the separation distance. The authors related this observa-
tion to a possible compaction of the heterogeneous physisorbed layers. In agreement
with these results, Bec et al. [155] suggested that the contact pressure could compact
the loose layers of the ZDDP tribofilm and transfer them into a solid polyphosphate.

Bec et al. [155] used SFA tomeasure the mechanical and rheological properties of
theZDDP tribofilm.The results showed that the sulphide andphosphate layers exhibit
elastoplastic properties. This suggests that the ZDDP tribofilm can be polymeric in
nature [51] and its rheological properties, similar to the mechanical properties, vary
along the depth of the tribofilm [6]. This was confirmed by Pidduck and Smith [158]
and Bec et al. [155] who reported that the base layer of sulphide resists flow signif-
icantly whereas the top layer of alkyl phosphate precipitates behaves as a viscous
polymer, which does not resist flow and could be easily removed. Similarly, the bulk
layers of polyphosphates forming the ridges of the tribofilm can also be removed
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Fig. 6.13 Comparison between the measured and predicted damping coefficient of the basic and
neutral ZDDP. Reprinted from Georges et al. [173]

easily leaving trough regions of bare sulphide/oxide layers. This suggested that the
polyphosphate layers in the trough originated from the ridges material, i.e. alkyl
phosphate precipitates and polyphosphates, that flowed into trough regions by shear
flow. Bec et al. [155] reported a viscosity of 5 × 104 to 3 × 105 Pa s for the alkyl
phosphate layer and 108 Pa s for the polyphosphate layer.

Based on the aforementioned discussion, it can be concluded that the P-based
antiwear films have rich rheological properties. However, no elaborate study was
conducted so far to unravel all these properties and to provide conclusive insights
into the relation between the rheological, mechanical and tribological properties of
the ZDDP or DDP tribo- and thermal films.

6.7 Tribological Properties of Antiwear Films

6.7.1 Friction Mechanism

Many studies aimed at understanding the genesis of friction of the P-based tribofilms
using different techniques. For example, Ye et al. [163] used the nanoscratch method
combined with AFM imaging and observed that the tribofilm exhibits different fric-
tion coefficients depending on the contact depth, which indicated that different levels
of shear strength exist within the tribofilm. The lowest friction coefficient found was
at few nanometres beneath the surface, which was attributed to the presence of an
ultra-low friction inner skin layer that can act as a type of solid lubricant to reduce
friction. In another study, Ye et al. [166] showed that the inner skin layer exhibits
a low shear modulus and can yield easily, which can explain the capability of this
layer to reduce friction. The heterogeneous friction behaviour along the depth is also
accompanied by a heterogeneity along the surface as reported by Neitzel et al. [174]
who observed that friction is different at different length scales. For instance, within
a material exhibiting a high friction coefficient, areas of low friction at the nano- or
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Fig. 6.14 Effect of the
ZDDP tribofilm on the
Stribeck curve after different
rubbing periods. Reprinted
from Taylor and Spikes [175]

microscopic scale might exist. These small domains of low friction force can affect
the macroscopic friction or induce slip.

Taylor et al. [159] reported that ZDDP forms a thick solid-like film on the wear
scar that produces an effective surface roughening. This increased roughness can
inhibit the entrainment of the fluid film between the contacting surfaces and thus
results in a higher friction than in the case of surfaces not covered with the ZDDP
tribofilm, as shown in Fig. 6.14. However, the results of Taylor and Spikes [175]
showed that even smooth ZDDP tribofilms can increase friction. This suggested that
whether the ZDDP tribofilm is rough or smooth, it can inhibit the entrainment of
the lubricating film between the rubbing contacts and hence increases friction. This
apparent increase in friction was also suggested to represent a shift in the Stribeck
curve to a higher speed, which means that the tribofilm is capable of maintaining the
boundary lubrication condition up to a higher speed than in the case of bare contacts
without a tribofilm.

A different explanation for the increase in friction force when the ZDDP tribofilm
is present on the steel surface was provided by Suarez et al. [137]. Assuming that
the friction force can be given by the following equation:

FF � τZDDPAZDDP + τsteelAsteel (6.31)

where τZDDP and τ steel are the mean shear strength of the ZDDP tribofilm and steel
surface, respectively, and AZDDP and Asteel are the real contact area of the ZDDP
tribofilm and steel surface, respectively. Therefore, increasing the tribofilm thickness
increases the contact area (AZDDP) and thus increases the friction force.

The increased friction of the antiwear tribofilms over time can also be explained
based on the observations ofMazuyer et al. [176] that after a certain threshold of con-
tact time the layers covering the rubbing surfaces can interact and hence the mechan-
ical properties, e.g. shear elastic modulus and interfacial shear strength, become a
function of the contact time. In the case of the ZDDP tribofilm, this means that the
longer the rubbing time, the thicker the tribofilm will be and thus the stronger the
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Fig. 6.15 Schematic of the ordered structure of the compressed hydrodynamic layer. Reprinted
from Georges et al. [177]

interactions can occur between the tribofilms covering the contacting surfaces, which
leads to higher friction.

Georges et al. [177] highlighted the steric action of the adsorbed layers on friction.
When the separation distance is small, the pressure is high. In this case, the fluid starts
to have an ordered structure in the direction of shear, as shown in Fig. 6.15. This was
inferred from the observation that the stabilised friction coefficient was found to be
inversely proportional to the sliding speed. In addition, Li et al. [178] showed that
the strength of adhesion of the interfacial layers adsorbed on a substrate has great
influence on friction. In the case of a single layer that adhered loosely, friction was
maximum due to the puckering effect of the layer when probed by the AFM tip.
On the other hand, in the case of a bulk material with strongly adhered layers, this
puckering effect is suppressed and the thickness does not have any effect on friction
after a certain threshold value. Ancillary results of Lee et al. [179, 180] suggested
the same trend for different materials including MoS2.

The fact that sulphur might be the first to reach the metal surface is very crucial
in order to relate the mechanism of additive decomposition and tribofilm formation
to friction and wear. In the case of sulphur containing deposits are formed initially
at the metal surface, then we can infer two main points. Firstly, during the running-
in period, the sulphur rich layer is the one that predetermines the observed friction
and wear. Therefore, if the porous FeS2 is the main component of this layer, which
is suggested in the case of surfaces covered with Fe2O3 or Fe3O4 as shown in the
potential diagram in Fig. 6.3, friction will be small. However, a larger friction is
expected in the case of a base layer consisting of a dense and uniform FeS, which is
likely to be formed on bare iron [106]. Furthermore, the existence of a sulphur rich
layer as a base layer on themetal surface indicates that the subsequently formed layers
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should be deposited on this layer, whether fully or partially, rather than completely
on the metal surface itself.

6.7.2 Antiwear Mechanism

The ZDDP additive when decomposed under high contact pressure or heat can form
a superior antiwear tribofilm on contacting surfaces. The DDP additive can provide
better [22, 23], comparable [24] or worse [25, 26] antiwear properties to the ones
of ZDDP, which seem to depend greatly on the operating conditions, properties of
contacting surfaces and chemistries of base oil and additives.

Since the first inception of the ZDDP in the late 1930s, extensive studies on the
genesis of its antiwear mechanism have been carried out [21]. Table 6.4 summarises
the several theories and mechanisms that were proposed to explain the capability of
the formed antiwear tribofilms in protecting the contacting surfaces from severewear.
These different mechanisms can be categorised depending on whether the cause of
protection is rheological, mechanical or chemical.

Initially, it was suggested that the antiwear mechanism of antiwear additives is
based on forming a thicker hydrodynamic film. This thick film can reduce the stress
at the contacting asperities and hence reduces wear [7]. The sulphides, phosphorus
compounds and oxides were also found to have good lubricating properties that help
mitigate wear [181]. Molina [45] suggested that the ratio between the crystalline and
amorphous regions of the antiwear filmmight be important in evaluating the antiwear
action of the tribofilm. Molina’s results indicated that the amorphous pyrophosphate
has better lubricating properties that the crystalline phosphate. In line with these
results, it was suggested that the polyphosphate, which has a low melting temper-
ature of 200–300 °C, melts and forms a viscous glass on the contacting surfaces
that helps reduce wear [3]. In addition, the interfacial iron-oxide-sulphide eutectic
system was also proposed to form a viscous film at the contacting surfaces under
extreme conditions and hence separates the contacting surfaces and reduces wear
[3, 5]. Same mechanism was also proposed for the FeS layer covering the asperity-
asperity contacts [6]. Interestingly, the amount of sulphur in the tribofilm was found
to increase with increasing load [7], which highlights the smart action of ZDDP to
reduce wear. This smart action was explored by So and Lin [154] who indicated that
the plastic deformation is responsible for increasing the temperature at the asperities
and hence the decomposition of the additive. Additionally, this plastic deformation
creates subsurface defects that enhances the mixing and reaction of the decomposi-
tion products, i.e. P, S, Zn and O, with the rubbing surface. Accordingly, So et al.
[44] suggested that the antiwear mechanism depends closely on the ratio between
the tribofilm formation and its removal. In addition, Habeeb and Stover [11] reported
that the ZDDP tribofilm can also reduce wear by decomposing the peroxides. On the
other hand, other studies [8–10] suggested that the antiwear action and the absence
of severe abrasive wear is due to the digestion of the iron oxide generated during
wear into the amorphous phosphate structure of the formed interfacial tribofilm.
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Table 6.4 Summary of the proposed antiwear mechanisms of ZDDP

Authors Mechanism Details

Watkins [3] Rheological and mechanical Formation of a viscous glass
on the contacting surfaces that
flows and acts as a barrier

Gansheimer [181] Rheological and mechanical Good lubricating properties of
sulphides, phosphorus
compounds and oxides

Rounds [4] Rheological and mechanical Formation of oriented
sacrificial layer that reduces
shear stresses and acts as a
barrier

Bec et al. [155] Rheological and mechanical Formation of a grease- or
gel-like hydrocarbon-rich
layer that lias low shear
strength

Watkins [3], Glaeser et al. [5] Mechanical Formation of an interfacial
iron-oxide-sulphide eutectic
system as a barrier

Bell et al. [6] Mechanical Formation of FeS on the
surface as a barrier

Bell et al. [6] Mechanical Formation of a low shear stress
layers that reduce fatigue wear
and delamination processes

So et al. [44] Mechanical Balance between the tribofilm
formation and its removal

So and Liu [154] Mechanical Formation of a compliant
protective tribofilm

Palacios [7] Mechanical Formation of a thick
hydrodynamic film as a barrier

Habeeb and Stover [11] Chemical Decomposition of peroxides

Belin et al. [10], Martin et al.
[8, 9]

Chemical Digestion of sharp wear
particles of iron oxide

Molina [45] Chemical Formation of an amorphous
glass rather than a crystalline
one

Bell et al. [6] suggested that a layer exists in the tribofilm with a low shear stress
that helps reduce fatiguewear and delamination processes. In addition, they proposed
that the adhesion between the different layers is expected to be crucial for the load
carrying capability of the tribofilm and other wear and friction performance. On the
other hand, Rounds [4] proposed that the P-based additives such as ZDDP can act by a
mechanism similar to the one of the fatty acid by forming an oriented sacrificial layer
covering the surface. This antiwear capability depends on the formed hydrocarbon
chain length and chain branching. Accordingly, the hydrocarbon-rich layer at the
outermost of the tribofilm seems to play a role in reducing wear [155]. This layer
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Fig. 6.16 Effect of water on the life of bearing based on 100% life at 0.01%water in addition to the
available techniques to detect water and their range are indicated. Reprinted from Sheehan [185]

seemed to have a grease or gel-like nature that has a low shear strength, which helps
in redistributing the concentrated loads at the asperities and therefore reduces the
high shear stresses at the asperity-asperity contacts and thus mitigates wear.

In summary, the unique antiwear properties of the ZDDP or DDP tribofilms seem
to be related not only to its adhesion, hardness and elasticity but also to the capability
of the formed tribofilm to maintain local order on the molecular scale through the
flow, rearrangement and change in composition of the interfacial layers.

6.8 Antiwear Films in Humid Environments

Corrosion phenomena typically involveswater and oxygen [182],which are abundant
at any interface. This makes water one the main elements in the corrosive environ-
ment. Water can affect the bearing performance in different ways [183]. On the one
hand, it can shorten the bearing life, as shown in Fig. 6.16, due to rust, hydrogen
embrittlement and oxidation. On the other hand, water can accelerate wear due to the
oxidation of the lubricating film and the destabilisation of the protective tribofilm.
Therefore, the relative degree of saturation of water in the oil is one of the important
factors to consider. Water can enter the oil from the humid air or directly as a free
water. The temperature of the oil determines whether this water will mix with the
oil as a dissolved water, i.e. below the saturation temperature, or as a free water, i.e.
above the saturation temperature [184].

In the following subsections, a review is provided on the effect of water on the
composition and tribological properties of the P-based antiwear film.
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6.8.1 Effect of Water on the Composition of Tribofilms

Rounds [72] showed that water accelerates the ZDDP decomposition and reduces S,
P and Zn contents in the antiwear film. These changes are additive dependent and
can be related to the formation of acidic hydrolysis products. In contrast, the results
of Nedelcu et al. [144] showed that water inhibits the growth of the ZDDP tribofilm.
This effect was manifested in the formation of shorter chains of polyphosphates.
The authors attributed these effects to the depolymerisation reactions of the long
polyphosphate chains and to the increased surface distress in the presence of water.
Ancillary experiments carried out by Cen et al. [143] showed that water indeed
inhibits the formation of the protective tribofilm. In addition, they noticed that shorter
phosphate chains are formed with increasing the amount of water in the oil.

In line with these results, Parsaeian et al. [186] found that the smaller the relative
humidity the thicker the tribofilm and the longer the formed phosphate chains. The
trend holds true for the two tested temperatures, i.e. 80 and 98 °C. This was explained
by the difficulty of ZDDPmolecules to reach and react with the steel surface in an oil
containing higher amount of free or dissolved water. In another study, Parsaeian et al.
[148] studied the effect of water contamination in oil, i.e. 0, 0.5, 1.5 and 3 wt%, on
wear and tribofilm thickness. The results showed that the larger the water content is
present in oil the thinner the tribofilm thickness. Similar findings were also reported
by Faut and Wheeler [187] for tricresylphosphate (TCP) additive.

All these results highlight the fact that the presence of water affects not only the
rate of the additive decomposition but also the final composition of the protective
film. Owing to the high affinity of phosphates to water [6], whenwater contamination
occurs, somewatermoleculeswill reactwith the phosphate and replaceZnO,whereas
some amount of water will stay unreacted. This will affect the ratio of ZnO/P2O5

and thus the phosphate chain length. Furthermore, the presence of unreacted water is
expected to affect this ratio up or down depending on the localisation of water, i.e. at
the metal surface or in the bulk. Therefore, to better understand the effect of water on
the composition of ZDDP or DDP antiwear film, the focus should be given to trace
the composition without water and study how water can change this morphology.

6.8.2 Effect of Water on the Tribological Properties
of Tribofilms

There are only few studies [143, 144, 148, 149, 186] on the effect of water on the fric-
tion and wear performance of the P-based antiwear film, i.e. mainly of ZDDP. These
studies mainly showed that water inhibits the formation of the protective tribofilm
and increases wear. The authors attributed these effects to the depolymerisation reac-
tions of the long polyphosphate chains and to the increased surface distress in the
presence of water. Other reasons for the increasedwear in the presence of water in the
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oil can also be related to corrosion, hydrogen embrittlement and accelerated fatigue
due to the possible condensation of small amount of water in the microcracks.

Cen et al. [143] found that the effect of water on friction is less prominent than the
case of wear. However, although their results showed that up to amoderate amount of
water, friction is not affected, the experiments conducted in a humid atmosphere of
a relative humidity 90%, showed that the friction coefficient drops by about 40%. It
should be noted that this behaviour of friction can be related to the one of wear. Due
to the larger wear in the case of large water contamination, surface smoothing can
occur during the induction period that can lead to a reduction in friction coefficient.
In addition, this reduction can also be related to the formation of thinner tribofilm of
short polyphosphate chains when high water concentration is present in the oil.

These scarce results highlight the importance to study the effect of water on the
decomposition of antiwear additive and the final composition. Understanding the
effect of water on these processes helps control the wear and friction performance by
just controlling the amount of water in the oil and its evaporation rate. In addition,
understanding the effect of water provides insight into the reaction kinetics of the
ZDDP or DDP tribofilm formation and its behaviour in different environments.

6.9 Concluding Remarks

Throughout this chapter an overview of the state-of-the-art knowledge of the dif-
ferent aspects concerning the P-based antiwear films of ZDDP and DDP additives
were presented and discussed. At first, a review was provided on the chemical and
physical nature of the antiwear film and the possible reactions during its formation.
It was shown that the P-based additives can decompose in different mechanisms,
i.e. thermally, hydrolytic or oxidative, to form a complex antiwear film consisting
mainly of Zn/Fe, P, S and O. The formation kinetics of these elements are still not
fully elucidated.

All the recent studies have confirmed that the formed P-based antiwear films have
a patchy layered structure of large and small pads. The large pads exhibit a great
elastic response. The elastic modulus, hardness and thickness of these pads are not
uniform but vary along the surface and depth. As these properties change substan-
tially from one position to another, this suggests that they should be considered as
local properties rather than averaged values. Thus, one of the future works should
focus on investigating the effect of the local parameters versus the average values
on the estimation of the friction and wear using the different models available in the
literature.

The P-based antiwear tribofilms help protect the contacting surfaces by different
mechanisms including the digestion of sharp particles and formation of sacrificial
rigid layers of good mechanical properties, e.g. elasticity and hardness. There is a
lack of studies, however, focusing on the role of the rheological properties of the
P-based tribofilms on their durability and antiwear capability.
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A systematic study taking into account the aforementioned factors seems to be
crucial, which should provide better insight into the origin of the superior antiwear
properties of ZDDPandDDP tribofilms in order to be able to optimise their properties
and eventually replace them with more environmentally friendly additives.
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Chapter 7
In Situ Observation of Lubricating Films
by Micro-FTIR

Shigeyuki Mori

Abstract Tribological properties closely depend on the structures of lubricating
films between moving surfaces. Lubricating films are formed at lubricating contacts
under dynamic conditions, including high temperature, high pressure and high shear-
ing. Thus, structures of lubricating films are greatly affected by the conditions of the
environment. In situ observation of lubricating films by micro-FTIR is described in
order to characterize the film components and structure formed from lubricants under
dynamic conditions.

7.1 Background

7.1.1 Tribological Contact

Tribological properties closely depend on the structures of lubricating films between
moving surfaces. Lubricating films are formed at lubricating contacts under dynamic
conditions, including high temperature, high pressure and high shearing. Thus, struc-
tures of lubricating films are greatly affected by the conditions of the environment
(Fig. 7.1). A lubricant film under elasto-hydrodynamic lubrication (EHL) conditions
can be formed using a lubricant having proper viscosity only during lubricating con-
ditions. Under boundary lubrication conditions, lubricant films that are dynamically
altered by friction and wear are formed via the balance of formation and removal of
films during lubrication. Lubricating films are formed dynamically, and film struc-
tures should be altered during lubricating process. Therefore, in situ observation of
a lubricating film is needed to fundamentally understand tribological phenomena.
Because tribological phenomena occur under the effect of mechanical energy, in situ
observation is one of the most important techniques to solve tribological problems
[1].
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Fig. 7.1 Dynamic structure of lubricant film at sliding contact

7.1.2 In Situ Observation

There are many techniques for in situ observation of lubricating films. The meth-
ods for in situ observation using electromagnetic waves, such as infrared, visible,
ultraviolet and X-ray light, are useful to investigate lubricating films in air, because
air is transparent for electromagnetic waves (Fig. 7.2). At least one tribomaterial
should be transparent for the electromagnetic wave to obtain the information of a
lubricant film between two surfaces. The method using interferometry and a space
layer diskmakes it possible to determine the thickness of a lubricant film at nanoscale
under EHL conditions [2]. However, the information on chemical structures of the
film cannot be supplied, although tribological properties are closely dependent on the
chemical structure of the film. Spectroscopic methods are better able to obtain chem-
ical information from film spectra. For example, spectra of visible and ultraviolet
regions provide chemical bonds, while infrared spectra contain vibration modes of
chemical bonds. In this chapter, the application of infrared spectroscopy to chemical
analysis of lubrication films is summarized.

In situ observation of lubricating films has been performed with infrared emission
spectroscopy, and molecular orientation of a lubricant film has been observed [3].
However, the spectrum is not enough to analyze chemical structures of lubricant
films. Fourier-transform infrared spectroscopy (FTIR) is developed to supply clear
IR spectroscopic information. High spatial resolution of spectrum can be obtained
with an infrared microscope. Then, micro-FTIR has been used for in situ observation
of lubricating films under EHL conditions [4, 5].
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Fig. 7.2 In situ observation
of lubricant film with light

7.2 Principle and Method

7.2.1 Infrared Spectroscopy

Molecular vibration absorbs infrared radiation. There are typical vibration modes
such as C–H, C–O–C, C=O, O–H, and N–H at 3000–2840, 1260–1000, 1750–1735,
3650–3200, and 3400–3350 cm−1, respectively. Their absorption peaks are observed
at different positions, for example C–H stretching vibration at 2930 cm−1. Organic
liquid as a base oil can be detected from the peak of C–H stretching vibration.
Additives such as oiliness agents can be analyzed by the vibrations of C=O, O–H,
N–H and so on. Additives having organic and inorganic functional groups, such as
phosphate, are also detected by IR absorption peak. Therefore, chemical components
of a lubricating film can be assigned from IR absorption spectrum of the film (see
Table 7.1) [6].

