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Abstract
The discovery and subsequent synthesis of metal containing fullerenes- IFS (Inorganic Fullerene-like Structures) by R.
Tenne et al. has generated considerable scientific interest with great potential impact in many industrial application areas
such as lubrication. The lubrication mechanism (tribofilm formation) via exfoliation and deposition of the atomic layers
from this cage-like IF-particles was revealed and demonstrated first by this research group. The incorporation of the
nanoparticles into lubricants (oils, greases) is however not straightforward.

When two surfaces are sliding against each other and a lubricant is used, a thin layer (tribofilm) is formed on the contact
area. The friction reducing effects of the nanoparticles can be altered or hindered by certain additives that are used in
lubricative oils. The effects of such additives on the tribological behavior of the nanoparticles are investigated by analyzing
the tribofilms formed on the worn surfaces using energy-dispersive X-ray spectroscopy in a scanning electron microscope.
Another challenge of nanoparticles in lubricants is the penetration of the nanoparticles into the contact zone. A possible
solution of this problem is briefly discussed.

A modified burnishing technique can be used to coat sliding metallic surfaces with a friction reducing tribofilm. The
morphology and composition of these tribofilms was investigated with analytical electron microscopy techniques.

In the second part of the thesis electron microscopy was used to investigate the material transfer. Titanium is an elements
with high adhesive ability to the counter surface, it displays poor tribological properties in sliding metallic contacts. This
can lead to material transfer and consequently severe surface damage. The cold formation and machining of titanium, thus
can lead rapid tool wear and poor surface finish. Electron microscopy techniques were used to study the mechanism of
titanium transfer to different counter surfaces.
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Abstract

The discovery and subsequent synthesis of metal containing fullerenes- IFS (In-
organic Fullerene-like Structures) by R. Tenne et al. has generated considerable
scienti�c interest with great potential impact in many industrial application
areas such as lubrication. The lubrication mechanism (tribo�lm formation) via
exfoliation and deposition of the atomic layers from this cage-like IF-particles
was revealed and demonstrated �rst by this research group. The incorporation
of the nanoparticles into lubricants (oils, greases) is however not straightfor-
ward.

When two surfaces are sliding against each other and a lubricant is used,
a thin layer (tribo�lm) is formed on the contact area. The friction reducing
e�ects of the nanoparticles can be altered or hindered by certain additives that
are used in lubricative oils. The e�ects of such additives on the tribological be-
havior of the nanoparticles are investigated by analyzing the tribo�lms formed
on the worn surfaces using energy-dispersive X-ray spectroscopy in a scanning
electron microscope. Another challenge is the penetration of the nanoparticles
into the contact zone. A possible solution of this problem is brie�y discussed.

A modi�ed burnishing technique can be used to coat sliding metallic sur-
faces with a friction reducing tribo�lm. The morphology and composition
of these tribo�lms was investigated with analytical electron microscopy tech-
niques.

In the second part of the thesis electron microscopy was used to investigate
the material transfer. Titanium is an elements with high adhesive ability to
the counter surface, it displays poor tribological properties in sliding metallic
contacts. This can lead to material transfer and consequently severe surface
damage. The cold formation and machining of titanium, thus can lead rapid
tool wear and poor surface �nish. Electron microscopy techniques were used
to study the mechanism of titanium transfer to di�erent counter surfaces.
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Content of this thesis

This thesis is comprised of a written section, presented in parts I, II and III,
that provides details of the author's contributions, and three scienti�c papers
presented in part IV. The papers are:

I I. Z. Jenei et al., Correlation Studies of WS2 Fullerene-Like Nanoparticles

Enhanced Tribo�lms: A Scanning Electron Microscopy Analysis, Tribology
Letters, vol. 51, no. 3, pp. 461-468, 2013

II J. Heinrichs et al., Morphology and composition of tribo�lms deposited

using tribochemical burnishing technique, Tribology - Materials, Surfaces
& Interfaces vol. 8, no. 1, pp. 14-20, 2014

III J. Heinrichs et al., Transfer of titanium in sliding contacts - New discov-

eries and insight revealed by in situ studies in the SEM, Wear, vol. 315,
no. 1-2, pp. 87-94, 2014

Reprints were made with permission from Springer, Elsevier and Maney Pub-

lishing.

Part I of the thesis describes the theoretical background of scanning elec-
tron microscopy(SEM), transmission electron microscopy (TEM) and electron
energy loss spectroscopy (EELS).

In part II of the thesis the tribological e�ects of the inorganic fullerene-
like nanoparticles are discussed. This part also includes the morphological
and compositional studies of tribo�lms deposited with a modi�ed burnishing
technique.

Part III of the thesis material transfer and galling studies of titanium are
presented.

Parts of the methodology and certain results concerning the tribological
studies of WS2 nanoparticles has to an extent been presented in the Licentiate
thesis Scanning electron microscopy (SEM) analysis of tribo�lms enhanced by

fullerene-like nanoparticles, István Zoltán Jenei, Department of physics, Stock-
holm university (2012).

Contribution by the author

The author of this thesis has contributed to the accompanying papers as fol-
lows:

I Took part in the planning of the experiments, recorded the SEM and
EDS data, performed the EDS data analysis, the Monte-Carlo simulations,
calculated the correlations between all parameters and written the article.

II Performed the TEM investigation, STEM EDS analysis.
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III Took part in the TEM sample preparation, performed the TEM inves-
tigation, STEM EDS mapping and STEM EELS SI, contributed to the
writing of the article.

In the tribopolymerization investigation the author took part in the plan-
ning of the experiments, performed the tribotests, the EDS data acquisition
and the data analysis.
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Nomenclature

AES Auger-Electron Spectroscopy

AFM Atomic Force Microscope

BFP Back-Focal Plane

BSE BackScattered Electrons

CBED Convergent Beam Electron Di�raction

CCD Charge-Coupled Device

CRT Cathode-Ray Tube

CVD Chemical Vapour Deposition

DLC Diamond Like Carbon

EELS Electron Energy Loss Spectroscopy

EFTEM Energy Filtered Transmission Electron Microscopy

FEG Field Emission Gun

FIB Focused Ion Beam

HRTEM High Resolution Transmission Electron Microscope

HSS High Speed Steel

IF-WS2 Inorganic Fullerene-like WS2

IFLNP Inorganic Fullerene-Like NanoParticle

MFP Mean Free Path

PAO Poly-Alpha-Ole�n

PVD Physical Vapour Deposition

SAED Selected Area Electron Di�raction

SE Secondary Electrons
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SI Spectrum Imaging

STEM Scanning Transmission Electron Microscopy

TEM Transmission Electron Microscope

UHV Ultra High Vacuum

VLM Visible Light Microscope

WDS Wave Dispersive Spectroscopy

XPS X-ray Photo Spectroscopy

XRD X-Ray powder Di�raction

YAG Yttrium-Aluminum-Garnet
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Sammanfattning på svenska

Upptäckten och den efterföljande framställningen (R. Tenne och hans medar-
betare) av dem innorganiska (metall) fullerener s.k. IFS (Innorganiska Fullerene
Strukturer) har genererat betydande vetenskaplig intresse med många viktiga
potentiella industriapplikationer som till exempel friktion och nötningsreduk-
tion.

Mekanismen bakom friktionsreduktionen har för första gången kunnat för-
klaras av denna forskargrupp. Det som sker är att nano-partiklarna (i detta
fall WS2 nano-partiklar med koncentriska lök-liknande strukturer bestående av
alternerande W och S atomlager bildar en tunn hinna s.k.tribo-�lm på friktion-
sytan genom exfoliering (öppnandet av dem lök-liknande koncentriska atom-
lager). Dessa atomlager lägger sig sedan på friktionsytan och minskar friktio-
nen samt skyddar kontaktytan. Tanken är då att blanda dessa nano-partiklar
till oljor och fett som används som lubrikanter inom automobil och �yg indus-
trin samt vid bearbetning av olika metaller. Inkorporeringen av dessa nano-
partiklar i oljor och fett är däremot en ganska komplicerad process. Dem oljor
och fett som används inom automobil och �ygindustrin innehåller många andra
aktiva kemikalier som kan dels reagera kemiskt med nano-partiklarna alterna-
tivt förhindra dem att nå friktionsytan och därmed reducera deras gynnsamma
e�ekter. I detta arbete har e�ekten av dessa additives på nano-partiklarnas tri-
bologiska prestanda kartlagts genom att studera den tunna hinnan (tribo-�lm)
som bildas på friktionsytan med hjälp av olika elektron mikroskop baserade
metoder som energi dispersiv Röntgen mikroanalys, EELS (Elektron Energi
Loss Spektroskopi) etc.

En annan utmaning är att kunna transportera partiklarna intakta till frik-
tionsytan. En ny metod s.k. mikro-kapsulation (av nano partiklarna) åtföljt
av tribo-pymerisation har också tillämpats och beskrivs här kortfattad.

En ny modi�erad �burnishing� (blank polering) teknik har använts för
att belägga metallytor med friktionsreducerande tribo-�lm. Morfologin och
sammansättningen av dessa tribo-�lmer har studerats med analytisk elektron-
mikroskopi.

I den andra delen av avhandlingen elektron mikroskopiska metoder har an-
vänts för att studera material transfer vid friktion. Titanium är en metall som
har bra adhesionsförmåga till olika metallsubstrat dock har ganska begränsad
tribologisk prestanda vid glidkontakt mellan två metallytor. Detta kan leda
till materialtransfer och betydande skador på friktionsytan. Kallbearbetning
av Titanium kan därför leda till snabb nötning och mindre blanka metallytor.
I detta arbete har elektronmikroskopiska metoder använts i syfte att studera
transfer av Titanium till olika substrat.



Preface

Advanced nanomaterials, like inorganic-fullerenes (IF), used as additives to
oils and greases signi�cantly improve the anti-friction and anti-wear properties
of these lubricants, as the IF treated oils and greases extensively enhance the
performance of all sorts of moving parts, resulting in large energy savings, less
costly equipment maintenance, improved productivity and reduced pollution.

In order to be able to carry out in-situ tribological studies and to study
the tribo�lm formation and possible chemical changes on the friction exposed
surfaces, advanced analytical instruments: TEM, SEM, FIB, XPS, EDX, EELS
instruments are used.

A friction reducing mechanism will be presented and the origin of the chem-
ical changes will be discussed.

Another method (a modi�ed burnishing technique) can be used to create
tribologically bene�cial surfaces by forming low friction tribo�lms. Using this
technique, smoother surfaces (plateaus) can be created, while deeper grooves
or scratches are not e�ected by the deposition, meaning that the texture of
the surface will be conserved (e.g. honing patterns). The morphology and
composition of such tribo�lms were thoroughly investigated using TEM, STEM
and EDS techniques.

Similar analytical techniques were used to study material transfer between
sliding surfaces. The �ndings of titanium transfer to di�erent tool surfaces are
presented.





Part I

A brief introduction to electron

microscopy





Chapter 1

Foreword to electron microscopy

We humans observe the physical world with our eyes, which is sensitive for
electromagnetic radiation having wavelengths in the range of 300-700 nm. The
human eye, due to its anatomy and other physical phenomena (such as the
di�raction limit), has a resolution limit. This resolution limit is de�ned as the
shortest distance between two visually distinguishable points. Certain estima-
tions put this resolution limit to 75 µm [1]. The structures of the surrounding
world are on the other hand much smaller than this limit, for instance there
are living organisms that have dimensions of few tens of nanometers. In order
to explore and investigate the �micro� or �nano world� one needs to magnify
its dimensions to or above the eye's resolution limit. An instrument that does
this is called a microscope.

Visible light microscopes were developed already in the early 18th century.
These early microscopes made possible the discovery and observation of bacte-
ria, blood cells and other sub-cell structures. In a basic microscope two optical
lenses were used: an objective lens and an eye-piece (see Figure 1.1). Through
the development of microscopes, adding more lenses, the magni�cation could
be increased. In principle, a combination of many lenses could provide an
arbitrarily large magni�cation. Large magni�cation, however does not mean
in�nitesimally small resolution. The �rst obstacle encountered is the aberra-
tion of the lenses. Even an aberration-free microscope has a resolution limit
de�ned by the di�raction limit. Abbé concluded in 1873 that the best objective
resolution would be ≈ 0, 3µm.

One can improve the resolution by reducing the wavelength of the elec-
tromagnetic radiation. A simple way to do this is to use an oil impression
objective lens, this way the wavelength would be reduced by a factor of the
refractive index of the oil. The use of ultra-violet radiation further improves
the resolution (the wavelength being 100-300 nm).

In the 1920s de Broglie proposed that material particles can have wave
nature as well, their wavelength, λ can be given as λ = h/p, where h is Planck's
constant and p is the particle's momentum. Using high energy electrons, their
wavelength can be reduced to the 10−12m range. This phenomenon inspired the
construction of the electron microscope. Electrons, accelerated to the proper
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eyepiece

objective
lens

transparent
sample

Figure 1.1: A schematic representation of a simple visible light microscope

velocity, can be transmitted through thin samples. From here stems the name
of the microscope: transmission electron microscope (TEM). Using magnetic
lenses, images can be constructed in a similar manner as in case of the light
microscope. Since the wavelength of the electrons is much smaller than the
wavelength of visible light, the resolution could be reduced signi�cantly. In the
early '90s TEMs having 200 kV accelerating voltage could provide a resolution
of 0,3 nm.

A limitation of the TEM is that all samples need to be electron-transparent.
This constraint urged the development of an electron microscope using a dif-
ferent operational principle, which makes possible the examination of thick
(bulk) specimen as well. If an electron beam penetrates the sample surface, a
small fraction of the beam could be back-scattered. Some incident electrons can
excite and activate electrons in the sample, that can be emitted as secondary
electrons. By scanning the surface of the specimen with an electron beam, the
back-scattered and secondary electrons can be collected, thus an image can be
constructed. This is the basic operational principle of the scanning electron
microscope (SEM). Modern SEMs provide a spatial resolution of 1 to 10 nm,
this is inferior to the TEM, but much better that the one provided by the
visible light microscope.

In the following chapters the SEM and TEM are described in more detail.



Chapter 2

Scanning electron microscopy

The high spatial resolution attainable in the electron microscope and its ana-
lytical aspects makes it useful for tribological experiments. In this chapter the
working principles of the scanning electron microscope and the energy disper-
sive spectroscopy will be presented.

This chapter is written based on literatures [2], [3], [4], [5], [6] and [7].

2.1 The electron and the specimen

If one uses electron microscope instead of an optical microscope, one needs to be
aware of the interaction of the electrons with the specimen and the instruments
that collect/transform the information gained into a comprehensible format.

When the incident electron beam hits the specimen surface, it will interact
with the atoms of the specimen by elastic and inelastic scattering. If an incident
electron undergoes elastic scattering, it continues its path after the interaction
without losing kinetic energy (or the energy loss is insigni�cant). In case of
SEM specimens the electrons scattered under angles larger than 90◦ are very
useful. During inelastic scattering the incident electron loses part of its kinetic
energy and it can activate other electrons or it can excite atoms of the specimen.
In Figure 2.1 a few interactions are illustrated.

The elastically scattered electrons can be described using the principles
of the Rutherford scattering. Equation (2.1) is de�ning the scattering cross
section as a function of dΩ solid angle and several other parameters [8]:

dσ =
1

4

(
Ze2

8πε0Ee

)2
dΩ

sin4 θ
2

, (2.1)

where Z is the atomic number of the specimen, e is the elementary charge, ε0
is the permittivity of vacuum, Ee is the energy of the electron and θ is the
scattering angle.

The number of detected electrons under unit solid angle is proportional with
the di�erential cross section

(
dσ
dΩ

)
, so it is strongly dependent on the specimen's

atomic number
(
Z2
)
. Images formed using these electrons bear information of
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Incident
electron beam

Absorbed
electrons

Electron-hole
pairs

Backscattered
electrons (BSE)

Auger
electrons

Secondary
electrons (SE)

Characteristic
X-rays

Light

Specimen

Figure 2.1: By understanding the interactions between the sample and the incoming
electrons, di�erent information can be collected.

the elemental composition of the specimen (qualitatively). In the SEM among
the elastically scattered electrons only those that escape from the sample can
be collected. Since the scattering angle is so large, these electrons are called
backscattered electrons (BSE).

By interacting with the specimen, the electron can lose some of its ki-
netic energy through interactions with electrons in the specimen or by exciting
atoms of the specimen, which can cause X-ray emission, Auger-electron emis-
sion, light emission, electron-hole pair generation. Through collisions with
the atoms of the specimen electrons from within the sample can be activated
in the sense that they gain su�cient energy to detach from the nucleus and
move on a random path. These electrons are the so-called secondary electrons
(SE). The SE generated close to the surface can gain enough energy to escape
from the specimen, where they can be collected, thereby providing topological
information about the sample.

X-rays can be generated in the sample in several ways. If a charged particle
is accelerated (or decelerated) in an electric �eld or its path is bent (having
acceleration perpendicular to the path), it emits electromagnetic radiation in
form of X-rays, referred to as bremsstrahlung radiation. The energy of these
rays is continuous and they are not very useful in the analysis.

The incident electron can interact with the core electrons by exciting them
so that they will be unbound from the nucleus, this is called ionization. The
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E
Ec

Ionization
probability (a.u.)

Figure 2.2: In order to ionize an atom in the sample, the incoming electron (noted
here with E) must have a critical energy (Ec).

hole after the core electron is �lled by an electron from an outer shell. This
process will result in the emission of an X-ray. However these X-rays have
speci�c energies that are characteristic to the emitting element. The incident
electrons must have a minimum/critical energy (Ec). The critical energy is
proportional with the square of the atomic number of the specimen. The
probability varies according to the graph on Figure 2.2. The probability of
generating characteristic X-rays is very small just above the critical energy, it
reaches a maximum, then steadily decreases at higher energies. In order to
obtain the best spectra, one should consider an energy of the incident electron
of at least double of E0. Collecting these radiations provides information about
the elemental composition of the specimen.

2.2 Instrumentation

On a very basic level the SEM is composed of a column, specimen stage and
a number of detectors. The column contains the electron gun, the scanning
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coils, apertures and the magnetic lenses, the electron beam is created here and
it is operated from the column. In the specimen stage the user controls the
sample's position. With help of the detectors images can be produced and
other information can be collected. The components described in the following
paragraphs are represented in Figure 2.3.

The electron gun is situated at the top of the column. Electron guns gener-
ate the electrons that are accelerated to the proper velocity. The electron guns
can be categorized into thermionic guns and �eld emission guns (FEG). The
�lament in thermionic guns typically are made of tungsten or LaB6. Resistive
heating of the �lament provides enough energy to the electrons to �escape�
and the negative potential on the �lament will accelerate the electrons. The
so-called Wehnelt cap is installed in the path of the electrons, this is kept on
a negative potential. When the extracted electrons are a�ected by a negative
potential they converge. Hence the role of the Wehnelt cap is to form the �rst
crossover of the electron beam. The �eld emission guns use strong electric �eld
to extract electrons from the �lament. In many respects these guns are prefer-
able (e.g. brightness, monochromaticity, lifetime etc.), however these guns are
more expensive and require ultra high vacuum. The emission can be facilitated
by thermal assistance in expense of loss in monochromaticity These types of
guns are called Schottky emitters and they are becoming increasingly popular.

The magnetic lenses in the SEM play the same role as the optical lenses
in a traditional microscope. They can control/manipulate the electron beam.
The diameter of the electron beam that hits the sample's surface is de�ning the
resolution of the microscope. The smaller the diameter, the better resolution.
In case of thermionic sources the diameter of the �rst crossover could reach
several micrometers. The role of the condenser lenses is to reduce the diameter
of the electron beam that hits the specimen. Electrons can be focused using
magnetic and electrostatic �elds as well. However all lenses that are used in
the SEM are magnetic. The reason is that in many respects magnetic lenses
are superior of the electrostatic ones, e.g. they are not exposed to the danger
of high voltage breakdowns.

The scanning coils are an essential component of the scanning electron
microscope. The images are produced by sweeping the electron beam in a
tv-like raster on the specimen while displaying the detected signals from the
electron detectors. This sweeping movement is provided by the scanning coils.
The coils are fed a sawtooth-like form current derived from line- and frame
scan generators.

The objective lens is the last and most important lens in the SEM column,
it forms the �nal image of the crossover that will scan the sample surface. This
is called the electron probe. The objective lens is designed so that it minimizes
the magnetic �eld close to the specimen chamber.

The specimens in a SEM are usually �xed to a stub consisting of a metal
disc, which is mounted on the stage mechanism. This mechanism allows the
specimen linear x, y, z movements and rotations around a vertical and a hori-
zontal axis. X and y movements enable di�erent areas of the specimen, whereas
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Figure 2.3: Schematic representation of the scanning electron microscope
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the z movements help to �nd the surface of the specimen. The distance from
the objective lens and specimen can be adjusted, this is the working distance
(WD).

In order to use the electrons in an imaging system (e.g. SEM), they should
not have any interaction other than with the specimen. To achieve this, the
whole column and the specimen chamber is placed in vacuum. Vacuum is an
important requirement for the electron gun as well. The �rst step in obtaining
vacuum is the use of a simple rotary pump. Pressures of 10−3 mBar can be
obtained. Since rotary pumps are producing vibrations through their opera-
tion, it is advisable to keep them in a separate room than the microscope and
they should be connected through a tube that does not transmit vibrations.
The next step in the vacuum system is the use of the di�usion pump. In the
di�usion pump concentric oil vapour jets are formed that trap air molecules
from the microscope. The oil vapours then are condensed at the outlet, the
air molecules are released, which are extracted by a mechanical pump. The
di�usion pump is very e�cient, it does not have any moving components (no
vibration), so it is reliable and inexpensive. A drawback of this technology
is that oil molecules can get into the microscope column, causing contamina-
tions. A part of the contaminations can be removed by cold traps. Usually a
cold trap consists of a liquid nitrogen cooled copper wire placed symmetrically
around the electron's path.

Organic contaminations in the column can be polymerized by the elec-
tron beam leaving a carbon deposit on di�erent parts of the column. These
deposited materials cause instabilities due to charging. Carbon deposition is
almost inevitable on the specimen, but usually this is not an issue.

A basic SEM is equipped with a SE and a BSE detector. The SE detector
is a scintillator-type detector. Secondary electrons emitted from the specimen
surface have relatively low energies, so the detector is equipped with a Faraday
cap having low positive potential. The low potential ensures that no other
electrons are captured, e.g. from the scanning beam. The cap will �attract� the
electrons, these are accelerated before hitting the scintillator. The scintillator,
which is a layer of phosphor, light emitting plastic or oxide, has the property
that it emits light when bombarded with charged particles (electrons in case
of the SEM). The number of emitted photons is dependent of the electron's
energy. The high refractive index of the scintillator ensures total internal
re�ection, the photons are sent through a light pipe to a photomultiplier outside
the vacuum chamber, where the signal is ampli�ed. The above mentioned
detector is called the Everhart-Thornley detector (see Figure 2.4).

The magnetic �eld of the objective lens can �capture� a part of the SEs,
this e�ect in accentuated when the working distance is set to a low value. To
overcome this problem the detector can be mounted inside the column, this is
the in-lens detector.

A solid-state detector is a good solution for capturing BSEs. The detector
is a relatively large silicon diode, several cm2, resulting a large solid angle. The
diode is consisting of an n and a p-type layer, that are produced by adding the
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Figure 2.4: The Everhart-Thornley detector has a Faraday-cup installed before the
scintillator. Applying a small positive potential to the cup ensures that the secondary
electrons are captured and detected.

proper impurities (arsenic or boron). A bias is applied on these layers resulting
in a strong electric �eld at the n-p interface, where current carriers are absent.
When a BSE electron penetrates into this region (referred also as depletion
region) its kinetic energy is being used to generate mobile electron-hole pairs.
Due to the strong electric �eld, a current pulse is generated. The average
current is proportional with the number of incoming BSEs per unit time. The
SEs does not have enough kinetic energy to penetrate into the depletion region,
so this detector registers only BSEs (see Figure 2.5).

The device used in energy dispersive X-ray spectroscopy (EDS) is similar
to the one used in the BSE detector. It consist of a silicon (or germanium)
semiconductor with p- and n-doped regions. At the p-n interface the incoming
X-ray will generate electron-hole pairs. With a proper bias on the diode, a
conduction can be obtained for a short period of time. By measuring the
current, the number of charge carriers can be calculated.

To ensure that most X-rays are detected, two issues are considered. First,
the depletion region in the silicon crystal has to be made larger than usual
and second, the insensitive volume, which would absorb X-rays, has to be
made as small as possible. The �rst issue can be solved by applying a large
bias on the detector. The use of metal contact at the part where the X-rays
enter should be avoided, so in this region a heavily doped p layer is used.
This ensures electric contact and it minimizes the insensitive (dead) region [9].
The electronic noise is eliminated by cooling down the detector with liquid
nitrogen. A cold device in a microscope would act as a cold trap, so in order
to prevent the condensation, a thin X-ray-transparent (made from low atomic
number elements) window is installed in front of the detector. Originally the
protective window was made of a thin Be layer, nowadays diamond or boron-
nitride �lms are used. (see Figure 2.6)
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electrons. When these fast electrons reach the depletion zone, they generate mobile
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Figure 2.6: Schematic representation of an EDS detector. Applying a large bias on
the detector makes the depletion region larger.