7.2.2 Lubrication Tester

Figure 7.3a, b shows a typical ball-on-disk tribotester for in situ IR analysis [5, 7].
Ball and disk are made of bearing steel AISI52100 and IR transparent material,
respectively. Lubrication tests can be performed between ball and disk under EHL
conditions. The IR beam comes from a Cassegrain mirror of a microscope through
an IR transparent disk and is reflected on steel ball surface (Fig. 7.3b). The IR beam



218 S. Mori

Table 7.1 IR absorption peak positions of lubricant components

Lubricant component Chemical structure Peak position (cm-1)

Base oil hydrocarbon C–H st 3000–2840

C–H bend 1600–1400

Ether C–O–C 1260–1000

Ester COOR 1750–1735

1300–1000

Oiliness agent O–H 3650–3580

3550–3200

COOH 1720–1700

N–H 3400–3350

3330–3250

Viscosity index improver COOR 1750–1735

1300–1000

EP additive sulfide S–S 500–400 w

S–C 700–600 w

Phosphate P=O 1350–1250

O–P–O 970–940

Thickener soap COO- 1610–1550

1420–1300

2nd-amide N–H assoc 3100–3070

2nd-amide C=O assoc 1650

st: stretching, bend: bending, assoc: associated, w: weak

crosses the lubricant film layer twice, and the IR spectrum of the oil film can be
obtained during lubrication tests. The sampling position for IR spectrum is scanned
as shown in Fig. 7.4a for mapping and (b) for rapid scan.

7.2.3 Materials

Disk window material can be selected from diamond, silicon, germanium, calcium
fluoride (CaF2), and sapphire (Al2O3), depending on the IR transparent region [5],
strength, hardness, and cost. Because the mechanical property of silicon is similar
to bearing steel, it is a convenient material to investigate an EHL lubrication film.
Although CaF2 has a wide range of IR transparency, it is weak against moisture and
polar compounds such as soap. Silicon and germanium have a good transparency of
IR, but they are not transparent for visible light.
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Fig. 7.3 A typical ball-on-disk tester with micro-FTIR; a Photograph of the tester b schematic
diagram

Fig. 7.4 Aperture size and data sampling position a Scanning mode, b rapid scan mode

7.3 Structure of EHL Film

7.3.1 Film Thickness and Pressure

Figure 7.5a shows the IR spectrum of a lubricant film formed with synthetic hydro-
carbon oil (PAO:polyalphaolefin) under EHL conditions [8, 9]. The main peak at
2930 cm−1 is originated from C–H stretching vibration of PAO. According to the
Beer-Lambert law (5.1), the thickness (tF) of an oil film can be estimated from the
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Fig. 7.5 a IR spectra of PAO at different sampling positions (cf. Fig 7.3d), b the profile of film
thickness obtained from the absorbance. Conditions: 0.2 m/s, 10 N

absorbance (A) of the peak using a calibration curve obtained previously. Because
an aperture size for an IR beam is 20–50 µm, the distribution of oil film thickness
can be obtained by scanning the measuring position around the Hertzian contact,
as shown in Fig. 7.5b. The sensitivity of IR measurement for thickness is less than
50 nm and depends on the absorption coefficient (ε) of the characteristic peak. The
film thickness of hydrocarbon oil at even several microns, which is impossible to
measure with interferometry, can be measured from the absorbance of C–H bending
vibration peak. When the film is too thick, the IR peak intensity becomes saturated
and then film thickness cannot be precisely obtained.

A � −εc tF (5.1)

where ε and c are the absorption coefficient and the concentration of the component,
respectively.

The peak position of C–H vibration in the IR spectrum at the center of Hertzian
contact shifts slightly to a higher wavenumber as shown in Fig. 7.5a, which can be
explained by the configuration of alkyl chains under high pressure. Because the shift
rate has been reported as 15 cm−1/GPa [8], the distribution of pressure around the
contact area can be estimated from the peak shift as shown in Sect. 4.2.

7.3.2 Component of Lubricant

The lubricant is a mixture of a base oil and additives such as oiliness agents, friction
modifiers, viscosity index improvers, extreme pressure additives, anti-wear additives
and so on. The lubricating property is closely dependent on the lubricant component
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Fig. 7.6 IR spectrum of oleic acid containing lubricant obtained during lubrication under EHL
condition

Fig. 7.7 IR spectra of amonomer and a dimer of oleic acid in polar and non-polar base oils obtained
under static conditions of 3.4 N load

and the concentration of additives. IR spectrum provides chemical structures and
concentrations of lubricant components. Figure 7.6 shows IR spectrum of a lubricant
film containing oleic acid as an oiliness agent in PAO under a dynamic condition [9,
10]. In addition to the peak of C–H from PAO, there is a small peak of C=O from
oleic acid. The concentration of oleic acid can be estimated from the intensity ratio
of C=O and C–H, according to a calibration curve obtained previously. The peak
position of C=O at 1720 cm−1 indicates that the carboxyl group of the oleic acid
forms a dimer which can dissolve in non-polar base oil. When oleic acid is dissolved
in a polar base oil such as polyalkylene glycol, the peak position of C=O is shifted
to a higher wavenumber at 1730 cm−1. This result indicates that the carboxyl group
interacts with glycol as a polar molecule and then oleic acid exists as a monomer in
a polar base oil as shown in Fig. 7.7 [7].
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Fig. 7.8 Effect of base oil
on concentration of oleic
acid at EHL contact region.
Conditions: load 10 N,
entrainment speed 0.13 m/s,
SRR 0%

A dynamic behavior of viscosity index improver (VII) can be observed by a
micro-FTIR spectrometer [11]. The concentration of lubricant components such as
alcohols, amines, amides, and water can also be estimated from their characteristic
absorption peaks in IR spectra as shown in the following section.

7.3.3 Chemical Information

The chemical composition of a lubricant affects the tribological property through
viscosity of the lubricant and the adsorption of additives on lubricating surfaces. The
distribution of additive concentration can be obtained by scanning sampling position
in IR spectra as shown in Fig. 7.4a, b. Figure 7.8 shows a concentration profile of
oleic acid in PAO observed around the Hertzian contact during EHL lubricating
tests [7]. The concentration change at the lubricating contact is dependent on the
combination of the additive and base oil, as shown in Fig. 7.8. The concentration
of oleic acid in PAO as a non-polar base oil is decreased to almost half of the
original concentration. When oleic acid dissolves in polypropylene glycol (PPG)
or polybutylene glycol (PBG) as a polar base oil, the concentration of oleic acid
is not decreased in the contact zone. It can be explained that oleic acid comes into
the contact zone with the base oil because the oleic acid molecule interacts with
a polar base oil, as shown in Fig. 7.7. In the case of polybutene as a base oil, the
concentration is not changed, although the base oil is non-polar. Polybutene has a
large pressure-viscosity coefficient and is known to solidify through high pressure at
the EHL contact. Then, the solidified lubricant with oleic acid comes into the contact
zone without changing the concentration of oleic acid.
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Fig. 7.9 Chemical shift of characteristic IR peak position of C–H (a) and O–H (b) vibrations.
Molecular interaction of PPG through hydrogen bonding of the end-group OH (c)

7.4 Molecular Interaction

7.4.1 Interaction of Components

The molecular interaction between lubricant components affects the physical prop-
erties of lubricants. For example, the solubility of an additive to a base oil is closely
dependent on the molecular interaction of the two components. The adsorption prop-
erty of additives can be controlled by the balance of the molecular interaction of the
additive with the surface and base oils. The viscosity of a lubricant is also affected
by molecular interaction of the base oil itself. The molecular interaction is expected
to be altered by high pressure at lubricating contacts.

Figure 7.10a shows IR spectra of polypropylene glycol inside (0 µm) and outside
(−150 µm) of the EHL contact region. A blue shift of C–H vibration due to high
pressure can be seen as described above (see Fig. 7.5a) [8]. On the other hand,
the peak of O–H vibration originated from the end-group of polypropylene glycol
shifts to a lower wavenumber as shown in Fig. 7.9b. It is opposite to the shift of
C–H vibration. The result can be explained by the molecular interaction of O–H
through hydrogen bonding at high pressure, as shown in Fig. 7.9c. The end-group
O–H interacts with other O–H groups through hydrogen bonding. The interaction
stabilizes at high pressure, resulting in a long bond distance of O–H bond. Because
bond strength decreases by increasing bond distance between O and H, the peak
position of O–H vibration shifts to a lower wavenumber. The molecular interaction
of carboxylic acid, amine, and amide will be shown in the following section.

The molecular interaction of the base oil at high pressure affects the traction
coefficient through the viscosity of a lubricant at high pressure. Two polypropy-
lene glycols are selected to compare the lubrication property under EHL conditions.
Polypropylene glycol has an O–H end-group, but the other has an O–CH3 group
instead. Their main chain structures are the same, and thus the viscosities of the
two oils at atmospheric pressure are similar. The former molecules interact through
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Fig. 7.10 Effect of load on peak position of PPG lubricant component around EHL contact

hydrogen bonding between end groups, but the latter molecules interact with each
other without hydrogen bonding. The glycol with O–H exhibits a higher traction
coefficient (0.06) than that without O–H (0.026) obtained by a ball on disk tester
under the conditions of 16 N load, 0.27 m/s sliding speed and 40 °C [12]. One of
the explanations for the high traction coefficient is the molecular interaction through
hydrogen bonding by high pressure at contact area.

7.4.2 Effect of Load

Figure 7.10a shows the distribution of chemical shifts of C=O vibration of oleic acid
in PAO around the Hertzian contact zone [7]. The shift increases at the center of the
Hertzian contact under high load. The peak shift of O–H vibration of the end-group
in polypropylene glycol is also observed, as shown in Fig. 7.10b [8].

These results clearly indicate that the hydrogen bonding of COOH and O–H
groups can be stabilized by high pressure at the lubricating contact.

The peak shift at high pressure and temperature is confirmed through IRmeasure-
ment using Diamond Anvil Cell (DAC) under the conditions of high pressure (up to
5 GPa) and high temperature (up to 100 °C) [12]. A red shift of peaks is observed
at high pressure. On the other hand, a blue shift is observed at high temperature.
The rate of peak shift of O–H group is −25 cm−1/GPa at 25 °C and 0.18 cm−1/K
under atmospheric pressure. The pressure has more effective on the peak shift than
the temperature under these observation conditions.
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Fig. 7.11 Vibration modes
and their vectors of electric
vibration

7.5 Molecular Alignment

7.5.1 Effect of Shear

It is well-known that in non-Newtonian fluids, the viscosity of a lubricant decreases
at high shear conditions, which is explained by the molecular alignment of lubri-
cant molecules. The molecular alignment can be detected by IR or polarized IR
spectroscopy as shown in Fig. 7.11. There are two stretching vibration modes in a
carboxyl group, symmetric vs and anti-symmetric vas. Their electronic vectors are
at right angles to each other. The stretching vibration of the methylene group CH2

in the alkyl chain also has two vibrational modes as shown in Fig. 7.11. Polarized
IR spectra reveal the molecular orientation under shearing condition from a linear
dichroic ratio (D) of IR absorption as (5.2),

D � A(//)/A(⊥) (5.2)

where A(//) and A(⊥) are the absorbances for radiation polarized parallel and per-
pendicular, respectively (see Fig. 7.11).

7.5.2 Effect of Molecular Structure

Long alkyl chains of a lubricant can form a line along the sliding direction under
shearing conditions as mentioned above. The molecular orientation of fatty acids can
also be detected by a dichroic ratio of IR spectrum (5.2). Alkyl cyanobiphenyl (ACB)
is one of the liquid crystals and exhibits a low traction coefficient (0.035) when a
lubrication test with ACB is carried out under EHL conditions [13]. When alkyl
cyanocyclohexylphenyl (ACC) is used as a lubricant, the traction coefficient (0.045)
is slightly higher compared with ACB as shown in Fig. 7.12a. This result suggests
that a rigid and flat structure of biphenyl group in ACBmolecules plays an important
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Fig. 7.12 In situ observation of molecular alignment of liquid crystal (5CB) under shearing con-
dition by micro-FTIR a Molecular structure and traction coefficient, b subtracted IR spectrum, c
vibration modes and IR beam

role for the low traction coefficient. Therefore, the molecular orientation of ACB
is confirmed by in situ observation during the sliding condition. Figure 7.12b is the
subtracted IR spectrum ofACBobtained by in situ observation during sliding. The IR
spectrum obtained under a dynamic condition was subtracted by that obtained under
a static condition, so that the intensity of C–H vibration that mainly originated from
the alkyl chain disappears. There are three characteristic peaks at 1606 and 1494, 845
and 2227 cm−1 assigned as benzene ring breathing (in plane), benzene C–H bending
(out of plane), and stretching vibration of cyano-group C≡N. It is noteworthy that the
intensities of benzene (in plane) and cyano-group are increased, but that of benzene
(out of plane) is decreased. This result clearly shows that the plane of diphenyl plane
is oriented in the plane of shear during lubricating condition as shown in Fig. 7.12c.
Therefore, one of the important factors for the low traction coefficient of ACB is the
molecular orientation of a flat structure of the cyano-biphenyl group in the shearing
plane. A similar behavior of molecular orientation can be seen with a mixture of
benzoic acid derivatives and oleic acid which aggregate through hydrogen bonding
with carboxyl groups [14].
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Fig. 7.13 In situ observation
of lubricating film formed
during friction with Fe film
and steel rod using ATR
method: penetration depth,
dp [see (5.3)]

7.6 Boundary Lubrication

7.6.1 Adsorbed Layer

The structure of the adsorbed layer plays an important role in the tribological per-
formance in boundary lubrication. A lubricant film of 0.1–1 µm in thickness formed
under EHL conditions is suitable to be analyzed using IR spectroscopy. This method,
however, is not sensitive enough to detect nanoscale films, such as adsorption films
of lubricant additives. In the case of films at the nanoscale, a highly surfaces-sensitive
method, such as Sum Frequency Generation (SFG) spectroscopy, is needed, and the
results obtained with SFG will be mentioned below. Attenuated Total Reflection
(ATR) IR spectroscopy can be applied to in situ observation of the chemical struc-
tures of thin surface films. When the infrared beam reflects totally at the interface
between IR transparent materials such as Ge and lubricant oil, the IR beam penetrates
into the oil phase as shown in Fig. 7.13. As described in (5.3), the penetration depth
(dp) is determined by the incident angle (θ ), the index of refraction of materials (n1,
n2), and the wavelength (λ) of IR. In the case of Ge, lubricant and incident angle
of 45°, the IR beam can penetrate into the lubricant phase with depth at submicron.
When the Ge surface is covered with a thin layer (around 10 nm) of Fe prepared by
sputter deposition, chemical interaction, including the chemical reaction of iron with
the lubricant components, can be analyzed by ATR method [15].

dp � λ

2πn1
√[

sin2 θ − (n2/n1)
2
] (5.3)

7.6.2 Reaction Layer

Boundary films formed through tribochemical reaction were also analyzed by ATR
method. A reciprocating friction test of a steel roller and an Fe-coated ATR disk with
ZnDTP-containing lubricant was carried out under ATR spectroscopicmeasurement.
The tribochemical reaction product from ZnDTP was detected during a lubrication
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Fig. 7.14 In situ observation
of lubricant film formed
from ZnDTP at 150 °C under
(a) static and (b) dynamic
conditions at the sliding
interface between Fe film
and a steel rod

test by ATR method [16]. Although no spectral change is observed during heating at
150 °C for 90 h (Fig. 7.14a), phosphate as a tribochemical reaction product is detected
by a lubrication test at 150 °C (Fig. 7.14b). A lubricating film was investigated under
a boundary lubricating condition by ATR method [15].

7.7 Applications

IR spectroscopy has been applied to in situ observation of lubricant films mainly
under EHL conditions. Other applications are described below.

7.7.1 Water-Based Lubricant

There are several lubrication fluids with water for practical use, such as O/W (oil in
water) andW/O (water in oil) emulsions andwater soluble lubricants. The behavior of
oil and water at the sliding contacts is important to understand tribological properties
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Fig. 7.15 Phase separation of o/w emulsion at lubricating contact under EHL condition

of water-based lubricants. For example, a base oil with the proper viscosity is needed
to form lubricant film at EHL contact. Water, however, has too low viscosity to form
water film. Therefore, phase separation of a water-based lubricant at the contact zone
is necessary for lubrication with water-based lubricants.

Figure 7.15 shows IR spectra obtained by in situ observation of EHL film lubri-
cating with O/W emulsion [17]. There are two main peaks of broad O–H peak from
water and sharp C–H peak from the base oil at 3400 and 2960 cm−1, respectively. It
is clear that the absorbance of O–H decreases from the outside to the inside of the
contact zone and nowater is observed at the center of EHL contact. This suggests that
phase separation occurs at the entrance of the contact zone, resulting in the formation
of oil film at EHL contact. A similar oil separation is observed with w/o emulsion
[18] and water soluble lubricants [19].

7.7.2 Semi-Solid Lubricant

Greases which are a mixture of thickener and base oil have been utilized as a semi-
solid lubricant in awide range of bearings andgears. Thickeners formfibrousmicelles
that can hold the base oil. The behavior of the thickener micelles around the contact
zone, which affects the tribological property of grease, is not clear. In order to make
clear the role of thickener, the lubricant film formed on a specimen is analyzed after
lubrication test by micro-FTIR [20]. The concentration of thickener can be estimated
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Fig. 7.16 In situ IR spectra and distribution of thickener concentration of Li-grease (a) and urea-
grease (b)

from the absorbance ratio ofN–Hpeak at 3300 cm−1 for urea-type thickener andC=O
peak at 1580 cm−1 for soap-type thickener to the absorbance of C–H from the base
oil, respectively. Figure 7.16 shows the increase in the concentration of the urea-type
thickener at the contact zone during lubrication test [21]. The concentration behavior
depends on the molecular structures of thickeners, i.e., soap-type and urea-type.
Concentration of urea-type thickener increases more easily than that of soap-type
thickener as shown in Fig. 7.16a, b, respectively.

In situ observation of thickener concentration during EHL test reveals that the con-
centration increases gradually with lubrication time under the lubricating condition,
but the concentration decreases steeply by shearing (Slide Roll Ratio: SRR�70%)
under the sliding condition (Fig. 7.17) [22]. This result suggests that a boundary film
of thickener is formed again at the sliding contact even when the film is removed with
friction. The thickness of the boundary film is determined by the balance between
formation and removal of the film. Increase in concentration of amide as an additive
is also observed during lubrication of a gel-like lubricant with dialkyl amides [23,
24].
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Fig. 7.17 Formation and removal of thickener film and effect of shearing on film formation of urea
grease

7.7.3 Paper Friction Material (Wet Clutch)

One of the important factors to control the friction property of paper friction plates
for wet clutches is the lubricant component between the paper material and the steel
plates. The lubricant component cannot be analyzed by transmission or reflection
IR spectroscopy, because the IR beam does not reflect on paper material. ATR was
applied to analyze the additive concentration in PAO or paraffinic mineral oil (P)
between the paper material and the diamond of the ATR unit as shown in Fig. 7.18a
[25]. It is interesting that the concentrations of polybutenyl saccimide (Fig. 7.18b)
and N-oleoylsulcosine (Fig. 7.18c) increase at 10 N of load under the effects of high
and low sliding speeds, respectively. The results of additive concentrations affect the
friction behavior of wet clutch with the additives. Water film between a hydrogel and
a diamond of ATR unit can be observed by ATR method [26].

7.7.4 Wire Drawing

In metal working processes, such as cutting, drawing, ironing, and rolling, unique
lubricants are demanded for high-energy efficiency, good finishing of metal surface,
and higher reliability of the process. Because lubricity is controlled by the component
and structure of the lubricant film between the metal and the working tool, in situ
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Fig. 7.18 Effect of contact conditions on concentration of additives at the interface of papermaterial
for wet clutch. Additive; PBSI: polybutenyl succimide, OS: oleoylsarcosine, Base oil; P: paraffinic
mineral oil, PAO: polyalphaolefin

Fig. 7.19 Photo (a) and a schematic cross section (b) of diamond die in a holder

observation with IR has been applied to investigate the lubricant film between the
metal and the working tool. Figure 7.19 shows a wire drawing die made of diamond
[27]. The holder has a side window for an IR beam which reflects on a metal wire
surface. The IR spectrum of the lubricant film can be taken during drawing with
the die. Reduction of brass wire was carried out with oleic acid in PAO as a base
oil. The oil film thickness, estimated from the absorbance of C–H vibration, linearly
increases with the distance of the reduction region of the die. It is found that metal
oleate, which is formed tribochemically from the oleic acid and brass during drawing,
accumulated at the entrance of the bearing region of the die [28].
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7.8 Future Work

There are many analytical tools to investigate lubricating films which affect tribo-
logical properties. Among them, IR spectroscopy is powerful for in situ analysis of
lubricating films, especially for tests in air. However, IR spectroscopy has several dis-
advantages, such as limited sensitivity, spatial resolution, and chemical information.
IR spectroscopy is more suitable to analyze organic compounds, such as lubricant
components, rather than inorganic compounds, such as tribofilm formed from addi-
tives. Surface Enhanced Infrared Reflection Absorption Spectroscopy (SEIRAS) has
been applied to chemical analyses of nano-film for electrochemistry and catalysis
[29], and can be applied to the chemical analysis of lubricant films.

Because Raman spectroscopy can analyze many inorganic compounds, such as
MoS2, at high spatial resolution of 1µm, it has been applied for in situ observation of
lubricant films [30–32]. The advantage of Raman spectroscopy is the use of a glass
plate as a window instead of IR transparent materials such as diamond and calcium
fluoride for tribology test equipment. A combination of IR andRaman spectroscopies
can be applied as powerful tools to investigate a wide range of lubricating films
through in situ observation of lubricating films during EHL and boundary lubrication
conditions.

A new optical technique for in situ observation is SFG spectroscopy, which is
so sensitive enough to analyze the chemical structure of monolayer films with high
spatial and time resolutions [33]. SFG measurement of polyethylene reveals sur-
face segregation of organic additives in polymers, which affects surface mechanical
properties such as friction [34]. SFG was applied to investigate lubricating interface
of n-dodecane, n-C12H26, with stearic acid under shearing condition. A strong peak
of CH2-ss (symmetric stretching vibration) is observed at 2840 cm−1, only with
stearic acid containing oil under dynamic conditions (Fig. 7.20). When deuterated
n-dodecane (n-C12D26) was used as a base oil, the peak at 2840 cm−1 disappears.
SFG spectra reveal that the interfacial structure of stearic acid changes negligibly, but
n-dodecane is aligned on the adsorbed film of stearic acid under shearing condition
[35]. To understand tribological phenomena fundamentally, a suitable combined sys-
tem of SFG spectrometer and a proper tribotester will provide fruitful information on
the chemical structures of lubricant films under dynamic conditions through in situ
observation of tribo-interface at high spatial and time resolutions.
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Fig. 7.20 Molecular
orientation of base oil,
n-dodecane at the interface
between oleic acid adsorbed
layer and lubricant observed
by SFG spectroscopy
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Chapter 8
Micro-scale Real-Time Wear Dynamics
Investigated by Synchroton Radiation

M. Belin, Jean-Michel Martin, J. Schou, I. L. Rasmussen, R. Feidenhans’l,
T. Straasø and N. J. Mikkelsen

Abstract In situ wear measurements on a hard coating of TiAlN and CrN layers
deposited on vitreous carbon have been carried out with synchroton radiation. The
results show that wear dynamics can be successfully monitored on a lateral microm-
eter scale and with a submicrometer depth resolution. The wear process is highly
irregular and the local wear rate may vary strongly from one position to another in
the same wear track. Most of the ridges and grooves are generated within the first
500 nm and exist over several micrometers.

Friction and wear play an overwhelming role in our everyday life from motion of
human bodies, car driving, tool handling and manufacturing [1]. Nevertheless, since
the contact between two macroscopic bodies is of extremely complex nature, the
basic mechanisms at macroscopic level are generally described on empirical basis
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[2–4]. On the nanoscale, the atomic force microscope (AFM) has greatly advanced
the investigation of wear. AFM is ideally suited to gain insight in nanoscale wear
as the tip can act as a counterpart and simultaneously yield detailed information
of adhesion of atoms to the tip and single asperity contact in vacuum experiments
[5–7]. In situ fast scans over micrometer areas of the size up to 180 µm2 have been
demonstrated as well [3]. In contrast, macroscopic studies of the surface topography
during wear have been carried out primarily with ex situ images from scanning
electron microscopy (SEM) and energy dispersive X-ray (EDX) measurements [8,
9]. These techniques hardly allow us to scan a wear track continuously during the
material removal or modification by the counterpart, and profilometry at the mm-
scale has been conducted [10].However, the gapbetweennanoscaleAFM-basedwear
and real-time wear dynamics on a micrometer scale is practically unexplored. In the
present work, for the first time, we have measured the wear thanks to a focused X-ray
beam of high brilliance, that enables us instantaneously to observe the diversity of
wear features through different layers of nitrides with micrometer lateral resolution.
The extraordinary combination of synchrotron radiation and controlled wear gives
us a non-invasive depth resolution of ~100 nm, which is unique compared with
macroscopic wear experiments.

Removal of material during abrasive wear by a repeated sliding motion of a coun-
terpart on a solid generates a track with grooves and ridges on the micrometer level.
These features are not stationary, but change dynamically under the wear process
[10]. In addition, debris from one microstructure can be transferred to other pits or
grooves [11, 12]. Systematic macroscopic investigations of wear are complicated
because of the statistical fluctuations and because of the comparatively small size
(~µm) of the features. Our investigations tell us that once a ridge or a groove of width
(>10 µm) larger than the grain size in the counterpart are created, their chance of
surviving through several micrometers through layers of different nitrides is large.
The interfaces do not significantly disturb the propagation of any of the features.
However, a significant fraction of features also disappears within the wear of 1 µm
depth.

We have designed a coating with a marker layer of CrN which gives us a signifi-
cant change in X-ray transmission during thickness loss, and has a significant peak
in the XANES (X-ray absorption near-edge structure) spectrum, which disappears
when the chromium is removed from the sample. The wear of the samples was car-
ried out in atmospheric air by a nomad instrument, a portable linear reciprocating
tribometer constructed for in situ experiments [13], which keeps a constant normal
force on the counterpart of 3 N during reciprocating motion. The counterpart itself
is a hemispherical molded resin pad with embedded diamond grains (Fig. 8.1). The
grains are of size of 2–4 µm (from Diprotex diamond powder) dispersed in a two-
component resin (Mecaprex KM-EM and KMR). This mixture produces a wear rate
of the hard coating on a substrate within a reasonable period of time. A typical wear
time for removing all nitride layers is 6–10 h corresponding to 60,000–80,000 cycles
including intermissions for measuring. The counterpart was moving back and forth
over the 1.5 mm long track with an average velocity of 15 mm/s and a repetition rate
of 5 Hz.
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Fig. 8.1 Experimental setup
for sample with a 3-layer
coating. The thickness of the
coatings is exaggerated for
clarity (TiAlN, blue, and
CrN, grey). The counterpart
with the wear pad (white)
was mounted on vitreous
carbon as well. The
absorption measurements
including the XANES
spectra were performed,
when the counterpart was
kept outside the beam line as
shown in Fig. 8.1

The measurements were carried out at beam line ID 24 at the European Syn-
chrotron Radiation Facility (ESRF) [14] with a beam of a lateral spatial extension of
5×8µm2 FWHM (FullWidth at HalfMaximum) to pursue a detailed record of wear
features at a half-cylinder-like track of length 1.5 mm and width 0.8 mm. The worn
sample is kept at exactly the same position, while the counterpart with was moving
back and forth in a reciprocating motion (Fig. 8.1). The counterpart was moved to
the end of the track every time X-ray transmission and XANES spectra should be
recorded.

The substrates were made in vitreous carbon disks (thickness 1.0±0.1 mm, disk-
shape of diameter 18±0.1 mm) from SIGRADUR G. Subsequently, a hard coating
of nitride layers of thickness from 0.5 to 1.5 µm were deposited on the carbon discs
with PVD at CemeCon Scandinavia [15, 16]. The hard coating consisted of a top-
layer of t1 �1.51±0.07 µm TiAlN (titanium aluminum nitride) on a layer t2 �
0.57±0.03 µm of CrN (chromium nitride), which in turn covers a bottom layer of
t3 �1.27±0.03 µm TiAlN (Fig. 8.1). The precise thickness of the layers indicated
above was determined from a cross section in a Scanning Electron Microscope.

The wear depth was monitored by the transmission in the region from 5.996
to 6.037 keV (see the indication in Fig. 8.2) in 80 track positions, of which those
from 30 to 50 were in the bottom of the track. The instantaneous coating thickness
was determined from the transmitted intensity I from the standard expression of
absorption:

I � I0 exp(−µ1t1) exp(−µ2t2) exp(−µ1t3) exp(−µ4t4) (8.1)

where I0 is the initial intensity, µ1 the absorption coefficient of TiAlN, µ2 the coeffi-
cient of CrN andµ4 the coefficient of vitreous carbon, available in [17]. The dominant
part of the absorption takes place in the relatively thick carbon, such that only 0.218
of the intensity is transmitted through the carbon disc. The transmission through
the coated sample rises from 0.142 at the very beginning until all three coatings are
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Fig. 8.2 XANES (X-ray absorption near edge spectrum) around the Cr K-edge. The red spectrum
with the peak for the edge at 6.007 keV is taken for a position outside the wear track, while the
blue one in the middle of the track is recorded for each 10,000 cycles. The hatched area indicates
the region in which the absorption measurements were taken

removed during the wear, which is seen when the transmission reaches the value of
0.218. The monitoring of the wear thus relies on a sufficiently distinct transmission
change (in our case 0.076), which is limited by the fact that the carbon disc has to
be so thick that it can sustain the wear from the counterpart without breaking or
bending.

An independent control of the wear depth was acquired with XANES (X-ray
absorption near edge spectra) around the chromiumK-edge (Fig. 8.2) between 5.955
and 5.119 keV. The K-edge of chromium in the nitride binding (CrN) is located about
10 eV higher than the edge of metal chromium—as also reported in the literature
[18]). As seen from Fig. 8.2, once the first interface with the CrN layer is reached,
the spectrum starts to decrease, and the second interface is reached when the absorp-
tion has vanished. The final depth profile of the tracks was controlled by ex situ
profilometry with a Dektak instrument.

The cross section of the wear track with increasing depth during wear is shown in
Fig. 8.3 as a function of the number of wear cycles. The wear track is about 800 µm
wide and monitored with 80 positions across the track ranging from the unworn part
on one side to the unworn part on the other side with about 25 positions in the track.
Since the distance between each position is less than 20µm, it means that we identify
solely the features on a microscale level. On the other hand, these are the most severe
ones for wear control, while asperities of the order of few µm usually are of minor
importance.
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Fig. 8.3 Instantaneous wear cross section of the track. The lines indicate the instantaneous depth
after the number of wear cycles for 25 positions across the track. The depth is calculated from
(8.1) starting from the surface at 1003.4 µm. The TiAlN-carbon interface is at 1000 µm. “A” is an
example of a ridge, “B” a groove and “C” a ridge which changes to a groove during the wear. The
distance between each position is 13.5 µm

Within the track there are twice as many ridges as grooves that persist after wear
of more than 2 µm. Most of them are more than 0.5 µm higher or deeper than the
surrounding level. For each of these major features there is approximately one short-
living feature that persists for less than 1 µm depth. In all cases, the interfaces do
not play a significant role, but there is a tendency to extend wear in the second layer.

The stochastic nature of the wear process is demonstrated in Fig. 8.4, which
shows the instantaneous depth as a function of cycles for three different positions
(36, 37 and 42) in the middle of the track (Fig. 8.3). The behavior in each individual
position is highly irregular and far from any linear dependence. Initially nothing
happens, but after 10,000 cycles the wear starts with a more and less regular depth
rate with pronounced deviations from a regular behavior. In some cases the thickness
increases locally—probably because of transport of debris [11, 12], which is carried
into the position by the counterpart. Generally, in the upper layer of TiAlN there is no
substantial difference between the maximum value (0.074±0.01 nm/cycle) and the
minimum value (0.065±0.02 nm/cycle) of the wear depth rate, defined as the first
time and last time the interface between the upper layer and the CrN layer is reached.
This value agrees actually very well with the control value (0.063±0.01 nm/cycle)
obtained from theK-edge of theXANESspectrum.The irregular behavior of thewear
is even more pronounced in the CrN layer, and each position behaves differently. For
the blue squares (position 42) the CrN isworn out in a few thousands cycles, while for
green triangles (position 37) the wear rate is more and less constant. However, for the
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Fig. 8.4 Instantaneous depth for three positions in the track. Red position (36), green position (37)
and blue position (42). The wear starts on the surface at 1003.4 µm and with the carbon-TiAlN
interface at 1000 µm. The surface and the two other interfaces are shown in the figure. The depth in
the vitreous carbon is indicated in an equivalent TiAlN absorption depth, since the exact composition
of bottom of the grooves, of debris of TiAlN and carbon, is not known

red circles (position 36) thewear seems to stop around the interface for almost 15,000
cycles, which presumably indicates slowwear and continuous supply of debris. Once
the wear has reached the lower TiAlN layer, the wear process continues more or less
regularly with similar slope. At the interface between the TiAlN layer and the carbon
substrate there is a large amount of material removed within 1000 cycles except for
the green position that exhibits large jumps presumably resulting from mass transfer
out of and into the position. The depth below the initial interface between the bottom
layer of TiAlN and vitreous carbon is indicated in equivalent TiAlN depth, since
the groove contains an unknown mixture of carbon and debris of TiAlN. The latter
component is clearly observed by SEM as well.

We have shown that wear dynamics can be monitored on a lateral microm-
eter scale using an X-ray beam in the synchrotron radiation. The wear pro-
cess is highly irregular and the local wear rate varies strongly from one posi-
tion to another in the wear track. The ridges, grooves as well as the trans-
port of debris from the track were for the first time followed on a microme-
ter level, confirming the stochastic nature of this type of wear. Most of the fea-
tures are generated within the first 500 nm and exist over several micrometers.
However, also a significant fraction of grooves and ridges disappear by wear
over less than one micrometer. The results from transmission were supported by
results from XANES measurements of the K-edge of Cr from the-CrN marker
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layer. The XANES spectra also possess a great potential for identifying oxi-
dation during wear, since the position of the K-edge depends on the chemical
environment.
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Chapter 9
Electrochemical Friction Force
Microscopy

Florian Hausen

Abstract Tribology is a very interdisciplinary area of research where physicists,
engineers, materials scientists and chemists all contribute to obtain a better under-
standing and control of friction and wear of surfaces in sliding contacts. As friction
and wear is strongly affected by the chemical nature of the interacting surfaces
electrochemistry plays an important role in tribology. Within this chapter the use
of established electrochemical methods to control surface chemistry and how this
affects tribological properties will be discussed.

9.1 Introduction

Tribology is a very interdisciplinary area of research where physicists, engineers,
materials scientists and chemists all contribute to obtain a better understanding and
control of friction and wear of surfaces in sliding contacts. As friction and wear is
strongly affected by the chemical nature of the interacting surfaces electrochemistry
plays an important role in tribology. Within this chapter the use of established elec-
trochemical methods to control surface chemistry and how this affects tribological
properties will be discussed.

Let us begin with the following question:When is the study of friction forces in an
electrochemical environment of relevance? One might divide this question into two
parts: On one hand the solid-liquid interface which has been shown to significantly
influence friction and sliding and on the other hand the controlled charging of the
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interface. Regarding the first part, most sliding and hence, frictional processes occur
at solid-liquid interfaces, especially when liquid lubricated contacts are involved.
Such lubrication was fundamental for the industrialization as it secured long-life of
machinery parts by reducing friction and wear. It is still of utmost importance in
the world we are living in as demonstrated by increasing sales of lubricants. How-
ever, when thinking about smaller scales such as micrometer contacts which are
relevant for microelectromechanical systems (MEMS), different strategies must be
considered as many surfaces exhibit a thin layer of adsorbed water under ambient
conditions. Although this water layer is typically extremely thin, it can significantly
alter the friction and wear properties of the materials present in the sliding contact.
Coming to the question of charges at the interface: When two non-identical sur-
faces are sheared against each other, charge separation might occur. This leads to
building up of opposite charges on the surfaces of the two materials depending on
their electron affinity. The same effect is known from rubbing hair with a balloon.
The separation of charges is still present when removing the balloon from the hair
causing an attractive force and spiky hair as long as there is no conductive medium
in between enabling discharge. It can be easily seen that this effect diminishes as
soon as electrically conductive materials or liquids are present. However, most of
the conventional lubricants in the market today are mineral or synthetic oils and thus
electrically insulating. Buildup of charges in machinery parts can cause severe dam-
ages when the potential becomes high enough that a spontaneous and unforeseeable
discharge occurs. In such a lightning event extreme temperatures and currents can
be reached, destroying the material. Thus, understanding and controlling the effect
of surface charges are of significance for tribological applications. Making use of
established electrochemical methods enables the experimentalist to easily realize
various surface morphologies and structures in a controlled environment. Further, it
has been demonstrated in the history of electrochemistry that electrochemical exper-
iments possess comparable control of surface properties with respect to cleanliness
as in ultra-high vacuum conditions.

The aim of this chapter is to provide the reader with an overview of current
research in electrochemical friction studies. Various effects on friction that have
been studied electrochemically are reviewed and recent research as well as open
questions are discussed. The overall discussion is focused on experiments performed
by means of atomic force microscopy (AFM). Additionally, electrochemical pin-
on-disk experiments are included where appropriate. Questions that are addressed
include: Does an applied potential to a surface change the overall friction of the tribo-
pair directly? Can electrochemical methods be used to control friction and switch
between certain friction regimes? Is the substrate or is the electrolyte more important
for controlling friction and what are the underlying mechanisms in each case?

The chapter is organized as follows: First basic electrochemical principles that are
crucial for understanding the later described tribological experiments are introduced.
Second, a general discussion about electrochemical cell design and the adoption of
electrochemical techniques into standard tribological tests is outlined. Subsequently,
the main part of the chapter is separated into two parts: Following a discussion of tri-
bological experiments performed in aqueous electrolytes, focusing on ion adsorption
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and oxidation, ionic liquid electrolytes and their special behavior in electrochemi-
cally controlled friction studies are presented.

Despite the fact that corrosion is undoubtedly an electrochemical process and
similar techniques are used to study the effect, the subject of simultaneous occurrence
of wear and corrosion, known as tribocorrosion [1], will not be addressed in this
chapter.

9.2 Electrochemical Foundations

When an interface between a solid and a liquid is formed the chemical potentials
μi of both phases are typically not equal. The system intends to achieve chemical
equilibrium and as a result an electrochemical double layer (EDL) is formed at the
interface, which consists of charges of opposite sign. In a classical view the interface
is characterized by electrostatic interactions between the ions in the electrolyte and
the electrode. Hence, the ions are attracted towards the electrode surface as close as
possible. According to Helmholtz this picture leads to the formation of two parallel
rigid layers of opposing charges, as depicted in Fig. 9.1. However, the formation
of a hydration shell can hinder ions in the electrolyte from reaching the electrode
surface and force them to remain at a distinct distance from the electrode. The plane
through the center of these molecules is called the outer Helmholtz plane (OHP) and
is defined by the radius of the non-specifically adsorbed hydrated ions. In the case
of a specific adsorption the hydration shell is partially removed and the center of the
ions lies in the inner Helmholtz plane (IHP) defined by the radius of the ions. This
differentiation becomes important in order to understand the influence of different
anions on friction forces.

More developed models of the electrochemical double layer take the thermal
motion of the ions into account. Gouy and Chapman concluded that the double layer
is completely diffuse with no immobilized counter ions on the electrolyte side, i.e.
no IHP or OHP is formed. According to Stern the electrostatic interactions in the
first layer are that strong that this layer is still rigid. Hence, this model describes a
combination of the Helmholtz and Gouy-Chapman model. All of the presented mod-
els of the electrochemical double layer have been developed in order to describe the
behavior of ions in diluted aqueous electrolytes. Therefore, these models only con-
sider interactions between ions and the electrode but neglect the interactions between
ions themselves. Theoretical work regarding classical models has been reviewed by
Henderson and Boda [3].

In addition to the electrochemical double layer, ions, solvent dipoles or molecules
can be adsorbed at the electrode’s surface by van-der-Waals interactions. Depending
on the potential of the electrode such adsorptions can be strengthened, weakened or
completely abolished due to Coulomb interactions. The point of zero charge (PZC)
of an electrode is defined as the potential where no excess charge is accumulated
at the surface or in the double layer. Hence, the exact value of the PZC depends
strongly on the nature of each electrochemical system [4]. Generally, it is found
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that the characteristics of the surface have a larger influence than the electrolyte. As
the surface charge is sensitive to the pH of the electrolyte, the PZC can be probed
by approaching two surfaces towards each other in solutions of varying pH-values.
It was shown experimentally that the forces between the two surfaces approaching
each other change from repulsive to attractive at the PZC [5]. The ability to control
friction by adjusting surface charges via the pH is illustrated in Fig. 9.5b.

Despite the successful description of EDL for dilute aqueous electrolytes, no
classical model of the electrochemical double layer is applicable in the case of ionic
liquids [6]. In this special class of electrolytes either a distinct layering of alternating
anions and cations is observed or a checkerboard arrangement of anions and cations is
formed at charged and solid interfaces, exhibiting an exponentially decaying profile
into the bulk liquid. The concept of layering as a generic feature of ionic liquids at
solid and charged interfaces, as shown in Fig. 9.2, was firstly introduced by Mezger
et al. by using X-ray reflectivity measurements [7]. Since its initial observation it
has been regularly observed by Atomic Force Microscopy [8–10] and Surface Force
Apparatus [11, 12]. However, the exact nature of the EDL in ionic liquids is still
controversial [13].

The potential difference �E across the EDL, that is between the bulk potentials
of the solution and the electrode is called galvani potential. It cannot be measured

Fig. 9.1 Classical view of the electrochemical double layer (EDL). For details see text. Taken
from [2]
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Fig. 9.2 a Scheme of the double layer arrangement of ionic liquids, from [7] and b as typically
observed by AFM, from [9]

directly and a reference electrode with defined potential must be added to the system.
As the electrode with a half-cell potential of 0.00 V at standard conditions (activity of
protons are 1 mol/L) the standard hydrogen electrode (SHE) was chosen. For a wide
variety of electrodes the standard potentials E0 have been measured against SHE and
are tabulated [14]. However, the SHE is not practicable in all experiments and thus a
variety of other reference electrodes are commonly used. In aqueous systems reliable
reference electrodes are the Saturated Calomel Electrode (SCE) exhibiting a standard
potential of +0.24 V and the widely used Ag/AgCl—Electrode in 3 M KCl with E0

= 0.21 V. In electrolytes containing Cu ions, a Cu wire is often used as reference
electrode, resulting in a Cu/Cu2+reference electrode (E0 = 0.34 V). In non-aqueous
systems potentials are frequently quoted with respect to the ferrocene redox couple
Fc+/Fc with a nominal shift of +400 mV versus NHE. It is important to note that
reference potentials depend critically on the experimental conditions [15].Aplatinum
wire is often introduced as a quasi-reference electrode (QRE) when extreme clean
conditions are required. It is frequently used when the work involves ionic liquids
where aqueous reference electrodes would cause impurities. Such a QRE should
be calibrated against a reference electrode with known potential. However, often
only qualitative experiments are performed and the calibration procedure is omitted
so that the exact reference potential remains unclear. A discussion about reference
electrodes to use with ionic liquids has been published recently by Bonnaud et al.
[16].

Cyclic voltammetry (CV) is one of the most prominent techniques to follow
electrochemical processes [17]. In a CV experiment the potential applied to the
electrode surface, typically being the working electrode (WE), is linearly cycled
between an upper and a lower potential value and then reversed with a certain scan
rate. In order to measure the potential at the WE accurately, the second electrode is
split into the reference electrode (RE) and the counter electrode (CE). This layout
is known as three—electrode—arrangement and has the advantage that no current



252 F. Hausen

Fig. 9.3 Cyclic Voltammograms of a Au(100) and b Au(111) single crystal electrodes in 0.05 M
H2SO4. Scan rate: 50mVs−1. The difference in the signature of the two crystallographic orientations
is remarkable. For discussions of the corresponding peaks see text

flows through the reference electrode. In a two electrode setup the reference electrode
is simultaneously acting as CE and RE. All electrodes are connected to a potentiostat
which adjusts the measured potential to a predefined desired potential by sending
a current through the counter electrode. In a cyclic voltammogram this current is
plotted as a function of the applied potential as demonstrated in Fig. 9.3 and is
characteristic for each electrochemical system. Each electrochemical process like
the formation of adlayers, oxidation steps, or redox reactions causes a distinct signal
in the CV. It is worth mentioning that the exchange of electrons between electrode
and electrolyte and thus a faradaic current is not necessary for the appearance of
peaks in cyclic voltammetry. Capacitive currents originating from a re-orientation of
the EDL, e.g. due to the lifting of a reconstruction or phase changes of adsorbates,
also generate signals in the respective CV.