Another type of X-ray detector takes advantage of the fact that X-rays
di�ract on single-crystals according to Bragg's law (2.2):

nλ = 2d sin θ, (2.2)

where n is the order of the di�raction, λ is the wavelength of the incoming X-
ray and θ is the angle between the incident X-ray beam and the plane of atoms
with d spacing. By scanning the θ angle and measuring the X-ray intensity, the
wavelength of the incident X-ray can be determined. This technique is called
wave dispersive spectroscopy (WDS). Figure 2.7 shows a schematic setup of a
WDS system.
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Figure 2.7: Schematic representation of an WDS detector. This detector is based on
Bragg's law: knowing the characteristics of the crystal and measuring the di�racting
angle, the wavelength (and energy) of the X-rays can be calculated.

2.3 Operation

The diameter of the electron beam de�nes the resolution of the SEM: the
resolution of an SEM can never be better than the probe diameter due to its
operating principle. The objective lens is producing the probe, this is why
this lens is referred as the most important lens in the microscope. In an FEG
equipped SEM a 10 nm diameter probe size is easily obtainable.

The probe is being scanned over the sample composed of two perpendicular
movements: x and y. The x movement is being generated by the x scanning
coils with a sawtooth-like signal, with a relatively high fx frequency. The
y movement is being generated in a similar manner, but with a much lower
frequency: fy = fx

n , where n is an integer. The resultant movement of the
scanning coils is a raster scan, it sequentially covers rectangular areas on the
specimen.

In the older SEMs the output of the scan generator was also connected
to a cathode-ray tube (CRT), on which the SEM image would appear. So
the electron beam on the CRT scanned in the same manner as the electron
probe was scanning the specimen surface. For every point on the specimen
corresponds an equivalent point on the display screen, obeying one of the basic
rules of imaging. In order to have contrast on the image a voltage signal must
be applied to the electron gun of the CRT, which would vary the brightness ap-
pearing on the screen. The voltage signal is originating from di�erent detectors
(SE, BSE). It is very important to understand the origin of the contrast when
using these detectors. In modern SEMs the CRT is not used, the position of
the electron probe is being represented as a m× n matrix, one element of this
matrix is called a pixel. The signal voltage values are stored in this matrix.
An advantage using this is that the probe can be kept in one position for a
longer time periods (dwell time), until proper image intensity is recorded.

The image magni�cation in the SEM is de�ned as the ratio of the scan
distance in the image and the scan distance on the specimen:
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M =
scan distance in the image
scan distance on the sample

(2.3)

Usually the image size is kept constant, so it would �ll the screen. This
way changing the magnification means reducing the x, y scan currents in the
same proportion.

The signal that is being represented in the �nal image is re�ecting the
processes that occur on the specimen when the electron probe hits the surface.
As discussed in chapter 2.1 the incident electron can be scattered elastically and
inelastically in the sample. The inelastically scattered electrons have a small
scattering angle, an electron gradually loses its kinetic energy while penetrating
into the sample. The maximum depth that such electron reaches is called the
penetration depth or electron range. The R penetration depth of an incident
electron having E0 energy can be approximated with Reimer's formula:

ρR ≈ aE0
b, (2.4)

where b ≈ 1, 35, ρ is the density of the sample and a is a suitable constant. If
E0 is expressed in keV, then a ≈ 10 µg

cm2 ).
According to equation (2.4) the penetration depth decreases quickly with

decreasing incident electron energy: low energy electrons require fewer colli-
sions to lose all their energy. A simple calculation indicates that the penetra-
tion depth for an electron having E0 = 5 keV energy into an iron substrate is
R ≈ 112 nm.

The volume that contains most of the penetrated electrons is called the
interaction volume. This is usually pear-shaped. The interaction volume cor-
relates with the penetration depth, so larger penetration depth means larger
interaction volume (see Figure 2.8).

The penetration depth and interaction volume are quantities averaged over
a large number of interactions, however the behaviour of an individual electron
can be modeled using stochastic variables. So the above mentioned quantities
can be simulated using Monte Carlo simulations.

From the energy conservation point of view the energy lost by the incident
electron appears as a gain in the energy of the atomic electrons. A part of
the �transmitted� energy is used as potential energy to release the electron
from the bound of the nucleus, the rest is used as kinetic energy. Since the
kinetic energy of the SE have a 10 eV order of magnitude and the inelastic
scattering cross section is inversely proportional with the kinetic energy, the
average distance traveled by the SE is only a few nm-s. Only a small part of
SEs will escape the specimen, those that are generated close to the surface.
The maximum depth from where a SE escapes is called the escape depth. As
the escape depth is only a few nm-s, the SE that are detected bear surface
information (topological contrast).

The average number of escaping SEs per incident electrons is called the
secondary-electron yield (δ). This is dependent of the chemical composition
of the sample, it ranges from 0,1 to 10. Within a given sample, δ is inversely



2.3 Operation 15

p
en
et
ra
ti
o
n
d
ep
th

Interaction
volume

increasing E0

increasing Z

Specimen

Figure 2.8: The interaction volume and penetration depth are correlated. They
depend of the incoming electrons' energy and the atomic number of the sample.

proportional with the incident electron's energy (E0) and it depends from
the orientation of the sample with respect to the incoming electrons. For
simplicity let us consider an electron probe that comes in nearly perpendicular
to a specimen surface (see Figure 2.9). If we note the escape depth with λ and
take into consideration that all SE detected originate from depths less than λ
then the SE escape volume can be approximated with a cylinder with

V (0) =
πd2

4
λ, (2.5)

where d is the diameter of the electron probe. If the specimen surface is inclined
by θ, the escape volume will change into a distorted (slanted) cylinder with a
height of λ cos θ and diameter of d

cos θ . The volume of the slanted cylinder is

V (θ) =
πd2

4 cos2 θ
λ cos θ =

πd2

4 cos θ
λ =

V (0)

cos θ
(2.6)

Since the secondary-electron yield (δ) is proportional with the escape vol-
ume,

δ(θ) =
δ(0)

cos θ
(2.7)

This means that if the elevation changes at the sample surface, more SEs
are escaping, which is represented in the image with a bright outline. An
asymmetry is present in the SE image because the detector is located on one
side of the column and not directly above the sample. This fact however can
be used to distinguish between raised features and depressions in the sample.
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Figure 2.9: The secondary-electron yield (the average number of escaping SEs per
incident electrons) is dependent of the sample orientation, leading to the fact that the
SE image bears topological information contrast.

Backscattered electrons originate from one or few elastic collisions with the
specimen's atoms. Because the elastic scattering involves only small amount of
energy loss (or none), the BSEs have kinetic energy values close to the incident
electrons. This is a major di�erence between BSEs and SEs. The backscat-

tering coe�cient, η (the average backscattered electron per incident electron),
increases linearly with the atomic number of the specimen, BSE images provide
compositional contrast. While the BSE image cannot provide quantitative in-
formation of the sample, it characterizes it qualitatively. Electrons penetrated
to half of the electron range have su�cient kinetic energy to be backscattered,
so BSE images bear information from depths of a few hundred nm, depending
on the atomic number of the specimen.

The processing of a detected X-ray photon takes a certain amount of time.
During this period other X-photons are not recorded (not to alter the informa-
tion in the processing). This way the recording time is composed by the live
time, in which the detector is processing the data and the dead time in which
the circuitry is inactive. Evidently, the number of ignored events increase as
the generated X-photon number increase. The number of generated X-rays
depends on the beam current, so in the SEM the beam current should be kept
at a value so the dead time to be less than the live time. If the dead time is
larger than the live time, the number of detected photons in real time falls,
the detector e�ciency will drop.

If one records a spectrum for every scan point over the selected specimen
area, the composing elements can be identi�ed and an elemental map can be
constructed. These elemental maps are very useful in qualitative characteriza-
tion of the specimens.

The EDS systems have the capability to estimate the quantitative ratios
of di�erent elements present in the sample by counting the number of char-
acteristic X-photons. The analysis' �rst step is to remove the bremsstrahlung
background. This involves a �tting of a proper function, usually an exponen-
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tially decreasing function, to the values on the both sides of the peak. The
ratio of di�erent peak areas is however not equal to the ratios of the elemental
compositions. Di�erent elements emit X-rays with di�erent e�ciencies. By
taking in consideration the ionization cross section, this can be corrected. The
absorption and �uorescence e�ects must also be accounted for. The procedure
that corrects for the above mentioned e�ects is called ZAF correction, this
compensates for the atomic number Z, the absorption and the f luorescence.





Chapter 3

Transmission Electron

Microscopy

The materials that can be analyzed in the transmission electron microscope
(TEM) vary from metals, alloys ceramics, glasses, semiconductors, polymers
to composite mixtures of these materials. The samples can also be of organic
nature, as well as biological samples, wood and so on.

The dimensionality of the specimens can vary from the 1D nanowires (e.g
carbon- or inorganic nanotubes), through the 2D graphene sheets (or interfaces
of di�erent phases) to complex 3D structures (such as multi-layered semicon-
ductors) [10].

If we regard the wave nature of the electrons, their wavelength, if acceler-
ated with 200 kV, is ≈0,0027 nm. This is with orders of magnitude smaller
than the wavelength of visible light. The use of a radiation with smaller wave-
length theoretically enhances the resolution of the microscope. According to
the Rayleigh criterion, the smallest distance δ, between two points that can
be distinguished, is de�ned as δ = 0,61λ

µ sinβ , where λ is the wavelength of the
radiation, µ is the refractive index of the viewing medium and β is the collec-
tion semi-angle. δ is referred as the resolution or resolving power. By reducing
the radiation's wavelength, the microscope's resolution improves. This was the
original motivation for the development of the TEM.

The 2,7 pm wavelength of an electron, used in a 200 keV TEM would
allow, in theory, to detect individual atoms. The electron lenses constitute
however an obstacle. Williams and Carter use a comparison that demonstrate
the aberrations of the lenses in the TEM: they state that today's electron
lenses are like using a bottom of a well known refreshing beverage bottle as
a lens in a visible light microscope. The detection and characterization of an
atom or columns of atoms is still possible though using lens correctors or high
resolution techniques such as high resolution transmission electron microscopy
(HRTEM) or scanning transmission electron microscopy (STEM), combined
with electron energy loss spectroscopy spectrum imaging (EELS SI).
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Figure 3.1: Schematic representation of electron interactions in a TEM specimen.
The direct beam not only passes through the sample to form an image, but also
generates several secondary signals that provide valuable information.

In order to be able to interpret electron images, it is essential to understand
the basic interactions between the electrons and the specimen (see Figure 3.1).
Since electrons are ionizing type radiation, when they hit the specimen they
generate several secondary signals that can provide complementary information
about the sample. For instance the characteristic X-rays can be used for energy
dispersive spectroscopy.

As previously mentioned, the electron lenses have relatively large aberra-
tions; an easy way of compensating for this is by inserting apertures in front
(or after) the lens. This also will result in increased depth of �eld. The depth
of �eld is the distance on which the image can move with respect to the object
and still remain in focus.

The human brain is trained and accustomed to observe and interpret 3D
images. The TEM produces a 2D projection of a 3D sample. The user must
be cautious when interpreting these images. The TEM does not have a depth
sensitivity, it rather provides an average over the thickness of the sample, which
can introduce several artifacts in the image. This issue is being overcome by
introducing the electron tomography technique, which consists of building a 3D
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image of the sample from a sequence taken at di�erent tilt angles. The TEM
user must also consider the electron beam's damage in�ected on the sample,
which is increased with higher accelerating voltage. The damage is accentuated
in case of organic materials and polymers. The sample is being exposed to more
intense electron beam in case of use of aberration corrected techniques. More
sensible electron detectors and sample cooling systems might be the solution,
making possible the reduction of the electron dose. Another setback of the
TEMs is the requirements of the sample. All inspected specimen must be
electron-transparent: a thickness ranging in the tens of nms [11]. The electron-
transparency is determined not only by the thickness of the sample, but also
by its average atomic number. The required thickness is also depending on the
technique that is being used for analysis. For instance the HRTEM technique
requires thinner samples than regular TEM imaging. The axiom �the thinner
the better� always applies.

3.1 Components of the TEM

3.1.1 Electron sources

Based on the physical principal standing on the basis of their operation, there
are two types of electron sources (electron guns): thermionic and �eld emission
type. Thermionic sources are usually being made by tungsten wires or LaB6

crystals, �eld emitters mainly by thin tungsten needles [12].

Thermionic emission

The theory behind thermionic sources is, that if one applies heat to a small
wire tip, the electrons gain enough energy to escape through the surface. The
quantity that characterizes this natural barrier is the work function φ. Richard-
son's law establishes a direct connection between the escaped electron stream's
current density, J and the source's temperature T:

J = AT 2 · e−φ
kT , (3.1)

where A is the Richardson's constant (which is characteristic to the material),
k is the Boltzmann's constant and φ is the work function. To enhance the
emission, a higher temperature is required or one has to chose a material with
low work function. Tungsten is a good choice because of its high melting
point, Lab6, because it has a low work function. The elevated temperature has
a secondary e�ect: it reduces the lifetime of the source through evaporation
and oxidation.

Field emission

The �eld emission guns (FEG) operate under a di�erent approach: if one
applies a potential V to a sphere with radius r then an electric �eld of E = V

r
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is obtained. By using a metallic needle with a tip-radius of 0,1 µm and applying
a 1 kV potential, the resulting electric �eld becomes 1010 V

m . This high �eld
value lowers the work function barrier so the electrons can escape (tunnel)
from the tip. This high electric �eld also imposes high stress to the tip, so it
must be made from a mechanically resistant material. Tungsten ful�lls these
criteria, it is a suitable choice for FEG. The emission is also dependent on the
crystalline orientation of the emitter. In case of tungsten the < 310 > is found
to be the best orientation [12].

To maximize the e�ect of the emission, the gun is being operated in ultra
high vacuum (UHV) (< 10−9Pa). At UHV the tip is being kept under ambient
temperature, this is called cold emission. One can �trade o�� the high vacuum
by heating the tip. These kind of sources are called Schottky emitters. To
improve upon the emission characteristics, these emitters are coated with a
thin ZrO2 �lm. A disadvantage of the Schottky gun compared to the cold
FEGs is that emitted electrons lose somewhat from their monochromaticity
(monoenergetic property).

Characteristics of the electron beam

The brightness of the beam is a very important characteristic. It is de�ned
as the number of electrons passed through unit area under unit time in unit
solid angle. The brightness is the current density under unit solid angle. It
is becoming an important parameter when the microscope operator uses small
probe sizes on the sample: e.g. in scanning transmission electron microscopy
(STEM) or analytical methods. In HRTEM a high brightness value makes
possible a shorter exposure time, which is important for the minimization of
the sample drift.

In the case of a thermionic source, the brightness β can be calculated by
taking into consideration the following parameters: gun crossover d0, emis-
sion current density ie and the divergence angle α0. These parameters are
illustrated in Figure 3.2.

β =
ie

π
d20
4 · πα2

0

=
4ie

(πd0α0)2 . (3.2)

Additionally, in case of thermionic sources, the brightness increases linearly
with the accelerating voltage. Higher β values mean more electrons transmit-
ted through the sample and this way, more information obtained. One also
must consider the beam damage: more electrons passing through the specimen
increase the chance of beam damage.

The size of the source is important from the spatial coherency point of
view. Ideally a point-size source would be the best solution. A small source
gives higher brightness values at the expense of the working stability.

As previously mentioned, from the EELS point of view, the monochro-
maticity of the electrons is a key parameter. Hence �eld emission guns are an
ideal choice in this respect. A FEG design is simpler than a thermionic one,
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Figure 3.2: Schematic illustration of a thermionic gun. The gun bias is used to heat
up the �lament through the Joule-e�ect. The emitted electrons are then accelerated
to the preset energy.

it incorporates a sharp tip and two anodes (see Figure 3.3). The �rst anode
provides a few kV of extraction voltage, the second anode will accelerate the
extracted electrons to the desired velocity. This combination of the anodes act
as an electrostatic lens that forms the �rst crossover of the beam.

A possible future generation of FEGs are being based on carbon nanotube
technology, which beside other advantages, ensures a better brightness [13].

3.1.2 Electron-optic elements

A very good analogy can be drawn between light- and electron optics. A
signi�cant di�erence lies in the fact that in the visible light microscope (VLM)
if the image distance (di) needs to be altered, the distance between the lens and
object (do) needs to be altered as well. In case of electron lenses, the focusing
power (focal length) is relatively easy to change (by altering the current that
�ows through the lens), so the lens-object distance is kept constant and focal
length is being changed [14].

Newton's lens equation establishes a relation between the lens-object-, lens-
image- and focal distances:

1

do
+

1

di
=

1

f
. (3.3)
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Figure 3.3: Schematic illustration of a �eld emission gun. The V1 potential is used
to extract the electrons from the tip, while V0 will provide the desired kinetic energy.

The magni�cation is de�ned asM = di
do
. By forming a system of several lenses,

theoretically one can obtain a arbitrarily large magni�cation. However above
a certain value no further information can be obtained from the sample.

A major di�erence between light- and electron-optics imaging is that while
in light optics the image must be in focus to obtain information from it, in
the TEM there are several imaging techniques where useful information is
obtained when the image is over- or underfocused. Figure 3.4 illustrates the
notion of over- and underfocus. At a �xed object-lens distance, if the lens
strength is increased, the image will be formed above the image plane: the
lens is overfocused. If the lens is weakened the image will form under the
image plane; this is an underfocused lens.

Lenses

Based on the interaction of electrons with the electric and magnetic �eld, the
lenses can be categorized into electrostatic and magnetic lenses. However,
magnetic lenses are superior in many respects, their main advantage is that
they are not susceptible to high-voltage brake-downs. Because of this property,
TEMs use exclusively magnetic lenses. A schematic representation of a such
lens can be seen on Figure 3.5. There are two main components: a core, which
is a cylinder-symmetric component made of soft iron with a hole in the middle
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Figure 3.4: Over- and under-focused electron lenses. If the image is focused above
(or below) the prede�ned image plane (screen), the lens is over (or under)-focused.

(the �soft� is to the magnetic and not to the mechanic property). The soft
iron is the polepiece, while the hole is called the bore. A lens can have two
polepieces: upper and lower. The distance between these two is called the
gap. The bore-to-gap ratio de�nes the maximal strength of the lens. The
second part of the lens is the copper coil system, that surrounds the polepiece.
The electric current in the coils gives rise to the magnetic �eld. This �eld is
inhomogeneous, but axially symmetric. Because of the resistive heating, the
lenses must be cooled.

Most of the lenses in the TEM are weak. They either demagnify the source
or magnify the image of the specimen and project it on the viewing screen or
some recording device (e.g. �lm, CCD camera). These lenses have large gaps
and can be constructed as shown in Figure 3.5. The objective lens, however,
is the strongest lens in the microscope, a schematic construction is shown in
Figure 3.6. The two polepieces here are connected to two coils. This design
also allows space for both specimen and aperture and other analytical tools
(e.g. X-ray spectrometer).

The path of the electrons is de�ned by the Lorentz-force. When an electron
passes through the lens, it can be described as a charged particle moving in a
magnetic �eld. The force acting on the electron is:

~F = q
(
~E + ~v × ~B

)
, (3.4)

where q = −e is the charge of the particle, ~E is the strength of the electric
�eld, ~v is the velocity of the electron and ~B is the strength of the magnetic
�eld. Since the lenses are of magnetic nature, the electric �eld is zero. Based
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Figure 3.5: A schematic representation of a magnetic lens. The electric current in
the copper coil ensures the magnetic �eld, which is the essence of the TEM lens. The
unwanted Joule-e�ect is addressed with the cooling system.

on equation 3.4 the trajectory of the electrons in the TEM is a spiral. It is
interesting to notice that if one increases the accelerating voltage (velocity of
electrons), one needs to increase the strength of the magnetic �eld in the lens
for the same image forming conditions.

This behavior of the electrons (spiral, helical path) in the microscope can be
observed by the user as well. By changing the focus or the magni�cation, the
image on the viewing screen will rotate, if not compensated against otherwise.

Previously it was mentioned that electron lenses operate under �xed object-
lens distance circumstances. In case of the objective lens, this distance or
rather plane is referenced as the eucentric plane. Additionally, if the specimen
is placed in the eucentric plane, its image will remain in focus if the specimen
is tilted.

As mentioned in an earlier section, the limitation of the collection angle has
bene�cial e�ect from di�erent point of view: increased resolution and depth
of �eld, enhanced image contrast. This limitation physically is realized by the
usage of aperture (Figure 3.7). The apertures are usually circular holes in
heavy metal plates, such as Pt or Mo. An aperture can be placed above or
below the lens, it performs the same tasks in both cases.

Lens aberrations

The magnetic lenses are rather imperfect devices. A comparison used by
Williams and Carter is that if the quality of the lenses in ones eye were as
�good� as TEM lenses, one would be declared �legally blind�. The imperfections
can be categorized into spherical and chromatic aberrations and astigmatism.
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Figure 3.6: A schematic representation of an objective lens design. It has two
polepieces, the upper one can be used for other purposes as well (e.g. convergent
beam formation).

Spherical aberration means that the magnetic �eld in the lens behaves
di�erently for o�-axis electrons: the farther the electron is from the axis, the
more it is bent back towards it. This is resulting that a point P is being imaged
as a �nite size disk (see Figure 3.8). The center of the disk is intense, then the

specimen
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image plane

excluded
electrons

β

collection
angle

Figure 3.7: The apertures in the TEM have an important role. They reduce the
e�ect of lens aberrations and they enhance the resolving capabilities of the microscope.
However, at the same time they reduce the brightness of the beam.
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Figure 3.8: Spherical aberration in the electron lens. O�-axis rays are bent more
towards the optic axis. A point object P is imaged as a disk.

intensity gradually decreases towards the edge. The term spherical originates
from the fact that the lens increases the curvature of the incoming electron
wavefront.

The diameter of the disk formed in the image plane is 2Csθ
3, where Cs is

the spherical aberration constant, that is characteristic to every lens (it has
length dimension, usually is in the few mm range), θ is the angle of the electron
path formed with the optic axis. In many cases θ is replaced by the maximum
collection angle of the objective lens aperture (β). From a practical point of
view, the radius of the disk is being used:

rsph = Csβ
3. (3.5)

A point object's image expands to a rsph radius disk. From Figure 3.8 it
can be seen that the disk has its smallest radius

(
1
4Csβ

3
)
is formed above the

image plane. This is called the disk of least confusion.
There are special systems designed to compensate for the spherical aber-

ration. These systems diverge the electron rays before passing through the
objective lens with computer controlled quadrupole, hextupole and octupole
lenses, so that resulting image of a point object will be a point (instead of a
disk).
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Figure 3.9: Chromatic aberration in the electron lens. Electrons having di�erent
energies are focused in di�erent points.

Chromatic aberration

The chromatic aberration is related to the �color� of the electrons. The �color�
here means the energy or the wavelength of the electron beam. In practice, the
electrons emitted from the gun are not monochromatic, their energy spread is
≈ 0, 3 eV for cold FEG- and 1 eV for thermionic emitters.

If we disregard from the spherical aberration, then chromatic aberration is
the second most persistent aberration. The aberration itself consist of the fact
that the objective lens (or any magnetic lens) bends the low-energy electrons
path more. The e�ect in image forming is similar to the spherical aberration
(see Figure 3.9). The radius of the disk formed on the image plane is:

rchr = Cc
∆E

E0
β, (3.6)

where Cc is the chromatic aberration coe�cient, ∆E is the energy loss of the
electrons, E0 is the initial beam energy and β the angle of collection of the
lens.

If there was no specimen in front of the electron beam, the chromatic
aberration could be completely ignored (the ∆E

E0
term would be very small).

The electrons, by passing through the sample, can scatter inelastically, which
means that they lose a fraction of their energy. A considerable part of the
electrons (a few ten percents) lose energy between 15-25 eV, or multiple of
this if the sample is thick. This is called plasmon scattering. The axiom "the
thinner the better" applies here as well.

As noted earlier, mainly there are two reasons why electrons lose their
monochromaticity, for this reason there are two approaches to the chromatic
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aberration correction. The �rst involves the monochromatization of the elec-
tron source. This solution is very expensive, but it pays o� when combining it
with EELS techniques: the energy resolution increases dramatically (possibly
one order of magnitude). The second solution is to �lter out the electrons that
lost energy during the transmission through the sample. For this purpose one
can use the energy �ltered transmission electron microscopy technique.

Astigmatism

If the electrons passing through the lens sens a nonuniform magnetic �eld,
the resulting image may su�er from astigmatism. The nonuniform �eld stems
from the imperfect shape of the soft-iron polepiece (not perfectly cylindrically
symmetric), the micro-structural inhomogeneities of the polepiece, the usage
of metallic apertures, the contamination deposited on the apertures, which
can accumulate electric charge that interferes with the magnetic �eld. It is
relatively easy to compensate for the astigmatism: by installing additional
octupoles, called stigmators.

3.1.3 Electron detection and image recording

Figure 3.1 shows the variety of signals that originate from the electron-specimen
interactions. All these signals bear information that can be registered using
di�erent kind of detectors.

The forward scattered electrons carry information in the form of 2D electron
density distribution. These images are static, so they can be projected onto
a viewing screen. For the detection and visualization of the electrons, the
phenomenon of cathodoluminescence is being used, which provides an interface
between the electrons and the human eye [15].

The viewing screen in a TEM is coated with a material that emits visible
light if hit by high energy electrons. ZnS emits ∼450 nm wavelength light, this
is usually doped so that 550 nm green light is obtained (which is more relaxing
to the eye). A requirement for the viewing screen is that the ZnS grains have a
diameter that is unresolvable for the human eye. A typical grain size is 50µm.
The viewing screen is placed to the bottom of the electron column, it can be
viewed through a lead glass window, which �lters out the damaging radiation.

This traditional viewing screen is still part of the TEM design, however
in some latest models it is replaced with detectors that make it possible to
display the image on a computer screen. This solution has the advantage that
anyone can look at the images in real-time (e.g. via the Internet), this is useful
especially if the TEM is being used to educational purposes. Also, this way
the user can operate the microscope from a remote location.

If the user operates the TEM in scanning mode (STEM) or uses analytical
features of the microscope, other types of detectors are being used: semicon-
ductor or scintillation-photomultiplier systems.
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The semiconductor based detectors operate similarly as described in the
previous chapter. If an incoming electron hits the detector, it generates electron-
hole pairs that can be separated and the resulting current can be measured.

An advantage of semiconductor detector is that it can be cut into any
shape as long as it is �at. This is convenient in the sense that these detectors
can be �tted into the con�ned spaces along the TEM column. For instance,
a disk-shape detector with a hole in the middle can be formed, if centered
on the optical axis, this will let the direct beam pass, but detect the scattered
electrons. This type of detector is used in STEM mode as a dark-�eld detector.

A drawback of the semiconductor detectors is that they have a high dark
current, which is thermally activated. Cooling of the detector would solve this
problem, however a cold surface inside the electron-column would act as a cold
trap attracting contamination.

In the TEM the accelerated electrons have an energy of a few hundred
keVs, the semiconductor detectors do not need an external bias to separate
the electron-hole pairs. From this stems, however, another drawback: the
insensitivity to low energy electrons, e.g. secondary electrons.

A scintillator-photomultiplier system works on the basis of the cathodolu-
minescence e�ect. These detectors use a Ce doped yttrium-aluminum-garnet
(YAG), which emits visible light if hit by electrons. The emitted light converted
and ampli�ed by a photomultiplier system. The choice of YAG is motivated
by its short light decay time. Advantages of this type of detectors are the high
gain (in the order of 10n magnitude, n being the number of dynodes), as well
as the low noise level compared to the semiconductor detectors. At the same
time, the scintillator detectors are more susceptible to beam damage and their
energy-conversion e�ciency is relatively low (≈ 2− 20%).

Charge-coupled devices

Charge-coupled devices (CCD) are being used for recording TEM images and
di�raction patterns, as well as EELS spectra or EFTEM images.

A CCD camera consists of a grid of metal-insulator-silicon devices, which
are called pixels (Figure 3.10), that store electric charges generated by the

Potential well

Dielectric

Polysilicon gate

Incoming electrons

Figure 3.10: A schematic representation of a CCD camera pixel. Electric charge,
proportional with the incoming electron intensity, is generated, stored and then read
out from each pixel.
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Figure 3.11: A schematic representation of the steps of a CCD camera readout.
The colored dots serve for the tracking of charge transfer between neighboring pixels.

incoming electron beam. After a certain exposure time, the generated charge
is proportional with the incident radiation intensity. The readout is done by
changing the potential on the grid, which will transfer the charges along a line,
meaning that the camera is read out serially.

As illustrated in Figure 3.11, the readout of the CCD camera is done on only
one side of the grid, even so the readout speed is high enough for regular TEM
imaging. Newer camera models can manage more than 105frames/second. If
higher readout speed is required (e.g. recording the high intensity low-loss
EELS spectrum or using the dual-EELS method), two sides of the grid can be
used.

3.2 The instrument

All TEMs can be divided into three basic parts: the illumination system, the
objective lens/stage and the imaging system.

The illumination system involves the electron gun and condenser lenses,
that produce the electron beam that hits the surface of the specimen. There
are two basic illumination modes: parallel and convergent beam. The parallel
mode is being used for selected area di�raction and TEM imaging, while the
convergent beam for STEM and convergent beam di�raction [16].

The objective stage contains the specimen stage, the objective lens and
apertures. The objective lens is the most important lens in the TEM, its
quality and performance de�nes the quality of the �nal image.

The imaging system consists of several intermediate lenses and the projec-
tor lens, which magnify the image produced by the objective lens and project
it on a viewing screen or other image recording device.
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Figure 3.12: Schematic representation of the parallel illumination mode. a. C2
forms an underfocused image. b. The parallel beam conditions can be enhanced by
introducing a condenser aperture. c. If the object is in the front focal plane, the
image will be produced in in�nity, which results a parallel beam.

The illumination system

The �rst crossover formed by the gun, serves as an object for the �rst condenser
lens (C1). In case of thermionic sources, the gun crossover is several tens of
micrometers wide, so it needs to be demagni�ed. In case of �eld emission
guns, the crossover is very small, often it needs to be magni�ed. The easiest
way of producing a parallel beam is to increase the focal length of the C2
lens, so it produces an underfocused image of the C1 crossover on the sample
(Figure 3.12.a). It is not a perfectly parallel beam, but α is smaller than
10−5rad, which practically ful�lls most experimental requirements. To enhance
the parallel illumination (further reduce the convergence angle), an aperture
can be inserted (Figure 3.12.b). The aperture reduces, however, the beam
current by �ltering out many electrons, but it has other bene�cial e�ects, for
instance it produces more a more monochromatic beam, which is important
in EELS studies. Another way to produce a parallel beam is to place the C2
crossover into the front focal plane of C3 lens (Figure 3.12.c). In many systems
the upper polepiece of the objective lens is being used as C3.

If the user would like to operate with a convergent beam, this can be
obtained by producing the C1 crossover's image on the sample. Under these
conditions the beam is most convergent (Figure 3.13.a), the intensity is the
highest, but the contrast is very poor. The convergent beam that hits the
specimen is often called the probe. By scanning the probe on the sample
surface and recording the generated signal in every scan-step, an image is
created. The convergent illumination mode is the basic operation mode for
STEM.

The size (diameter) of the probe de�nes the resolution of the image, so a
small probe is essential. In case of FEG sources, C1 and C2 can produce Å
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Figure 3.13: Schematic representation of the convergent illumination mode. a. The
C2 lens focus the beam perfectly on the sample surface. b. In case of thermionic
sources, the small probe size is being obtained by increasing the C3's object distance,
the demagni�cation will be larger.

size probes. For thermionic sources, the small probe is achieved by the use of
the C3 and the elimination of the C2 lens. This way, the object distance of
C3 (do) is much larger than the image distance (di), which leads to a large
demagni�cation of the C1 crossover (Figure 3.13.b).

For certain TEM observations the user needs to translate, shift the beam
(e.g. shift the probe to a small region of interest for elemental analysis). Some
techniques, for instance centered dark-�eld imaging, involve tilting the beam.

Shifting and tilting the beam is done with coils. By varying the current
in the coils, the induced magnetic �eld will de�ect the beam. There can be
several sets of coils in the TEM column. A ray diagram illustrating the shift
and tilt can be seen on Figure 3.14.

The lens aberrations described in a previous section are present in the
condenser lens system.

The spherical aberration, as stated in its de�nition, doesn't a�ect the par-
allel illumination mode. However, when forming a convergent beam, the spher-
ical aberration limits the size of the probe.

The chromatic aberration is signi�cant only for electron beams with a rel-
atively large energy spread. For �eld emission guns (energy spread < 1eV),
the contribution of the chromatic aberration is insigni�cant.

The astigmatism is the most common problem in the condenser lens system.
This can be due to misaligned aperture or static charge-up on the contamina-
tions deposited on the aperture, which can de�ect the beam. With the help of
stigmators the astigmatism can be corrected.
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Figure 3.14: Schematic representation of a. shifting and b. tilting of the beam.
The apparent sources are in the intersections of the dashed lines.

The objective lens and stage

The objective lens and stage contain the entrance valve, where the sample is
introduced into the column. It is important to de�ne a reference position of
the sample. This is a plane that is called the eucentric plane. It is normal to
the optic axis. When an image is in focus, the tilting of the sample will not
cause the lateral movement of any point on the optic axis. If the sample is in
the eucentric plane and the image is in focus, the current of the objective lens
is used as reference.

3.2.1 Imaging modes

The objective lens collects all parallel electron beams into the back-focal plane
(BFP). If the TEM is operated in di�raction mode, then the intermediate lenses
are adjusted so that the BFP of the objective lens serves as the object for the
illumination system. The last lens of the illumination system (the projector
lens) will form the di�raction pattern on the viewing screen or CCD camera
(see Figure 3.15)

Using the whole beam to form di�raction patterns is impractical for the
following reasons: the sample often contains bulk or unwanted material and
a large percentage of the beam is concentrated in a few di�raction spots (the
direct beam is especially intense), which would saturate and damage the screen
or CCD camera. For this reason the user could make the beam smaller or use
an aperture to select a desired area.

The �rst option will make the beam convergent, and instead of sharply
de�ned spots, disks will be formed. These discs can be used is the convergent
beam electron di�raction (CBED) technique.

The second option involves the use of an aperture, that should �lter out
unwanted electrons. Ideal would be to place the aperture in the specimen plane,



36 Transmission Electron Microscopy

a. b.
specimen

objective lens
objective
aperture

SAD aperture

intermediate
image

intermediate
lens

projector
lens

screen

diffraction pattern final image

back-focal
plane

Figure 3.15: The ray diagram of two imaging modes. a. If the intermediate lenses
are set to image the back-focal plane of the objective lens, a di�raction pattern will
be formed on the viewing screen. This is the di�raction mode. b. By readjusting the
focal lengths of the imaging system so that image plane of the objective lens is being
imaged, the microscope will work under image mode.

this is impossible for obvious reasons. If we place the aperture in the image
plane of the objective lens, its conjugate would be formed in the specimen
plane, and it would act as a virtual aperture (Figure 3.16). This operation
mode is called selected area electron di�raction (SAED) . The manufacturing
process makes possible the production of ∼ 10µm diameter SAED apertures.
The demagni�cation back to the specimen plane is ∼ 25x, so the diameter of
the virtual aperture is approximately 0,4 µm.

SAED is indicated to be used in the following cases: when the user needs
to select a di�raction spot for bright-�eld or dark-�eld imaging; when the �ne-
structure of the di�raction pattern is the object of interest; when the sample
is beam sensitive. On other occasions, when the di�raction maxima bear the
most important information, the use of CBED technique is indicated.

The two basic imaging techniques, the bright-�eld and dark-�eld, are done
with the help of the SAED pattern. Every pattern contains a central bright
(high intensity) spot, which is called the direct beam, and scattered spots (the
spatial distribution of these spots depend on the crystallographic nature of
the material). With the objective aperture the user can select one or more
di�raction spots. By choosing the direct beam and �ltering out all di�racted
spots, switching back to imaging mode and retracting the SAED aperture,
a bright-�led image is obtained on the viewing screen. For the best image
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Figure 3.16: Schematic representation of the selected area aperture. The aperture
in the image plane of the objective lens acts as a virtual aperture in the specimen
plane.

quality, the objective aperture and the direct beam should be centered on the
optic axis (see Figure 3.17.a).

If a di�racted beam is selected, the technique is called dark-�eld imaging
(Figure 3.17.b). This means that the objective aperture will not be centered.

As stated previously, the best image quality comes if the aperture is cen-
tered. A solution to this problem is to center the selected di�raction spot. This
is achieved by tilting the beam that hits the specimen surface (Figure 3.17.c).
This imaging technique is called centered dark-�eld imaging.

The objective lens not only selects the beam that will form the �nal im-
age, but also limits the collection angle which eliminates a part of the lens
aberrations.

STEM imaging mode

In STEM imaging mode a convergent beam, the probe, is formed on the spec-
imen plane and is scanned along the sample. Signal generated due to di�erent
kind of electron-material interactions in the sample is collected and ampli�ed
through detectors. By registering the position of the probe on the sample and
collecting data from the detectors, a STEM image is constructed (see Figure
3.18).

Since the imaging procedure does not involve electron lenses, the lens aber-
rations are absent, or reduced to the condenser lens' level. The quality and size
of the probe determines the quality of the �nal image. It is important for the
beam direction to be constant during the scan. If the beam would intercept
the specimen at di�erent angles, the di�raction conditions would change. The
interpretation of the image contrast under these circumstances would be rather
di�cult.
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Figure 3.17: Schematic representation of imaging modes. a. The images formed
with the direct beam contribute to a bright-�eld image. b. If another di�raction
spot is selected for the imaging, it is referenced as dark-�eld imaging. c. In order
to minimize the lens aberrations, it is advisable the avoidance of the o�-axis beams.
For this reason the beam that hits the specimen will be tilted, so the used di�raction
spot will be centered. This technique is called centered dark-�eld imaging.

Similar to TEM image forming, in STEM the user can select which part
of the electron beam to form the �nal image. In STEM mode the position
of the detector below the specimen determines this. If a disk-shape is used,
positioned on the optic axis, the recorded image will be a bright-�eld image.
The contrast is mainly due to thickness and the atomic number of the sample.

In order to record a dark-�eld image, a ring-shape detector is used placed
symmetrically of the optic axis. The dark-�eld image is complementary to the
bright-�eld.

As stated earlier, the �nal image of the STEM is not created by lenses, so
the magni�cation is not de�ned by electron-lens parameters, but it is deter-
mined by the ratio of the scanned line-length and the dimension of the display
screen.
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Figure 3.18: By registering the position of the probe with respect to the sample,
and registering the signal collected by the bright-�eld and dark-�eld detectors, the
STEM image is constructed.

3.3 Specimen preparation

There are several methods for sample preparation. Regardless of which tech-
nique is being used, it should not interfere or a�ect any property of the speci-
men during the measurement, or if it does, the user must know how. General
requirements for the sample are: it should be electron transparent (the thinner,
the better); ideally it should have uniform thickness; it should be stable under
the electron beam [17].

The samples can be categorized into self-supporting ones and specimens
that are supported by a grid. The �rst category include samples that can
support relatively high mechanical stress and heat, which are part of the man-
ufacturing process. If the specimen is a nanomaterial, the supporting grid is
the ideal solution, e.g. a copper grid with a holey carbon �lm covering it. The
user must bear in mind that artifacts occur with the use of this type of grid:
a Cu signal is present during EDS analysis.

I will present brie�y the focused ion beam (FIB) technique, most of the
samples that I worked with were prepared using this method. FIBs, often
integrated into an SEMs as a dual-beam system, are getting popular. The FIB
basically is a SEM with a built in ion mill, that uses a well controlled Ga-ion
beam [18].

Originally the FIB was developed/used for chip repair and modi�cation
in the semiconductor industry. The main advantages of using FIB for TEM
sample preparation is that with this technique, one can select the target area
with a relatively high precision (∼ 20nm); it is fast: a sample preparation
takes only a few hours; these techniques are independent of the nature of the
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Figure 3.19: a. Schematic representation of the "H-bar" technique. After pre-
polishing the sample, the FIB was used to make the �nal electron-transparent section.
b. Through the in-situ lift out technique, the thin lamella is transferred in the FIB
to a TEM half-grid. A Pt protective layer is deposited to conserve and protect the
surface of the sample.

material. A major disadvantage is resulting from the use of the ion milling:
Ga ions can damage the material, ion implantation can occur.

An early preparation technique involved the polishing of the sample to an
approximately 50µm thin lamella and using the FIB to cut two trenches from
opposing sides, obtaining an electron-transparent area. This technique is also
referred to as the "H-bar" technique (see Figure 3.19.a).

The ex-situ lift out technique involves the thinning of a region of the sample
in the FIB to electron-transparency. This small lamella will be removed in a
visible light microscope with the help of micro-manipulator using electrostatic
force, it will be placed on a holey carbon grid or a small-mesh grid. The
FIB-milling part of the procedure can be automated in many cases, from this
stems the advantage of being a relatively fast technique. Disadvantages of this
technique are that once the lamella is placed on the TEM-grid, it is almost
impossible to further thin it; also re-deposition in the FIB-milling is common,
because the lamella is not separated from the material.

The in-situ lift out technique is very similar to the previously described one
(see Figure 3.19.b). The major di�erence is that the thin lamella is transferred
to a TEM half-grid inside the FIB. The transfer is realized with the help of
a nano-manipulator. The lamella is soldered to the tip of the manipulator
with a Pt deposition. After the lift-out it is soldered to the grid using the
same method. Further thinning is done on the grid. The last steps of the
polishing procedure are done with high energy electrons, instead of Ga-ions.
This reduces the damages done by the ion-milling.

Pt deposition is also applied at the beginning of the sample preparation to
the area of interest to protect the surface.



Chapter 4

Electron Energy Loss

Spectroscopy

Approximately half of the electrons that hit the sample surface in the TEM pass
through the specimen without losing any energy (or negligibly small amount).
Assuming a mono-energetic electron beam, the remaining electrons lose energy
because of di�erent interactions between the sample and electrons. The energy
loss recorded in the spectrum can reach up to a few keV. EELS is analyzing
the energy distribution of the transmitted electrons. By understanding the
interactions between the electrons and the atoms in the sample, EELS can
provide qualitative and quantitative elemental analysis of the sample, it can
characterize atomic states and chemical bonds in the sample.

4.1 Electron scattering

The incoming electrons interact with the atoms of the sample through electro-
static forces. As a result, the electrons change their momentum and energy.
Based on the above parameters, the scatterings can be divided into elastic and
inelastic scattering.

Elastic scattering

In case of elastic scattering, the incoming electrons interact with the nucleus
of the atom (from an electrostatic point of view a densely charged and heavy
object). If the electron approaches the nucleus at a small enough distance, the
impact parameter becomes small (see b1 on Figure 4.1.a) and the scattering
angle can be large. The angular distribution of the electrons can be described
by the Rutherford-scattering formula [19]. If the impact parameter is lager (b2),
then the Coulomb interaction becomes weaker, partly because the electrostatic
�eld weakens proportional to the square of the distance, and partly because
the �eld of the nucleus is shadowed by the atomic electrons. If we make
the approximation that every atom in the sample interacts with the incoming
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b1
b2

a. b. c.

Figure 4.1: The interactions of the incoming electron with an atom in the sample:
a. Coulomb interaction with the nucleus. Depending of the impact parameter (b),
the scattering angle varies. The energy loss is negligible. b. An inner-shell elec-
tron is excited to the closest outer orbital, the incoming electron loses an amount of
energy that is characteristic to the atom. The de-excitation of the atom occurs via
the emission of an X-ray. c. An outer-shell excitation is similar to the inner-shell
excitation.

electrons independently, then the majority of the electrons scatter through
small angles. For instance an electron with 100 keV energy would have a
scattering angle of 10-100 mrad.

In case of elastic scattering, the energy loss is negligible, it reaches its
maximum at 180◦ scattering angle.

Inelastic scattering

In case of inelastic scattering, the incoming electrons interact with the atomic
electrons. This is also a Coulomb-type interaction and it involves energy trans-
fer. The interaction can be interpreted as an excitation of an atomic electron to
an orbital that is characterized with a higher quantum numbers (Figure 4.1.b).
The energy needed for the excitation is supplied by the incoming electron. If
we regard an inner-shell electron, the closest available free orbital may be sev-
eral hundreds of eVs from its state. Through the interaction the inner-shell
electron is excited to the closest available orbital. Based on energy conserva-
tion principals, the incoming electron loses the equal amount of energy that is
needed for the excitation energy, that can be considered as a ��ngerprint� for
every element.

After the interaction, the excited atom will quickly lose its excess energy
through electromagnetic radiation (emission of an X-ray) or through kinetic
energy (emission of another atomic electron, Auger-electron).

Outer-shell electrons can also be excited like inner-shell electrons (see Fig-
ure 4.1.c). The energy required for their excitation is a few or a few tens
of electron-volts. In certain conditions these electrons can be emitted as sec-
ondary electrons. The de-excitation process includes electromagnetic radiation
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in form of visible light (cathodoluminescence) or it can occur without radiation,
in form of heat.

The outer-shell excitation can involve many atoms. From a quantum-
mechanical point of view, it can be described with the introduction of a semi-
particle: the plasmon. The energy of the plasmon, Ep, is proportional to the
square-root of the valence electron density. Usually Ep lies in the range of 5-30
eV. Plasmon excitation is a collective behavior of many atoms, if viewed over
a longer period of time. At a time-instant, the excess energy is most likely
carried by only one electron, which makes it plausible that plasmons can be
generated also in insulators, there Ep being higher.

4.2 The spectrum

The excited atom in the sample will return to its ground state by losing the
excess energy (through X-rays, Auger-electrons etc.). Measuring the energy
of the emitted X-rays gives information about the elemental composition of
the sample. Energy-dispersive X-ray spectroscopy and Auger-spectroscopy are
based on the analysis of these events. These, however, are secondary processes.
In the scattering events (the primary process) the incoming electron loses the
same amount of energy that is used for the excitation. An energetic analysis
of the transmitted electrons provides similar information as the EDS does. An
EELS spectrum consists of the number of electrons displayed as a function of
their energy loss. A typical EELS spectrum is shown in Figure 4.2. These
spectra were taken from the same area of the sample on di�erent energy loss
regions: 0 to 370 eV (a) and 410 to 770 eV (b).

The �rst is often referred to as the zero-loss or low-loss spectrum. The
range of the y axis is relatively large, this indicates the use of the logarithmic
scale. The �rst feature, (1), is the zero-loss peak, this is present in every
low-loss spectrum. The zero-loss peak includes electrons that su�ered no, or
immeasurably low energy losses: electrons that did not interact with the sample
(unscattered); elastically scattered electrons and electrons that excited phonon
modes. Feature (2) is due to plasmon excitation, this peak is at 17 eV in
this spectrum. (3) is a manganese M edge at 49 eV energy loss (the sample
contained traces of Mn). Feature (4) is an artifact of the CCD camera. The
camera consists of quadrants and the sensitivity of the neighboring quadrants
is not always the same.

In Figure 4.2.b one can see sharply rising edge-like peaks superimposed on
a decreasing background. This edge is due to inner-shell excitation. Based on
the peak position the element can be identi�ed. In this spectrum a titanium
L2,3 (1) and oxygen K edge (2) is present. Other structures in the spectrum
are an indication of other properties of the sample (e.g. crystallinity).

Ideally, one incoming electron would interact only with one atom in the
sample. The practical requirement for the above described situation is that
the sample to be thin (�the thinner, the better�). If one analyzes a thick sample
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(1) (2) (3) (4) a.

(1) (2) b.

Figure 4.2: A typical electron energy loss spectrum. a. The low-loss spectrum
contains the zero-loss peak (elastically scattered electrons). Its intensity is large com-
pared to the rest of the spectrum, this is why it is indicated the use of the logarithmic
scale. b. The core-loss spectrum contains edge shape peaks on a decreasing back-
ground. The presence of these peaks is due to inner-shell excitations. A linear scale
is being used here on the y axis.

there is a higher probability that an electron will be scattered more than one
time. Its total energy-loss would then be the sum of the individual losses. For
instance, in the low-loss spectrum there would be a series of peaks at positions
that are multiples of the plasmon energy. A quantity, the mean free path
(MFP) is being used to characterize these multiple interactions. The MFP is
the average distance between two consecutive scattering events involving the
same incoming electron. If the sample thickness is larger than the MFP, the
plural scattering peaks will have signi�cant intensities. In the spectrum shown
in Figure 4.3 (an aluminum specimen) the sample thickness is 1, 04 ·MFP , a
second plasmon peak appears. The second peak's x coordinate (energy-loss)
is twice the value of the �rst peak: a signi�cant number of electrons su�ered
the same type of interaction two times.
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thickness = 1, 04 ·MFP

Figure 4.3: In a thick sample the same electron can scatter more than one time. This
gives rise to multiple plasmon peaks in the low-loss spectrum. There are deconvolution
methods that can remove the plural scatterings, the result of such a deconvolution is
displayed with the red solid line.

There are analytical techniques for the removal of plural scatterings from
the spectrum. The result of such a technique is displayed as well in Figure 4.3
as the red continuous line.

Using the classical principles of scattering a MFP model can be constructed.
The MFP is inversely proportional to the scattering cross-section. Inner-shell
excitations have a relatively small cross-section, which leads to a large MFP.
For this reason, the e�ects of plural inner shell scattering are relatively small,
however the probability of �mixed� events (plasmon and core-loss excitation)
is rather large. Methods of how to deal with this problem (plural scattering)
are presented later in this chapter.

4.3 EELS-EDS comparison

As earlier described, the excited atoms will return to their ground state emit-
ting electromagnetic radiation. The energetic analysis of this radiation gives
similar information about the sample as an EELS analysis. There are several
di�erences between these two techniques.