As previously mentioned, the peaks in a CV can be related to the processes occur-
ing at the electrode, e.g. the peaks at 1.35 and 1.39 V as well as at 1.40 and 1.57 V
for Au(100) and Au(111) respectively are due to an electrochemical oxidation of the
gold surfaces. Only the first atomic layers are electrochemically oxidized enabling
the possibility to reduce the surface subsequently. Such a reduction corresponds to the
peak at 1.16 V and is very similar for both surfaces, as expected from the amorphous
character of the gold oxide. Individual aspects of CVs for different electrochemical
systems will be discussed where appropriate. A thorough analysis of cyclic voltam-
mograms and the respective underlying reactions in various electrolytes for gold
surfaces can be found in [18]. For further insights into electrochemistry in closer
detail the interested reader is referred to well-written textbooks on this topic [19,
20].
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9.2.1 Electrochemical Cell Design

Nowadays, most AFMmanufacturers offer liquid cells and electrochemical standard
cells as an optional add-on to their commercial systems. Such cells are often designed
to match the instrumental requirements very well but do not allow for more sophisti-
cated electrochemical conditions like exchange of electrolyte during experimentation
or special electrode geometries, which might be required. This has led to a variety
of home-build electrochemical cells for electrochemical AFM (EC-AFM) measure-
ments. Generally, an electrochemical cell is a container in which electrodes can be
fixed and immersed in the electrolyte. The geometry of the electrodes should ensure
a homogeneous electric field between WE and CE and specified distance between
WE and RE. Thus, the perfect electrochemical cell must be adapted for individual
needs and instrumentation. As a general guideline the counter electrode should be
placed parallel or in form of a ring surrounding the working electrode. Furthermore,
it is advantageous if the CE is larger in size compared to WE and from a material
already used in the setup as contamination might occur by dissolving ions from the
counter electrode. As the counter electrode must only supply currents, the actual
material it is composed of is not critical. Much more care with respect to impurities
must be taken with the reference electrode as it might contain unwanted ions. The
electrode of choice must ensure a stable potential throughout the experiment which
in some cases requires putting the reference electrode in a separate compartment
of the electrochemical cell. Even very small amounts of impurities can contribute
significantly to the overall shape of a cyclic voltammogram. A good example for
this effect is the appearance of Fe2+/Fe3+ redox-peaks at around 0.5 V in CVs of
Au(111) single crystals caused by the release of iron from the cantilever holder of
the AFM into the solution as recognizable in Fig. 9.7b and c. As cleanliness is cru-
cial in electrochemical experiments any contamination must be avoided. Thus, the
electrochemical cell itself should also be easily cleanable.

Agood summary of design principles and how to incorporate them in electrochem-
ical cells for scanning probe microscopy is given by Valtiner et al. who introduced
a very versatile still widely applicable electrochemical cell [21]. In principle, the
same considerations hold for implementing an electrochemical cell in a pin-on-disk
configuration or for implementing EC capabilities into the Surface Force Apparatus.
Pin-on-disk tribometers with included electrochemical capabilities have been real-
ized by Argibay et al. [22] and Ismail et al. [23]. Also examples of electrochemically
modified Surface Force Apparatus for friction studies are realized [24].

A good starting point for friction force microscopy experiments using a com-
mercial AFM under controlled potentials would be to use the manufacturer’s elec-
trochemical cell and adapt it subsequently to individual needs. Labuda et al. went
one step further and introduced an atomic force microscope which was especially
designed for friction force microscopy under potential control with extremely high
resolution down to the atomic scale as depicted in Fig. 9.4 [25].

Even though it might be convenient using a built-in potentiostat provided by the
AFM manufacturer in order to control the WE potential, it is not desired. As elec-
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Fig. 9.4 High resolution lateral force map of the desorption of a copper adlayer on Au(111) by
switching the applied electrode potential from 150 to 350 mV at 2.0 nN normal load (Electrolyte:
0.1MHClO4 +1.5 mMCu(ClO4)2 +10−5 MHCl, Potentials are given with respect to the Ag/AgCl
reference electrode). The respective structure and difference in lattice dimensions is clearly visible.
From [25]

trochemical control of the sample is in principal separated from the operation of
the AFM, all commercially available potentiostats can be used. The electrochemical
signals can be recorded separately from the AFM environment but being displayed
by using auxiliary input channels as supported by most AFMs. The latter allows the
experimentalist to combine all signals spatially and temporally to precisely reveal the
potential/current—structure/friction relationships for a given system. It is of impor-
tance to realize that the electrochemical signals are typically resulting from the entire
sample (or even include artifacts from the cell design) rather than a local variation as
probed by the AFM tip. Depending on the exact conditions the surface area exposed
to the applied pressure of the tip might exhibit variances in electrochemical behavior
compared to the overall sample. As is the case for most friction force microscopy
experiments, contact mode cantilevers with rather small force constants should be
employed.While it is common to use coated cantilevers in order to increase the reflec-
tivity and gain a more intense signal on the photodiode, particularly if the cantilever
is immersed in liquids, such metallic adlayers (usually aluminum or gold) might be
attacked by the electrolyte resulting in dissolution or delamination of the coating.
In both cases the properties of the cantilever will likely vary over the course of an
experiment, making the interpretation of the results complex. Hence, special care
must be taken when using such cantilevers or only uncoated cantilevers should be
used in EC-FFM experiments. Secondly, it is important to think about the electrical
conductivity of the cantilever. Electrostatic interactions may contribute significantly
to the recorded forces. Such electrostatic interaction influences the overall normal
load which affects the measured friction and can vary as a function of pH for iden-
tical surfaces. In order to diminish electrostatic interaction the ionic strength of the
electrolyte should be rather high (>50 mmol) and the cantilever should be made of
highly doped material enabling dissipation of charges.
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Fig. 9.5 a COF between two Pt sheets as a function of applied potential in diluted sulfuric acid.
From [29] b COF between Al2O3 and Fe2O3 as a function of pH. The solid line represents the
calculated COF while the points are measured values. For discussion see text. From [30]

9.3 Historical Development

The interest in the role of an applied potential to an electrode on sliding friction,
nowadays consolidated in the term “triboelectrochemistry” [1, 22, 26] dates back to
the pioneering work of Thomas Edison in 1875 [27]. In his patent for an improved
telegraph he described that a potential-induced decomposition of a surface oxide
resulted in a change of friction and thus, the mechanical forces of moving surfaces.
One of the first scientificallymotivated studieswas conducted in themid-20th century
when the coefficient of friction (COF) measured between two platinum surfaces
immersed in 0.1 N (or 0.05 M) sulfuric acid was observed to depend significantly
on the applied potential [28]. As depicted in Fig. 9.5a the COF is maximized at
potentials where no ions are adsorbed on the surface (at about 0.35 V vs. NHE). For
both, larger cathodic or anodic potentials, i.e. with adsorption of layers of hydrogen
or oxygen, respectively, the coefficient of friction was observed to decrease.

As early as in 1970 R.B. Waterhouse stated in his review entitled “Tribology and
Electrochemistry” that chemisorbed adlayers on electrodes are expected to influence
the COF more strongly than physisorbed molecules [29]. This statement will be
reviewed in the discussion of anion adsorption onto electrodes. Furthermore, Water-
house concluded, based on the result of a potential-independent COF in the presence
of adsorbed impurities that the nature of the adsorbate is of major importance and
not the applied potential itself.

Kelsall et al. studied the influence of potentials between an Al2O3 pin on a plate of
various metal oxides as a function of pH [30]. The authors developed a mathematical
equation to relate the electrostatic force between two surfaces to the coefficient
of friction. In Fig. 9.5b the calculated coefficient of friction is shown next to the
measured data for the combination ofAl2O3 onFe2O3 as a function of pH.ThePZCof
Al2O3 is at pH� 9 and the PZCof Fe2O3 is at pH� 6.3.Hence, for pHvalues between
the PZCs, a strong attractive force is acting resulting in an “additional” normal load
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and thus higher friction. The work clearly demonstrates that electrostatic interactions
are an important aspect in tribology. Xie et al. reviewed the influences on lubrication
under charged conditions by separating them according to different lubrication states
[31]. Controlling surface charges by pH is one way to influence friction, however,
the use of classical electrochemical methods allow for a direct control of surface
charges precisely without changing the composition of the electrolyte.

9.4 Friction Force Microscopy Under Electrochemical
Conditions

9.4.1 Aqueous Electrolytes

Soon after the invention of the atomic force microscope in 1986 by Binnig, Quate
and Gerber [32] the potential of such apparatus for studying friction at the nanoscale
was first demonstrated byMate et al. [33]. In their ground-breaking work the friction
between a tungsten tip and agraphite surfacewasmeasuredunder ambient conditions,
allowing the authors to visualize the atomic structure of the graphite lattice the friction
signal of theAFM. The same surfacewas examined for electrochemical friction force
microscopy in 0.1MNaClO4 solution as pioneered byBinggeli et al. [34, 35]. In these
early electrochemical friction force microscopy (EC-FFM) experiments the friction
at monoatomic high step edges was analyzed and separated into a geometrical and a
chemical contribution. The authors found that the overall friction is predominate by
the chemical component and attributed this to a ploughing effect of adsorbed water
layers under the assumption that the resistance of such near-surface water layers to
ploughing is potential dependent. A similar argument of increased electro-viscosity
has been adopted by Valtiner et al. who found increased friction for mica—gold
contact in 10−3 M nitric acid upon charging the gold surface to 400 mV [24]. The
authors could exclude changes in the separation between the sliding surfaces by
following the absolute distance between mica and gold in situ by means of surface
force apparatus.

Weiland et al. extended the previously described experiments on HOPG in 0.1 M
NaClO4 and analyzed friction at atomic steps under applied potentials of 1.0 and
−1.0V [36].While the topography remains unaffectedby a changeof the potential the
friction force at the step edge is significantly altered. This result was later attributed
to the intercalation of perchlorate ions into the steps of HOPG as a function of
potential [37]. In agreement with this conclusion no change of friction was observed
on the basal plane. Thus, the applied potential itself does not change the sliding
between the AFM tip and the substrate in any form as it was already concluded
by Waterhouse [29]. Weiland et al. also found that friction increased independent
whether the tip slips up or down the step [36]. Similar observations have been made
for monoatomic high steps on Au(111) in sulfuric acid [38] and for steps up to 5
layers in height on graphite, MoS2 and NaCl under ambient conditions [39, 40].



9 Electrochemical Friction Force Microscopy 257

The effect is attributed to the Schwoebel-Ehrlich barrier which is known to hinder
diffusion across step edges [41, 42]. This impressively illustrates that friction is
very sensitive to surface effects. However, if the step height becomes considerably
larger than atomic dimensions, topographic influences dominate as suggested by
Sundarajan et al. [43]. HOPG is among the best examined system in electrochemical
friction studies beside gold surfaces. The reason for the popularity of gold lies in its
well-known electrochemical behavior which offers numerous possibilities to alter
the surface properties in situ [44–46].

9.4.1.1 Deposition of Ionic Adsorbates on Surfaces

One advantage of electrochemistry is the possibility to adsorb (sub)monolayers of
cationic or anionic adsorbates onto electrodes in a very controlled way by the applied
potential [44, 47]. For studying fundamental friction processes, this effect can be used
to deposit and alter surface films in a distinct way.

As discussed in the electrochemical foundation section anions can adsorb onto an
electrode at various potentials in the inner (IHP) or outer Helmholtz plane (OHP).
Even at a negative electrode anions can adsorb due to attractive van der Waals inter-
actions. The effect of anions being adsorbed in the IHP or OHP on friction has first
been described by Kautek et al. who studied the adsorption of halogenides on silver
by means of friction force microscopy [48]. Only specifically adsorbing anions in
the IHP, such as bromide and iodide, showed an influence on friction while fluoride
as weakly bound species in the OHP cause no significant change in friction. The
authors assumed an easier displacement of the weakly bound anion by the AFM
tip compared with the greater required force to displace specifically adsorbed ions,
which hinder the movement of the tip, enhancing dissipation.

Another example of a strongly binding anion in the inner Helmholtz plane is the
adsorption of sulfate onto gold electrodes which is a well-studied system in elec-
trochemistry [45, 49]. In order to yield a more comprehensive view of the situation
the sulfate ion SO2−

4 and the isoelectric perchlorate ion ClO−
4 is compared. Both

ions are used in standard electrochemical electrolytes. The adsorption of sulfate onto
Au(111) can be monitored by cyclic voltammetry as depicted in Fig. 9.6. The black
curve shows the same CV as in Fig. 9.3a while the red curve is a magnification of
the potential region between 0.0 and 0.9 V versus Ag/AgCl. At 0.3 V a first peak in
the anodic scan occurs that can be attributed to the lifting of the reconstruction of the
Au(111) surface. This peak is followed by a very broad peak between 0.4 and 0.7 V
corresponding to the adsorption of sulfate onto the electrode in a random fashion.
At 0.85 V a small spike is detected in the CV which is assigned to a phase transition

of the adsorbed sulfate forming a regular
(√

3x
√
7
)
R19.1◦-adlayer [50] which can

be probed by EC-STM [51] and EC-AFM [52]. The cathodic scan demonstrates the
reversibility of the transitions.

With the adsorption of sulfate an increase of friction was observed at rather high
normal loads of 65 nN [38]. By means of high resolution EC-FFM the same system
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Fig. 9.6 Cyclic
voltammograms of Au(111)
in 0.05 M H2SO4. Potentials
are given with respect to
Ag/AgCl. The red curve
represents a magnification of
the CV between 0.0 and
0.9 V in order to visualize
the signatures of sulfate
adsorption in CV. For
discussion see text after [52]

Fig. 9.7 a Dependency of friction on applied potential and normal load for Au(111) in 0.05 M
H2SO4, potentials are given versus Ag/AgCl. After [52] The arrow indicates the shift of the onset
of friction towards more cathodic potentials with increasing normal load. b Frictogram of Au(111)
in 0.1 M HClO4 at a normal load of 6.5 nN. Friction remains unchanged in a potential regime
between 0.3 and 0.8 V. After [53] c Frictogram of Au(100) in 0.05 M H2SO4 at a normal load of
nN. Sulfate is less strongly adsorbed compared to the Au(111) surface and no clear effect on friction
is observed

has further been investigated in greater detail [52] and it was revealed that the detec-
tion limit of friction is a complex interplay between applied potential and normal
load as illustrate in Fig. 9.7a. While for low normal loads of 1.0 nN no modulation
of friction resulting from adsorption of sulfate on the gold surface was detected in
the potential regime between 0.2 and 0.6 V, the onset of friction for higher normal
loads is shifted to lower potentials. The effect was attributed to forcing the sulfate

adlayer into the regular
(√

3x
√
7
)
R19.1◦-adlayer under the pressure of the tip. This

conclusion was supported by atomically resolved lateral force maps of the sulfate
super lattice at rather negative potentials at which this structure cannot be resolved
by EC-STM methods [52]. As it can also be seen from Fig. 9.7a the increase of
friction due to the electrochemical oxidation of the gold surface is not influenced by
the normal load and occurs for all loads at about 0.8 V.

How can it be proven that the observed potential dependent characteristics on
friction are indeed a signature of the adsorption state of the anion? The perchlorate
ion is isoelectrical to the sulfate ion but undergoes only aweak adsorption onAu(111).
Labuda et al. present frictograms for Au(111) in 0.1 M HClO4 as shown in Fig. 9.7b



9 Electrochemical Friction Force Microscopy 259

[53]. Throughout this chapter the term frictogram will be used for simultaneously
recorded CVs and friction data if presented in an overlaid diagram such as shown in
Fig. 9.7b and c. The authors cannot find any detectable influence on friction by the
weakly adsorbed perchlorate ion.

Another way of verifying the importance of specific binding of ions to influence
friction is to utilize a Au(100) surface on which the sulfate anion binds less strongly
because of geometrical constraints. When examined on this surface, no influence on
friction was found for sulfate adsorption on Au(100) as revealed by frictograms of
the system as depicted in Fig. 9.7c.

For the case of cationic adsorbates the deposition of copper on gold surfaces is
among the best studied system and act as a model system as it is electrochemically
well understood. Figure 9.8b shows a cyclic voltammogram of the deposition of
copper on Au(111) and the corresponding friction values for various normal loads.
We begin the discussion of the CV at a potential of 0.4 V versus Cu/Cu2+ where a
bare gold surface is present as also indicated by the high-resolution friction force
map shown in Fig. 9.8a. When lowering the potential from 0.4 V a first broad peak
is visible which is assigned to the formation of a submonolayer Cu on Au(111) [54].
It was found that sulfate is co-adsorbed onto this submonolayer [54]. In the friction
force map a change of the structure of the glide plain is visible with a clearly larger
lattice constant (potential regime 0.17–0.03 V). Shortly before 0.0 V versus Cu/Cu2+

a full monolayer of Cu is deposited on the gold electrode.
The frictograms depicted in Fig. 9.8b reveal various interesting characteristics of

the Cu/Au systemwhen sliding against a siliconAFM tip. Comparing the frictograms
at various normal loads, the transitions between distinct friction regimes can be
correlated with the peaks in the cyclic voltammogram. This correlation highlights
that the applied potential to the electrode does not change the overall friction of
the tribo-pair. Modulations of friction are resulted by electrochemically induced
changes of the surface structure or composition. More specifically, friction depends
critically on the adsorbed species (bare gold—submonolayer Cu with coadsorbed
sulfate—monolayer Cu). Friction is found to be low on the submonolayer coverage
until the monolayer is formed shortly before the applied potential reaches 0.0 V. The
formation of the monolayer is accompanied by an increase in friction. The higher
level of friction is maintainedwhen reversing the potential sweep until themonolayer
is dissolved at about 0.07 V. Interestingly, during the transition from submonolayer
coverage to bare gold a very strong increase in friction is observed before the same
friction level as before the electrochemical cycle is reached on bare Au. A clear
explanation for this behavior is still lacking but similar observations of an increase
in friction during electrochemically induced reformation of a bare gold surface can
be found in [38] as well as for the reduction of gold-oxide on Au(100) as shown in
Fig. 9.7c.

When comparing the friction versus normal load behavior of the submonolayer
and themonolayer of Cu onAu, a clear deviation is observed as illustrated in Fig. 9.8c
and d. While friction remains low and almost independent of normal load for the
submonolayer a linear increase of friction with normal load is observed for the full
monolayer coverage. This result indicates that the coadsorbed sulfate plays a vital
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Fig. 9.8 a High resolution friction force map of the deposition of Cu on Au(111). The numbers
on the left indicate the applied potential. b Corresponding frictograms recorded at various normal
loads as indicated. Open symbols correspond to the cathodic shift of the potential, closed symbols
correspond to the anodic shift of the potentials. a and b are taken from [55]. c The friction versus
normal load plots of the submonolayer coverage and the monolayer coverage of copper on gold
reveal distinct differences and indicate a strong lubricating effect of the coadsorbed sulfate layer on
the submonolayer of copper on gold

role, acting as an effective lubricant for low loads. Nielinger et al. reported friction
results for Cu deposition on Au(111) for considerably higher normal loads of 30
and 120 nN [56]. A strong increase in friction for all examined copper coverages on
Au(111) was observed. However, the distinction between submonolayer and mono-
layer copper coveragewas only possible at 120 nN. This observationwas rationalized
under the hypothesis that variations in the measured coefficient of friction as a func-
tion of normal load was likely the result of the AFM tip penetrating the lubricating
sulfate adlayer.

9.4.1.2 Oxidized Surfaces

When studying tribological interactions oxidized surfaces, either formed naturally or
intentionally, are often of particular interest because of their typically high hardness
and wear resistance. Oxides are also easily accessible under electrochemical condi-
tions. Friction studies using electrochemical oxidation has been reported for various



9 Electrochemical Friction Force Microscopy 261

Fig. 9.9 AFM friction
image of an iron surface in
0.02 M NaSO4 (pH�10)
after three potential cycles
between −1.2 and 0.4 V
versus SCE. As clearly
visible a very heterogeneous
surface composition with
respect to the COF arose
after electrochemical
treatment. From [30]

metals like Fe [26], Ta [57], Cu [22] or Au [53]. When iron is immersed in 0.1 M
NaOH electrolyte it can be oxidized in a two-step process to FeOOH which can be
easily followed by CV [26]. While the pure Fe surface exhibits relatively high COF
of 0.15 Zhu et al. find a strong decrease to μ <0.1 accompanied with a smoothening
of the surface [26]. As shown in Fig. 9.9 the authors find patches of low and high
friction values next to each other across the surface after three voltammetric cycles.
When forming a Fe-octanate rather than the peroxide the authors found only a less
pronounced decrease of the COF to about 0.05 but could follow the growth of a
surface film modifying friction.

This work impressively shows that friction is affected in several directions under
electrochemical control. In addition to the change of the chemical nature of the
surface film, that is being the bare metal, an oxide film or an adsorbant, also the
roughness of the surface can influence the overall friction. The spatial distribution of
a film generated as a result of the chemical reactions mediated by the shearing action
of the two surfaces, a tribofilm, must also be taken into consideration. Labuda et al.
studied the electrochemical oxidation of gold and observed roughening of the surface
upon oxidation as well as a strong increase in friction as compared to the bare gold
surface [53]. As the electrogenerated gold oxide is only in the range of a few atomic
layers the authors could demonstrate an impressive reversibility between low and
high friction states corresponding to bare or oxidized gold surface. High resolution
friction force maps are shown in Fig. 9.10 and reveal the lattice parameters for the
Au(111) surface and a roughened structure of the gold oxide.

The authors attributed the higher friction observed on the gold oxide to its
increased roughness. This experiment illustrates that the structure of the surface
is as important as its chemical nature, which is further underlined by friction experi-
ments by Hausen et al. on Au(100) in sulfuric acid electrolyte [58]. The structure of
the Au(100) surface was electrochemically controlled between a so-called pseudo-
hexagonal phase at low potentials (<0.26 V vs. Ag/AgCl) which corresponds to the
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Fig. 9.10 Lateral force map revealing the atomic structure of bare Au(111) (upper part) and after
electrochemical oxidation.While theAu(111) shows a regular lattice, the oxidized gold film exhibits
irregular stick slip pattern, revealing its amorphous character. From [53]

reconstructed form of the electrode and the normally expected quadratic 1×1 struc-
ture at potentials positive of 0.26 V versus Ag/AgCl. Upon the transition, which
can be followed by CV, the chemistry of the surface remained unchanged while
the atomic arrangement was alternating between a more open 1×1 structure and a
densely packed hexagonal form.

In summary, it has been identified that friction can be controlled electrochemi-
cally by intercalation and adsorption of ions to electrode surfaceswhile the adsorption
state determines the effect on friction. The chemical nature of surface adlayers con-
tributes to the overall friction and leads to spatially different patterns when adsorbed
heterogeneously. At the same time, such inhomogeneities can introduce roughness
to the sliding surfaces typically correlating with enhanced friction. Roughness plays
a crucial role in controlling friction electrochemically on different length scales from
subtle effects of reconstructed surfaces to significant changes of the roughness when
electrochemically roughening a surface by oxidation. It is striking that friction was
always observed to increase except in the case of electrochemically induced oxida-
tion of iron. The difference in that one case is that the surface was smoothened upon
oxidation forming a more “perfect” surface afterwards, while in all other cases the
surface was roughened. Given that in real applications the expectation of a perfect
surface is rather low indicates that electrochemical methods might open paths to not
only modify but also to reduce friction during the application by targeted surface
finishing.

All the processes mentioned so far clearly demonstrate that friction is extremely
sensitive to subtle changes of the sliding contact which sets the requirements for
a controlled environment. However, for most realistic applications it is typically
unwanted to alter the glide plane dramatically, or it is not feasible to change the
chemistry or structure of the glide plane due to boundary conditions given by the
surrounding. This brings us to the idea of not changing the surfaces in contact through
the electrochemical potential but rather finding a way of controlling the properties
of the electrolyte, or more specifically in tribology the lubricant, by electrochemical
means.



9 Electrochemical Friction Force Microscopy 263

9.4.2 Ionic Liquids as Electrolytes

Ionic liquids (ILs), despite having been known for more than hundred years [59],
are recently gaining a lot of interest in tribology [60–63], in energy storage applica-
tions [64], as solvents in synthesis [65], in catalysis or for cellulose [66], as well as
in electrochemistry [67]. ILs show remarkable properties such as non-flammability,
high resistivity against oxidation and reduction, as well as negligible vapor pressure
and high thermal stability. ILs solely contain ions and hence, they are conductive and
offer a broad electrochemical window. When working with ionic liquids the quan-
tity of available compounds and the endless possibilities in tailoring task-specific
new ionic liquids make a proper selection of the IL ideal for the system challeng-
ing. In the last 15 years the interest of using ILs in tribological applications has
increased due to their special properties and strong film formation capabilities. The
anti-wear and lubrication properties have been attributed to the charged induced
adsorption of anions and cations onto the sliding surfaces, building up a tribofilm.
Most often hydrophobic anions such as Bis(trifluoromethylsulfonyl)imide (Tf2N) or
Tris(pentafluoroethyl)trifluorophosphate (FAP) are used for EC-FFM experiments in
ILs. Historically the first air-and humidity stable ILs, so-called second generation of
ILs, consist of Tetrafluorobarate (BF4) and Phosphorhexafluorate (PF6) anions and
imidazolium-based cations [68], and are therefore widely distributed. A drawback of
these ions for tribological applications is their tendency of (partial) hydrationwhen in
contact with water, forming corrosive HF. Table 9.1 illustrates the chemical structure
of common anions and cations for ionic liquids.

Figure 9.11 shows friction force maps of Au(111) in the ionic liquid 1-Butyl-
1-methylpyrrolidiniumtris(pentafluoroethyl)trifluorophosphat ([Py1,4]FAP) at −2 V
and 0.0 V versus Pt-QRE. Monoatomic high steps are present at the electrode sur-
face as well as some islands, most probably generated by lifting the herringbone
reconstruction of Au(111), are visible in Fig. 9.11a. The color represents the overall
friction with brighter colors corresponding to higher friction. Upon changing the
electrode potential by 2.0–0.0 V the overall friction becomes larger and the image
gets blurred (Fig. 9.11b). However, the monoatomic high steps on the gold surface
are still visible, clearly indicating that the observed change in friction as represented
by the change in color is caused by changes of the ionic liquid electrolyte. It is
worth mentioning that such a potential step in aqueous electrolytes would cause the
formation of gases due to the limited electrochemical window of water.

As discussed previously ionic liquids form alternating layers of anions and cations
on charged surfaces [69]. Without controlling surface charges Smith et al. showed
that friction between two atomically smooth mica surfaces depended strongly on the
number of layers between the interacting surfaces [70]. As a consequence, various
friction regimes exist for a given load. The ability of ionic liquids to form mechan-
ically stable layers adjacent to charged surfaces and there conductivity, resulting
from the fact that they solely contain ions, makes it straightforward to control the
surface layers by an applied electrode potential. It has been shown by Hayes et al.
that indeed the interfacial structure of ionic liquids is sensitive to the potential of
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Table 9.1 Common cations and anions for ionic liquids

Cations

Immidazolium – based [R1R2IM]

Anions

Tris(pentafluoroethyl)trifluorophosphate (FAP)

Pyrrolidinium – based [PyR1R2]

Tetrafluoroborate (BF4)

Bis(trifluoromethylsulfonyl)imide (NTf2; TFSI)

Hexafluorophosphate (PF6)

Fig. 9.11 Friction force maps of Au(111) in [Py1,4]FAP at various applied potentials. Monoatomic
high steps are clearly visible at −2 V versus Pt-QRE. The color represents the friction with brighter
colors higher friction. For 0 V versus Pt-QRE the overall friction is clearly increased compared to
−2 V as indicated by the color. However, the surface steps are still visible indicating that the change
in friction is not resulted by a modification of the substrate but rather originated from changes in
the ionic liquid interfacial layer
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the electrode [9]. Numerous theoretical works have verified an oscillating nature of
anion and cation layers at charged surfaces, either electrochemically controlled or
naturally charged [69, 71–73].

The first tribological study of ionic liquids by means of EC-FFM was presented
by Sweeney et al. in 2012 where the authors analyzed the friction between a gold
surface and siliconAFM-tips in [Py1,4]FAP [74]. A clear relation between the applied
potential to the gold surface and friction was observed. As shown in Fig. 9.12a low
friction was measured for low potentials (i.e.<1.5 V vs. Pt-QRE) whereas friction
was considerably higher for positive applied potentials. As no other substances were
present in the electrolyte, the authors attributed the effect to changes in the interfacial
structure of the ionic liquid and the intrinsically different lubrication properties of
the respective anions or cations. It is worth mentioning that the cyclic voltammogram
of [Py1,4]FAP exhibits various peaks in the cathodic as well as in the anodic scan.
As it can be clearly seen in Fig. 9.12a friction does not change linearly as a function
of applied potential but corresponds to the peaks observed in the electrochemical
signal. Such peaks in the CV are likely caused by re-orientations of ions of the ionic
liquid at the surface of the electrode. Sum frequency generation (SFG)measurements
have shown that the tilt angle between the ionic liquid cation and the surface normal
direction depends critically on the applied potential at the electrode [75, 76]. A
detailed study of the influence of the tilt angle on friction has recently been provided
by Watanabe et al. in a pin-on-plate configuration using various imidazolium-based
ionic liquids, exhibiting different tilt angles due to attractive electrostatic forces [77].
The authors found a strong correlation between tilt angle and friction, where larger
tilt angles resulted in lower coefficients of friction. However, various other factors
of the individual interfacial properties of the tribopair, such as the roughness of the
shear plane or molecular densities of the adsorbed layers and thus variations in ion
mobility, were also discussed and may contributed to the observed friction. This
difficulty is further underlined by experiments conducted by Li and coworkers [78,
79].

In a first set of experiments the authors investigated the influence of
the cation alkyl chain length by studying friction as function of normal
load on Au(111) in 1-ethyl-3-methyl-imidazolium ([EMIM]), 1-butyl-3-methyl-
imidazolium ([BMIM]) and 1-hexyl-3-methyl-imidazolium ([HMIM]) in combina-
tion with the tris(pentafluoroethyl)trifluorophosphate (FAP) anion. The results are
depicted in Fig. 9.12b. In all cases, the highest friction was found at positive applied
potentials, corresponding to an anion enriched interface. The authors attributed this
to a relatively weak interaction of the FAP anion with the gold surface and disordered
coil morphology. Such disorder results in a rougher shear plane of the sliding contact
and thus, high friction. For the stronger adsorbed imidazolium-based cations, the
trend is less clear, which was explained by the influence of the cation chain length
with respect to the tilt angle and the formation of more resistant shear planes. In
Fig. 9.12b also the opposite behavior, that is lower friction at positive potentials, is
shown if the anion is exchanged with iodide. Although the change in shape of the
anion (iodine is more spherical than FAP) seems to be a reasonable explanation for
the observed difference in friction, a clear understanding that this is indeed the phys-
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Fig. 9.12 a Frictogram of an Au(111) surface in [Py1,4]FAP. Variations of friction are related to
the electrochemical behavior of the IL. The inset shows a lateral force map and the corresponding
line section as indicated at an applied electrode potential of −1.3 V versus Pt-QRE, revealing the
lattice parameters of the underlying gold surface. From [74] b Lateral force as a function of normal
load for various ionic liquid compositions as indicated in the graphs and electrode potentials on
Au(111) surfaces. While for all FAP anion containing ILs the highest friction values are obtained
for positive applied electrode potentials (a–c), this effect is reversed when iodide is used as anion
(d). From [79]

ical mechanism has not yet established. Results from the same research group were
published on the lubricating properties for a sliding an AFM silicon tip on a HOPG
surface immersed in [HMIM]FAP [78]. In stark contrast to the results of [HMIM]FAP
onAu(111), as discussed previously, a superlubricating regime, or a COF of <0.01, is
found for positive applied potentials, where a FAP anion enriched interface would be
expected. Negative applied potentials correspond to higher friction. In this case, the
authors assigned their observation of reduced friction at positive potentials to reori-
entations of ions in the shear plane resulting in a smoother interface in the case of
adsorbed anions. The huge variation in the COF for the same ionic liquid on different
surfaces demonstrate that next to the overall electrochemical control of the layered
structure of the ionic liquid at the electrode interface, direct substrate—ionic liquid
interactions must be taken into account in order to reach a comprehensive view of
ionic liquid lubrication. However, as the electrode potentials are quoted with respect
to Pt-QRE, a direct comparison is limited.

As discussed previously, electrochemically controlled friction in ionic liquids has
not yet been fully understood and it has been identified that numerous effects play a
role. Further experiments are required before general guidelines can be expressed. It
seems undoubtedly that it is very important to understand the various contributions
in ionic liquid nanotribology such as the influence of chain length, cation and anion
type, interactionwith the surface, tilt angle, aswell as shape of the ions. As it becomes
very ambiguous to investigate the various contributions in experiments separately,
theoretical work are an essential part in contributing to further understanding of the
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lubricatingproperties of ionic liquids.Canova et al. showed that subtle variations of IL
composition lead to different lubrication mechanisms. Comparing the shape of NTf2
and BF4 anions for 1-butyl-3-methyl-imidazolium ([BMIM]) cations, the authors
found larger fluctuations in the case of NTf2 and consequently irregular shearing
dynamics [80]. Fajardo et al. extended the theoretical work towards electrochemical
friction studies and predicted a shift of the shear plane from the solid-liquid interface
into the ionic liquid layers for larger surface charge densities, leading to overall lower
friction [81].

When considering ionic liquid lubrication it is of utmost importance to control
the environmental conditions very precisely. It has been shown that even very small
traces of water changes the interfacial properties of ionic liquids significantly as
well as their frictional behavior [82, 83]. The determination of the water content by
Karl-Fischer titration can be misleading as the amount of water in the near-surface
region and thus, in the region responsible for the tribological behavior, can be strongly
deviating from the measured bulk concentrations. As many experiments studying the
lubrication properties of ionic liquids are performed under ambient conditions, the
water content can vary dramatically between different experiments, even for the same
ionic liquid. Also, due to the very deviating hydrophilicity of ionic liquids composed
of different ions direct comparisons between experiments are challenging.

Thinking about applications, ionic liquid lubrication becomes interesting only in
niche markets because of the currently very high costs of ionic liquids. The interest
is based on the strong surface films formed by ILs which are not repelled from the
contact even under very high loads as demonstrated by atomic force microscopy,
where a last strongly bound layer withstands high pressures of a sharp AFM tip [9].
Secondly, it seems possible to use only atomically thin layers of ionic liquids for
lubrication, making them interesting as additives in conventional lubricants. Further
experimental research is necessary to elucidate the individual contributions to the
overall friction force by help of theoretical studies.

9.5 Summary

Combined electrochemical methods with tribological instruments are a powerful
method to elucidate underlying principles of friction in situ, and support efforts to
gain a more physical and scientific understanding of the origins of friction. Elec-
trochemical friction force microscopy has been shown to significantly contribute to
the understanding of tribological processes and lubrication at solid-liquid interfaces.
Within a single experiment, various factors influencing friction can be investigated
and isolated, including surface morphology, chemical identity as well as interfacial
properties. Furthermore, these properties can be probed in a controlled and reversible
manner. The control of surface charges by electrochemical means on metal surfaces
has been discussed in this chapter. However, electrochemical effects on friction are
not limited to metallic surfaces. While they have been excluded from the current
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discussion, the impacts of electrochemistry on friction on other surfaces, such as
ceramic materials, are of great interest [84].

In summary, the applied potential to an electrode contributes considerably to the
nanoscopically and macroscopically observed friction. Various aspects, including
roughness, chemistry, adsorption state, electrolyte composition all influence friction
and make the interpretation of the data challenging. However, given that friction is
extremely sensitive to even subtle changes of the sliding surface, tribological exam-
ination of materials under electrochemical control cannot only be used in order to
understand frictional processes better, but also to study such electrochemical phe-
nomena by following the frictional response upon changing the electrochemical
conditions. With the merging interest in precise control of interfaces, particularly at
very small scales EC-FFM will shed light onto various aspects of nanotechnology,
e.g. analyzing processes in energy storage systems or in the design of novelmaterials.
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Chapter 10
In Situ Friction Tests in a Transmission
Electron Microscope

Fabrice Dassenoy

Abstract Post mortem characterization techniques are essential for the
understanding of the lubrication mechanisms of complex tribological systems. The
information obtained using these techniques can be used to propose hypothesis of
mechanisms that have then to be definitively validated by probing the interfacial
material in real time during the friction test. To go further in the understanding of
the action modes of some tribological systems, it is important to set up an analytical
methodology using in situ experimental techniques in order to (i) probe directly the
behavior of the interfacial material in the contact zone and (ii) dissociate, for a bet-
ter understanding, the different components of the tribological stress (pressure and
shear). There are several techniques that combine mechanical stress and in situ anal-
ysis (Raman tribology, Infra-Red tribology, EXAFS under pressure …). However,
the most interesting techniques are certainly those that permit a visualization of the
contact area in real time area during the friction test, down to a nanometer scale. The
objective of this chapter is to present through some examples the potential of in situ
friction tests done inside a transmission electron microscope.

10.1 Introduction

The dreamof any tribologist is certainly to observe in real time and down to the small-
est detail the behavior of the interfacial material in the tribological contact during
mechanical stress. When the observation takes place at the atomic scale, this dream
becomes a grail. The only technique for this is the Transmission ElectronMicroscopy
(TEM). Recently, the development of new sample holders for TEM including either
a nanoindenter or an atomic force microscope (AFM) made possible compression
and friction tests in a TEM, thus allowing the simulation of the tribological contact.
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These techniques have a very high potential because they allow combining friction
and in situ observation/analysis, thus permitting to go further in the understanding
of the reaction mechanisms operating in a tribological contact.

In situ TEM techniques were used inmanyworks to determine nanoscalemechan-
ical properties concurrently with real-timemicrostructure characterization of various
types of samples [1] such as thin film [2–4], carbon nanotube [5], nanowire [6, 7]
and various types of nanoparticles [8–13]. Minor et al. [2, 3] used an in situ TEM
nanoindenter holder to investigate dislocation nucleation and motion in silicon and
aluminium thin films. Deneen et al. [8] used the same device to study the mechanical
behaviour of individual silicon nanospheres. The experiments were carried out on
some 200 nm diameter particles. Both elastic and plastic deformation as well as frac-
ture was observed. In situ TEM Nano indentation experiments were also performed
on polycrystalline CdS hollow spheres ranging in diameter from 200 to 450 nm [7]
and on some clusters of silicon particles around 50 nm in size [10]. In the first work,
it was shown that the particles can achieve both a high compression to failure and
withstand very high shear stresses with respect to their ideal strength, while in the
second one a rotation of the nanoparticles was observed, followed by cracking at
the interface between two nanoparticles. More recently Carlton et al. [11] investi-
gated the deformation of silver nanoparticles under compression using diffraction
contrast and phase contrast TEM. The authors observed the disappearance of dis-
location in single crystal silver nanoparticles after nanoindentation during real time
experimental observations. The use of in situ TEM techniques for solving complex
tribological problems has emerged recently. The objective of this chapter is to illus-
trate through few examples of in situ compression and sliding tests performed on
single nanoparticles the potential of this technique for tribological applications.

10.2 Example 1: In Situ Compression Test on a Single
MoS2 Nanoparticle

In Lahouij et al. [13], performed compression tests of individual IF-MoS2 nanopar-
ticles in a High Resolution Transmission Electron Microscope using an in situ TEM
nanoindenter. Thanks to this technique, in situ observations of the behavior of sin-
gle nanoparticles under pressure were performed for the first time. In addition, the
mechanical response of the particle under compression was followed and force-time
and force-displacement curves were recorded. The compression experiments were
carried out using a Nanofactory Instruments HN200 single tilt Nanoindenter Micro-
Force probing holder (Fig. 10.1)mounted on the specimen holder of aHigh resolution
JEOL 2010 FEG microscope operating at 200 kV accelerating voltage. The nanoin-
dentation sensor used for the experimentswas equippedwith a diamond tip. The force
range of the sensor was between 0 and 3 mN and its stiffness constant was 3500 N/m
with a force resolution of 100 nN. Thanks to this system, in situ force measurement
recording was possible. This TEM nanoindenter was used for (i) the characterization
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Fig. 10.1 Schematic of the TEM nanoindenter sample holder produced by Nanofactory company
[13]

of the mechanical properties of the fullerenes, (ii) their nanomanipulation at the sub-
nanometer scale, (iii) the observation of their elastic and plastic deformation during
the test. The nanoindenter was also used to carry out sliding experiments by moving
sideways the substrate on which the particles were deposited by nanomanipulation
experiment. Bright Field imaging and the observation of the stress/strain-induced
structural changes in the particle were possible in addition of TEM nanoindentation
experiments. TheTEM-Nanoindentor permits to image the nanocompression process
with real time imaging, to recordmovies, as well as to acquire the force-displacement
and force-time data. For compression and sliding experiments, substrates on which
the nanoparticles have to be previously deposited must be nanomachined to be thin
enough for electron transparency in one dimension, long enough in second dimen-
sion and moderately short in the third one, in order to avoid crashing onto the sensor.
A short wedge sample made in silicon was used. FIB-SEM was used to prepare the
Si-wedge onwhich the nanoparticleswere deposited. Figure 10.2 shows the Siwedge
after machining. The presence of 10 µm long “terraces” used for the nanoparticles
deposition can be observed. A thin gold wire was used to fix the Si wedge to the
positioning part of the TEM sample holder.

Figure 10.3 shows a series of images captured from a video recording during a
nanocompression test carried out on a single IF-MoS2 particle of about 100 nm diam-
eter. The particle does not present any empty core and presents a highly crystalline
and faceted structure. Compression tests were carried out with a truncated diamond
tip of 1µmwidth. Nanoscale alignment of the particles and tip along the microscope
electron beam axis was performed by monitoring the relative focus between the tip
and the particles at high TEM magnification. This operation is not straightforward
and can take a long time. Compression was performed by forward actuation of the
support wedge along the z-axis using the fine piezoelectric tube. The exact 3D shape
of the entire particle is difficult to know here because the TEM image is a pro-
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Fig. 10.2 Si wedge after
FIB machining. The
micromachining enables the
creation of some 10 µm
steps used for the particles
deposition

jection in two-dimension. Each stage consisted of 100 nm displacement controlled
compression of the tip at a loading rate of approximately 13 nm s−1.

Figure 10.4a, b show the corresponding force/time and displacement/time curves
for this test.

Figure 10.3a shows the nanoparticle on the Si substrate just before compression. It
corresponds to t �0 s on the force/time curve. From this stage, the nanocompression
test starts and the Si substrate moves towards to the tip. At t �2 s, the tip is brought
into real contact with the fullerene surface (Fig. 10.3b). The particle is further loaded
and the evolution of the force can be followed on the force/time curve (Fig. 10.4a).
On Fig. 10.3c, the particle starts to change of shape in the TEM image. This change
is more and more pronounced with the load increase (Fig. 10.3d–g). The facetted
shape of the particle changes progressively to an ellipsoidal shape. To be sure that
the thickness of the particle has increased in the direction of the electron beam to
form the oblate, the intensity of the electron signal in the center of the particle was
measured. The signal is proportional to the grey level because the images have been
recorded practically in the same illumination conditions. The results indicate that
the particle is oblate after compression and accommodates the contact pressure and
progressively rotates and lies parallel to the two contacting surfaces (Fig. 10.3g).
When the maximum force is reached (10 µN at t �7.5 s), then the particle is ejected
from the contact zone and slides outside the compression zone certainly due to low
adhesion to the substrate and the fact that the two surfaces are not strictly parallel
(Fig. 10.3h, i). The sudden sliding of the oblate particle causes an exfoliation of its
outer sheets where the curvature of the lamellar is maximum. These isolated sheets
stick to the diamond tip (Fig. 10.3i—zoomed part). Afterwards, when the particle is
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Fig. 10.3 Image captures obtained from a video recorded during a compression experiment carried
out with a single MoS2 particle [13]

unloaded, it remains deformed (Fig. 10.3i). Unfortunately, due to intrinsic motion of
the sample, the resolution in the images does not permit to observe the basal planes
of MoS2 in the structure of the particle during solicitation. The question of either the
particle elastically rotates or plastically deforms cannot be answered properly here,
because of the lack of 3-D imaging in the TEM. However, the observation of the
force/time curve (Fig. 10.4a) does not show any sliding effect, suggesting that the
particle is partially plastically deformed.