The incoming electron beam broadens in the sample due to scattering. In
practice this means that a 100 keV beam in a 100 nm thick carbon sample
will broaden approximately 4 nms, the broadening increases with the average
atomic number of the sample [20]. In case of STEM, where the probe size is
in the nanometer range, this 4 nm broadening becomes signi�cant. This way
the X-rays are originating rather from a truncated cone-like volume than from
a cylindrical one, leading to the deterioration of the spatial resolution. In case
of EELS with a post-specimen aperture, one can select a narrower electron
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Figure 4.4: Due to scattering events, the incoming electron beam is broadened:
X-rays will be generated from a truncated cone-like shape rather than a cylinder. In
EDS the spatial resolution will deteriorate. In case of EELS analysis, the use of a
post-specimen aperture will enhance the spatial resolution.

beam for analysis. In e�ect, this reduces the interaction volume in the sample,
leading to a better spatial resolution (see Figure 4.4).

Under similar experimental conditions the X-rays give less count rate than
core-loss electrons. The reason is that the �uorescence yield is rather low,
especially for low atomic number elements, and the X-ray absorption coe�cient
is high. A fraction of < 10% of generated X-rays are detected. In case of EELS
the detection e�ciency is 20-50%.

The EELS background is higher in comparison with the EDS. The charac-
teristic features in the spectrum are edges instead of peak, they are extended
over a wider region [21].

Advantages of the EELS are thus the higher core-loss signal, the better
spatial resolution. It is possible to do an absolute, standardless quantitative
analysis. In addition, structural information can be extracted from the �ne
structures on the edges. Disadvantages are: the high background, the need of
thinner samples. A thick specimen leads to plural scattering, which increases
the background under the ionizing edges, especially at energies below 1000 eV.
EELS procedures and analysis are more operator intensive than EDS.

4.4 Hardware

A key instrument in the EELS hardware is the one that discriminates, separates
the electrons based on their energy. There are several approaches, one of them
is the magnetic prism. An electron with charge e, if penetrates a uniform
magnetic �eld, B, that is perpendicular to the electron's velocity, v, it will
follow a circular path, having a radius of
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Figure 4.5: Schematic representation of the magnetic prism. The electrons entering
a B magnetic �eld, will follow a circular path. The radius of their path depend on
their velocity (energy). The prism is calibrated in such way that zero energy-loss
electrons would have a φ de�ection. Electrons with some energy-loss will be de�ected
through a larger angle.

R =
mv

eB
. (4.1)

For the fast electrons in the TEM relativistic e�ects must be taken into account:

Rrel =
γm0v

eB
, (4.2)

where γ = 1√
1− v2

c2

and m0 is the rest mass of the electrons.

The magnetic prism is constructed in such manner that the electrons would
have a de�ection of φ. Often, for convenience, this angle is chosen to be 90◦.
As one can see from the above formula, the radius of the electron's path in
the prism depends on its velocity. Electrons with zero energy loss have a
90◦ de�ection, electrons that lost some energy have lower velocity, move on a
smaller radius path, so they would have a larger de�ection (see Figure 4.5).

Besides bending the electron's trajectory, the magnetic prism has a focusing
e�ect as well. Electrons originating from point O will be focused in point Ix.
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The reason for the focusing is the following: electrons that deviate with γ
angle from the optic axis (the central trajectory) will travel a longer distance
in the prism, therefor they will be de�ected with a larger angle. Electron paths
having a negative γ angle will deviate with smaller angles. At a vx distance
from the prism these trajectories will converge into point Ix. This focusing
property of the prism is true for electrons that su�ered energy losses as well. If
the prism's edges would be perpendicular to the electrons' path (ε1 = ε2 = 0)
and points O, C and Ix would lie in a straight line (Barber's rule), the prism
would only focus in the x direction. As ε1 and ε2 di�er from 0, the focusing
power of the prism will be reduced in the x-z plane.

Focusing can occur in plane y-z, plane that is perpendicular to x-z. This
requires that the magnetic �eld to have a component in the x direction as well.
This is obtained with a special prism design and the choice of ε1 6= ε2 6= 0.
Both edges of the prism behave like a convex magnetic lens in the y-z plane.

The focusing powers in x and y directions are generally di�erent, this means
that the electron beam is focused at vx distance from the prism's edge in
x-z plane, and vy in the y-z plane. In other words the prism exhibits an
astigmatism. There is however, a combination of ε1 and ε2 values for every
u distance that make vx = vy. In such case the prism is said to be double
focusing. If an extended object would be placed in point O and x-z plane, its
image would be formed in point Ix [22].

Alignment

Before the use of the spectrometer an initial alignment is being done. Often,
the electrons' initial trajectory in the spectrometer is not coinciding with the
optical axis. Two-dimensional detectors, such as phosphorous screens or CCD
cameras, are ideal for aligning the beam's position. To achieve optimum per-
formance, the focusing of the spectrometer must be correct. This alignment
can be veri�ed by analyzing the shape of the beam in the detector plane. For
instance, the �rst order focusing is correct when the exit beam has a minimum
width in the dispersion direction. A more accurate setting can be obtained
with low depth of focus (e.g. using a larger entrance aperture). The �rst-order
focusing alignment can be done by the quadrupole magnets placed before and
after the magnetic prism.

Aberrations in the spectrometer are responsible for the spread of the en-
trance beam into an aberration �gure observed in the plane of the CCD camera.
The shape and symmetry of these �gures can be used to minimize the higher
order aberrations.

Stray magnetic �elds can also in�uence the performance of the spectrome-
ter. External �elds can penetrate the viewing chamber and de�ect the electron
beam before entering the spectrometer. The use of a �eld compensating sys-
tem can eliminate the e�ect of the stray �elds [23]. Using nonmagnetic objects
in the close proximity of the microscope and spectrometer also helps in the
elimination of the stray �elds.
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Figure 4.6: a. The crossover, containing a di�raction pattern, serves as an image
for the spectrometer. In such case the instrument is said to be operated in di�raction

coupling mode. b. If at point O an image of the specimen is formed, the spectrometer
is said to be operated in image coupling mode.

Operating modes

A certain type of post-column spectrometers operate with the projector lens
on. The projector lens is designed to form a relatively large image on the
viewing screen. This implies that the crossover O is close to the lens itself and
that the beam's divergence angle at point O is large. Since the brightness of
the beam is conserved along the column, the angle-beam diameter product is
constant. This results a small beam diameter at point O.

If the microscope is operated in image mode (an image of magni�cation M
is present on the viewing screen), than the spectrometer is said to be operated
in di�raction coupling mode (see Figure 4.6.a). In this case the projector lens
crossover contains a di�raction pattern. If the distance between the viewing
screen and the crossover is h, then the di�raction pattern can be characterized
with a camera length of L = h

M . The divergence angle of the beam is controlled
by the objective aperture's diameter, the area of interest on the sample is
determined by the spectrometer's entrance aperture. Because in the TEM the
depth of focus is very large, an image that was in focus on the viewing screen
of the microscope, will also be in focus (or very close to it) at the entrance of
the spectrometer as well.

If the TEM is operated in di�raction mode (a di�raction pattern is being
projected on the viewing screen), the spectrometer is said to be operated in
image coupling mode (see Figure 4.6.b). In this case an image is formed at
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point O. The area of interest in this case is determined by the size of the
selected area aperture.

Recording the spectrum

If a CCD camera is used in the spectrometer, the energy-loss spectrum is
recorded as a sequence of channels, where the electron intensity is proportional
to the accumulated charge in the respective cell. There are two basic ways to
record the spectrum: serial and parallel recording.

In parallel recording mode a position sensitive detector records the whole
energy-loss spectrum at the same time (taking advantage of the position-energy
loss correspondence). Originally these detectors were photographic �lms. CCD
cameras, however, provide a more convenient solution.

The CCD cameras used in the spectrometers are usually operated at −25◦C
to minimize the dark current and the readout noise. The low temperature also
improves the sensitivity and dynamic range.

The above mentioned recording module uses a so called indirect exposure
system: the electrons hit �rst a scintillator, which then is coupled to the actual
CCD camera (see Figure 4.7). A typical size of a CCD camera pixel is ≈ 14µm.
The dispersion provided by the magnetic prism is only a few µm/eV. There-
for, a magni�cation of the spectrum is needed, which is done by magnetic
quadrupole lenses placed after the prism, that provide a rotation-free spec-
trum. These quadrupole lenses, however, do not focus in the horizontal direc-
tion, so they provide a line spectrum. The line spectrum has the advantage
that the current density of the beam is low, as the risk of beam damage to the
scintillator and CCD camera.

For the scintillator it is important to have a good spatial resolution and
uniformity. Good spatial resolution is achieved by using a thin scintillator.
Uniformity is ensured by using an amorphous material as NE102 plastic, or
single-crystals such as CaF2, NaI, Ce doped yttrium aluminum garnet (YAG).
Since organic materials are more prone to radiation damage, YAG became the
standard material for scintillators in parallel recording spectrometers. YAG
emits yellow light to which the CCD array is highly sensitive and YAG single
crystals can be polished down below 50µm thickness.

Using EELS, one can obtain qualitative and quantitative information from
a region of interest on the sample: e.g. the concentration of a certain element.
There are other techniques that, using information beard by the inelastically
scattered electrons, provide the spatial distribution of elements. One of these
techniques uses the fact that the magnetic prism of the spectrometer can be
regarded as a chromatically discriminating optical element. If in the image
plane of the spectrometer a slit is placed, it can select electrons with speci�ed
energies (for instance, the K edge of nitrogen). Magnetic lenses placed after
the slit can form similar image on the spectrometers CCD camera as the TEM
would. One can get elemental maps this way.
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Figure 4.7: In parallel recording mode the whole spectrum is recorded at the same
time. An indirect exposure system is used, the electrons hit a scintillator �rst, light
emitted by this reaches the CCD camera through a �ber-optic coupler.

4.5 Quantitative procedures

Mathematical procedures are being used to extract quantitative information
from the energy loss spectrum. The interpretation of the data is more di�cult
to do because of plural scatterings. One of the �rst steps of the data analysis
is the removal of these from the spectrum. Usually the data analysis is divided
into low-loss and core-loss spectrum.

The Fourier-log method

Many low-loss analysis methods are based on Fourier analysis. The Fourier-log
method assumes independent scattering events within the sample. According
to this, the theoretical integrated electron intensity, In, that corresponds to
inelastic scattering of order n, has a Poisson distribution [24]:

In = I · Pn = I

(
t
λ

)n · e− t
λ

n!
, (4.3)

where I is the total integrated electron intensity, t is the sample thickness and
λ is the mean free path for inelastic scattering.

The n = 0 notes the case where there is no inelastic scattering. In practice,
all the electron intensity is concentrated in the zero-loss peak. The recorded
zero-loss peak can be written in the following way:
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Z(E) = I0R(E), (4.4)

where I0 is de�ned based on equation 4.3, I0 = I · e− t
λ and R(E) is the

instrument response function, which has unit area and its full width at half
maximum (FWHM) is the energy resolution of the instrument.

Single scattering events, n = 1, have an intensity distribution S(E), which
based on 4.3 is I1 = I0 · tλ . In the experimental spectrum, the recorded electron
intensity can be expressed as the convolution of S(E) with the instrument
response function:

J1(E) = R(E)∗S(E) =

∫ ∞

−∞
R(E − E′) · S(E′)dE′ (4.5)

The intensity distribution of double scattering events, D(E), should be

described with the self-convolution of S(E)
(
I2 = I2

1 = I2
0
t2

λ2

)
, but based on

equation 4.3: I2 = I
( tλ)

2
e− t

λ

2! = I0
( tλ)

2

2! , so D(E) = S(E)∗S(E)/2!I0. The
contributions of the 2nd order is therefor:

J2(E) = R(E)∗D(E) =
R(E)∗S(E)∗S(E)

2!I0
(4.6)

In a similar manner for the 3rd order scattering it can be written: T (E) =
S(E)∗S(E)∗S(E)/3!I2

0 and

J3(E) = R(E)∗T (E) =
R(E)∗S(E)∗S(E)∗S(E)

3!I2
0

(4.7)

The recorded spectrum contains contributions from all order of scatterings:

J(E) =
∞∑

i=0

J i(E) = Z(E) + J1(E) + J2(E) + J3(E) + · · · =

= R(E)∗
(
I0δ(E) + S(E) + S(E)∗S(E)/2!I0 + S(E)∗S(E)∗S(E)/3!I2

0 + · · ·
)

=

= R(E)∗
(
δ(E) +

S(E)

I0
+
S(E)∗S(E)

2!I2
0

+
S(E)∗S(E)∗S(E)

3!I3
0

+ · · ·
)
,

(4.8)

where δ(E) is an unit area delta function.
If we de�ne the Fourier transform of J(E) function FT (J(E)) = j(ν) =∫∞

−∞ J(E)·e2πiνEdE (ν being a frequency term) and apply the rules concerning
the convolution and Fourier transforms, we get:

j(ν) = z(ν)

(
1 +

s(ν)

I0
+

[s(ν)]2

2!I2
0

+
[s(ν)]3

3!I3
0

+ · · ·
)

= z(ν) · e
s(ν)
I0 (4.9)
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Here j(ν) is the Fourier transform of the recorded spectrum, z(ν) of the zero-
loss peak and s(ν) of an ideal spectrum where the plural scatterings are absent.
Taking the natural logarithm of both sides of equation 4.9 we would get:

s(ν) = I0 ln
j(ν)

z(ν)
(4.10)

Unfortunately the calculation of the direct inverse Fourier transform of s(ν)
would not provide a very good result. J(E) contains noise, this noise content
will be predominant in j(ν) at higher frequencies [25].

If one multiplies equation 4.10 with a g(ν) function that has a unit area
and that falls rapidly, the noise from the j/z term at high frequencies can be
attenuated. The inverse Fourier transform would correspond to single scat-
tering distribution recorded with a spectrometer whose response function is
G(E). A good choice for this would be Gaussian function in the form of
G(E) = 1

σ
√
π
e−E

2

σ2 . In this case:

g(ν)s(ν) = j1(ν) = I0e
−π2σ2ν2 ln

j(ν)

z(ν)
(4.11)

It is reasonable to chose the G(E) so its full width at half maximum (FWHM)
to be the same as the energy resolution of the instrument.

Choosing G(E) to be equal with the instruments response function, we
would get:

r(ν)s(ν) = j1(ν) = z(ν) ln
j(ν)

z(ν)
(4.12)

Calculating the inverse Fourier transform of this, J1(E) would mean the single
scattering electron intensity distribution on an in�nitesimally thin sample.

The Fourier-ratio method

The Fourier-ratio method processes the so called core-loss spectrum by using
the low-loss spectrum as well, which is regarded as an instrument response
function that is convoluted with the core-loss spectrum.

Assuming that Jk(E) is the background subtracted core-loss spectrum,
Jl(E) is the low-loss spectrum (both contain instrument broadenings) and
K1(E) is the core-loss spectrum that contains only single-scatterings without
broadening, then:

Jk(E) =
K1(E)∗Jl(E)

I0
, (4.13)

where I0 is the zero-loss integral. Taking the Fourier transform of both sides
we obtain:

jk(ν) =
k1(ν)jl(ν)

I0
(4.14)
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and

k1(ν) = I0
jk(ν)

jl(ν)
(4.15)

Based on the above, the recorded Jk(E) spectrum can be corrected for both
plural scatterings and instrument broadening.

Similar to the Fourier-log method, here as well the noise factor jk/jl ratio
must be dealt with. The multiplication of the ratio with a Gaussian function
or with the zero-loss peak provides solution to the elimination of the noise.

4.6 TEM applications of EELS

4.6.1 Thickness measurements

Knowing the thickness of the TEM sample is useful in many aspects. For
instance, it is essential in converting areal density into elemental concentration.
There are several techniques in the TEM to measure the sample thickness: e.g.
using CBED or tilting the sample and observing the lateral shift of a speci�c
feature on the sample.

Using the log-ratio method one easily can measure the relative thickness of
the sample [26]. This technique estimates the sample thickness within a region
de�ned by the incident beam. By comparing the area under the zero-loss peak,
which corresponds to events that did not involve inelastic scatterings, and the
total area of the spectrum and applying equation 4.3 we get:

t

λ
= ln

It
I0
, (4.16)

where λ is the elastic mean free path.

Absolute thickness measurements

In order to determine the absolute thickness of the sample, one needs to have
a good estimate of the mean free path. A rough calculation can be done with
the following formula: λ = 0, 8 ·E0 (λ is expressed in nanometers, E0 in keV).
This estimate is valid with a factor of two for most of materials.

Models for MFP calculation can be applied for samples of known composi-
tion using parameters such as the collection semi-angle, the incident energy of
the electrons and the chemical composition of the sample. For small collection
angles (< 15mrad) the MFP can be approximated by the formula

λ ≈
106F E0

Em

ln
(

2β E0
Em

) , (4.17)

where the unit of λ is nm, F is a relativistic factor, F =
(

1 + E0
2m0c2

)
/
(

1 + E0
m0c2

)
,

E0 is the incident electron energy in keV, β is the collection semi-angle in mrad
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and Em is a parameter characteristic to the elemental composition of the sam-
ple [27].

Using samples with known thicknesses, Em can be determined for di�er-
ent materials with formula 4.17. Em can also be approximated with Em ≈
7, 6 · Z0,36 [27]. This formula, however, does not bear any dependence of the
crystallographic properties of the sample, e.g. it gives the same values for
graphite and diamond. In case of a compound an e�ective atomic number is

being used instead: Zeff ≈
∑
fiZ

1,3
i∑

fiZ
0,3
i

, where fi is the atomic fraction of element

Zi.

4.6.2 Low-loss spectroscopy

The spectrum that contains energy losses up to 100 eV is referred to as low-
loss spectrum. Many features or peaks in this spectrum are present due to
outer shell excitations. The so called plasmon peaks are characteristic to the
material. There are elements that can be easily identi�ed based on the position
of the peak, e.g. Al has a sharp peak at 15 eV. Other elements might have
broad plasmon peaks. By comparison with candidate materials it is possible
to identify the unknown sample.

The width of the plasmon peaks sometime can be indicative of di�erent
crystallographic phases. For instance Al6Mn in quasi-crystalline phase has a
wider plasmon peak than in the amorphous phase [28].

Adding an alloying element to a metal will alter the electron density in
the valence band, hence the plasmon energy as well. The alterations can be
measured and registered for known samples. In many cases the plasmon energy
shift is linear with the composition [29].

The low-loss spectrum is useful for the characterization of small particles,
where the surface/volume ratio is relatively large. In this case the electron
excitations are dominated by localized surface plasmon modes. These peaks
involve lower energy losses, their position and shape bear information about
the geometry of the interface.

4.6.3 Energy �ltered images

As described previously, the electrons that exit the magnetic prism and pass
through a lens system can form images. With the help of an energy selecting
slit, electrons with speci�c energy-ranges can be selected for image formation.
If the slit is set so that the zero-loss peak passes through, a so called zero-
loss image is being produced. This image has better contrast and resolution
compared to an un�ltered TEM image. The following factors in�uence the
image, their relative importance is varying with the applied imaging technique
or the sample nature.

Using energy �ltered imaging reduces the e�ect of the chromatic aberra-
tions. The resolution due to this type of aberration is reduced because the
energy spread is considerably smaller due to the energy selecting slit.
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Figure 4.8: An energy �ltered image of an Al layer on a steel substrate. The image
has been formed by electrons having energy losses between 12,5 and 17,5 eV. The Al
plasmon has a sharp peak at 15eV.

By �ltering the di�raction pattern (zero-loss �lter) inelastically scattered
electrons are eliminated. This results the removal of the di�use background,
mainly due to plasmon scattering and enhances the faint di�raction features [30].
Zero-loss �ltering of CBED patterns increases the contrast, higher order Laue-
zone lines become more visible in the central disk. Using this technique the
lattice parameters of a crystalline sample can be measured with a 10−10m
precision. This is su�cient enough to detect small strains in the crystalline
structure [31].

Materials having sharp plasmon peaks can be easily identi�ed using low-loss
energy �ltering. In Figure 4.8 an Al layer is visible on a steel substrate. This
technique is also useful in imaging the spatial distribution of certain metallic
precipitates in alloys [32].

Elemental mapping

The ability to make 2D maps of elemental distribution makes the TEM a
powerful analytical tool.

At least two energy �ltered images need to be taken to construct an ele-
mental map: one where the slit is positioned the edge and one after the edge.
The simplest method is to subtract the pre-edge image from the post-edge
image. This works well for thin samples and high jump-ratio images, where
the concentration of the analyzed element is high. This two-window technique
is, however, unsatisfactory for quantitative analysis [33]. Another option for
two-window imaging is to divide post-edge image with the pre-edge one. The
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Figure 4.9: The slit of the spectrometer is set to take three energy �ltered images.
The two pre-edge images are being used to calculate a background image, which will
be subtracted from the post-edge image to obtain the elemental map.

yielding image is called a jump-ratio map. The advantage of this technique is
that it is insensitive to thickness variation and di�raction conditions.

If quantitative information is required, then the three-window technique
is used: two adjacent pre-edge and one post-edge image is taken (see Figure
4.9). The pre-edge images are being used to determine the background. This
is a pixel-by-pixel operation, where two corresponding pixels from the two pre-
edge images are being used to determine parameters A and r of the background
function Bg(E) = A · E−r. The Bg(E) function is then extrapolated and is
subtracted from the post-edge image. Because of the extrapolation errors, the
elemental map calculated with the three-window method is noisy. To avoid the
noise a longer exposure time is required (this is more problematic if the sample
position is not stable). A good rule of thumbs is to record a jump-ratio image
�rst and if the results are encouraging then record a three-window image (see
Figure 4.10).

The availability of spectrum imaging software makes it simple to implement
the above described techniques. Several �ltered images are being recorded
from a larger energy range, later these images can be processed with the most
suitable technique [34].

4.6.4 Elemental analysis of the core-loss spectrum

EELS o�ers a higher spatial resolution and sensibility than EDS. Using parallel
recording mode the speed of acquisition is increased. Combining STEM with
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a. b. c.

d. e. f.

Figure 4.10: Energy �ltered images taken from an Al layer on a steel substrate.
The images in the �rst row are part of EFTEM SI, where the step size was 20eV and
the slit with was also 20eV. The second row contains elemental maps of iron. a. and
b. are the two pre-edge images, c. the post-edge. d. is the subtraction of b. from
c. e. is the jump ratio (c./b.). Image f. was obtained by applying the three window
method.

spectrum imaging and EELS allows for extensive data processing after the
acquisition. The chromatic aberrations of the microscope lenses can a�ect the
quantitative analysis. The spectrometer usually is being calibrated without
sample, using an electron beam without any energy loss. When recording a
core-loss spectrum or doing EFTEM imaging, the chromatic aberrations are
being minimized by increasing the acceleration voltage with the same amount
as the energy loss of the edge. This way the electrons passing through the
spectrometer will have the same energy to which the system was calibrated
initially.

The proper choice of collection semi-angle is important. For instance at
low-energy edges a 5 − 10mrad angle increases the signal/noise ratio of the
edge.

In the choice of a good region of interest a quick jump-ratio map is very
e�ective.

In case of crystalline specimen, the orientation of the sample e�ects the
quantitative analysis. It is advisable to avoid strongly di�racting conditions
such as where the incident beam is parallel with a zone-axis, this way the
quanti�cation errors are minimized.

For the best results, only major edges are preferable, if possible from the
100-2000 eV range. Sawtooth shaped edges are more easily identi�ed and
quanti�ed, especially for elements with low concentrations. Ionization cross-
sections are best known for K-edges [35].

Before the quanti�cation, the background needs to be removed from the
spectrum. Based on Bethe-theory, the background of an EELS spectrum can
be modeled as an exponential function (see Figure 4.11).
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Figure 4.11: In many cases the background can be modeled with an exponential
function. The parameters of the separation of the signal from the background are as
follows: Γ should be maximum 30% of the Ek ionization energy, this window should
be placed at least with 5eV before the edge. The with of the windows from where the
signal is taken, ∆, should be approximately 10% of Ek.

If Ek is the energy of the ionization edge, the region (window) where the
background �t is done should be no more than 30% of Ek. The range ∆ from
where the signal is taken for the quanti�cation should be approximately 10%
of Ek. If the background cannot be �tted with an exponential function, a
log-polynomial function should be used.

The identi�cation and separation of the edges becomes problematic if more
edges with close energies are present in the spectrum. This problem is dealt
with by using multiple least squares (MLS) �tting procedures.

To determine ratio in the sample, the user can choose between standardless
and standard-based procedures. The standardless procedure is convenient, but
the knowledge of the collection semi-angle is needed. In case of the standard-
based method the beam energy and the collection semi-angle are not needed,
if the same values are used in the actual experiment as with the standard
samples. Another advantage of the standard-based procedure is that some
systematic errors (e.g. poorly known cross-sections) are eliminated.
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Chapter 5

Inorganic Fullerene-Like

Nanoparicles

5.1 Synthesis

5.1.1 Discovery and structure

The ability of inorganic fullerene-like nanoparticles (IFLNPs) to reduce friction
and wear has �rst been predicted by L. Rapoport et al. [36] This has been later
proven in [37] by the same research group. In order to have a commercially
viable product one needs to be able to synthesize industrial quantities. In this
section a few synthesis methods and the upscaling of the production of WS2
IFLNPs are presented.

In the early '90s it was believed that a stable closed cage structure could
only be obtained using carbon atoms (C60 fullerene structure) because other
atoms or compounds would break up due to strain.

There are di�erent arguments for the stability from di�erent points of view.
It was shown that the folding of the graphitic sheets happens as a result of the
e�ort to minimize the number of dangling bonds from the edges of the sheets
[38]. The C60 fullerene is formed of 60 carbon atoms [39], situated at vertices
of 12 hexagons and 12 pentagons, which form a sphere-like shape The bending
of the sp2 orbitals induces strains at the vertices of the pentagons. The C60's
stability is due to the fact that this is the smallest structure where there are no
adjacent pentagons and the sphere-like shape makes the strains symmetrically
distributed over all atoms.

The synthesis of IFLNPs from metal �lm matrices resulted in relatively
small quantities (enough for scienti�c research, but not nearly su�cient for
industrial production). Many researchers saw a big potential in the use of the
nanoparticles in the lubricating industry, thus in the second half of the '90s
the scale-up of production was in the focus of the research.

In 1996 Y. Feldman et al. reported about a new growth mechanism using
oxides as precursors [40]. WO3 particles of proper diameter (< 0, 2µm) resulted
in the production of WS2 IFLNPs, larger oxide particles agglomerated and the
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Figure 5.1: Key steps of WS2 nanoparticles from oxide precursors: in the �rst few
seconds a WS2 monolayer is formed on the exterior, which isolates the particle. Due
to the H2 gas the WO3 nanoparticle will be chemically reduced. In the last step the
particle is completely sulphidized.

end phase was 2H platelets. Using this technique commercial quantities could
be produced.

The general idea of the method suggested by Y. Feldman et al. is that a
solid WO3 reacts with H2 and H2S gas. A key step in the reaction chain is that
the oxide nanoparticle reacts quickly with the H2S gas and a layer of WS2 is
formed on the exterior of the nanoparticle. This layer isolates the particle and
prevents it from fusioning with other particles, which would lead to formation
of 2H phase platelets. This process takes just a few seconds. In the next step
a mixture of H2/N2 gas is introduced. The role of the H2 gas is the chemical
reduction of the oxide nanoparticle to WO3�x (e.g. W18O49). This process
takes a few tens of seconds. The �nal step of the reaction (tens of minutes)
is the complete sulphidization of the nanoparticle. A schematic representation
of the whole process can be seen on Figure 5.1.

The theory of the growth mechanism was based on the analysis of �nal
and interim products with TEM, selected area electron di�raction (SAED), X-
ray powder di�raction (XRD), X-ray photoelectron spectroscopy (XPS) and
optical adsorption measurements.

TEM images con�rmed that the H2S gas reacts uniformly with the oxide
nanoparticles: the number of sulphide layers was the same for samples chosen
at an arbitrary time of the reaction. XRD pattern of samples taken from the
oxide precursor, the end product and the interim stages of the experiment
sustained the above described theory. After 8 minutes into the reaction XRD
could identify W18O49 and inorganic fullerene-like WS2 (IF WS2) phases.

XRD data revealed other characteristic information of the growth mech-
anism: the sulphidization of the oxide particles of 3 − 5µm size starts at
570− 650◦C, while this process for ∼ 0, 1µm size particles can be observed
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at 400◦C. These smaller particles form IF WS2 if the temperature is raised
above 820◦C. The larger (3− 5µm size) particles form 2H phase WS2 instead,
even at elevated temperatures (∼ 1000◦C). It was observed that the H2S gas
acts as a reducing agent over the oxide nanoparticles. It can be calculated that
the higher the H2 concentration is in the reaction, the faster the reduction will
occur and lower the temperature at which the reaction starts.

One can postulate a likely formation mechanism taking in consideration
that the reaction by H2 is fast and the formation of a thin sulphide skin controls
the size of the fullerene. The di�erence in time between the reduction and the
sulphidization suggests a di�erent di�usion mechanism. It is hypothesized that
H and O atoms di�use through the layers radially and S atoms along the WS2
layer, until they reach a structural defect, where they can progress radially.
This can explain the fast formation of the �rst WS2 layer.

In the work of Feldman et al [41] the above mentioned chemical method
was used. The �nal product was examined using di�erent electron microscope
techniques and XRD. High resolution TEM (HRTEM) images con�rmed the
oxide core and the outer sulphide layers on the nanoparticles (samples were
taken in appropriate times during the reaction). This is in concordance with
previously proposed formation mechanisms [40].

According to thermodynamic calculations, hydrogen is not required for
the sulphidization of WO3. An investigation was carried out in this sense:
hydrogen free precursors and carrier gases were used with 150 nm size WO3

nanoparticles at 820◦C. Almost exclusively 2H phase WS2 was obtained [40].
Thus the IF phase cannot be obtained from WO3 in the absence hydrogen.

The combined actions of reduction and sulphidization were also studied.
Experiments were carried out varying di�erent parameters reaction time, tem-
perature, sulphur source and particle size. A previous conclusion was recon-
�rmed: H2S serves as an auxiliary reducing agent. At lower temperatures the
sulphidization rate is higher than the reduction rate. The rate of reduction
increases much faster than the rate of sulphidization with increasing tempera-
ture. The �ndings of previous studies were con�rmed: at elevated temperatures
(> 900◦C) 2H phase WS2 was obtained regardless of the size of the precursor
particles. In the H2S atmosphere between temperatures 600 and 850◦C smaller
particles keep their integrity, as opposed to the absence of H2S gas, where all
particles break up. There is a large temperature range (650− 850◦C) where
the sulphidized �rst layer forms and IF phase is obtained if the reaction is
sustained for the right length of time. Lower temperature is required for the
formation of smaller (10-30 nm size) IF WS2 nanoparticles.

In Figure 5.2 one can see the reduction and sulphidization rates plotted
against the temperature. At lower temperatures the sulphidization rate is
higher, while at elevated temperatures the reduction rate is higher. There is
a temperature region where the rate of these processes is fairly close. It is
suggested that in this region a synergy exists between these processes, rather
than a competition.
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Figure 5.2: Reduction and sulphidization rates of WO3 nanoparticles as a function
of temperature. At certain temperature region these rates are fairly close, a synergy
exist between the sulphidization and reduction processes, which is needed for the
formation of IF phase WS2 nanoparticles

More generally, a synergy between the reduction and sulphidization is
needed for the formation of IF phase WS2 nanoparticles.

5.1.2 The scale-up

The previously described synthesis methods from tungsten-oxide precursors
opened the path for scaled-up production of industrial quantities: the kg/day
range. An advantage of this method compared to others is that the �nal
product is �exible with respect to size and shape, meaning that larger particles
( ∼ 500 nm), as well as smaller ones can be synthesised.

The �rst scaling-up e�orts consisted in the installment of a bundle of tubes
in a furnace. Oxide powder was dispersed very loosely and a gas stream (H2,
N2, H2S) was introduced in the tubes. Approximately 0,4g IF-WS2 could be
obtained in one experiment lasting three hours with almost 100% conversion
yield [42].

The falling bed solid-gas reactor was designed with the idea to minimize
the possibility of contact between the oxide precursor nanoparticles [42]. The
oxide powder is fed into a vertical furnace using a vibro-electromagnetic setup
(see Figure 5.3). This setup consist of two beakers placed one above the other
with a mesh on the bottom; �exible rubber balloons, that connects the two
beakers and the lower beaker to the furnace; two electromagnets, that are
responsible for the shaking of the beakers. The rubber balloons ensure that
the oxide particles reach the furnace without contact with external atmosphere
and they decouple the vibrations of the two electromagnets. Control of the
electromagnets ensures the control of the feeding rate of the oxide powder into
the furnace. The shaking rate of the superior electromagnet is higher than
that of the inferior, but the higher beaker has a larger mesh size on its bottom.
This leads to the fact that the upper beaker supplies larger quantities (coarse
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Figure 5.3: The falling bed reactor was designed to minimize the contact between
the oxide precursor nanoparticles, which are fed into the reactor with the help of a
vibro-electromagnetic setup. Precise control of key experimental parameters ensures
the complete conversion of the oxide precursor to IF-WS2.
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setting), the lower beaker smaller quantities (�ne setting). This setup provides
a continuous and uniform (∼ 2g/h) supply of WO3 to the reaction. The feeding
process is computer controlled and can be varied on a relatively large scale. N2

gas assists the feeding process. The right combination of parameters ensures
that the WO3 particles do not accumulate on any part of the equipment. At the
top of the reactor, near the feeder a stream of H2S, H2/N2 gas is introduced.
The powder falls through the furnace, and it is collected on a �lter on the
bottom. Precise control of experimental parameters (gas �ow rate, powder
feed rate, temperature, etc.) ensures the complete conversion of WO3 to IF-
WS2.

The process is quasi-continuous: with increasing time, the quantity of
the �nal product increases. However, if the IF-WS2 weight was raised above
15g/batch, the quality deteriorated and 2H phase was obtained. In order to
eliminate this problem, the �uidized bed reactor was proposed.

In the �uidized bed reactor the feeding setup is similar to the one used
in the falling bed reactor (see Figure 5.4). The oxide powder is assisted by
N2 gas into the furnace. WO3 powder falls into the central tube, that has
varying diameter: larger at the top, smaller at the bottom. The di�erent
diameter serves as a control for the gas �ow rate. The H2S and H2/N2 gases
are introduced to the central tube on its inferior end. The oxide powder falls
slowly until it reaches the narrow region of the central tube. Here, high linear
rate of gases o�er �uidized bed conditions for the falling powder. A small
proportion of the powder falls against the gas stream or is swept out of the
central tube, but a large part of the powder stays in the �uidized bed region.
The �nal product is then collected with special �lters. With this reactor a
50g/batch could be produced in 10 hours.

TEM images reveal that IF-WS2 particles produced in �uidized bed reactor
have a more spherical shape than the ones produces in falling bed reactor. This
could be due to the fact that the reaction takes place in gas, in an isotropic
environment. Much larger oxide particles can be converted into IF-WS2 up to
500 nm diameter. The vertical position of the furnace and the feeder setup
allows a continuous reaction. This way, the production rate is approximately
1−2g/h. The �uidized bed reactor produces about 50g/batch and the concept
can be upgraded for industrial quantities. The �nal product contains only
IF phase WS2, no time consuming cleaning and �ltering process is required
afterwards.

In accordance with previous observations, the sulphidization of oxide core
of smaller (∼ 100nm) particles takes approximately 60-120 minutes. In case
of larger particles, in order to terminate the sulphidization process, one needs
higher temperature (∼ 950◦C) and longer reaction time (300 minutes)[42].

According to relevant studies the distance between WS2 layers in larger IF
is closer to the value of the 2H phase [43]. It can be expected that the larger
the IF nanoparticle is, it is more resistant to the transformation into 2H phase
platelets. This could also mean that under severe environmental conditions
the larger IF particles rather undergo to oxidization, than to transform into
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Figure 5.4: The oxide precursor is fed into the �uidized bed reactor through a tube
with varying diameter, which this ensures a controlled gas �ow. The reaction gases
are introduced into the system from the inferior end. In the narrow part of the
tube the high linear �ow rate of gases provide �uidized bed conditions for the WO3

nanoparticles.

2H phase. It is interesting to observe that the larger an IF nanoparticle, the
higher the temperature required to its oxidization. This is important if they
are used in tribological applications, where high temperatures often develop.

5.2 The role of the IFLNPs in tribology

Wear and tribological behavior of metal-dichalcogenides (MS2), extensively
MoS2 have been studied. It is believed that the lamellar structure of these
materials play a great role in friction reduction. The weak van der Waals
forces between the layers provide better sliding conditions for the surfaces in
the contact. Pressure, temperature, ambient atmosphere can alter the lubrica-
tion conditions. One investigation found that if the number of dangling bonds
increases, then the friction coe�cient and the wear also increase [44]. An at-
tempt in the reduction of the number of dangling bonds was the growth of MS2
single crystal thin �lms with their basal plane parallel with the contact surface
[45]. Tribological tests were conducted between two single crystal surfaces:
two MoS2 with �at surfaces were slid against each other. Measured friction
coe�cients were 10-20 times smaller than in case of Si or mica surfaces [44].
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Another approach was to use closed structures (fullerenes), these could act
as �nano ball bearings�, which could enhance the sliding of the surfaces.

The e�ciency of the IF-WS2 increases with increasing contact pressure [46].
This is in concordance with the hypothesis that when the nanoparticles enter
into the contact area they exfoliate, and these exfoliated sheets enhance the
friction. The crystallographic structure of the nanoparticles also play a role
in the lubrication process. Tannous et al. concluded that smaller and poorly
crystallized particles are more e�cient than the larger ones: the defects in the
crystalline structure can ease the exfoliation process [47].

I. Lahouij and co-workers studied the in-situ exfoliation process using a
special TEM sample holder and a nano indenter equipped with a diamond tip
[48]. Qualitative data was collected: rolling and sliding of the nanoparticles
was observed. In several cases the exfoliation of the external sheets was clearly
visible.

In another study Tannous et al. observed the chemistry of the worn sur-
faces [49]. In the experiment di�erent surfaces were tested: iron, diamond like
carbon (DLC) and alumina. IF-MoS2 in mineral oils was used as lubricant.

In the case of iron surface EDS and HRTEM showed that the exfoliated
IF-MoS2 sheets were embedded in the native oxide of the worn surface. This
was supported by the Auger-electron spectroscopy (AES) pro�le of the same
area: Mo, S and O signals disappeared from the pro�le at the same depth.
XPS surface analysis showed the presence of Mo-S, S-S, S-O, Mo-O bonds.

AES pro�le on the DLC sample showed only the presence of carbon, which
indicates that no IF-MoS2 sheets adhered to the surface. This was also the
case with the alumina surface. The tribological tests showed no signi�cant
improvement by using the IF-MoS2 particles for these two surfaces.

Clearly the adherence of the IF-WS2 layers to surface is sensitive to the
chemical composition of the respective surface.

Mo-S, Fe-S and S-O bonds were detected on the iron surface with XPS.
The presence of the sulfur can originate from the synthesis of the IF-WS2
nanoparticles or from the reaction of the IF-MoS2 sheets. The oxygen stems
from the native oxide on the iron surface or from the ambient atmosphere.

The hypothesis that the the IF-WS2 sheets bond with the native oxide on
the surface implies that the oxide is resistant enough not to exfoliate during
the �rst few cycles and that the reaction with the nanoparticles is relatively
fast.
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Tribology

6.1 Wear

The friction and wear could be de�ned as �complicated and multiplex sets of
microscopic interactions between surfaces that are in mechanical contact and
slide against each other� [50]. The friction coe�cient depends heavily on the
mechanical characteristics, the chemical properties of the surface and the phys-
ical and chemical parameters of the surrounding atmosphere, e.g. temperature,
pressure.

The asperities of the surface carry the load which means that the actual
contact surface is less than the nominal contact area. This leads to very high
local pressure and high local �ash temperatures, which change the behaviour
of the materials in question.

Because of the above reasons it is di�cult to model the friction and wear
mechanism. Generally there is no correlation between wear and friction coef-
�cient i.e. low wear rate does not always imply low friction coe�cient. These
tribological parameters are rather system- than material-characteristic. This
must be kept in mind when it comes to development of novel low-friction com-
ponents.

Wear can be considered as progressive loss of material from the surface of
a solid body that has mechanical causes, i.e. contact and relative movement of
an adjacent solid. A �rst order of classi�cation of wear distinguishes between
adhesive wear, abrasive wear, wear caused by surface fatigue and wear due to
tribochemical reactions. The wear can be characterized quantitatively by the
wear rate: removed material mass or volume under unit sliding distance or
unit time.

Tribological damage is not necessarily due to direct material removal: e.g.
in case of a piston and cylinder a continuous (but low rate) material removal
results in an increasing temperature. This could lead to softening or melting
of the sliding surfaces, local welds are created, the piston and cylinder seizes.

For a component, the wear process undergoes several stages: the running

in stage, steady-state conditions and catastrophic stage. In the �rst stage the
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Figure 6.1: The surface can su�er several type of damages: structural changes,
plastic deformation, cracking, chemical alterations, gain or loss of material.

sliding surfaces conform to each other in a fashion that the load is distributed
favourably. This stage is short compared to the next stage. The steady-state
conditions are dominant through the lifetime of the component. An accentu-
ated increase of wear rate in this state leads to the catastrophic stage, where
severe surface damage occurs. Wear rates and friction coe�cients measured
under the steady-state conditions are useful for the characterization of the sys-
tem. It is di�cult to identify the circumstances which lead to failure of the
component (they are not characteristic for the steady-state conditions).

From the surface damage point of view the following classi�cation can be
made: structural changes of the surface, plastic deformation, cracking, cor-
rosion or other chemical attacks, wear and gain of material (see Figure 6.1).
Structural changes of the surface involve phase transformations, formation of
di�usion zones or recrystallization. These changes do not necessarily mean
wear, but they change the mechanical properties of the surface. Plastic de-

formations are caused by mechanical stress and thermal gradient. The result
could be surface damage which may lead to catastrophic failures. Cracking is
caused by stress, cyclic deformations or repeated thermal alterations. Cracking
does not cause excessive wear, but it could lead to large-scale damage. Corro-
sion or other chemical attacks cause the loss of surface �nish and it accelerates
the crack propagation. Wear meaning continuous loss of material causes the
material to leave the surface as debris, the origins of this are mechanical or
chemical. Gain of material is caused by material transfer, accumulation of
debris or excessive heating of the surface. Very often the surface damage is
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caused by a combination of the above enumerated types: e.g. oxidation en-
hanced surface cracking.

A tribotest is a test of wear and/or friction coe�cient. Usually tribotests
are classi�ed on the criterion that how close they resemble reality. It is rea-
sonable to aim for a high degree of realism, but there are arguments for more
simpli�ed tests: cost, time, the precision of control. The DIN 503022 standard
distinguishes between �ve tests in addition to the �eld test. Let us consider
the testing of a cylinder's movement in a piston. A �eld test would be to
evaluate it in an engine that is installed in a car that is driven on public
roads under every-day conditions. A simpli�cation step would be to perform
a bench test with the same car. Costs would be reduced and a better control
of certain parameters could be achieved. One can further reduce the costs by
taking just the engine and test this in a laboratory, this is called a subsystem

test. A next step in the simpli�cation is to perform tests only with certain
components of the subsystem (the piston and cylinder in this case). In the
component-test however conditions are di�erent to the real application, e.g.
the vibrations that the components su�er aren't nearly so close as in the case
of a �eld test. Performing a simpli�ed component test provides high degree
of control. The simplest test, the model-test is ideal for development of new
materials or coatings, however it is very far from the realistic conditions of a
�eld test(illustration in Figure 6.2).

The simplest way of measuring the wear is to measure lost or worn away
material's mass or volume. The problem with this is that the worn mass is usu-
ally very small related to the mass of the component. In addition, measuring
the mass of the component before and after the tribotest gives no information
about the distribution of the wear marks. In certain types of contacts, e.g.
rolling contacts or lubricated sliding, the wear is almost at the atomic scale,
meaning it can be di�cult to weigh.

The topographic methods provide a good solution to the measurement of
small volumes. High resolution devices (atomic force microscope (AFM), or
optical interferometry) have nm resolution.This gives the possibility to measure
volumes in the < 10−18m3 range, the mass of 10−14 kg is measurable.

In 1998 Gåhlin and Jacobson developed topological di�erence methods [51].
The topological image subtraction is suitable for qualitative analysis. It sub-
tracts two images taken before and after the tribotest. The resulting image
shows the unaltered surface as �at (numerically zero) and reveals the lost ma-
terial as elevations. It is very important to get a good lateral matching of the
before and after images. The bearing volume subtraction is used to calculate
numerically the lost volume and mass.

When evaluating the worn surface it is important to identify surface-damage-
types, this often sets the life-time of the component. In the evaluation it could
be important to study the counter-surface as well. Debris, transferred mate-
rial layers or hard particles embedded in the surface provide useful information.
For instance, the lack of surface zones is indicative of chemical wear.
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Figure 6.2: Tribotest categories according to DIN 50322. It is very useful to do
tests that resemble the real-life conditions, but these tests might cost more, consume
more time to plan and do or the precision of control might be inferior.
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a. b.

c. d.

Figure 6.3: Abrasive wear test con�gurations

Figure 6.4: The crater grinding con�guration produces only small amount of surface
damage, which makes the test non-destructive.

Abrasive wear is one of the basic wear types. This is the grooving by
hard particles or asperities on the counter-surface. For this reason, the choice
of the counter-surface is very important. In pure abrasion there is a linear
correlation between the sliding distance and the worn material. The most
common abrasive tests include the wearing of the test component with �xed
abrasives, e.g. grinding paper, or lose abrasives fed into the contact area (see
Figure 6.3).

The above mentioned abrasive tests are relatively course, meaning that the
worn mass/volume is large so that the tested equipment is not usable after
the test. The dimple grinder or ball crater test consists of a rotating wheel or
ball on the test surface. This produces a ∼ 1mm diameter and a few µm deep
mark which makes the test more non-destructive (see Figure 6.4).

The interpretation of sliding and rolling wear is much more di�cult than for
the abrasive wear. A sliding contact initiates a variety of surface phenomena
that can change during the test period. As a consequence, the wear rate
is not necessarily proportional with the sliding distance and correlations to
parameters like hardness and toughness are not trivial. There are a variety of
test con�gurations (see Figure 6.5 a., b., c., d., e., f.). One has to keep in mind
to chose the geometry and sliding mode that is closest to the application. It is
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g. h.

e. f.

c. d.

a. b.

Figure 6.5: Sliding wear test con�gurations. One has to chose the geometry that
closely resembles the real-life application.

important to make a di�erence between the cases in Figure 6.5 g. and 6.5 h.
A contact may initially be point- or line-like, but expand to a larger surface
area with increasing sliding due to wear.

6.2 Friction

When two solid bodies are in surface contact and move or slide relatively to
one another a resistance against the motion is involved [52]. This is called
friction. The friction is energy consuming that normally dissipates in the form
of heat and in most cases it is not desirable. There are major e�orts employed
for reducing friction, however it can never be eliminated completely.

Leonardo da Vinci deduced the two basic laws of friction as following: �the
frictional force is proportional to the normal force between the surfaces� (see
Figure 6.6) and �the frictional force is independent from the apparent area of
contact�.

Coulomb con�rmed these laws experimentally and added what sometimes
is referred as the third law of friction: the frictional force is independent from
the sliding speed.

The following is a short discussion on one of the most current theories
about frictional forces between metal surfaces [52]. Friction exists between two
metal surfaces because of forces that are necessary to shear adhesive junctions
formed at the real contact area (smaller than the apparent contact surface);
and because of the deformation force due to ploughing of the asperities of the
harder metal through the asperities of the softer one; and because asperity
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~G

~N

~F

~Ff

Figure 6.6: Illustration of the frictional force. ~Ff is proportional with the normal
force between the surfaces and it is independent of the apparent area of contact.
These two basic laws were deduced by Leonardo da Vinci.

deformation (this is responsible for the static friction force as well). These
three forces are not independent from one another.

The forming of adhesive junctions could be shown in the case of ultraclean
metallic surfaces that are brought together in vacuum. When the distance
between the atoms at the real contact area is lowered to 20 Å, week van der
Waals forces start to act. If this distance is further reduced then the van der
Waals bonds will transform into metallic bonds and the two bodies would weld
together at the contact area (this has been successfully reproduced by molecu-
lar dynamics simulations). However in most cases the sliding components are
not in vacuum and the surfaces are not clean, the addition of some lubricative
material is common practice. In this case a thin-�lm is formed in the contact
zone, this is the so-called tribo�lm.

For metals, in the case of plastic deformations, the pressure that the as-
perities can support is constant. This means that if the total load is doubled,
then the actual contact area needs to be doubled as well. If we consider n
asperities supporting n loads, we can write the following equation (6.1):

N1 +N2 + · · ·+Nn = A1 · p0 +A2 · p0 + · · ·+An · p0

n∑

i=1

Ni = p0

n∑

i=1

Ai

N = p0 ·At

(6.1)

From this one can deduce also that the actual contact area (At) is depen-
dent on the yield pressure (p0) and on the total load (N), and it is not depen-
dent on the apparent contact area (the second law of friction of Leonardo da
Vinci).

Generally, the friction coe�cient is de�ned as the ratio of the frictional force
and the normal load. In case of metals the friction coe�cient has three com-
ponents: the adhesion component (µa), the ploughing component (µp) and the
deformation component (µd). Normally the adhesion component varies from
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lubrication

Thick film lubrication
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Figure 6.7: Lubrication regimes: when the oil �lm thickness between the sliding
surfaces is in the µm range, there is no direct contact between the surfaces, this is
thick �lm lubrication. If the oil �lm thickness is smaller, the asperities get into direct
contact (mixed lubrication). At boundary lubrication conditions the oil �lm becomes
very thin, the friction coe�cient increases signi�cantly.

0 to 0,4, the ploughing component is not exceeding 0,1, while the deformation
component is the largest ranging from 0,4 to 0,75 [52].