It is possible to estimate the contact area between the tip and the sample during
loading by assuming that (i) the contact area of the faceted MoS2 nanoparticle is
a square and (ii) the contact between the tip and the faceted MoS2 nanoparticle is
a flat-on-flat configuration. The contact area between the fullerene and the tip was
measured in the selected video images. Thus, on Fig. 10.3g, the estimated contact
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Fig. 10.4 Image captures
obtained from a video
recorded during the
compression experiment
shown in Fig. 10.3 carried
out with a single MoS2
particle [13]
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area is~10,000 nm2. If we consider that the maximum force applied on the particle
is 10 µN, this gives an estimated average contact pressure of 1 GPa.

In this work, Lahouij et al. [13] investigated in real time the deformation and
degradation behavior of spherical and well crystallized single inorganic fullerene
nanoparticles of MoS2 under compression using a HRTEM equipped with a nanoin-
dentation holder. For the first time, the exfoliation of the outer sheets of a fullerene
nested structure was imaged. However, it was found that well crystallized and round
shape nanoparticles were difficult to exfoliate. Under 1–1.5 GPa uniaxial pressure,
it was found that the shape of single IF-MoS2 nanoparticles was preserved and only
external layers were exfoliated. A uniaxial pressure higher than 1.5 GPawas found to
be necessary to crush the particles. The resistance of the IF-MoS2 to exfoliation was
attributed to their good mechanical properties due to their well crystalized structure
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and the round shape of the particle. However, the behavior of nanoparticles during
mechanical stress strongly depends on the size, the morphology and the crystallinity
of the particle.

10.3 Example 2: In Situ Compression Test on a Single WS2
Nanoparticle

Figure 10.5 shows a compression test carried out on a single WS2 nanoparticle. The
particle present a hollow core compared to the MoS2 nanoparticle studied earlier.
Test was done with a displacement of 45 nm leading to an applied maximum force of
3.5 µN and a maximum contact pressure estimated at 0.45 GPa. The load/time and
displacement/time curves are shown in Fig. 10.6. The behavior under pressure of this
WS2 nanoparticle is completely different to that of the MoS2 nanoparticle. As soon
as the particle is loaded, the sheets are deformed. The particle seems to lengthen (t
�8 s). The central cavity loses volume and is no longer visible (t � 11 s). Despite
the loss of image resolution due to vibration, we can see that the particle starts to be
strongly damaged (t �15 s) giving rise to a large number of WS2 sheets (from t �
15 s to t � 45 s). At the end of the test, the particle is completely damaged.

10.4 Example 3: In Situ Sliding Test on a Single MoS2
Nanoparticle

In [15], Lahouij et al. gave evidence that the lubricating properties of poorly crys-
tallized MoS2 nanoparticles (with many defects) were better than those of perfectly
crystallized spherical ones. On the basis of the post-mortem analyses of the worn sur-
faces, the authors attributed the good lubricating properties of the poorly crystallized
IF-MoS2 to their ability to exfoliate immediately and to form rapidly a homoge-
neous tribofilm on the surface made of MoS2 layers aligned in the sliding direction.
At the opposite, it was observed that the tribofilm obtained with well-crystallized
IF-MoS2 nanoparticles was heterogeneous and composed of a mixture of MoS2 lay-
ers, iron oxide nanoparticles and intact particles embedded in the tribofilm. It was
also observed that the shape of most of the well crystallized particles was preserved
after friction. The authors ascribed this finding to the perfect crystallinity of the
particles together with the large number of closed layers that confer them with a
higher mechanical resistance. It was also suggested that these perfect particles could
be considered to behave as genuine nano-ball bearings, at least temporarily, until
they gradually deform and start to exfoliate their outer layers. However, only a direct
observation of the sliding contact allows accessing the real behavior of the fullerenes
during a mechanical stress and to answer the question of the influence of the struc-
ture/morphology of the particles on their lubricationmechanisms (exfoliation, sliding
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Fig. 10.5 Image captures obtained from a video recorded during a compression experiment carried
out with a single WS2 particle [14]

and rolling). In [16], the authors focusedon the influenceof the crystal structure of two
types of IF-MoS2 nanoparticles (namely perfectly crystallized IF-MoS2 and poorly
crystallized IF-MoS2) on their behaviors during sliding tests performed inside the
TEM. Figure 10.6 shows a series of image captures obtained from a video recorded
during a sliding experiment carried out with a single perfectly crystallized IF-MoS2
nanoparticle. Figure 10.6a corresponds to the particle compressed between the tip
and the Si substrate before starting the sliding test at t � t0. Figure 10.6h shows the
particle at the end of the sliding test at t � tfinal. A white point was arbitrary placed
on the particle in order to easily follow its movement during the sliding test. The
white arrow marks the starting point on the diamond tip. When the sliding test starts
(by moving the Si substrate parallel to the tip—the white arrow on the Si substrate
indicates the direction of the movement of the Si substrate), it can be observed from
the image captures that the IF-MoS2 particle rolls in the contact. The distance trav-
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Fig. 10.6 Image captures obtained from a video recorded during a sliding experiment carried out
with a single perfectly crystallized IF-MoS2 nanoparticle. a–h shows the rolling of the particles
and g–h shows the exfoliation of an outer layer. A white point was arbitrary placed on the particle
in order to easily follow the movement of the particle during the test. The white arrow marks the
starting point on the diamond tip. The distance travelled by the particle from t � t0 to t � t final is
estimated to be 160 nm [16]

elled by the particle from Fig. 10.6a–h was estimated to be of~160 nm. This means
that the particle has travelled a little more than half of its circumference calculated
to be of~250 nm. It can be also observed from these images that the structure and
the shape of the particle are preserved during sliding and that only an outer layer is
delaminated as shown on the zoomed parts of Fig. 10.6g, h).

In the same way, the behavior of a single poorly crystallized IF-MoS2 particle
was observed during a sliding test. Figures 10.7 and 10.8 show respectively two
sequences recorded during a sliding test performed from a single isolated IF-MoS2
of about 30 nm of diameter. The two sequences of the sliding test were performed
with an average normal force of, respectively, 1 and 4 µN and a constant velocity of
1 nm/s. Figure 10.7a shows the single particle on the Si substrate just before starting
the sliding test. The surface of the diamond tip is covered (contaminated) by some
MoS2 layers deposited during previous tests. Figure 10.7b–f show the behavior of
the particle during the sliding test. Figure 10.7b shows the particle when the normal
force of 1 µN is applied to the particle (without shear stress) corresponding to an
estimated contact pressure of 110MPa. No important structural change of the particle
is observed, except for a small compression. When the shear stress is applied, a huge
compression with ensuing exfoliation and material transfer is observed. This leads
to a delivery of exfoliated MoS2 layers in the contact as shown in Fig. 10.7c–e. At
the end of this first sequence, the normal force is unloaded, and it can be seen in
Fig. 10.7f that both the surface of the wedge and the tip are now covered by some
MoS2 layers aligned along the sliding direction. The second sequence consists in
the observation of the deformation of the exfoliated MoS2 layers during the sliding
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Fig. 10.7 Image captures obtained from a video recorded during a sliding experiment carried out
with a single poorly crystallized IF-MoS2 nanoparticle demonstrating exfoliation. The black arrow
on the Si substrate indicates the direction of the movement of the Si substrate [16]

process (Fig. 10.8). Figure 10.8a corresponds to the final state of the first sequence
(Fig. 10.7f) and is also the initial state of the second sliding sequence. The substrate
covered by exfoliated MoS2 layers was placed in contact with the MoS2 layers
deposited on the diamond tip. A normal load of 4 µN was applied. Figure 10.8b
shows the MoS2 layers compressed between the wedge and the tip. When the wedge
starts to move sideways, a transfer of material from the wedge to the tip can be
observed (Fig. 10.8c). The displacement of the wedge induces the shearing of MoS2
layers (Fig. 10.8d, e). At the end of the test, we can see that a few sheared MoS2
layers were detached from the tip and adhere now on the wedge (Fig. 10.8f). This
sequence shows the easy shearing properties of the MoS2 film under the combined
effect of pressure and shear stress.

10.5 Example 4: Friction Coefficient Measured on a Single
WS2 Nanoparticle

Through an in situ series of experiments using a special TEM-AFM holder that per-
mitted the simulation of a tribological contact, Lahouij et al. in [13, 16] described
the lubrication mechanism of Inorganic Fullerene Like nanoparticles made of metal
disulfide. The experiment provided valuable qualitative results. Rolling of MoS2
nanoparticleswas observed at estimated contact pressure up to 100MPa,while exfoli-
ation at approximately 1GPa. Itwas observed that the nanoparticles canbehavediffer-
ently under seemingly similar experimental conditions: rolling or sliding/exfoliating.
In their experiments, the sample holder used had increased sensibility for measuring



10 In Situ Friction Tests in a Transmission Electron Microscope 283

Fig. 10.8 Image captures obtained from a video recorded during a sliding experiment carried out
with a single poorly crystallized IF-MoS2 nanoparticle demonstrating the easy shearing between the
exfoliatedMoS2 layers. The white arrow on the Si substrate indicates the direction of the movement
of the Si substrate [16]

normal forces, in the direction of the main axis of the device. It was able to move
in normal and lateral direction, but it was not able to measure lateral force, hence
the friction coefficient. Recently, Jenei et al. [17] went further in the investigation of
the lubrication mechanisms of metal disulfide nanoparticle. An in situ friction test
was carried out on a single WS2 nanoparticle in a transmission electron microscope
(TEM) using a nano indentation device able to measure normal and lateral forces
independently. For the first time, quantitative results were reported: friction forces
were recorded during the test, and thus friction coefficient values were calculated.
The exfoliation of the particle was observed during the experiment, and was linked
to the friction coefficient modification. The in situ tests were conducted in an FEI
Titan environmental transmission electron microscope (ETEM) operated on 300 kV
accelerating voltage, equipped with a Cs corrector, with the help a Pi-95 Picoindenter
from Hysitron, Inc. The sensor (transducer) of the picoindenter is a MEMS based
device, which has a diamond tip attached to it. The transducer is capable of control-
ling the tip with a 0.02 nm displacement resolution and it is capable of measuring
forces with a 3 nN resolution. The use of a 2D transducer makes it possible to mea-
sure normal and lateral forces at the same time, independently from each other. The
tip of the transducer used in this experiment is a so called “at punch”, it has a flat
surface section with a length of approximately 160 nm (see Fig. 10.9).

A tribological contact was mimicked with a single WS2 nanoparticle being held
between the silicon wedge and the diamond tip of the transducer. A “nanofriction
test” was designed in the following way: the diamond tip was aligned to the selected
WS2 nanoparticle, a constant load was applied on the nanoparticle after which the tip
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Fig. 10.9 a Schematic representation of the silicon wedge, the plateau is depicted in light blue. b
Schematic representation of a nanoparticle deposited on the plateau, the diamond tip slides along
the length of the wedge. c A TEM image of the WS2 nanoparticle on the silicon wedge before the
experiment [17]

Fig. 10.10 a The control function for the in situ friction test and b the measured normal force and
lateral displacement during the experiment [17]

was moved laterally to the right and then to the left (right and left strokes). This was
considered as a cycle or a segment. At the end of the segment the load was increased.
Between each stroke there was a short pause. In total 4 segments were recorded. The
test was performed in the so called “load control” mode which means that during
the test the instrument made sure that the predefined load was being applied to the
nanoparticle. During the test the normal and lateral forces were recorded, as well as
the normal and lateral displacement of the tip. A TEM image in Fig. 10.9c shows the
WS2 nanoparticle on the silicon wedge with the aligned diamond tip. The normal
load and lateral displacement during such a test was predefined. Figure 10.10a shows
the control function for the experiment. The length of one stroke is 50 nm, exceptions
are the first and last strokes where the displacements are only 25 nm. The normal
load in the first segment was 4.5 µN, then it is set to increase with a 0.5 µN step
in each segment, reaching a maximum of 6.5 µN at the end of the experiment. The
length of the friction test was set to be a little longer than three minutes. The actual
normal force and lateral displacement values measured during the experiment can
be seen in Fig. 10.10b.
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Fig. 10.11 The normal and lateral forces and the friction coefficient values recorded during the
experiment [17]

Figure 10.11 shows the normal and lateral force and the calculated friction coef-
ficient (COF) during the whole experiment. The COF is calculated as the ratio of the
lateral and normal force. During the first couple of strokes, the friction force is rela-
tively high (compared to the rest of the experiment), after which there is a significant
decrease of the COF. The friction coefficient reduces from a 0.55 level to 0.15. At
the beginning of the last stroke, where the normal load is increased to 6.5 µN, the
nanoparticle slips out from between the diamond tip and the silicon wedge. The COF
increases instantly. It is interesting to see that as the stroke progresses, the friction
coefficient follows a decreasing trend, although here the diamond tip is sliding on
the silicon wedge. Figure 10.12 shows some image captures from the video of the
“nano” friction test. In Fig. 10.12a the exfoliation during the right stroke in segment
1 can be observed. In Fig. 10.12b the adhesion of the previously exfoliated layer is
visible; in (c): exfoliation during the right stroke in segment 1; in (d) exfoliation at
the left stroke in segment 1; in (e) exfoliation at the end of the left stroke in segment
1, this layer is not completely detached from the nanoparticle; in (f) exfoliation in
the left stroke of segment 2; in (g) an exfoliation can be observed at the right cap of
the particle just before is slips out from the contact; in (h) several exfoliated layers
can be seen between the tip and the silicon wedge after the particle got out from the
contact.

This experiment permitted to follow in real time the evolution of the friction
coefficient during the tribotest done in situ inside a TEMand to establish a correlation
with the results obtained at the micro scale.
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Fig. 10.12 Frames captured from the video of the “nano” friction test performed on aWS2 nanopar-
ticle [17]

10.6 Conclusion

Friction experiments carried out in a Transmission ElectronMicroscope (TEM) con-
stitute a way to go further in the understanding of the reaction mechanisms operating
in a tribological contact. They enable a direct visualization of the behavior of the
interfacial material during the tribological test, thus making possible the follow in
real time of any structural and morphological change in the stressed material. With
the emergence of new microscopes that allow carrying out experiments in a con-
trolled environment, it will be soon possible to perform similar tests in presence of
gas, thus making possible the in situ monitoring of chemical reactions between the
stressed materials and this gas. Complementary techniques such as Electron Energy
Loss Spectroscopy (EELS) will be in this respect very useful.



10 In Situ Friction Tests in a Transmission Electron Microscope 287

References

1. J.M. Howe, H. Mori, Z.L. Wang, In situ high-resolution transmission electron microscopy in
the study of nanomaterials and properties. MRS Bull. 33(2), 115–121 (2008)

2. A.M. Minor, J.W. Morris Jr., E.A. Stach, Quantitative in situ nanoindentation in an electron
microscope. App. Phys. Lett. 79, 1625–1627 (2001)

3. E.A. Stach, T. Freeman, A.M. Minor, D.K. Owen, J. Cumings, M.A. Wall, T. Chraska, R. Hull,
J.W. Morris Jr., A. Zettl, U. Dahmen, Development of a nanoindenter for in situ transmission
electron microscopy. Microsc. Microanal. 7, 507–517 (2001)

4. N. Li, J. Wang, J.Y. Huang, A. Misra, X. Zhang, In situ TEM observations of room temperature
dislocation climb at interfaces in nanolayered Al/Nb composites. Scr. Mater. 63, 363–366
(2010)

5. Z.L. Wang, P. Poncharal, W.A. de Heer, Measuring physical and mechanical properties of
individual carbon nanotubes by in situ TEM. J. Phys. Chem. 61, 1025–1030 (2000)

6. X. Han, K. Zheng, Y.F. Zhang, X. Zhang, Z. Zhang, Z.L. Wang, Low-temperature in situ
large-strain plasticity of silicon nanowires. Adv. Mater. 19, 2112–2118 (2007)

7. A. Asthana, K. Momeni, A. Prasad, Y.K. Yap, R.S. Yassar, In situ observation of size scale
effects on the mechanical properties of ZnO nanowires. Nanotechnology 22, 265712 (2011)

8. J. Deneen, W.M. Mook, A.M. Minor, W.W. Gerberich, C.B. Carter, In situ deformation of
silicon nanospheres. J. Mater. Sci. 41, 4477–4483 (2006)

9. Z.W. Shan, G. Adesso, A. Cabot, M.P. Sherburne, S.A. Syed Asif, O.L. Warren, D.C. Chrzan,
A.M. Minor, A.P. Alivisatos, Ultrahigh stress and strain in hierarchically structured hollow
nanoparticles. Nat. Mat. 7, 947–952 (2008)

10. A.J. Lockwood, B.J. Inkson, In situ TEM nanoindentation and deformation of Si nanoparticle
clusters. J. Phys. D Appl. Phys. 42, 035410 (2009)

11. C.E. Carlton, P.J. Ferreira, In situ TEM nanoindentation of nanoparticles. Micron 43,
1134–1139 (2012)

12. I. Lahouij, F. Dassenoy, L. De Knoop, J.M. Martin, B. Vacher, In situ TEM observation of the
behavior of an individual fullerene-like MoS2 nanoparticle in a dynamic contact. Tribol. Lett.
42, 133–140 (2011)

13. I. Lahouij, F. Dassenoy, B. Vacher, J.M. Martin, Real time imaging of compression and shear
of single fullerene-like MoS2 nanoparticle. Tribol. Lett. 45, 131–141 (2012)

14. I. Lahouij, Ph.D. thesis, Ecole Centrale de Lyon, France (2013)
15. I. Lahouij, B. Vacher, J.M. Martin, F. Dassenoy, IF-MoS2 based lubricants: influence of size,

shape and crystal structure. Wear 296, 558–567 (2012)
16. I. Lahouij, B. Vacher, F. Dassenoy, Direct observation by in situ TEM of the behavior of

IF-MoS2 nanoparticles during sliding tests. Lubr. Sci. 36(3), 163–173 (2014)
17. I. Jenei, F. Dassenoy, Friction coefficient measured on a single WS2 nanoparticle: an in situ

transmission electron microscope experiment. Tribol. Lett. 65, 86 (2017)



Chapter 11
In Situ Digital Holography for 3D
Topography Analysis of Tribological
Experiments

Martin Dienwiebel and Pantcho Stoyanov

Abstract This chapter reviews topography measurement techniques that allow
performing the in situ quantification of roughness and the analysis of the surfacemor-
phology during sliding experiments. The method of digital holographic microscopy
is then introduced in detail and examples of topography evolution are presented.

11.1 Introduction

In situ tribometry has significantly advanced the field of Tribology over the last 2
or 3 decades because temporal information of the state of the sliding contact is very
beneficial in obtaining in-depth understandingof the processes that lead to differences
in the friction and wear performance of a tribosystem. However the term is widely
used to describe very different methods and experimental situations. It is mostly used
when it is possible to look into the tribological by using a transparent counter surface.
This setup allows to measure the real area of contact between surfaces (see e.g. chap.
9 by Dassenoy), changes in chemistry (see chaps. 4, 6 and 7) or the thickness of a
lubricant layer [1]. When it is not possible or desirable to use a transparent sliding
surface it is possible to monitor changes in the wear track close to the tribological
contact as described in a recent review by Wahl and Sawyer [2].

The term in situ is also used when the tribometer is located inside another instru-
ment such as a TEM or when it is operating in a special environment such as an ultra-
high vacuum chamber, as beautifully described in chap. 5 by Tysoe. This chapter will
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give an overview of in situ topography analysis during a tribological experiment and
will describe the method of digital holographic microscopy (DHM) with a focus on
tribology.

11.1.1 Optical Roughness Measurements

Optical roughness measurement techniques or optical profilers are well established
and are being used in tribology research aswell as in industrial quality control.Optical
profilers can be divided into instruments that are interferometry based and confocal
instruments. All optical techniques have in common that the lateral resolution is
typically an order of magnitude lower that the resolution in the normal direction
and that it depends on the used objective lens of the microscope. The optics also
leads to differences in the maximum slope that can be observed with either confocal
microscopy, phase shift or white light interferometry (Fig. 11.1).

Fig. 11.1 Top: Schematic of a combined White Light Interferometer and Tribometer. Bottom:
Friction as function of sliding cycles and snapshots of the wear track topography. Adapted from
[3] with permission from W . Gregory Sawyer and Kathryn J . Wahl
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With the introduction of the new standard EN ISO 25178 the measurement of 3D
surface parameters using different instruments and their calibration are nowadays
available. In this standard, parameters such as Ra, Rz and Rt are substituted by their
corresponding 3D parameters Sa, Sz and St . As will be shown in this chapter the
analysis of sliding surfaces should not be limited to the measurement of roughness
parameters. Especially the observation of changes in time at the same location of the
sliding track can be very valuable.

The implementation of an optical profiler into a tribological experiment is possible
when the wear track can be accessed optically, i.e. when the length of the wear track
is larger than the diameter of the counter sample and the objective lens. To overcome
ambiguities in height due to phase jumps either the objective lens or the surface has
to be scanned vertically and later the topography data is constructed from a large
number of single images. The acquisition time thus depends on the total roughness
of the surface and is typically in the order of several seconds.