Almost all energy in the friction process is dissipated in form of heat.
This means not only that the temperature of the sliding surfaces increase, but
also that large temperature gradients appear. Using the principal of energy
conservation and knowing the geometry and thermal properties of the bodies
in contact, one could calculate the nominal temperature increase. However,
the heat is generated instantaneously at random asperity contacts, resulting
in so-called �ash temperatures. The presence of �ash temperatures leads to
nonuniform thermal expansion, which can cause dislocations and cracks on the
surfaces that will shorten the working life of the respective component.

6.3 Lubrication

Lubrication is the process through which lubricative materials are being intro-
duced into the contact zone, having the role of reducing the friction and wear.
If we consider the graph in Figure 6.7, the friction coe�cient is being plotted
against a variable x de�ned as in equation (6.2):

x =
η · v
w

(6.2)

In case of a bearing, η represents the viscosity of the lubricant, v is the
sliding speed and w is the speci�c load. At high x values µ is relatively small
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and it is proportional to x (Petro�'s law). This is called thick �lm lubrication

regime. With decreasing x, the friction coe�cient passes through a minimum
while entering the mixed lubrication regime. For small x values the friction
coe�cient rapidly increases (thin �lm lubrication) until the lubrication �lm is
almost completely removed from the contact zone. In this regime, boundary
lubrication, the friction coe�cient is often fairly constant with respect to x.

When the oil �lm thickness is in the few µm range, the friction coe�cient
is small and it is independent of the sliding surfaces mechanical and chemical
properties, it depends only of the viscosity of the lubricant. This is called thick
�lm lubrication and in many respects this is the simplest kind of lubrication.
A thinner oil �lm will allow the asperities to get in contact with each other.
In this regime the friction coe�cient is dependent on surface roughness, the
properties of the sliding surfaces and the lubricant. This regime is sometimes
referred to as mixed lubrication regime.

In boundary lubrication regime the oil �lm is very thin and its properties
di�er signi�cantly from the bulk. This could give rise to the adhesion of the
asperities, the adhesive component of the friction coe�cient would increase
signi�cantly. To prevent this, surface active components are mixed into the
lubricants which will form a mono (or poly) layer on the asperities blocking
the adhesion.





Chapter 7

Tribological tests and surface

analysis

7.1 Introduction

7.1.1 General description

The AddNano project is funded by the European Union (more precisely by
the European Commission within the 7th Framework Programme: NMP-2008-
1.2.1). The aim of the project is the development of materials and technologies
that reduce friction and wear. As mentioned in previous chapters the moti-
vation for friction and wear reduction is to expand the operational lifetime of
certain components, reduce the operational and maintenance costs and reduce
the environmental impact.

In many tests the previously mentioned IFLNPs have better lubricative
properties than their 2H phase (plate-like structure) counterparts [53]. So a
major goal of the project is to exploit the lubricative properties of the IFLNPs
by producing new generations of composite materials and surface engineer-
ing solutions based on the incorporation of the nanoparticles into coatings or
lubricants. The newly developed materials can be grouped into nanocompos-

ite hard coatings, polymers and paints (to replace �uoride-based paints, which
are an environmental problem, in aeronautical applications) and oils or greases.
Through the project several end-user applications were tested in the aerospace,
automotive and manufacturing industry. Other bene�ciary properties of the
nanoparticles were also discovered, e.g de-icing, hydrophobic (self cleaning)
behaviours.

In general there are a few possibilities to introduce the nanoparticles into
the coatings. Examples of deposition techniques are the incorporation the
preformed particles using atmospheric and intermediate pressure plasma pro-
cesses, various physical vapour depositions (PVD) techniques and sol-gel coat-
ing [53]. An other method would be to synthesize the nanoparticles in-situ
when the coating is made, e.g. arc evaporation, chemical vapour deposition
(CVD) or electron-beam evaporation. A main problem with this kind of in-
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corporation is the agglomeration of the particles: large agglomerates normally
have an adverse e�ect, they tend to increase the wear and friction [53].

When it comes to lubricants, the introduction of the nanoparticles is a
matter of mixing and blending and the agglomeration is also an issue in this
case. However, the use of a proper dispersant will keep the suspension stable
for a long period of time.

An essential step of the project was the syntheses of the nanoparticles.
In the early '90s small quantities were produced, but nearly not enough for
industrial purposes. The exploitation of the nanoparticles can be made pos-
sible only if a scale-up can be obtained. This involves production rate in the
100 kg/day range. And since the production involves elements like tungsten
and sulphur, the environmental footprint of the production would have to be
minimized. By the end of 2007 a pilot unit was made demonstrating a 75
kg/day production rate meeting all safety and environmental standards. An
even further production scale-up was also demonstrated that would ensure a
better economical e�ciency.

Di�erent end-user applications were tested within this project. One of
them included the lubrication of the transmission gears. The lubrication of
working gears is an issue in the aerospace and automotive industry. Tests were
performed at a company that produces engines for the aviation industry using
high speed helical transmission gears. Di�erent coatings were tested and the
best results came from a NbCSN coating with the embedded nanoparticles. It
was also demonstrated that the major part of the wear occurs at the running-in
period (the �rst few thousands of cycles), which indicates the formation of a
stable tribo�lm on the contacting surfaces [53].

Another end-user application exhibited the self-cleaning properties of coat-
ings containing IFLNPs. Metallic fuel �lter meshes used in the aviation indus-
try su�er from relative quick lacquering process in normal operating conditions
due to deposition of some fuel break-down products. Low surface energy coat-
ings were tested: polytetra�uoroethylene (PTFE) and IFLNPs incorporated
in PTFE. The coated fuel �lter showed promising result with respect to its
lifetime against an uncoated test-counterpart [53].

7.1.2 Lubricative process

An initial explanation for the lubricative properties of the IFLNPs was that
they act as nano or micro ball bearings. Later publications revealed that the
nanoparticles are partly destroyed in the lubrication process. When they enter
the contact zone, layers of the nanoparticles are exfoliated due to high pressure.
These layers adhere to the sliding surface and provide the same functions as a
2H solid lubricant would. This process is illustrated in Figure 7.1.

The �ve steps of this process would be the entrance of the nanoparticles into
the contact zone, the exfoliation of the layers, the adhesion of the layers to the
sliding surface, the shearing of the basal planes in the WS2 structure and the
oxidization of the layers. These nanoparticles would be best usable in bound-
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adhesion
shearing

oxidation

Figure 7.1: The WS2 nanoparticles enter the contact zone, due to local conditions
the outer layers exfoliate and adhere to the sliding surfaces. These layers later perform
similar function as a 2H phase solid lubricant would.

ary lubrication conditions, where the distance between the sliding surfaces is
minimal (less than 100 nm). However, the penetration of the nanoparticles
into the contact zone can be di�cult taking in consideration that their size is
in the 100 nm range. An important factor of the above mentioned lubrication
process is the adhesion of the exfoliated layers to the surfaces. This can be a
problem especially if other additives are present in the lubricant, e.g. antiwear
and extreme pressure additives. These form thin �lms on the surface, which
would prohibit the adhesion of the exfoliated layers.

So it looks like the lubrication process of the IFLNPs in oils exclusively, is
straightforward. However, in order to manufacture a commercial lubricant, it
is essential to use certain additives. Di�erent additives can alter the e�ect of
the nanoparticles in the lubrication process. In the next section the �nding on
this matter will be presented.

7.2 E�ect of the additives

In the �rst part of this work the e�ects of di�erent additives to the behaviour
of the nanoparticles were investigated. In the following experiments IF-WS2
nanoparticles were used.

Some results of this work were presented at collaboration meetings within
the AddNano project.
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~F

computer

Figure 7.2: The model test with ball-on-disk geometry and the tribotesting equip-
ment used

7.2.1 Experimental

Tribotests

All tribotests were performed at Ångström Laboratory in Uppsala. A model
test-type was selected, namely a reciprocal sliding with a ball-on-disk geometry,
which provides a constantly varying speed. The tribotest equipment used can
be seen on Figure 7.2. A 10 mm diameter steel ball with hardness of 750 HV
and a surface roughness of Rq 30 nm was used. The disk had a similar hardness
and a roughness of Rq 100 nm. A 10 N load was applied which gives a maximum
Hertzian contact pressure of roughly 1 GPa. The frequency with which the
steel ball was slid was 3 Hz, the stroke length was 2 mm.

The lubricant with the nanoparticles was added to the contact zone. The
test consists of a few thousand full cycles while the friction coe�cient is being
constantly monitored. As one can see in Figure 7.2, the steel ball is installed
between two metal plates. From the bending of these metal plates the fric-
tion can be measured and saved for every cycle. The wear is measured and
calculated after the experiment using a conventional optic microscope. Using
the geometry of the steel ball (sphere with a known diameter), the worn away
material can be approximated with a spherical cap. Since the ball surface is in
constant contact, it will get hotter and wear much more than the disk surface.
The disk wear was too small to be measured. For this reason most of the
analysis was also done on worn balls.

Lubricant

A synthetic poly-alpha-ole�n (PAO) oil was used as the base lubricant. PAO
is obtained by the polymerization of the α-ole�n (CxH2x with the double bond
between the �rst and second carbon atom). The viscosity of this base oil was
46 cSt1 at 40 ◦C. The concentration of the IF-WS2 nanoparticles was kept at

1This is kinematic viscosity. The kinematic viscosity is de�ned as the ratio of the dynamic

viscosity and the density of the �uid at the same temperature. 1 cSt= 10−6m2

s
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Table 7.1: Additives and their concentration in the lubricant

Code Reference Concentration Comment

wt%

C9414 ZDDP 1 Anti-wear

C9452 antiox 1 0.3 Antioxidant

C9454 antiox 2 1.3 Antioxidant

V351 pp dep 0.5 Pour-point depressant

SV201 visc mod 4 Viscosity modi�er

the same value: 5 wt%. In table 7.1 one can �nd the additives tested with
their concentration in the lubricant. Tests were made on lubricants both with
and without nanoparticles. For oils containing IF-WS2 nanoparticles two tests
were performed for each lubricant. In addition one more test was done with
an engine oil denoted OIL1000.

Analytical equipment

In the analysis a JEOL manufactured SEM, model JSM-7000F equipped with
a Schottky-type FEG was used. The microscope was also equipped with SE,
BSE detectors, an EDS and WDS system from Oxford Instruments. The
examination of the samples were made in the following way: the sample was
cleaned using ethyl-alcohol with a soft cleaning clout. Dirt and oil residue
would be removed this way whereas the tribo�lm adhered to the surface would
not.

The interaction volume and penetration depth of the electrons into the
specimen is increasing with electron energy. This means that the X-rays will
be generated closer to the surface if one uses a low accelerating voltage. Since
the tribo�lm that was formed on the top of the wear mark was the matter of
interest, a low accelerating voltage was advisable. However, there is another
constraint on setting the accelerating voltage: the X-ray cannot have higher
energy than the incident electron and thus the accelerating voltage must be
higher than the ionization energy of the elements expected to be present in the
tribo�lm. The aim is to obtain the best signal. Certain elements are present
in low concentrations, so in order to get the best signal one should use an
accelerating voltage that provides the best circumstances for X-ray generation.
As described in an previous chapter, one should preferably use an accelerating
voltage double (or more) than the elemental ionization energy for the X-ray
emission.

Keeping in mind the above mentioned constraints and arguments, an ac-
celerating voltage of 5 kV was selected.
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(a) Using 5 kV accelerating voltage (b) Using 20 kV accelerating voltage

Figure 7.3: Monte Carlo simulations of the penetrated electron paths into iron
substrate. At 20 kV accelerating voltage the penetration depth increased with one
order of magnitude.

Monte Carlo simulations

The electron scattering in the sample is a stochastic process. It can be sim-
ulated using Monte Carlo algorithms. Casino is a software that simulates
electron paths in solids [11]. A few simulations were performed, these can be
seen in Figure 7.3. The task of the �rst part of the simulation was to demon-
strate the interaction volume and penetration depth of the electrons having
di�erent kinetic energies.

The parameters of the simulation were set as following: for comparison and
20 kV accelerating voltages were chosen. Iron substrate was selected (in the
simulation the substrate means an in�nitely deep layer), the simulation calcu-
lated 5000 electron penetrations and interactions. For graphical considerations
in the display (Figure 7.3) only 500 electron paths are present.

From the simulation the large di�erence in the relative penetration depth
is obvious. Looking at Figures 7.3a and 7.3b there is approximately 1 µm
di�erence in the maximum penetration depth, ≈200 nm for the 5 keV electrons
and 1200 nm for the 20 keV energy electrons.

Similar simulations can be done for the X-ray generation. Figure 7.4 shows
the X-ray intensities generated at di�erent depths. Again, a 5 and a 20 kV
accelerating voltage were selected for comparison reasons. For 5 keV electrons
only the L line is detectable, for 20 keV electron energies the K line also appears
(∼7.1 keV), but this was not taken into account. A weighted average of the
generation depths was calculated (the weights being the intensity of the X-
rays) with the following results: 307,51±0,50 nm for the 20 keV electrons and
36,42±0,04 nm for the 5 keV electrons.

As a second part of the simulation a WS2 substrate was set up and the
same type of simulations were performed. The generated X-ray intensities can
be seen in Figure 7.5. The numerical data is displayed in Table 7.2.

The same tendency is observed as with the iron substrate: the lower the
accelerating voltage, the closer to the surface the X-rays are generated. Previ-
ous works using TEM investigations showed that the tribo�lm thickness is in
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Figure 7.4: X-ray generation intensities as a function of depth in the specimen, Fe
substrate (MC simulation). Similarly to the previous �gure, the generation depth
dramatically increased with the accelerating voltage.

Table 7.2: Average generation depth of X-rays in an iron and WS2 substrate

Substrate Electron energy (keV) 5 20

Fe Fe L line depth (nm) 36,42±0,04 307,51±0,50
WS2 S K line depth (nm) 40,69±0,06 467,11±0,41
WS2 W M line depth (nm) 46,33±0,06 345,43±0,44

the tens of nm-s order of magnitude or lower [54] (see Figure 7.6). So a 5 kV
accelerating voltage is advisable.

Electron imaging

Figure 7.7a shows a typical SE image of a wear mark on a steel ball obtained
under the previously described conditions. By its nature the worn surface can
be divided into two regions: the center part (1) and outer regions (2). Due to
the ball-on-disk tribotest geometry, the pressure is always higher at the center
of the contact. Higher pressure generally results in higher local temperatures
as well. For every sample a third region was considered: a small area outside
and as far away as possible from the wear mark. This area was useful for
comparing certain elements, e.g. de�ning the native oxide ratio.

After SE imaging, a BSE image was taken of every sample (see Figure 7.7b).
This was useful in a �rst qualitative characterization of the sample. The main
contributor to the BSE images are the iron atoms and the gray colour represents
the steel substrate. The darker regions represent contributions from lighter
elements (e.g. oxygen, phosphor etc.), the black areas are most probably due
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(d) Using 20 kV accelerating voltage

Figure 7.5: X-ray generation intensities as a function of depth in the specimen: WS2
substrate (MC simulation)

to carbon contamination (dust particles, or residues from the lubricant). The
bright spots on the BSE image represent contribution from heavy elements: in
this case this is most probably tungsten. For a typical sample the bright spots
outline the wear mark. The BSE image was used in the EDS mapping and
EDS point (or smaller area) spectra.

EDS

After the �rst qualitative investigation with the BSE image a more thorough
elemental data acquisition was done with the software of the EDS system:
INCA. The INCA system gives a certain liberty of operation when it comes at
de�ning the dead time/live time and process time of the analysis. The process
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Figure 7.6: A TEM image of a tribo�lm on a steel surface. The TEM sample prepa-
ration requires the platinum layer on top of the tribo�lm (FIB sample preparation).

(a)
A typical SE image of a worn ball surface.
The centre- and outer regions are marked
with (1) and (2) respectively.

(b) A typical BSE image of a worn
ball surface. The contrast bears qualita-
tive compositional information (this is the
same sample)

Figure 7.7: Typical electron images of worn surfaces using ball-on-disk geometry.
The black arrows are marking the sliding direction.

time is the time spent on reducing the noise in the recorded signal. The
process time could be set on a scale from 1 to 6 (the knowledge of the units
is not crucial). The shortest process time would lead to a fast acquisition, but
the energy resolution would be reduced. A higher process time gives a better
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(a) Carbon map (b) Iron map (c) Oxygen map

(d) Tungsten map (e) Sulphur map

Figure 7.8: An example of elemental maps. The tungsten, sulfur and oxygen pres-
ence is more pronounced at the outer regions of the wear mark.

resolution, but at the price of slow acquisition. One can change the beam
current to increase the incoming X-ray intensity. For the EDS mapping the
process time of 3 was selected and a 25% dead time was used. An example of an
elemental map can be seen in Figure 7.8. The �gure displays the carbon, iron,
oxygen, tungsten and sulphur map of a wear mark. Notice how the tungsten
and oxygen is more present at the outer regions of the sample.

In the next step of EDS data acquisition rectangular (software and hard-
ware constraints) areas were selected in the center part and outer region of the
wear marks. A full spectrum was recorded from the selected area using a pro-
cess time of 6 and a dead time of 30%. The higher process time and dead time
serve the purpose of obtaining a good energy resolution. The beam current is
also increased. At this stage the spatial resolution is not a key issue as there
is no imaging. A good energy resolution is important because the quantitative
analysis is made based on these spectra.

7.2.2 Results and discussion

As previously described, di�erent additives were used in a synthetic oil mixed
with the nanoparticles with the purpose of studying how do the additives alter
the lubrication process. In Table 7.3 one can �nd the quantitative results
from EDS measurements form the center part of the wear mark, and in Table
7.4 from the outer regions. In Table 7.3 there are two additional columns
containing the mean friction coe�cients and wear rates. In these tables only the
concentrations of the elements present in every sample are inserted. In certain
samples some other element were also detected (e.g. calcium, phosphor).
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Table 7.3: Quantitative results with di�erent additives from the center part of the
wear marks with IFLNPs

Sample Additive C Fe O W S Friction
coe�cient

Wear rate

at% at% at% at% µm3

Nm

30_2 none 7,7±0,6 80,9±0,1 8,3±0,5 2,0±0,1 1,0±0,3 0,049 25

30_6 ZDDP 6,8±0,8 88,0±0,1 3,0±0,7 0,4±0,2 1,2±0,7 0,075 26

30_7 Antiox 1 7,4±0,5 84,2±0,1 5,6±0,4 1,2±0,1 1,6±0,3 0,048 20

30_9 Antiox 2 8,1±0,5 86,8±0,1 3,2±0,5 1,4±0,1 0,5±0,3 0,058 20

30_11 pp depres 7,3±0,6 86,8±0,1 4,1±0,5 0,9±0,1 0,9±0,4 0,068 19

30_13 visc mod 7,0±0,6 85,1±0,1 4,4±0,5 1,1±0,1 2,3±0,4 0,510 26

30_15 OIL1000 9,0±0,8 80,3±0,1 7,4±0,7 0,7±0,2 2,6±0,4 0,096 20

Table 7.4: Quantitative results with di�erent additives from the outer region of the
wear marks with IFLNPs

Sample Additive C Fe O W S

at% at% at% at%

30_2 none 8,3±0,7 75,6±0,1 11,7±0,5 3,0±0,1 1,3±0,3
30_6 ZDDP 7,8±0,7 76,1±0,2 11,1±0,6 0,3±0,1 1,1±0,4
30_7 Antiox 1 7,8±0,5 84,3±0,1 6,1±0,4 1,4±0,1 0,6±0,3
30_9 Antiox 2 8,8±0,5 79,7±0,1 8,4±0,5 2,6±0,1 0,4±0,3
30_11 pp depres 7,0±0,6 77,5±0,1 11,2±0,5 2,9±0,2 1,4±0,4
30_13 visc mod 5,7±0,5 66,9±0,2 5,8±0,5 3,6±0,2 2,1±0,4
30_15 OIL1000 8,9±0,8 84,5±0,1 4,9±0,7 0,3±0,2 1,4±0,4

The same experiments were made on lubricants without nanoparticles to
verify the nanoparticles' lubricative properties. The same type of EDS analysis
was performed. These results along with the friction coe�cients and wear rates
are found in Tables 7.5 and 7.6.

For a better visualization of the results, the elemental compositions of the
center part of the wear mark were plotted in a bar chart for both cases, with
and without nanoparticles, see Figure 7.9a and 7.9b. The following color codes
will be used, which is valid for the elemental maps as well: dark gray for carbon,
red for iron, green for oxygen, blue for tungsten and orange for sulphur.

If one compares the friction coe�cients by using the same additive but with
or without nanoparticles, one can realize that there is a major improvement.
In case of many additives the friction coe�cient decreased to 50% (see Figure
7.10a). This is not the case with the wear. For some additives the wear rate was
reduced, though the decrease is not that signi�cant as in the case of the friction
coe�cient, but there are also cases when the wear rate increased (see Figure
7.10b). This behaviour of the friction coe�cient and wear rate instructively
exempli�es that there is no simple correlation between friction and wear: low
friction coe�cient does not necessarily mean low wear rate.

Figure 7.11 is a plot of the friction coe�cients and the wear rates. The
rectangles represent the values from the two measurements (samples with IF-
WS2 nanoparticles). Only one set of tests without the IFLNPs were performed,
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Table 7.5: Quantitative results with di�erent additives from the center part of the
wear marks, without IFLNPs

Sample Additive C Fe O Friction
coe�cient

Wear rate

at% at% at% µm3

Nm

30_1 none 6,2±0,4 66,7±0,1 27,0±0,5 0,105 33

30_3 ZDDP 6,8±0,5 56,8±0,1 20,9±0,5 0,079 27

30_5 Antiox 1 6,6±0,4 58,1±0,1 35,1±0,4 0,087 18

30_8 Antiox 2 7,5±0,5 81,7±0,1 10,8±0,5 0,090 13

30_10 pp depres 5,7±0,4 58,5±0,1 35,1±0,4 0,088 21

30_12 visc mod 7,7±0,5 79,5±0,1 12,6±0,5 0,109 41

30_14 OIL1000 7,9±0,6 71,5±0,1 15,9±0,5 0,103 14

Table 7.6: Quantitative results with di�erent additives from the outer region of the
wear marks, without IFLNPs

Sample Additive C Fe O

at% at% at%

30_1 none 7,9±0,5 76,1±0,1 16,0±0,5
30_3 ZDDP 7,1±0,5 64,9±0,1 16,9±0,5
30_5 Antiox 1 8,5±0,4 64,9±0,1 26,0±0,5
30_8 Antiox 2 7,1±0,5 78,1±0,1 14,8±0,5
30_10 pp depres 6,4±0,5 67,2±0,1 25,9±0,5
30_12 visc mod 7,6±0,5 76,2±0,1 15,9±0,5
30_14 OIL1000 8,0±0,5 55,7±0,1 29,6±0,5
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Figure 7.9: The elemental compositions of the center part of the wear marks
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Figure 7.10: Comparison of the friction coe�cients and wear rates. The e�ect
of the nanoparticles is visible in case of every additive: the friction coe�cient has
lower values. The wear rate is not following this trend, exemplifying that these two
parameters are not necessarily correlated.

these results are represented as dots. The best overall result is to have a
minimal wear rate and friction coe�cient. So the samples (lubricants) situated
on the bottom left corner of the plot give the best results. From the �gure one
can see that the C9452 antioxidant (antiox 1), the SV201 viscosity modi�er
and the no additive samples gave the best results.

Since the composition of the engine oil (OIL1000) is very di�erent from
the other additives, this sample is not taken into consideration in the following
analysis.

Carbon contamination is inevitable in the SEM. General sources of carbon
are oil molecules from the di�usion pump, grease molecules from the vacuum
grease. In this particular case, the sample itself contains oil molecules. Due to
the electron beam, these organic molecules will be polymerized that will result
in a carbon deposition. At the end of the EDS analysis the carbon deposit is
visible. For this reason the C content will not be discussed in further analysis.

In order to see what these samples have in common, one can compare
their elemental maps (see Figure 7.12). It is instructive to observe that the
iron map is complementary to the other elemental maps. At the periphery of
the wear mark there is a build-up of material containing oxygen, sulphur and
tungsten as well. It is more accentuated on the two ends (with respect to the
sliding direction). This material most probably got swept out as a result of
the tribotest geometry (ball-on-disk) and the sliding movement. It can be seen
that the tungsten content is higher in the center of the wear mark. This is
more accentuated on the sample with the antioxidant 1 additive, Figure 7.12b,
giving the lowest friction coe�cient.
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Figure 7.11: The friction/wear plot for di�erent additives

Correlation

By examining data in Tables 7.3 and 7.4 simple relationships can be recognized:
e.g. the friction coe�cient is inversely proportional with the tungsten content
in the center part of the wear mark. A low tungsten concentration leads
to higher friction coe�cient. Keeping in mind that the quantum of the data
available is relatively small, a correlation coe�cient calculation was performed.
The calculations were done using the following formula (equation (7.1)):

C(X,Y ) =

∑
(x− x̄) (y − ȳ)√∑

(x− x̄)2∑ (y − ȳ)2
, (7.1)

where x̄ is the mean value of quantity x and C(X,Y ) is the correlation coef-
�cient. X and Y represent arbitrary elemental concentration (e.g. tungsten
atomic concentration), the friction coe�cient and the wear rate. By inputting
all data a correlation matrix was calculated. From this those matrix-elements
were selected that had an absolute value over 0,75. This number was decided
arbitrarily.