11.1.2 Digital Holographic Microscopy (DHM)

A digital holographic microscope uses a coherent object wave that is brought into
superposition with a reference wave. Figure 11.2 shows an optical configuration and
is described in detail elsewhere [4, 5]. Instead of a photographic film or plate that is
used to capture a classic hologram in digital holography the hologram is recordedwith
a CCD camera [6, 7] and therefore the acquisition is not limited by the exposure of the
film and thus depends on illumination and frame rate of the CCD. The reconstruction
of the objectwave is obtained inDHby numerical computationwith a computer using
diffraction theory. Recent progress in computational speed and in the development
of CCD cameras has made DHM a quasi “real-time” method. However, similar to
the case ofWhite Light Interferometry the reconstructed topography will suffer from
phase jumps when the roughness of the sample is larger than the wavelength λ of the
coherent light source. In such a case numerical phase unwrapping algorithms can be
used. However, these algorithms can fail under certain circumstances such as steep
wear tracks that extent over the whole field of view. Another way to circumnavigate
phase ambiguities is to use two ormore lasers [8]. AlsoKühn et al. show that by using
a dual-wavelength approach the a new synthetic wavelength � can be expressed as
[9]:

Λ � λ1λ2

λ2 − λ1
(11.1)

For two laser diodes with λ1 �680 nm and λ2 �760 nm the resulting syn-
thetic wavelength, where phase jumps will occur is ��6.46 μm. Therefore dual-
wavelength DHM allows measuring surfaces with larger roughness without the
numerical phase unwrapping.
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Fig. 11.2 Digital
holographic microscope for
reflection imaging. Reprinted
with permission from [4]
OSA

11.2 Integration of DHM into a Tribometer

In order to create a sequence of topographic images in a sliding experiment the
topography acquisition has to be performed at the same position after each pass of
the counter surface (Fig. 11.3). The precision of the positioning thus has to be better
than the lateral resolution of the microscope. In the homebuilt tribometer that was
constructed to integrate a DHM, this is accomplished by using a high precision x-y
table that is steered by electromagnetic fields and that is used tomove the lower sliding
surface [10]. The position is monitored and adjusted optically with a resolution of
20 nm. The table can achieve a speed of 0.5 m/s and has a total travel of 200 mm
in each direction. The position repeatability is better than 1 μm. The x-y table is
mounted on a granite block and bridge in order to reduce mechanical vibrations that
also deteriorate the DHM image acquisition. In order to further reduce vibrations the
granite block is mounted on air dampers.

In a different example, a DHM was used to provide a better understanding of
the cavitation phenomenon in tribological contacts [F]. In particular, the authors
used DHM to measure cavitation bubble formation and thickness. The schematic
representation of this measurement technique is shown in Fig. 11.4.

In the following sections of this chapter, several examples are given in order to
demonstrate where DHM can help to obtain a better understanding of tribological
phenomena by investigating the topography evolution of sliding surfaces.
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Fig. 11.3 The concept of integrating DHM, pin (square), and an atomic force microscopy (AFM)
(circle). On the right, the travel path for the three components is indicated as AFM (dashed line),
DHM (dotted line) and pin (solid line). Reprinted with permission from [11]

Fig. 11.4 Schematic representation of using DHM to improves the understanding of the cavitation
phenomenon in tribological contacts. Reprinted under creative commons licence from [12]

11.2.1 Analysis of Plowing Friction

Plowing generally describes a situation where a sharp asperity indents into and plas-
tically deforms a softer surface. The friction that is generated in the case of plowing
is described as the sum of a shear contribution FS and a plowing contribution FP.
According to Bowden Moore and Tabor the two terms can be written as [13, 14]:

FF � FS + FP � τ AR + p′A′ (11.2)

Here τ is the shear strength of the softer material, AR the real area of contact, p′
is the flow pressure and A′ the projected area of the asperity in direction of sliding.
Thus the plowing friction depends mainly on the shape of the asperity and the normal
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Fig. 11.5 Extracted profile lines from individual DHM frames. The profile lines are stitched
together to compensate for the repositioning of the DHMmicroscope. The black solid line indicates
the edge of the sliding track. Reprinted with permission from [15]

force. It is assumed in (11.2) that the asperity creates a single scratch and indeed
plowing often dominates the initial phase of the running-in phase, whereas in a later
stage the running-in of metals is governed by the formation of a third body. In the
case that the plowing track subsequently widens and deepens, the model has to be
modified. Therefore, in order to model friction in the case of multiple reciprocating
sliding, the sliding track created by a spherical indenter was monitored as function
of sliding cycles and correlated to the change in friction. The plowing experiments
were conducted on a polished high purity copper sample. As indenter a ruby sphere
with a diameter of 1 mm was chosen, mainly because of the high precision of the
shape and the low roughness of the sphere. The surface was lubricated using base
oil (PAO 8) in order to transport wear particles out of the sliding track and to prevent
oxidation. The experiments were performed at room temperature and a humidity of
approx 45% RH.

During the experiment the sliding track widened very rapidly and thus the DHM
had to be repositioned perpendicular to the sliding track in order to keep one side
of the track in the field-of-view of the microscope. At each sliding cycle one profile
line across the sliding track was evaluated. All profile lines were added to a profile
versus sliding cycle map. To correct for the repositioning all profile lines had to be
stitched together after the experiment (Fig. 11.5).
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Fig. 11.6 Friction coefficient μ (solid line) and widening rate (dotted line) for 8 N (a) and 4 N (b)
normal load and for 20 mm/s (a) and 15 mm/s (b) speed. Reprinted from [15]

From the position of the track edge the radius r of indentation can be extracted
assuming that thewidening of the track is symmetric.According to (11.2) the plowing
contribution to friction should be proportional to r. However, in our experiments
we find a better correlation between the friction coefficient and the widening rate
per sliding cycle ṙ . The reason for this apparent discrepancy is the fact that (11.2)
describes the situation of a single scratch or pass whereas the experiments here
are performed by sliding multiple times in the same track. In this case a plowing
contribution to the friction force is only present if the sphere sinks in between two
subsequent cycles, since the effective cross section that contributes to the friction is
A′ � Ki − Ki−1, and the plowing cross section

Ki � 1

2

⎡
⎣r2s cos−1 Ri

rs
− Ri

√
r2s −

(
Ri

2

)2
⎤
⎦ (11.3)

Here rs is the radius of the sphere and Ri is half of the width of the plowing track
[16]. If the increase of Ri with every cycle is small, then it can be shown that A′ scales
with the widening rate. Since the track widens very fast during the first cycles the
above correlation can only be seen in the case of a ruby sphere sliding against copper
from cycles 75–100 onwards depending on the loading conditions (Fig. 11.6).

11.2.1.1 The Influence of Running-in on the Topography of Brass

In a very similar fashion as presented in the first example, different running-in exper-
iments were conducted on CuZn5 brass plates. The plates were annealed at a tem-
perature of 650 °C for 45 min. The average grain size after the heat treatment was
30±3 μm. Counter surfaces were produced from100Cr6 spheres with a diameter of
3 mm which were first hand-grinded and then hand-polished on one side in order to
obtain flat-on-flat geometry. The tribocontact was lubricated by spraying poly-alpha
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Fig. 11.7 Average friction coefficient μ as a function of speed and nominal contact pressure.
(Reprinted with permission from [17], Elsevier)

olefin (PAO-8 with a viscosity of 45.8 mm2/s at 40 °C). The oil temperature through-
out the sliding experiments was kept at 35 °C. For the experiments we use a linear
reciprocating path with a length of 120 mm. After each cycle the topography was
recorded at the same location by DHM. In order to influence the running-in behavior
the speed was varied from 10 to 20 mm/s and the nominal contact pressure from 1
to 4 MPa respectively.

Figure 11.7 shows the average friction coefficient recorded over approximately
5000 sliding cycles. Only few experiments located in a narrow range from 2.2 to
2.9 MPa (dashed lines) led to a significant friction reduction. The experiments that
were conducted in this pressure range show a markedly decrease in friction (from
0.1 to below 0.05) with considerably smaller scatter of the friction force from one
to another cycle. Figure 11.8 shows the evolution of the COF and for comparison
the average roughness as a function of sliding cycles for one experiment that was
conducted in the low-friction corridor. The roughness was computed from DHM
topography maps. In this case the roughness follows roughly the trend in the friction.
Another example of an experiment that is in terms of normal pressure located outside
the low-friction corridor is presented in Fig. 11.9. Here the friction force and also the
roughness show strong fluctuations although and possess a similar behavior although
there is no strict correlation between the two signals.
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Fig. 11.8 Coefficient of friction (solid line) and average roughness Sa (dotted line) for a constant
sliding speed of 20mm/s and a nominal contact pressure of 2.7MPa. The experiment was performed
under lubrication using a synthetic PAO-8 base oil. (Adapted from [17])

Fig. 11.9 Coefficient of friction (solid line) and average roughness Sa (dotted line) for a constant
sliding speed of 20 mm/s and a nominal contact pressure of 3.6 MPa. The insets show topography
maps of the wear track. The experiment was performed under lubrication using a synthetic PAO-8
base oil. (Adapted from [17])
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Fig. 11.10 An approach of studying dynamic interfacial processes leading to the variations in
the friction and wear. This concept involves linking on line experiments to atomistic simulations
with realistic bond order potentials. The structural/chemical changes observed in the simulations
are compared to ex situ analysis using transmission electron microscopy, X-ray photoelectron
spectroscopy, Auger Electron Spectroscopy, and Raman spectroscopy (Adapted from [21])

11.3 Topography and Wear Evolution in Metal/Ceramic
Tribosystems

11.3.1 Tungsten Sliding Against Tungsten Carbide

In one study, we used the DHM in order to evaluate the roughness in dry sliding of a
metal versus a ceramic in order to capture the dynamic interfacial processes leading
to the variations in the friction and wear. The overall approach is shown in Fig. 11.10,
linking in situ DHM characterization to atomistic simulations and ex situ analysis
using transmission electron microscopy, X-ray photoelectron spectroscopy, Auger
Electron Spectroscopy, andRaman spectroscopy. For these experiments tungsten and
tungsten carbide were chosen in order to perform molecular dynamics simulations
with realistic potentials. The simulations are presented elsewhere [18–20]. In the
present example a 20× objective lens is used that is not operating in immersion,
therefore allowing a larger field of view and measurement of the complete wear
track.

Upon initial sliding the friction is approximately 0.1 and subsequently levels off
to 0.6 where it remains nearly constant, as shown in Fig. 11.11a. Similarly, the
scatter in the coefficient of friction increases after 40 cycles. The average roughness,
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measured by DHM, followed the trend of the friction coefficient closely. A similar
behavior is observed from the roughness values parallel and perpendicular to the
sliding direction. However, there are evident differences between the two directions,
as shown in Fig. 11.11b; while the roughness in the perpendicular direction increases
instantaneously (i.e. within 10 cycles) to nearly 80 nm, the roughness in the parallel
direction took more than four times as long to reach the same value. This can be
explained by the formation of grooves and scratches along the sliding direction and
has been previously referred to as an adaptation of the surface topographies between
the sliding interfaces [22]. These processes typically consist of plowing or cutting
events caused by the asperities of the harder material onto the softer one (see [14]).

The wear depth values, obtained using the DHM data, are used to calculate
the wear rate (i.e. depth/sliding distance) and analysed in terms of cycle number,
Fig. 11.11c. The wear depth is calculated only up to the 80th cycle due to the width
of the wear track being larger than the image size for the remaining cycles. The
wear rate of the last cycle is also included in the analysis; however it is calculated
using the depth obtained from the confocal microscope at the end of the test. The
values measured by DHM and ex situ suggest that the wear rate remains constant
after the first 50 sliding cycles. Interestingly, while the coefficient of friction and the
average roughness are increasing, the wear rate is decreasing in the same phase of
the experiment.

The in situ digital holography approach revealed a different behavior in lubricated
ceramic/metal tribocouples (i.e. WC/W). The DHM images and corresponding fric-
tion coefficients are shown in Fig. 11.12. As expected, the friction is approximately
0.1 throughout steady state. Similarly to the unlubricatedWC/W sliding contacts, the
DHM images upon initial sliding show grooves parallel to the sliding direction indi-
cating adaptation of the two surface topographies, as shown with the DHM images
in Fig. 11.12. However, unlike the lubricated sliding case, the grooves here remained
visible for the remainder of the test and the roughness values parallel to the sliding
was low throughout the duration of the test. This correlated well with the low and
steady friction values in the lubricated conditions.

An added benefit of integrating DHM into a tribometer is the observations of
individual particles from consecutive images within the lubricant. An example of the
consecutive images within the wear track is shown in Fig. 11.13. The observations
clearly indicate that the particles are mobile and float within the hexadecane for
the WC/W tribocouple with hexadecane. More details on this analysis can be found
elsewhere [23].

11.3.2 Tungsten Sliding Against Diamond-like Carbon

In situ digital holography was also used more recently on diamond-like carbon coat-
ings in order to provide a better understanding of the interfacial phenomena in lubri-
cated and unlubricated sliding conditions. Figure 11.14 shows the average friction
coefficient as a function of the cycle number for the two conditions. Similarly to the
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�Fig. 11.11 a Evolution of friction coefficients and average roughness. bRoughness values obtained
using a thin rectangle parallel to the sliding direction and a thin rectangle perpendicular to the sliding
direction (right panel). The roughness values obtained from the two directions versus the cycles
are shown in left panel. c Wear rate for dry sliding W against WC. Roughness and wear rate are
obtained from in situ holographic microscopy. Due to the large wear track created with the WC
tip, wear rates are only possible to be obtained up to the 80th cycle. The last data point of the wear
rate is obtained using ex situ confocal microscopy. It represent the average wear over ~520 cycles
(Reprinted with permission from [23])

Fig. 11.12 Top: Evolution of the coefficient of friction as function of the sliding speed of a tungsten
carbide sphere sliding against tungsten lubricated by PAO for sliding speeds ranging from 0.2 to 20
mm/s. Bottom: Topography of the wear track at different stages of the experiment (Reprinted from
[23])

lubricated tungsten carbide/tungsten tribocouple. the friction coefficient of a-C:H
sliding against tungsten with hexadecane is approximately 0.1 and remains nearly
constant throughout the test (Fig. 11.14a). As a comparison, the dry sliding of a-C:H
against tungsten resulted in slightly higher steady state friction values (Fig. 11.14b)
however increased to above 0.4 between 2000 and 3000 cycles (Fig. 11.14c). The
DHM images of the different conditions are shownwithin the figures and the observa-
tions followed the friction behavior closely; the lubricated test showed smooth wear
tracks with lower roughness parallel to the sliding direction, while the dry sliding
resulted in higher roughness parallel to the sliding. The behavior is also observedwith
the holographic images within the figures, where the lubricated conditions showed
smootherwear tracks compared to the dry sliding case. Consistentlywith the increase
in friction between 2000 and 3000 cycles for the unlubricated condition, the holo-
graphic images showed an increase in surface roughness and increased presence of
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Fig. 11.13 DHM images of two consecutive cycles (i.e. cycles 90 and 91) for a sliding velocity of
5 mm/s. Observations of individual particles indicate that the particles are mobile and float within
the hexadecane (Reprinted with permission from [23])

debris particles (Fig. 11.14c) different experiments. The black line represents the
average value obtained from two experiments, and the blue lines show the mini-
mum and maximum values at each cycle. (b) Coefficient of friction vs. cycle as well
as holographic images of the wear track under dry sliding conditions for the first
1000 cycles and (c) long experiments (i.e. between 1000 and 4000 cycles). Exper-
iments with higher cycle numbers show that the coefficient of friction increases up
to 0.5 between 2500 and 3000 cycles, after which it fluctuates between 0.2 and 0.5.
From [19].

11.3.3 Aluminum Sliding Against Sapphire

In a more recent study, in situ DHM was combined with optical in situ observation
of the contact in order to study the interfacial processes in lubricated metallic (i.e.,
aluminum based) sliding conditions, as shown in Fig. 11.15 (see [24]). The DHM
analysis in this study showed that the roughness evolution followed the coefficient of
friction trend closely, with initially low values followed by higher roughness during
steady state. Consistently, the optical in situ observation of the contact revealed that
the transfer film behavior correlated well with the roughness of the worn surfaces
and the subsurface microstructure of the worn surfaces [24].
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Fig. 11.14 a Friction coefficient as a function of the number of sliding cycles of a a-C:H coated
sphere sliding against a tungsten plate lubricated by hexadecane at room temperature. The friction
values are averages of two consecutive experiments. The insets show snapshots of the topography
recorded byDHM.bFriction coefficient vs. cycles for an unlubricated a-C:H sphere against tungsten
with 1000 cycles (b) and 4000 cycles (c). Instabilities in friction appear after approximately 3000
cycles (Reprinted with permission from [19])

Fig. 11.15 Schematic representation of combining in situ and on-line methods for studying the
interfacial processes in sliding couples. (Reprinted with permission from [24])



304 M. Dienwiebel and P. Stoyanov

11.4 Conclusion

This chapter has addressed and outlined fundamental aspects of topography mea-
surement techniques that allow performing in situ quantification of roughness, wear
and surface morphology during sliding experiments. The main focus was on holo-
graphic microscopy integrated in custom-build tribometers. The use of DHMwithin
tribometers broadens our understanding of the sliding processes and mechanisms
that govern the friction and wear behavior. This approach was demonstrated with
different material couples including metallic contacts in the lubricated and unlubri-
cated conditions. In addition, there exists several opportunities of combining DHM
with other in situ techniques (e.g. optical observation of the contact) in order to
study the interfacial processes in lubricated metallic. As a future outlook, combining
in situ techniques with ex situ transmission electron microscopy or scanning elec-
tron microscopy will provide a better understanding on the interfacial phenomena
and velocity accommodation modes of tribosystems.
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Chapter 12
Understanding the Tribochemistry
of Lubricant Additives by Ab initio
Calculations: The Case of Phosphites

M. Clelia Righi

Abstract The search for novel lubricants to improve the energy efficiency of engines
and help mitigate the environmental effects of carbon dioxide emissions has gained
increasingly importance in recent years. Commercial lubricants contain a wide range
of compounds including those that undergo tribochemical reactions and form friction-
or wear-reducing films. A microscopic understanding of tribochemical reactions
is of paramount importance for designing new, environmental-friendly lubricants.
However, many aspects of tribochemistry remain elusive due to the difficulties in
experimentally probing the sliding buried interface. Simulations can play a decisive
role in this context, in particular ab initio molecular dynamics (AIMD), where both
the ionic and electronics degrees of freedom are fully taken in into account. This is
essential for an accurate description of reactions in situations of enhanced reactivity
imposed by the tribological conditions. This chapter offers an example of application
of ab initiomethods in tribochemistry. A twofold analysis of the reactionmechanisms
and effects of tribochemical reactions involving organophosphorus additives at iron
interfaces allowed to understand the mechanisms of function of phosphorus-based
additives in boundary lubrication.

12.1 Introduction

Many tribological phenomena can ultimately be described as chemical reactions
occurring in the presence of mechanical forces, i.e., tribochemical reactions (TRs).
One important example is represented by boundary lubrication, where tribologically-
induced modifications of the surfaces interacting with lubricant-additives (or with
other molecules present in the environment surrounding the sliding media) can dra-
matically change the adhesion and friction of the materials in contact. Therefore,
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it is highly important understand their activation mechanisms. Our knowledge of
the reaction kinetics and thermodynamics driving forces at the open surface is not
sufficient for this aim, since the tribological conditions alter the reaction kinetics.
Tribological conditions include frictional heating, molecular confinement, shear
stress, and high pressure. Usually, the reaction rate is observed to increase, a phe-
nomenon referred to as “mechanical catalysis” in the field of mechanochemistry,
where chemical andmaterials syntheses are achievedwith the application ofmechan-
ical forces. Many aspects of mechanochemistry as well as tribochemistry remain
elusive due to the difficulties in directly probing the interface: From the analysis of
the reaction products, typically by means of post mortem spectroscopic analysis, it
is possible to acquire information on the type of chemical reactions occurred, but
very little can be inferred on the activation mechanisms, reaction pathways and rates.
Simulations can play a decisive role here, in particular ab initiomolecular dynam-
ics (AIMD), where both the ionic and electronics degrees of freedom are fully taken
in into account. This is essential for an accurate description of bond-breaking and
bond-forming reactions in situations of enhanced reactivity imposed by the tri-
bological conditions. However, the use of AIMD in tribology has been very scarce
and most of the existing simulations of tribochemistry are based on force fields, i.e.,
on a parameterization of the atomic interactions. While many force fields are avail-
able for selected chemical environments, their transferability is often poor, especially
to describe the non-ordinary conditions present at the tribological interface. In this
chapter we show that ab initio methods can succesfully be applied to understand the
functionality of lubricant additives.

The design of lubricants to decrease friction and wear in machine components is
an important way to increase the energy efficiency of mechanical systems while tak-
ing into account restrictive environmental requirements and technological advances
[1]. Lubricants are formulated products composed of base oil and a package of addi-
tives designed for specific performance needs. The additives can be classified as
chemically active, i.e., designed to chemically interact with the surface and form
protective layers, or chemically inert, i.e., with the function of improving the phys-
ical properties of the bulk materials. Most of lubricant additives have a non-polar
part, usually consisting of a hydrocarbon chain, the functionality of which is to sol-
ubilize the molecule into the base oil and a functional polar group that reacts with
the surface. Here we consider extreme-pressure (EP) and anti-wear (AW) additives
where the key elements of the functional group are sulfur and phosphorus. EP, AW
additives are typically used in synchronizer systems, [2] which reduce the speed
difference between the shaft and the idler gear [3]. The synchronizing system is a
key component of manually operated vehicle transmissions, as fluent transmission
operations have become increasingly important to drivers in the recent years. Gear
oils must perform in conditions and applications that can vary drastically, therefore
they are enriched by additives that protect seals, improve thermal, oxidative and vis-
cosity stability, provide micropitting resistance, bearing corrosion protection, foam
resistance, enhanced demulsibility and load-carrying capacity. The concentration of
EP and AWAdditives that work in severe conditions is higher in gear oils, which are
enclosed in gear boxes, than in engine oils [4, 5].
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S- and P-based compounds are largely used as EP and AW additives for gear
oils [6–8]. EP additives typically adsorb onto the metal surface either by physical or
chemical attraction [9, 10]. Under severe tribological conditions, they react with the
surfaces forming surface films that prevent the welding of opposing asperities and
avoid scuffing that is destructive to sliding surfaces under high loads [11].