As previously mentioned, there is a correlation between the tungsten con-
tent (↗) of the center part and the friction coe�cient (↘) (Figure 7.13a).
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(a) No additive (b) Antioxidant 1 (c) Viscosity modi�er

Figure 7.12: Comparison of the friction coe�cients and wear rates. The �rst row
contains the BSE images of the wear marks, the following rows contain the elemental
maps as follows: iron(red), oxygen(green), tungsten(blue) and sulphur(orange)

The presence of the tungsten on the worn surface enhances the lubrication
process. The best results are obtained by the C9452 antioxidant (antiox 1),
the SV201 viscosity modi�er and the test with no additive, with friction coef-
�cients of 0,048, 0,051 and 0,049 respectively. The anti-wear additive (ZDDP)
gave the highest friction coe�cient (µ =0,075). This additive contains several
components: the wear mark contains traces of phosphor and zinc con�rmed by
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elemental mapping and quantitative analysis. These elements, among others,
alter the surface chemistry and prohibit the e�ects of the nanoparticles.

A positive correlation coe�cient was found in case of the iron content (↘)
in the center part and the friction coe�cient (↘) (0,79), the result can be
seen in Figure 7.13b. This could be expected since the tungsten content was
higher in the center However, the lower iron content could also be due to the
thickness of the tribo�lm. If a fairly constant interaction volume is considered,
then the iron concentration can be an indication of the �lm thickness. We
know that the tribo�lm is on top of a steel surface and in volumetric numbers
the steel ball is in�nitely larger than the tribo�lm. As seen in Figure 7.3a the
maximum penetration depth is about 200 nm-s for iron, the tribo�lms have a
thickness less than this. The stronger signal we get from the iron, the thinner
the tribo�lm is, if the tribo�lms composition is the same (see in Figure 7.14).
The low iron concentration in the sample with no additives indicate a thicker
tribo�lm. Notice also that the iron concentration is lower in the outer regions
of the wear mark, i.e. the tribo�lm is thicker in the outer region.

A positive correlation coe�cient of 0,8 was found between the oxygen con-
tent (↗) and the tungsten content (↗) in the center part of the wear mark
(Figure 7.13c). Hence, some of the tungsten is probably oxidized.

There is a correlation between the iron content (↘) and tungsten content
(↗) in the center part of the wear mark with a correlation coe�cient of -0,86
(Figure 7.13d). This is in agreement with the discussion concerning Figures
7.13a and 7.13b.

A correlation coe�cient of -0,90 between the sulphur content (↗) and the
iron content (↘) was found in the outer regions of the wear mark (see Figure
7.13e). The viscosity modi�er additive gives a higher sulphur content, the
sample with no additives also has a relatively large S content, which can only
originate from the WS2 nanoparticles. Thus, most of the sulphur originates
from the nanoparticles and not from the additives.

The strongest correlation could be found between the iron (↘) and oxygen
(↗) content with a correlation coe�cient of -0,92. (Figure 7.13f). A thicker
oxide �lm is formed in the central region for some samples. This is not sur-
prising based on the correlation between the iron and tungsten. Because there
is a stronger correlation between tungsten and oxygen contents in the central
region, we may have further reason to believe that besides the WS2, the WOx

phase is also present on the wear mark.

Other observations

Many of the additives contain sulphur (e.g. the ZDDP molecule contains 4
sulphur atoms, 2 phosphor atoms and a zinc atom), this will be a�ecting the
tribo�lm formed in the wear mark. A ZDDP additive will leave sulphur traces
on the wear mark even when there are no nanoparticles in the lubricating oil.
This could be an explanation, among several others, why no strong correlation
was found between the sulphur and tungsten. Evidently this is e�ecting the
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Figure 7.13: The correlations between di�erent elements on the wear marks. The
sub�gures are placed in the increasing coe�cients order.
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Interaction volume

TribofilmTribofilm

e-probe
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Steel ball

Figure 7.14: Illustration of the relationship between the tribo�lm thickness and the
iron content. Assuming a homogeneous tribo�lm and substrate, higher iron content
suggests thinner �lm.

(a) The P map of the
ZDDP sample

(b) The Zn map of the
ZDDP sample

(c) The Ca map of the
OIL1000 sample

Figure 7.15: EDS maps of other elements

stoichiometry of these two elements: for the viscosity modi�er sample the
number of S atoms
number of W atoms fraction is 2,09, however in the case of pour-point depressant
it is 1 and in the case of the ZDDP it is 3. The chemical reactions in the
contact area are not straightforward and the nanaparticles can be oxidised.

During the EDS mapping process, several other elemental traces were
found: Si, Ca, P, Zn, Al and Mg. The calcium is found in some detergents
mixed into the engine oil (OIL1000) (Figure 7.15c). Phosphorous and zinc
traces were found in case of the ZDDP additive (Figures 7.15a and 7.15b).
The aluminium and magnesium traces are most likely from an exterior con-
tamination.
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Figure 7.16: Comparison of the oxygen content and the friction coe�cient in sam-
ples with and without IFLNPs. The lack of nanoparticles provides a tribo�lm with
large oxygen content and high friction coe�cient. Some studies showed that oxide
compounds enhance the lubrication process.

The role of oxygen

The information about the oxygen content of di�erent samples and the fric-
tion coe�cient is given in Figure 7.16. One can see that when no nanoparticles
were used, a large oxide layer built up on the wear mark, which is seen in the
elemental maps as well. In many cases the oxygen concentration is exceeding
30 at% and the friction coe�cient is also relatively high (about 0,1). How-
ever, comparing the data obtained from samples with nanoparticles, the oxide
seems to be rather important. Examining Figure 7.16 one can see that if the
oxygen content is relatively small, then the friction coe�cient is fairly high
(e.g. the ZDDP sample). Also, a high oxide content can give a low friction
coe�cient (e.g. the sample with no additives). Some studies were made on
the role of oxygen in a lubrication process, which came to the conclusion that
oxide compounds are useful in the lubrication process, these provide a suitable
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environment for the WS2 layers to adhere to [49, 55]. Other studies con�rmed
the same [54]. In Figure 7.6 the band between the WS2 layers and the steel
substrate contains oxygen. Though, no clear correlation could be observed
when all samples were considered.

7.2.3 Conclusions

Of all samples studied, the presence of the WS2 nanoparticles were bene�ciary
from the friction coe�cient point of view. It was con�rmed that the wear rate
is not necessarily linked with the friction coe�cient. In case of the ZDDP and
antiox 1 samples the wear rate increased while the friction coe�cient decreased.

If the tribo�lm contains more tungsten, the friction coe�cient will be lower.
Di�erent additives alter the chemical environment on the contact area. The
nanoparticles can be blocked from adhering to the surface or the entire process
is changed chemically, e.g. the WS2 layers are oxidized.

Oxygen plays a special role in these lubrication processes. The lack of
oxides makes the adhesion of the tribo�lm to the surface more di�cult. A
certain minimum in oxygen content is bene�cial for the lubrication with WS2
nanoparticles.

7.3 E�ect of temperature

7.3.1 Experimental conditions

Tribotests

The experimental setup was the same as described in section 7.2. A reciprocal
sliding tribotest with a ball-on-disk geometry was used. The surfaces were
made of steel (ball 10 mm diameter, 750 HV hardness, Rq ∼30 nm roughness
and �at disk 750 HV hardness and Rq ∼100 nm roughness). The applied load
was 5 N, which is equivalent to about 0,8 GPa pressure, the sliding frequency
was 5 Hz with a stroke length of 5 mm. The tribotests were performed at two
di�erent temperatures: room temperature (marked as RT) and 85 ◦C (marked
as 85C). A fully formulated engine oil was the �base� lubricant. We have also
tested other nanoparticles than the WS2. Another research team within the
AddNano collaboration produces MoS2 based nanomaterials that have similar
properties as the WS2 IFLNPs.

The concentrations and samples can be found in Table 7.7.
The di�erence between the two samples using WS2 nanoparticles is in the

concentration of the particles, while the di�erence in the two samples using
MoS2 nanoparticles is in the dispersant.
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Table 7.7: Concentrations of nanoparticles and identi�cation

Sample Nanoparticle concentration

at%

N11 WS2 0,5

N12 WS2 0,25

II25 MoS2 0,5

E11 MoS2 0,5

Table 7.8: Quantitative results with di�erent temperatures from the center part of
the wear marks (M=W or Mo). Notice that only one tribotest was performed for
every set of parameter.

Sample Temp. C Fe O M S Fr.
coe�.

Wear rate

at% at% at% at% at% µm3

Nm

N11RT RT 8,4±0,5 71,7±0,2 12,8±0,4 0,2±0,1 1,4±0,2 0,10 7

N1185C 85◦C 7,8±0,7 61,6±0,4 15,5±0,6 1,1±0,1 7,5±0,4 0,06 8

N12RT RT 8,2±0,7 75,1±0,3 11,9±0,6 0,1±0,1 0,8±0,4 0,10 6

N1285C 85◦C 7,3±0,6 55,3±0,5 17,7±0,6 0,8±0,1 8,8±0,4 0,08 8

II25RT RT 8,8±0,8 70,9±0,3 10,7±0,6 1,6±0,9 3,8±0,8 0,10 8

II2585C 85◦C 7,6±0,9 82,2±0,2 3,0±0,6 2,6±0,9 4,2±0,9 0,07 7

E11RT RT 8,3±0,8 75,5±0,3 11,1±0,6 0,4±0,8 0,6±0,8 0,10 13

E1185C 85◦C 8,5±1,0 70,4±0,4 7,0±0,6 3,7±1,2 8,0±1,1 0,08 8

Analytical equipment and results

The same analytical equipment with the same experimental parameters was
used. The results obtained from quantitative EDS analysis can be seen in
Table 7.8 and Figure 7.17.

7.3.2 Discussion

As explained previously (section 7.2.2 and Figure 7.14), the iron content is an
indication of the tribo�lm thickness formed on top of the wear mark. In the case
of WS2 nanoparticles containing samples the iron content decreased (increasing
tribo�lm thickness) with increasing temperature from room temperature to
85◦C (see Figure 7.18b). In case of the MoS2 containing samples this was not as
straightforward. For the sample marked II25 the tribo�lm almost disappeared
as seen in the oxygen map and the BSE image as well (Figure 7.19).

The oxygen content in the tribo�lm at room temperature is relatively con-
stant (see Figure 7.18c) at about 11-13 at%. With increasing temperature the
WS2 samples accumulate oxygen in the tribo�lm most likely in form of ox-
ides, the oxygen content increases to 15-18 at%. Thus the tungsten probably
oxidises at high temperature. The other samples lose their oxygen content at
elevated temperatures. The oxygen content of the II25 sample is 3,0 at%, this
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Figure 7.17: Elemental composition of the wear marks
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Figure 7.18: Elemental composition and friction coe�cient comparison

is less than the oxygen content of the native oxide measured on the steel ball
surface outside the worn surface (3,7±0,3 at%).
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(a) The oxygen map of
II25 sample at 85◦C

(b) The BSE image of
II25 sample at 85◦C

Figure 7.19: Sample II25

(a) N11 RT (b) N11 85◦C (c) II25 RT (d) II25 85◦C

Figure 7.20: S maps of the di�erent samples

At room temperature the M content (M=W or Mo) is very low, as low
as their uncertainty, so one cannot consider these data. At 85◦C there is a
clearly observable increase in the M content (see Figure 7.18d). The e�ect of
the increased M content can be seen in the reduced friction coe�cients (Figure
7.18f). The friction coe�cients at room temperatures are approximately the
same for all samples (∼0,1). A drop in the friction coe�cients can be observed,
at the higher temperature down to 0,06 for one of the WS2 samples.

The sulphur content dramatically increases with temperature with the ex-
ception of the sample marked II25 (see Figure 7.18e). This drastic increase is
very visible on the EDS elemental maps as well (Figure 7.20).

7.3.3 Conclusions

From the friction coe�cient's point of view the samples containingWS2 nanopar-
ticles obtained better results at elevated temperatures. The higher friction
coe�cient for sample N12 can be explained with the lower WS2 concentration
(0,25 at% compared with 0,5 at%). The tribo�lm thickness decreases dra-
matically at 85 ◦C (the tribo�lm almost disappears) in case of the samples
containing the MoS2 nanoparticles.





Chapter 8

Tribopolymerization

8.1 Foreword

During the past three years one main focus of the research group was the mi-
crocapsulation of the WS2 nanoparticles and subsequent tribopolymerization.
Signi�cant e�orts have been directed into this area. This is a novel method
developed by this research group and o�ers the following advantages:

1. the micro-capsules are keeping the nano-additives inert and thus prevent-
ing them from chemical interaction with other additives

2. the particles can not escape to the ambient atmosphere

3. the dispersion process is easier

4. the sedimentation is somewhat slower and the monomer additives in the
capsules when released in the tribocontact will polymerize building a
network which will keep the exfoliated particles in the tribocontact

The synthesis of the micro-capsules was primarily the work of Dr. F. Svahn
and Prof. S. Csillag. My role in the project was to carry out SEM and EDS-
studies of the tribo�lms occurring on the worn surface after reciprocal ball-on-
disk tests.

This work has been awarded the SU Innovation Award prize for 2012 (in
the amount of 150 000 SEK) and the resulting intellectual property (IP) is
presently being �led for international patent.

A privately owned nano-technology company, INS, in Lyon, France has
signed an agreement with the group according to which INS will assume the
cost of further development and commercial upscaling of the manufacturing
process in return for potential revenue sharing. Since parts of the content of
this work are regarded as private IP, some details of the work and subsequent
results could not been disclosed in this thesis.
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8.2 Introduction

The advantage of IFLNPs with their 2H phase counterparts is their smaller
size, which makes it more easy for them to enter the contact zone; and their
closed cage structure, which provide more chemical stability. Positive results
have been obtained, when incorporating these nanoparticles into oils, greases
and even coatings [56, 46]. The friction reducing mechanism could be con-
sidered the following: the nanoparticles upon entrance into the contact zone
get smashed and exfoliated. These exfoliated layers adhere to the surface and
due to weak bonding between the layers, the friction will be reduced. These
materials are best to be used at boundary-lubrication regime (where the �uid
lubricative �lm is too thin). The problem with the boundary-lubrication is that
the distance between the sliding surfaces is usually too small for the solid lubri-
cant to enter (only a few nm, compared to the nanoparticles' size of ≈100 nm).
Textured surface could aid the supply of solid lubricants [57]. Another method
that enhances the supply of the solid lubricant is an external perpendicular
vibration [58]. A di�erent approach of this problem is to trap the nanopar-
ticles to the contact surface with an organic compound: a monomer. The
monomer would be a good candidate from another point of view: they have
wear reducing e�ects when used in the proper concentration. Reports showed
that wear was reduced in case of di�erent monomers having concentrations
up to 1% in para�n mineral oils [59]. The monomers through the so called
tribopolymerization process form a polymer that has a good adhesion with
respect to the surface. It would be bene�cial if the IFLNPs could be trapped
in the contact zone by the tribopolymerization of the monomers dispersed in
the base oil along with the nanoparticles.

Svahn et al. described the e�ects of a monomer in [60]. Test were conducted
using WS2 IFLNPs in a tribopolymerization process. 2H WS2 and an antiwear
additive were used as references.

Reciprocal sliding test were carried out with ball-on-disk geometry The
lubricants were made of a combination of a base oil (PAO) with WS2 nanopar-
ticles, monomer and an anti-wear additive.

IFLNPs+PAO gave varied results, in some cases the friction was reduced
signi�cantly, in others it was not. This could be due to lack of dispersant in
the lubricant, which makes the agglomeration of the nanoparticles possible.
The use of monomer of Zn-DTP gave a stable friction curve. This can be
due to a protective tribolayer formation on the contact zone that prevents
microwelding. The combination of monomer and IFLNPs gave lower friction
coe�cients than nanoparticels or monomer alone (Figure 8.1). In Figure 8.2
a schematic representation of the tribotests can be seen, several tests were
performed with each lubricant. The rectangles in the graph correspond to
di�erent lubricants, the position of a rectangle is de�ned by the lowest and
highest friction coe�cient and wear rate measured during the tests. It can
be seen that the monomer and nanoparticles combination provides the lowest
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Figure 8.1: The friction coe�cient in reciprocal sliding tests using di�erent lubri-
cants.
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Figure 8.2: The friction coe�cient and wear rates of di�erent lubricants.

friction coe�cient and wear rate. The monomer reduces the wear rate to the
Zn-DTP level.

TEM analysis of cross-sections taken from di�erent parts of the wear mark
showed that outside the central contact zone a relatively thick tribo�lm was
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Figure 8.3: TEM images of cross section of the tribo�lm formed a just outside, b
at the outer region and c in the center region of the wear mark.
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Figure 8.4: Schematic representation of the tribopolymerization of caprolactam.

formed (in µm range) and intact nanoparticles could be found entrapped in
the polymer (Figure 8.3.a). The tribo�lm on the outer parts of the central
contact zone was much thinner (few tens of nanometers), it contained frag-
ments of nanoparticles (Figure 8.3.b). In the central region the polymer was
missing, exfoliated nanoparticle layers could be found adhered mostly to an
oxide (Figure 8.3.c).

A proposed mechanism of the friction improvements is that the tribopoly-
merization of the monomer start in the contact zone, where the pressure and
temperature is high. For instance, in case of caprolactam, a cyclic amide, the
polymerization starts at 250◦C (see Figure 8.4). Then the nanoparticles get
incorporated into the polymer through physical or chemical (by active end-
groups, amide or carboxyl type) processes. This polymer-particle composite
adheres well to the rim of the contact zone. This tribo�lm on the rim supply
the nanoparticles constantly to the contact zone.

Other monomers with more reactive groups per molecule could form a more
though polymer. For instance some end-groups could enhance the incorpora-
tion of the nanoparticles.

8.3 INS tribotests

The Lyon based INS company used a new procedure and tested a new monomer
for the encapsulation of the nanoparticles. At a �rst step, the PAO8 base
oil, nanoparticles, stabilizing agents and the monomer (which are not to be
disclosed here) were used.
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Table 8.1: The mean friction coe�cients at room temperature and 100◦C. The PAO8
is a polyalpaole�n synthetic oil, the STU label notes Stockholm University developed
lubricant.

Lubricant RT 100◦C

PAO8 0,147 0,142

STU 05 0,156 0,111

STU 10 0,140 0,057

8.3.1 Experimental

In order to test the lubricative properties of the lubricant, tribotest were con-
ducted. The reciprocal sliding tests with ball-on-disk geometry was selected.
The experimental setup is described in more detail earlier section of this thesis.

The disc and ball were both made of steel having a hardness of ≈ 750HV.
The roughness of the disk was Rq ≈ 100 nm. The steel ball had a surface
roughness ofRq ≈ 30 nm, and a diameter of 10 mm. The tribometer's geometry
and construction ensured a constantly varying sliding speed. This factor is
important, if one considers the use of these lubricants in internal combustion
engines (cylinder liners).

The experimental parameters were the following for every test: a 10 N
normal force was used, which ensured a Hertzian contact pressure ≈ 1 GPa.
The steel ball was slid with a 1 Hz frequency along a 5 mm long track. Before
every tribotest the lubricant was treated in an ultrasonic bath for at least 20
minutes. Every test consisted of a few thousand sliding cycles. The friction
force was measured continuously.

Three lubricants were tested on room temperature and on 100 ◦C: STU05,
STU10, which contained the nanoparticles, and PAO8 base oil, as reference.
The lubricants marked as STU05 and STU10 are the same, the di�erence
between the two was their production date: 2014.02.27 and 2014.03.31, re-
spectively.

8.3.2 Results and discussion

The measured friction coe�cients at room temperature and 100◦C can be seen
in Figures 8.5.a and 8.5.b, respectively. After 1500-2000 cycles the friction
forces stabilize. A mean value of the friction coe�cients are calculated from
cycles 2000-5000, see Table 8.1.

In comparison to our previous results, where the friction coe�cients were in
the range of 0,049-0,096 in case of IFLNPs and 0,079-0,109 in case without the
nanoparticles, these values are relatively large. The friction coe�cient provided
by the reference oil (PAO8) is approximately 0,15 and more or less independent
from the temperature. Compared to this, the STU 05 and STU 10 lubricants
result similar friction coe�cients: 0,156 and 0,140 at room temperature. At
100◦C the lubricants performed better, there was a signi�cant drop in the
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Figure 8.5: The recorded friction coe�cient at a. room temperature and b. at
100◦C for di�erent lubricants.

friction coe�cient (compared to the PAO8 and to the values obtained at room
temperature as well).

Two samples were selected for further EDS analysis. The STU 05 at room
temperature and the STU 10 at 100◦C. These samples providing the best and
worst friction coe�cients. The EDS analysis consisted of elemental mapping
the wear mark and detailed compositional investigations from di�erent regions
of the wear marks.

The SEM images of the worn surfaces can be seen in Figure 8.6, while
the elemental maps of oxygen, sulphur and tungsten in Figure 8.7. From the
elemental maps one can see that in case of STU 05 the tungsten and the
sulphur are missing from the wear mark. The tribo�lm formed on the wear
mark contains oxygen, most likely in form of iron-oxide. In case of STU 10
there is a clear indication of tungsten and sulphur presence on the wear mark.

Quantitative information of the elemental composition of the tribo�lms can
be found in Table 8.2. In absolute values, the tungsten and sulphur contents are
very small, they are at the border of the detection level. However, comparing
them between the two samples, STU 10 contains more of these elements than
STU 05. This can be partly an explanation of the lower friction coe�cient.

The tribological performance of these lubricants were below expectations.
Despite the ultrasonic treatment, the nanoparticles sedimented relatively quick-
ly in the base oil. A rudimentary sedimentation test was performed. Both
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Figure 8.6: Secondary electron SEM images of the worn surfaces: a. STU 05 at
room temperature and b. STU 10 at 100◦C

Figure 8.7: Elemental maps of the STU 05 at room temperature and STU 10 at
100◦C

Figure 8.8: The sedimentation of the lubricants

lubricants were ultrasonically treated, the suspension was homogenized. After
≈ 4 hours there was visible the sedimentation in at the STU 05 sample (see
Figure 8.8).

This was an indication that the nanoparticles are not homogeneously dis-
tributed in the base oil, they rather form larger conglomerates, that can sed-
iment more easily. The large conglomerates were con�rmed by visible light
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Table 8.2: Quantitative elemental information of the tribo�lms formed on the worn
surface of sample STU 05 at room temperature and STU 10 at 100◦C

Sample Fe O W S

(at %) (at %) (at %) (at %)

center STU 05 RT 58,1 21,4 0,2 0.2

part STU 10 100◦C 74,8 7,7 0,6 0,5

outer STU 05 RT 56,1 22,1 0,4 0,1

region STU 10 100◦C 70,0 10,1 0,4 0,3

outside STU 05 RT 77,2 8,8 0,4 0,0

STU 10 100◦C 66,8 10,6 0,6 0,0

Figure 8.9: The STU 05 lubricant in a visible light microscope

microscopy (see Figure 8.9). In this image conglomerates of a few µm diame-
ter can be seen. The size of these conglomerates can be an explanation of the
high friction coe�cient provided by the lubricants: there is a reduced possibil-
ity for the conglomerates to get into the contact zone due to their large size.
Even if they get into the contact zone, they can hinder the lubrication through
a plowing e�ect (the PAO8 base oil provides lower friction coe�cient at room
temperature than the STU 05 lubricant).

8.3.3 Conclusive remarks

The use of monomers in the lubricant facilitates the incorporation and trans-
portation of the IFLNPs to the contact surface. The main problem, however,
remains the stability (over time) of the product. Agglomeration and sedi-
mentation of the nanoparticles hinders the bene�cial e�ects of the lubricant.
Further experimental e�orts are needed in order to overcome these limitations.
These are planned to be carried out in partnership with INS, Lyon. A main
issue though, remains the further �nancing of the project.
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Morphology and composition of

tribo�lms deposited using

tribochemical burnishing

technique

9.1 Introduction

One way of reducing the friction and wear is to use proper lubricants between
the sliding contacts, e.g. in an internal combustion engine. This lubricant could
be added in a continuous manner (using lubricating oils). Another approach is
to deposit a thin �lm (tribo�lm) on the surface of the moving component, �lm
that would have lubricative properties. Previous studies have con�rmed that
�lms with low friction and wear properties, can be formed on steel surfaces dur-
ing sliding in tungsten and sulphur rich environment [61, 62]. The so formed
�lm has enhanced the sliding by providing a low friction coe�cient and resis-
tance against wear. An industrial method has been developed that deposits
such a �lm on di�erent component surfaces [63]. The method is a modi�ed
burnishing technique, where a hard tool is slid against a surface, providing
a high pressure environment in the contact zone. The presence of a process
�uid ensures complementary elements, the result being a �lm deposition on
the substrate.

The aim of this project was to investigate the morphology of the formed
tribo�lms and the in�uence of the coating process on the substrate. For the
study cylinder liner, rocker arm shaft and piston pin were used.

9.2 Experimental

The cylinder liner was made from cast iron (Mahle E3224), the rocker arm
shaft from surface hardened medium carbon steel (Cf45) and the piston pin
from spherical cast iron (EN-GJS-500-7).
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Figure 9.1: The cylinder liner surface in SEM a. before and b. after the tribo�lm
deposition

Figure 9.2: The cylinder liner surface imaged by white line interference pro�lometer
a. before and b. after the tribo�lm deposition

The �lms were deposited using the modi�ed burnishing technique. In case
of the cylinder liner, after the honing process, the honing stones were replaced
by a special triboconditioning tool, that contained tungsten. This tool was
slid against the surface of the cylinder in presence of a sulphur rich process
�uid. This way the tribo�lm being formed in the contact. The rocking arm
and piston pin were coated in the following way: they were rotated while the
same triboconditioning tool was pressed against the surface, while the S was
supplied by the process �uid. This process is described in more detail in [64].

9.3 Results and discussion

The �lm deposition decreased the surface roughness of the cylinder liner, con-
�rmed by SEM images (Figure 9.1) and white light interference pro�lometry
(Figure 9.2).
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Figure 9.3: The piston pin surface in SEM a. before and b. after the tribo�lm
deposition

Figure 9.4: The grain size di�ers close to the surface and in deeper regions, TEM
image of the piston pin cross section

The hardness of the rocker arm was measured with nanoindentation method.
Nine indents gave the following results: 9, 5±0, 5 GPa for the uncoated surface
and 9, 3± 1, 4 GPa for the coated surface.

The tribo�lm on the piston pin was investigated in SEM and TEM as well.
The surface with the tribo�lm on top became considerably smoother than
the original (see Figure 9.3). TEM images have con�rmed that the substrate
contains smaller grains close to the surface (< 100 nm) than in the deeper
regions (a few 100 nm, see Figure 9.4).

EDS investigations con�rmed the presence of iron (strong signal, due to
the substrate), silicon and phosphor (alloying element of the cast iron), and
carbon, oxygen, tungsten and sulphur. These results were obtained with a
spectrometer using 10 keV electrons, which means that the analyzed X-rays
originated from depths larger than 100 nm. Reducing the accelerating voltage
to 3 kV, the EDS results re�ect more surface sensitivity (contributions from
the substrate are minimized). EDS maps revealed that the presence of W and
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Figure 9.5: Elemental maps of the cylinder surface obtained from an SEM EDS
system using 3 kV accelerating voltage.

Figure 9.6: Bright �eld TEM image of a cross section from the piston pin. a. an
overview on the tribo�lm on the cast iron substrate and b. HRTEM of the tribo�lm

O are dominant on the plateaus, the Fe signal is abundant in the grooves (see
Figure 9.5). The sulphur signal was suppressed, partly due to the low primary
electron energy (the S Kα line has 2,3 keV energy).

The piston pin was selected for in detailed TEM studies. Bright �eld
images revealed that the tribo�lm consisted of two distinguishable layers (see
Figure 9.6.a). The darker layer (II.) had a typical thickness of ≈ 20 nm,
while the thickness of the brighter layer (I.) varied. On average the two layers'
thickness was 50-80 nm. Di�raction patterns con�rmed that the tribo�lm is
amorphous, with the exception of small crystalline particles in layer I. From
HRTEM images it is visible that there is good adhesion between the tribo�lm
and substrate, but also between layers I. and II. There were no cracks and
pores on the boundaries (see Figure 9.6.b).

In order to gain further composition STEM EDS mapping was performed.
C, O, Fe, W and Pt could be detected (see Figure 9.7). The presence of Pt is
due to the TEM sample preparation technique, where a Pt coating is used to
conserve the investigated surface. The substrate is mainly dominated by Fe,
but small amounts of iron can be found in the tribo�lm as well. The oxygen is
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Figure 9.7: The elemental maps on the cross section on the piston pin
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Figure 9.8: STEM EDS linescan on the cross section on the piston pin, showing
relative intensities of di�erent elements

mainly present in the tribo�lm, but it can also be detected in the substrate. It
is interesting to notice that the tungsten presence apparently is higher in layer
II than in layer I. This is also true to the oxygen to some extent (see line-scan
in Figure 9.8).

After the tribo�lm has been applied, the surface roughness decreased. The
tribo�lm thickness, however, is smaller than some peak heights on the uncoated
surface. This means that some plastic deformation and/or wear must have
taken place during the coating.

The tribo�lm formation requires high pressure. Due to the geometry of
the deposition procedure, this high pressure is lacking on the grooves (which
are present due to the honing formation). The tribo�lms form only on the
plateaus. This means that this burnishing technique can be used, while the
texture of the substrate is preserved.

In layers I. and II. there was a noticeable contrast change in the bright-�eld
TEM images. One should keep in mind, however, the TEM sample manufac-
turing procedure. These samples were made using FIB. Under these circum-
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section on the piston pin

stances, there is a realistic chance that the sample is wedge shaped, meaning
that the sample is thinner at the Pt zone than at the cast iron substrate. There
was an increase in the intensity of the tungsten and oxygen signal in layer II,
but there was no complementary increase in the signal in layer I (from other
elements). Based on the linescan and EDS maps (Figure 9.8 and 9.7), the Fe
intensity is constant over layers I and II (despite the drop of the total intensity
in layer I, see Figure 9.9). Considering the above, there is an indication of the
iron enrichment in layer II (also can be seen in Figure 9.7).

9.4 Conclusions

The deposited tribo�lms smoothened the rough plateaus, without a�ecting
the deeper scratches, so a possible pattern on the surface is conserved. The
deposition had negligible e�ect on the structural parameters of the surface.
The �lm thickness was 50-80 nm, with a composition of Fe, O, W and minor
contributions of C and S.
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Chapter 10

Material transfer

10.1 On Material transfer

Metal forming is widely used in the forging industry, e.g. production of cans,
tubes, rods, components for the car industry etc. One problem that the forming
of metals, such as stainless steel, aluminium or titanium, has to deal with
is the material transfer from the work material to the tool. Lubricating the
contact surfaces may o�er a solution of some degree, however many lubricating
agents are hazardous to the environment. Understanding the material transfer
process, which is also referred as galling, is essential for the enhancement of
metal forming techniques. Experiments have shown that, for instance, oxide
formation on the tool material surface in�uences the galling process [65]. Other
properties such as crystalline structure and defects can also play role in the
material transfer. Di�erent cold forming procedures, such as pressing, bending,
punching, can induce di�erent galling processes [66].

Continuous galling leads to increased wear, which shortens the life-time of
the tool. Reducing (or eliminating) the galling would have a direct e�ect on
production costs.

Under certain conditions when two surfaces slide against each other, ad-
hesive wear can occur. Adhesive wear is the process in sliding contacts when
the surfaces adhere to each other strongly enough, so that the wear occurs on
the surface. As a consequence, material will be transfered from one surface
to the other. Adhesive wear is more characteristic to heavily loaded metallic
contacts. Parameters to avoid this type of wear are often presented in the so
called wear maps [67]. The probability of severe wear (and material transfer)
increases with increasing pressure and sliding speed (see Figure 10.1).

During cold forming, the work material's surface expands, so fresh layers
will be exposed. By adhesion, this �new� surface can cold-weld to the tool. As
a result of this, and subsequent sliding, small amounts of the softer material
will be torn out. The presence of a lubricative �lm could protect the work
material from the cold-welding [68].
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Figure 10.1: A schematic representation of a wear map. With increasing pressure
the wear is also increasing.

Severe plastic deformation and high pressures can lead to the exclusion of
the lubricant from the contact zone. In metal-metal contacts the probability of
galling is increased. The transferred material then can harden through grain
re�nement, oxidation or work hardening. Subsequent material transfer can
change the shape of the tool. Due to this, the work material surface can be
scratched. This can get signi�cant enough, so that the produced component's
�nish will no longer meet the tolerance limits. In this case the tool needs to
be reconditioned, the transferred material need to be removed.

Galling is more likely to occur at surfaces with a higher degree of deforma-
tion. Local surface irregularities (grinding scratches or dents) could serve as
initiation sites for material transfer [69].

Based on industrial experience and experiments done in tooling, it was
concluded that the probability of galling increases with relative sliding velocity,
increasing contact pressure, increasing surface roughness, reduced presence of
lubricants. Considering these observations, the probability of material transfer
can be reduced by minimizing the sliding speed, reducing the contact pressure,
reducing the surface roughness or applying lubricants on texturized tool surface
(more e�cient lubrication).

The role of the lubricant in metal forming is to separate the tool from the
work material, hence to reduce the galling; to reduce the friction coe�cient in
the contact zone; to serve as a thermal interface when the forming is being done
at elevated temperatures [70]. When separating two surfaces in contact, the
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lubricant needs to have good adhesion to one or both surfaces. The lubricant
needs to ensure a fast reaction ability, so the protective �lm could form rapidly
on the newly exposed surface (e.g. in the process of material transfer). Usually
it is also a requirement for the lubricant to be easily removable after the forming
is done, and it should also be chemically stable [68].

In cold metal forming solid lubricants, such as graphite or molybdenum-
disul�de can be used. The metal (zinc or tin) or polymer coatings on tool
surfaces serve the same purpose. Liquid lubricants with the proper additives
are most commonly used though [70].

10.1.1 Materials

Generally, metal forming can be divided into three categories: casting, cutting
and plastic forming. Plastic forming is susceptible because metals can su�er
substantial plastic deformation before breaking.

There are several materials that are di�cult to form, for instance stainless
steel, aluminium alloys, titanium.

Stainless steel is resistant against corrosion. This property is one among
many that makes is widespread. The �stainless� property is achieved by the
addition of chromium. Chromium-oxide will form on the surface, making a
tough and protective layer, which will hinder the oxidation of the iron. If the
oxide layer is removed (e.g. the surface is scratched), it will be reformed with
ambient oxygen molecules. The steel is considered to be stainless if it contains
al least 10,5 wt% Cr [71, 72]. Stainless steel can be categorized into austenic,
ferric, martensic and duplex stainless steel. The austenic stainless steel has an
FCC crystal structure, it is alloyed with Ni, Mo and Mn. The most common
composition contains 18 wt% Cr and 8-10 wt% Ni. The ferric steel has a BCC
crystal structure and it has a magnetic α phase. It contains the same amount
of Cr as the austenic, but much smaller quantity of Ni, and it is also alloyed
with Mo, Al or Ti. The martensic steel is more though and stronger than the
previous two types, this is achieved through martensic hardening. The duplex
steel is alloyed to have structure 50% of austenic and 50% of ferric steel.

Titanium is also relatively light material (4,5 g/cm3 density), its alloys have
a high mechanical strength and they are resistant to corrosion. This material
is also used in the aviation industry. For instance ≈ 15% of the airframes of
modern airliners are made of titanium and its alloys.

Tools used in plastic forming or cutting other materials are commonly
produced from alloyed steel or cemented carbide [73]. The alloying elements
have the role of improving the thermal and wear resistance of the tool. The
principal alloying elements are C, Cr, Mo and V. High speed steel (HSS), which
is also an alloyed steel, in addition also contains W and Co.

Another approach in the improvement of forming tools is the application of
coatings on the tool, which modify the surface properties without in�uencing
the bulk material of the tool. Coatings increase the lifetime of the tools by
reducing the friction forces and wear, at the same time adding hardness to the
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surface. There are several methods for producing coatings, the used method
depends on coating material, substrate, tool geometry, coating thickness. The
two most common used techniques are chemical vapor deposition (CVD) and
physical vapor deposition (PVD). In CVD two or more gaseous agents react
in a furnace, the product condensing on the tool surface. CVD is usually
performed at elevated temperatures (800-1200◦C), this temperature can be
signi�cantly reduced if the process is plasma assisted (PACVD) [74]. During
PVD a solid source is evaporated inside a vacuum chamber and redeposited
as coating on the tool. Depending on the desired chemical composition of the
coating, several solid or gas sources can be used. PVD usually operates under
lower temperature range (from room temperature to 600◦C).

Cutting tools are usually coated with hard coatings, such as TiN, VN, TiC
or Al2O3 [74]. This kind of coating provide harder tool surface, which leads to
increased wear resistance and often reduced heat generation.

In case of TiN and VN, the coating not only provides hardened tool sur-
face, but also reduces the friction coe�cient [75]. Galling has an increased
tendency if the friction coe�cient is high and irregular. If atomically smooth
and clean surfaces are constructed (and slid against each other), the friction
coe�cient mainly depends on the on the chemistry on the interface. Simula-
tions on atomic level revealed that there are signi�cant di�erences in friction
forces between TiN-Fe and VN-Fe interfaces, which originate from the poten-
tial energy surface of these materials [76]. These �ndings indicate that besides
surface roughness, one should consider the atomic level roughness as a key
parameter when it comes to the design of anti-galling surfaces.

Diamond like carbon (DLC) can be used as coating to reduce galling. DLC
is a form of amorphous carbon containing signi�cant amounts sp3 bonds. Car-
bon forms a large variety of structures, because it is able to exist in three
hybridization forms sp3, sp2 and sp1. In the sp3 hybridization the four va-
lence electrons of the C atom are assigned to tetrahedrally oriented sp3 or-
bitals, which then can form strong σ bonds with the neighboring atoms (e.g.
diamond). In the sp2 hybridization three valence electrons lie on the trigo-
nally oriented sp2 orbitals, they form σ bonds. The fourth electron forms a π
bond, which is perpendicular to the σ-bonding plane (e.g. graphite). Diamond
has extreme mechanical properties (hardness, resistance to thermal expansion
etc.). Graphite has a strong structure within one plane, but forms weak bonds
between these planes. DLC contains both sp3 and sp2 hybridized carbons in
di�erent proportions, so it inherits properties both from diamond and graphite,
it is cheaper to produce. Adding elements, such as Si, N, W, Ti etc are also
in�uencing the properties of the DLC [77]. The hardness of DLC can range
between 10-80 GPa.

10.1.2 E�ects of surface roughness

The galling initiation also depends on surface roughness. Surface ridges, scratches
and other defects can serve as initiation points for galling. Gåård showed that
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if the size of the scratches is favorable, they can be �lled up with transferred
material, improving the surface roughness at the same time, and thus, decreas-
ing the galling [78].

Heinrichs et al. investigated the e�ects of surface roughness on the galling
process [79]. Cylinder shaped HSS was used as tool material with three di�er-
ent surface roughnesses, having Ra values of 0,06 µm, 0,16 µm and 0,34 µm
(referred as polished, semi-polished and rough). The tool material was coated
with a protective TiN layer. The tested work material was case hardening
steel.

Although no signi�cant di�erences were measured in friction coe�cients be-
tween the di�erent surface roughnesses, the character of the material transfer
was clearly distinguishable. Separate lumps of unoxidized steel were trans-
ferred to the polished surface. The sliding track contained two di�erent types
of oxidized layers. The central part containing Si, Al and Mn oxides. In case
of the semi-polished surface, the transferred layers were similar in character to
the ones in the polished surface, the transferred layers being thicker. In case
of the rough surface, the transferred material was fully oxidized.

High temperature and pressure contributed to the oxidation of the trans-
ferred material. The oxygen was believed to be supplied by the already oxidized
steel. At high pressure and temperature more stable oxide compounds could
be formed.

The roughest surface did not ensure a layered transfer, the transfer was
localized at the scratch positions.

10.1.3 E�ects of the sliding speed

Tests on hardening steel (20NiCrMo2) with a TiN coated tool material at
intermediate sliding speed (≈ 2m/s) revealed that there are two distinguishable
zones in the transfer track: one on the center, which contains Mn, Al, Si oxides,
and one in the outer parts containing mainly Fe oxides. From an industrial
point of view, an increased sliding speed might be desirable. Higher sliding
speed, however, generates higher temperatures in the contact zone [80]. HSS
su�ers thermal softening if treated at temperatures above 500◦C [81].

The e�ects of the sliding speed were studied by Heinrichs et al. in [82]. In
these studies the test equipment consisted of two crossed cylinders (having dif-
ferent diameters): one made of HSS coated with TiN (tool material), the other
out of case hardening steel (work material). Three di�erent sliding speeds were
tested: 1, 2 and ≈ 4m/s. The sliding was intermittent, which allowed cooling
after each contact period. For every speed the contact time was recalibrated,
so the sliding length was kept in the same range.

At the lowest speed the metallic transfer dominated: larger lumps with low
oxidization grade were transferred rather than layers.

At intermediate speed layers of material were transferred. In the center
part of the transfer track, where the pressure and temperature are higher,
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oxides of the steel alloying elements are present (Mn, Si etc.). In the outer
regions of the track, iron oxides are more predominant.

At high speed sliding, the generated heat altered the steel tool under the
TiN coating through thermal softening. The �nal result was the cracking and
deterioration of the coating. The protection of the tool material, thus, is very
much dependent on the heat conductivity of the coating.

10.1.4 Initiation of galling

An extensive study on galling initiation process was published by Heinrichs et
al. [83]. Custom test equipment was designed and built: a sharp tip (represent-
ing the work material) slid on a �at surface (representing the tool material).

In this study, as work material, an aluminium alloy was chosen, that has
great importance in the industry. The main alloying elements are magnesium
and silicon. The tool material was the nitrogen alloyed steel, Vancron 40 (V40),
that contains V, Cr, E, Mo, C, Si and Mn as well. This tool material, in form
of a disk contains �ne carbides and nitrocarbides.

It was observed that, even after the �rst passage, material transfer oc-
curs. It was discovered that the carbide particles serve as initiation points for
the galling. These carbides are harder and sti�er (than the surrounding steel
matrix) and their topology is also di�ering from the surrounding surface. It
was concluded that the material transfer initiation depends on the topology
of the surface. The galling mechanism was believed to be the following: the
rougher and protruding carbonitride particles will break and crack the alu-
minium oxide layer on the tip. Beneath this protective oxide layer, the more
reactive aluminium will be exposed. This leads to strong bonding, welding to
the counter-surface and the tear-o� of work material.

10.2 Transfer of titanium in sliding contacts

10.2.1 Introduction

Titanium is a relatively light metal. Alloying it with the proper elements,
bene�cial mechanical properties can be obtained, which makes the alloy useful.
Titanium has a higher chemical activity, which can be associated with higher
adhesive properties in sliding contacts. This makes the Ti more di�cult to
form and machine. It is of great importance to develop non-adhesive materials
to decrease the probability of galling. Alumina and silicon nitride ceramic
counter-surfaces were tested with poor results [84]. Other materials (e.g. steel,
polytetra�ouroethylene) were tested with somewhat promising results [84, 85].

The aim of the study was to better understand the titanium transfer to
di�erent tool materials. The experiments were simpli�ed, so commercially
pure Ti was tested against cold work tool steel, cemented carbide, an alumina-
and a DLC coating.
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Figure 10.2: The experimental setup of the titanium transfer. The Ti tip is slid
in a perpendicular position on the �at surface, while friction forces are monitored
continuously.

10.2.2 Experimental

Grade 2 titanium, with a pureness of >99% and hardness of 145 HV was used.
The work material was made from a cylinder shaped (2,9 mm diameter, 15-20
mm long) rods. These later were sharpened using SiC grinding paper, so they
would have a conically narrowed tip (see Figure 10.2).

As tools, four materials were selected: cold work steel (Vancron 40), with
the following composition (in wt%): 1,1 C, 1,8 N, 0,5 Si, 8,5 V, 4,5 Cr, 0,4
Mn, 3,2 Mo, 3,7 W and 76,3 Fe; cemented carbide, with a composition of 94%
WC and 6% Co; an Al2O3 and a diamond-like-carbon (DLC) coated surface.
The coatings were deposited on cemented carbide and tool steel substrates,
respectively. All the test surfaces were polished with 1 µm diamond paste, the
surface roughness became Rz ≤ 0, 05µm.

The test rig used was designed to recreate and simulate forming and ma-
chining conditions. During the test, the tip (kept perpendicular to the surface)
was slid on the �at disk (see Figure 10.2). The tip already su�ered plastic
deformation when applying an initial static normal force, it slid along an ap-
proximately 100 µm wide track.

The test setup was mounted into a scanning electron microscope (SEM),
so in-situ observations could be made. The friction forces were constantly
monitored.
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Figure 10.3: The friction coe�cient recorded on one single track during the ten
passages. These were measured against a. cemented carbide, b. alumina, c. tool
steel and d. diamond like carbon (DLC).

The titanium tip was tested on three separate, parallel tracks against every
surface with one, �ve and ten passages. In all cases a 3 N normal force was
applied and no lubricant was used. As the test were performed in an SEM, so
the ambient pressure was ≈ 10−5 Torr.

10.2.3 Results and discussion

The friction coe�cients showed an increasing tendency with the number of
passages (see Figure 10.3). For instance, the friction coe�cient against the
cemented carbide surface was 0,2 already at the �rst passage, 0,75 at the
second and it reached 1 at the last passage. This behavior was observed in
case of work steel and alumina surfaces as well. Only the DLC surface showed
a constantly low friction during all ten passages.

Extensive material was transfered to the cemented carbide surface. This
was visible already after one passage (see Figure 10.4). The alumina showed
less transferred material, the Ti transfer could be associated to nano-scratches
on the surface (see Figure 10.5). After ten passages, the works steel surface
showed easily observable Ti particles. These were mainly located on nitro-
carbide sites, where the surface was protruding (see Figure 10.6). The DLC
surface did not show signi�cant amount of transferred material, even after ten
passages.

Titanium transferred to cemented carbide was chosen for more detailed
TEM investigation. The transferred Ti layer showed a ≈ 100 nm thickness
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Figure 10.4: SEM image of Ti transferred to the cemented carbide surface after a.
one passage and after b. �ve passages.

Figure 10.5: SEM image of titanium transferred to the Al2O3 coated surface after
a. 1 passage and after b. 5 passages.

(see Figure 10.7). After �ve passages, the transferred layer displayed step-like
patches. STEM assisted EDS analysis did not indicate any titanium di�usion
into the substrate (see Figure 10.8). STEM EELS spectrum imaging revealed
a relatively low oxidation grade of the transferred titanium (see Figure 10.9).

It could be observed a correlation between the transferred material and the
friction coe�cient. In case of cemented carbide surface, after the �rst passage
extensive transfer was observed. The friction coe�cient reached already 0,75.
This further increased with the number of passages. In case of DLC surface
the material transfer was barely noticeable after ten passages, the friction
coe�cient remained at a low level (<0,2). When tested on an intentionally
scratched DLC surface, even after one passage there was noticeable material
transfer at the scratch site (which is not surprising). The transfer developed to
the �smooth� DLC surface after several passages (see Figure 10.10). A possible
explanation to this can be that the protective TiO2 layer, after broken, the
more reactive Ti could adhere more easily to the counter-surface. Similar
behavior is described in [86].

The friction coe�cient characteristics also depend on the topological prop-
erties of the surface. The DLC coating showed the smoothest surface (crack
and defect-free) and resulted the lowest friction coe�cient. The other sur-
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Figure 10.6: SEM image of Ti transferred to the steel tool surface after a. 1 passage
and after b. 10 passages.

faces, where the friction coe�cient proved to be signi�cantly higher, contained
surface-steps at grain boundaries, nanoscratches etc.

In case of the cemented carbide surface it is interesting to notice that dur-
ing the �rst passage there is a relatively high friction coe�cient (0,2). Already
at the second passage, this value is tripled, in the same time the amount of ma-

Figure 10.7: TEM image of titanium transferred to the cemented carbide surface
after a. 1 passage and after b. 5 passages.
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Figure 10.8: Elemental maps on the cemented carbide surface after 1 and 5 passages

Figure 10.9: STEM�EELS spectrum imaging acquired from the interface region
between transferred titanium and cemented carbide surface after 1 passage.

terial transfer drastically increases. Possible explanation to this phenomenon
could be that the Ti adheres more strongly to the already transferred titanium
layers, the transferred material increases the surface roughness, which results
an increased plowing e�ect. The TEM investigations, however, did not show
an increase of Ti layer thickness as the number of passages increased. This
means that titanium primarily adheres to the cemented carbide, rather than
to the transfered Ti. High resolution TEM images did not reveal cracks ore
pores in the Ti layer, which con�rms that this layer is well adhered to the
surface (see Figure 10.11). The absence of high amount of oxides in the Ti
layer leads to the conclusion that the tip itself cannot be signi�cantly oxidized.

10.2.4 Conclusions

It could be concluded that the friction coe�cient after the �rst passage was
relatively low in case of all tested surfaces, at subsequent passages this dras-
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Figure 10.10: Titanium transferred to an intentionally scratched DLC surface. Ma-
terial transfer is immediately noticeable at the scratch site after one passage. This
will further develop and hence larger amount of material will be transferred to the
unscratched surface with the increase of number of passages.

Figure 10.11: HRTEM image of Ti transferred to the cemented carbide surface after
1 passage

tically increased, the DLC coating making the exception. Besides the low
friction coe�cient, the DLC surface remained virtually clean (no Ti transfer).
DLC promises to be a good candidate for titanium machining tool coating.
During the tests it was revealed that high material transfer quantity leads to
high friction coe�cients, not the other way around.
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