The action mechanism of the sulfur-based EP/AW additives was first proposed by
Davey et al. [12] and then refined by Forbes et al. [13]. The sulfur compounds adsorb
on an iron surface and under tribological conditions form inorganic iron sulfide film,
which can reduce frictional wear and prevent seizure. The Fe–S formation under
boundary lubrication conditions has been identified in different studies [14–16].
Recently, Li et al. considered three novel S-containing alkyl phenylboric esters [17,
18]. After the tribotest, the worn surface was investigated by X-ray absorption near
edge structure spectroscopy (XANES) and Fourier transform infrared (FT-IR) spec-
troscopy. The surface analysis confirmed the presence of iron sulfide.

The chemical structure of P-containing additives influences the nature and the
tribological performances of the tribofilm as highlighted in [19–22], where phos-
phite and phosphate have been compared. Typically, organic phosphites function as
friction-modifiers whereas phosphates as anti-wear additives. Post mortem analy-
sis of the boundary lubrication film formed on frictional surfaces showed that an
iron phosphate compound is often obtained from phosphates [15, 22–24]. First, the
organic phosphate molecule adsorbs on the iron substrate and then, iron phosphate is
formed due to thermal/mechanical decomposition, [26–32] but also due to hydrolysis
[23, 25]. The formation of iron phosphate as a boundary lubrication film that pre-
vents wear-out has been observed with steel ball-on-disc tribotest followed by X-ray
photoelectron spectroscopy (XPS) [33]. Philippon et al. have proposed a decompo-
sition mechanism of a model EP additive, trimethylphosphite (TMPi), on nascent
iron surface [34] that leads to the formation of iron phosphide film under tribological
condition [35–37].

Ab initio calculations have been applied to investigate the functionality of P-
containing additives. A twofold analysis have been performed: (i) the tribochemical
reactions that lead to the formation of a tribofilm starting from P-containing additive
molecules have been identified by combining chemisorption studies and ab initio
molecular dynamics simulations; (ii) the functionality of the P-containing tribofilms
has been elucidated by first principles calculations of intrinsic tribological properties
of iron interfaces. The main stages of this analysis are described in the following to
provide an example of a computational protocol that can be applied to the research
in lubricant additives.
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12.2 Combining First Principles Calculations and XPS
Experiments to Study the Adsorption of Lubricant
Additives

Heavy molecular weight organophosphorous additives like triphenylphosphite are
used as in commercial lubricants. The functional group containing phosphorous
affects the frictional properties while the long hydrocarbon chains have the function
to improve the additive solubility in oil. Since it is difficult to evaporate such heavy
molecular weight additives in UHV, 10−9 hPa, smaller molecules, having similar
active gropus, are used as model compounds for experimental research in lubricant
additives. Among all types of phosphite additives, trimethylphosphite (TMPi), with
chemical formulae P(CH3O)3, is probably the simplest compound containing the
phosphite ion, thus it was chosen as a model to provide a basic understanding on
the functionality of organophosphorous additives. First principles calculations based
on density functional theory (DFT) were applied to elucidate the mechanism of P
release from TMPi decomposition at the iron surface. The numerical results were
discussed in relation to the in situ XPS analysis performed on metallic iron after
TMPi thermally-controlled adsorption [38].

Spin-polarized DFT calculations were performed within the generalized gradi-
ent approximation proposed by Perdew–Burke–Ernzerhof (PBE) to describe the
exchange correlation functional [39]. The electronic wave-functions were expanded
on a plane waves basis and the ionic species were described by pseudopotentials.
The Fe(110) surface was considered since it is the most stable among the densely
packed iron surfaces [40]. The surface is modeled by means of periodic supercells
containing an iron slab of (4× 4) in-plane size, e.g. 16 atoms per layer, and a vacuum
region 20 Å thick. It has been verified that the choice of the (4 × 4) in-plane size is
sufficient to avoid lateral interaction of TMPi with its periodic replicas. To identify
the microscopic mechanisms that govern the release of P and its adsorption onto the
Fe(110) surface by TMPi dissociation, the adsorption of TMPi was first studied and
then the reaction paths for molecular dissociation were calculated by means of the
Nudged elastic band (NEB) method [41]. The NEB method allows us to obtain the
minimum energy path (MEP), which is the path with the greatest statistical weight,
followed by the system in a transition from an initial to a final state. In the adsorption
study, the initial and final states corresponded to the undissociated and dissociated
adsorption configurations identified as the most stable ones.

Temperature-programmed reaction spectroscopy (TPRS), X-ray photoelectron
spectroscopy (XPS) and low-energy electron diffraction (LEED) [42] experiments
have shown that TMPi decomposes into adsorbed phosphorous and gaseous CO
and H2 via the methoxy (CH3O) intermediate on clean Fe(110), leaving behind a
phosphide film. In agreement with these observations, the calculated reaction ener-
gies indicate that the molecular dissociation via methoxy detachment is a highly
exothermic process [38]. Furthermore, the calculations revealed that the adsorption
of molecular fragments is more favorable when the fragments are isolated on the
surface, i.e., they do not share metal atoms with neighboring adsorbed fragments.
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Fig. 12.1 Schematic representation of the TMPi dissociation into atomic phosphorus and adsorbed
methoxy groups on the Fe(110) surface (a). Initial and final states for each methoxy detachment
process (b) [31]. Fe is colored in blue, P in yellow, O in red, C in grey, and H in white

This result indicates that TMPi dissociative adsorption is favored in the presence of
open Fe sites, as evidenced by the experiments that highlighted the key role played
by the nascent metallic surfaces on the tribochemistry of phosphites [43, 44].

A schematic representation of TMPi dissociation in atomic phosphorous and
methoxy groups on the Fe(110) surface is offered in Fig. 12.1a, while the initial
and final states of each reaction of methoxy detachment are reported in Fig. 12.1b in
a ball-and-stick representation. The TMPi molecule binds to the surface forming a
P–Fe bond. Via methoxy detachment, the number of P–Fe bonds increases until the
P atom is adsorbed into a long bridge site, where it is bonded to four Fe atoms. The
energy of the dissociated adsorption configurations decreases with the number of
detached methoxy groups, and the most stable adsorption configuration is obtained
when all the methoxy groups are detached and atomic P is released at the surface.
The passivation of the Fe surface with phosphorus through TMPi dissociation is thus
an energetically favorable process.

The reaction paths and corresponding energy barriers obtained by means of the
NEB method are reported in Fig. 12.2. The results indicate that an activation energy
of EA � 0.75 eV is necessary for the first methoxy detachment, and produces an
energy gain of ER � −0.73 eV (Fig. 12.2a). The remaining P(CH3O2) is less stable
than the entire molecule, thus the second methoxy detachment requires a lower
activation energy (EA � 0.23) and produced an higher gain (ER � −1.20) than the
first methoxy dissociation and (Fig. 12.2b). Such energy gain is sufficient to promote
the decomposition of the residual P(CH3O) fragment in elemental P and adsorbed
methoxy, which is still an exothermic process (ER � −0.78).

The formation of iron phosphide from the TMPi adsorption onto metallic iron
at different temperatures has been investigated thanks to in situ surface analyses.
Figure 12.3 shows the P2p XPS spectra of phosphorous obtained in situ after adsorp-
tion of TMPi onto an etched steel surface at various temperatures. The chemisorption
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Fig. 12.2 Reaction paths, energies,ER, and barriers,EA, for subsequent methoxy detachment from
the the TMPi molecule [31]

of TMPi molecules is evidenced by the appearance of the P2p XPS peak at 133.2 eV
at 100 °C. The characteristic peak of iron phosphide appears clearly at a tempera-
ture of 300 °C with a distinct characteristic binding energy of 130 eV. These results
strongly suggest that the formation of iron phosphide is thermally-activated. In fact,
temperatures above 200 °C increase the formation of phosphide to a large extent,
providing sufficient energy to dissociate the TMPi molecule. Although iron phos-
phide formation is evidenced, undissociated TMPi molecules are also observed on
the surface, as shown by the characteristic binding energy at 133.5 eV.

The combined computational and experimental analysis above described revealed
that the full TMPi dissociation, leading to phosphorus release, can occur once the
activation energy is provided, e.g. by heating the sample. In the next section the
effects of mechanical stresses (load and shear) in the activation of the reaction will
be considered.
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Fig. 12.3 In situ X-ray
photoelectron spectroscopy
P2p lines recorded after
TMPi thermally controlled
adsorption onto etched steel,
e.g. metallic iron [31]

12.3 Effects of Mechanical Stresses on Additive
Decomposition at the Tribological Interface

The tribological conditions, which include high temperatures, molecular confine-
ment, load and shear stresses can highly enhance the rate of chemical reactions.
The first proposed mechanisms [45] attributed the increase of the reaction rates to
extremely high temperatures, “flashes temperatures,” that develop at few discrete
“hot spots,” where the contact between the two surfaces occurs [46]. Such tempera-
ture increase has been also proposed to produce local excitations, “magama plasma,”
that decay rapidly into a local heating of the surface [47]. However, recent works have
shown that tribochemical reactions can take place even though the temperature raise
during sliding is negligible or limited and highlighted the primary role of mechanical
stresses in the activation of chemical reactions [48–57]. AIMD simulations of tribo-
chemical reactions involving water molecules confined at diamond interfaces have
shown that confinement under pressure is the driving force formolecular dissociation
and reaction rates are functions of load. In particular, it was found that the higher
the load, the more effective the surface passivation by water dissociation is, which
in turn leads to a reduction of friction [58, 59].

Applying AIMD to study the tribochemistry of additives at iron interfaces repre-
sents a great computational challenge due to difficulty imposed by the presence of
a metallic system where the ionic and electronic degrees of freedom can exchange
energy due to the absence of a band gap. In addition, the magnetic character of iron
imposes the use of spin polarization. This challenge has been successfully faced [60]
by adopting the Born Oppenheimer scheme, where the ions are moved according to
the Hellmann–Feynman forces obtained from the total electronic energy, which is
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minimized at fixed ionic position every MD step. In this way the ionic and electronic
degrees of freedom are decoupled and the dynamics ofmetallic systems, even includ-
ing magnetization, can be described in accurate way. Iron interfaces, composed by
two self-mated Fe(110) surfaces, were modeled by means of two slabs with (4 × 4)
in-plain size. The Brillouin zone sampling was realized by means of a (2 × 2 × 1)
Monkhorst Pack grid [61]. The bottom layer of the lower slab (the substrate) was
held rigid, while the upper slab (the counter-surface) was moved at constant velocity
of 200 m/s. A vertical force was applied to the atoms belonging to the top layer of
the counter-surface to model an applied pressure the value of which was varied to
evaluate the dependence of the reaction rates on load. In the initial configuration,
common to all the performed simulations, a TMPi molecule per cell (of ~100 Å2

area) was adsorbed in its most stable configuration on the iron substrate and the sys-
tem was relaxed under the effects of the applied pressure. After the relaxation, the
system was equilibrated at a constant temperature of 300 K and the countersurface
was laterally moved with constant velocity.

In the first simulation, the pressure was fixed to 0.5 GPa. During a simulated
time interval of 7 ps the system dynamics consisted in molecular vibrations, mainly
rotations of each methyl group around the axis along the CO bond, and we did not
observe any dissociative reaction. By increasing the pressure to 2 GPa, molecular
dissociation is, instead observed after 1 ps. As can be seen in Fig. 12.4a, b, as soon
as the iron counter-surface gets closer to the molecule, the oxygen atoms become
attracted by the iron countersurface, the PO bonds get stretched and finally dissoci-
atevily adsorb on the countersurface while elemental phosphorus remains adsorbed
on the substrate (Fig. 12.4c).

The reaction path just described is perfectly consistent with that predicted by the
NEBmethod and observed experimentally at the open surface (Sect. 12.2).Molecular
dissociation occurs, in fact, throughmethoxy detachment and the importance of clean
Fe sites for favoringmethoxy adsorption appears evident in the dynamic simulations,
where the clean Fe counter-surface attracts methoxy groups. We also observed that
the released elemental phosphorus at the end of the MD simulation was located at
a long bridge site, which was indicated as the most favorable site for P adsorption
at the Fe(110) surface (Fig. 12.1a). It is interesting to notice that the molecular
dissociation observed during the dynamic simulation occurred as expected on the
basis of thermodinamical driving forces. However, the activation time for TMPi
dissociation observed in the dynamic simulation under tribological conditions turned
out to bemuch shorter than the activation timeobtained by applying theArrhenius law
at room temperature and considering a dissociation barrier of 0.75 eV, as reported in
Sect. 12.2. This result, along with the different trajectories that we obtained for the
two simulations at 0.5 and 2 GPa, indicate that the mechanical stresses play a crucial
role in accelerating the reaction rates.

In the second part of the dynamic simulation at 2 GPa pressure, it was observed
the tendency of phosphorus at low concentration on the substrate to interact with the
counter-surface. Once Fe–P bonds were established across the interface the surface
separation was reduced (Fig. 12.4d) and a direct contact between few metal atoms
occurred (Fig. 12.4e). The direct metal-metal contact was sufficient to promote the
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Fig. 12.4 Snapshots acquired during AIMD simulation of TMPi tribochemistry at iron inter-
faces under 2 GPa pressure and room temperature. The simulation time increases from panel (a) to
panel (f) [60]

cold sealing of the two iron surfaces and the molecular fragments remained embed-
ded in the iron matrix (Fig. 12.4f). This event in real life would be detrimental,
corresponding e.g. to engine seizure. An increased phosphorous coverage is crucial
to prevent direct metal-metal contact [62].

A closer inspection of the molecular fragments embedded in the iron matrix
revealed that the methoxy group got dissociated into H atoms on CO molecules.
This result, in agreement with the observation that the dissociation of a COmolecule
on the Fe(110) surface is an endothermic process, [63] reveals that O adsorption
does not compete with P adsorption from TMPi decomposition. This can explain the
higher efficiency of phosphites than phosphates observed in the experiments [62].

12.4 Functionality of Phosphorous in Reducing Adhesion
and Friction

Gas phase lubrication (GPL) experiments are ideal experiments to provide under-
standing on the functionality of extreme pressure additives because the chemical
compounds are tested without the presence of the base oil, thus mimicking boundary
lubrication conditions. In a gas phase lubrication experiment the friction coefficient
of a steel-on-steel sliding contact was first measured in ultra high vacuum (UHV)
and then in the presence of 1 hPa of TMPi. As can be seen in Fig. 12.5a, TMPi turned
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out to be very effective in reducing the friction coefficient of steel. The wear tracks
formed on the surface of the steel flat at the end of the experiments in the presence
of TMPi were observed by optical microscopy (Fig. 12.5b). A tribofilm was clearly
evidenced. To check this assumption, in situ surface analyses were carried out inside
and outside the wear tracks formed on the flat immediately after the friction experi-
ments. This is made possible by transferring the steel flat from the tribometer to the
analysis chamber thanks to the UHV intermediate preparation chamber. The signif-
icant advantage of in situ analyses is that the signals are not changed and/or masked
by an oxidation in air as in the case of ex situ surface analyses. This permitted to
clearly identify iron phosphide inside the wear tracks (Fig. 12.5b). Therefore, a film
composed by iron and elemental phosphorus was generated during the tribological
test and it was responsible for the observed friction reduction.

First principles calculations were carried out to shed light into capability of phos-
phorus to reduce iron friction.

A computational protocol to calculate from first principles two intrinsic tribolog-
ical properties of solid interfaces, namely the work of separation W and the ideal
interfacial shear strength, τ , was proposed in [64] These properties, which corre-
spond to the energy required to separate two surfaces from contact and to the static
friction force per unit area, are ruled by the physical/chemical interactions between
the surfaces in contact. First principles calculation based on Density Functional
Theory (DFT) can accurately describe surface-surface interactions, offering the pos-
sibility to characterize in silico the adhesive and shear strength of materials and their
change due to surface chemical modification. The protocol was applied to identify
the effects of surface passivation in diamond [65], to compare the friction reduction
properties of phosphorus and sulfur [66], and to understand the lubricating proper-
ties of graphene [67]. The protocol has been recently implemented as a workflow
to perform high throughput calculations of the intrinsic tribological properties of
solid interfaces [68]. Here we show how it can be applied to quantify the effects of
phosphorus on the adhesion and resistance to sliding og iron.

It is well known that phosphorus segregates in iron and forms 2D chemisorbed
overlayers, [69] but there is presently no experimental information on their structure
in the literature. The most favorable adsorption site for P at the Fe(110) surface,
was indentified by means of first principles calculations by comparing the adatom
energy at high symmetry locations [20]. The long bridge site, having the highest
coordination, turned out to be themost stable adsorption location. Then, the effects of
coverage were evaluated by comparing the P adsorption energy in the configurations
represented in Fig. 12.6. It turned out that a coverage increase with respect to 0.25
ML (Fig. 12.6b) destabilizes the overlayer. In particular, the adsorption energy per
atom increases by 6% for a coverage increase to 0.5 ML (Fig. 12.6c) and by 21% at
full coverage (Fig. 12.6d) [70].

The interfaces were modeled by self-mating the optimized surfaces represented in
Fig. 12.6. A ball-stick representation of the optimized interface structures obtained
for the PES minima is presented in Fig. 12.7, the corresponding work of separation,
W , and the distance between interfacial Fe layers, zeq, are reported in Table 12.1.
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Fig. 12.5 Steady-state friction coefficient obtained under GPL at room temperature for steel/steel
friction pair in vacuum and in the presence of TMPi (a). High resolution XPS spectra recorded
in situ after the tribo-test in the presence of TMPi with and without the wear tracks (b)

Fig. 12.6 Top view representation of the Fe(110) surface with different P coverages θ [20]
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Fig. 12.7 Lateral view representation of the iron interfaces obtained by self-mating the surfaces
with different P coverages represented in Fig. 12.6. The lateral and vertical relative position of the
self-mated surfaces correspond to the optimal ones [62]

Table 12.1 The work of separation,W , and the equilibrium distance, zeq, separating the innermost
Fe layers at the interface are reported for the PES absolute minimum

Interfacial
coverage

Wsep(J/m2) Zeq (Å) τ x (GPa) τ y (GPa)

θ � 0 4.8 2.0 10.1 10.1

θp � 0.25 1.71 3.2 4.0 4.0

θp � 0.5 0.6 4.3 3.3 2.1

θp � 1.0 0.04 7.3 0.1 0.1

The shear strengths, τ , are calculated for the MEPs along the [−110] and [001] sliding directions
[20]

The adhesion energy was calculated for different relative lateral positions, con-
structing in this way the PES for the sliding interface. In Fig. 12.8 the PESes of
the bare interface and that obtained including interstitial phosphorus at an interfa-
cial coverage of 0.25 are compared. A common energy scale is used, the blue color
indicates the PES minimum, which is taken as reference and the red color is for the
PES maximum. As can be seen in Fig. 12.8a, the minima of the PES for the clean
interface are located at LB positions, i.e., where a new layer would be positioned
in the bcc structure of iron bulk. Two clean iron surfaces in contact undergo a cold
sealing (Fig. 12.7a): the optimized interfacial separation corresponds to the interlayer
distance in Fe bulk, the work of separation W sep is equal to the energy required to
form two Fe(110) surfaces and the shear strength τ x,y � 10 GPa is typical of bulk
iron.

The situation is completely altered if the mating surfaces are P-terminated. At
interfacial coverage θP � 0.25 (Fig. 12.7b) the distance between the interfacial Fe
layers increases by 60% and the adhesion decreases by one order of magnitude with
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Fig. 12.8 Two-dimensional representation of the PESes obtained for the clean (a) and the P-
containing iron interface (P atoms are in yellow) at relative concentration of 0.25 (b). A common
energy scale is used for the potential corrugation [62]

respect to the clean iron interface. A decreased adhesion gives rise to a smoother PES,
as can be seen in Fig. 12.8b, and lower frictional forces: the shear stress decreases
by 60%.

In Fig. 12.7c, d it can be seen that by increasing the concentration of interfacial
phosphorus to θP � 0. 5 and θP � 1, the distance between the surfaces increases
and chemical bonds are no longer present across the interface, the surfaces are hold
together by physical interactions. The disappearance of chemical bonds produces a
considerable decrease in the adhesion and shear strength (last two columns of Table
12.1). In particular, in the case of two fully passivated surfaces in contact the short-
range repulsion between interfacial P layers causes a decrease of adhesion and shear
strength by two orders magnitude with respect to clean iron. The magnitude of the
physical interactions are most likely underestimated by DFT-PBE. However, such
consistent changes give a clear indication of the dramatic effect of phosphorus in
reducing friction and adhesion at iron interfaces, in agreement with the tribolog-
ical experiments and with the well known effect of iron embrittlement caused by
phosphorous.

The above described results clearly indicate that atomic phosphorsus is able to
effectively reduce the adhesion and shear strength of iron, in excellent agreement
with the experimental observation of a friction reduction promoted by the formation
of an iron phosphide tribofilm. This clearly exemplify the power of first principles
calculation in the research on lubricant material, as chemical surface modifications,
accurately described by first principles methods, can impact macroscale properties
as the friction coefficient.

12.5 Conclusions

The power of ab initio methods in the research in lubricant materials has been high-
lighted through an example study on the functionality of organophosphorus additives.
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GPL experiment and spectroscopic analysis revealed that the ability phosphite addi-
tives to reduce friction relies on the formation of an iron phosphide tribofilm. Ab
initio calculations were applied to provide insights into these experimental findings
and a twofold analysis was performed with the aim at identifying: (i) the microscopic
mechanisms that lead to iron-phosphide formation through phosphite decomposition,
(ii) the functionality of phosphorus in reducing friction of iron. The first issue was
addressed by studying themolecular decomposition at the surface and at the tribolog-
ical interface by means of ab initio molecular dynamics simulations. The atomistic
mechanisms for P release were clearly identified and the role of mechanical stresses
in promoting the process were highlighted. The second issue was faced by applying
a computational protocol that allows one to calculate intrinsic interfacial properties
as adhesion and shear strength, which provided results in excellent agreement with
the experimental observations.
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