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Chapter 1
Introduction

The overall field of friction and wear — tribology — has a huge impact on all scales of daily life
[Czil5b; Men20]. Tribological systems range from atomic scales in the nanometer domain
through microsystems up to macroscopical devices that are hundreds of meters in size.
Tribological processes influence energy consumption and economic costs of such devices.
A recent study of Holmberg and Erdemir showed, that 20 % of the world’s total energy
consumption is due to tribological losses and an additional 3% due to remanufacturing
of worn parts [Holl7]. By advancing surfaces, materials and lubrication technologies, the
energy losses could be reduced by 40 % within the next 15 years, leading to a reduction of
approximately 9% of the total energy consumption. This reduction in energy consumption
would reduce the global CO, emissions by 3140 MtCO, = 3.14 PgCO,, which is equivalent
to 0.86 PgC, or in other words, it would decrease the yearly human made carbon flux into the
atmosphere by 10 % [Cial3]. Summing up, advances in tribology directly promise progress
in climate protection.

Even today, many fundamental processes of tribology are not yet fully understood [Wan13;
Urb10], so that there is still a lot of progress to be expected in tribology. In particular,
the energy dissipation in a tribological contact [Par14] and the processes at the micro- and
nanoscale are currently of interest [Nial6]. For the dissipation of energy, different processes
are involved. Some of the important processes are the relaxation of electron-hole pairs
(fluorescence), the rupture of chemical bonds (triboluminescence) or the excitation of col-
lective vibrations in crystalline materials (phonons). Ultimately, most of these processes
manifest themselves as heat [Parl4]. For each of the underlying processes, the symmetry
properties of the contacting surfaces are of great importance and significantly influence the
relaxation process. It is well known, that at contacting surfaces layers of tribological mate-
rial (tribofilms) form without any human intervention [Stal4c]. In metallic contacts, these
tribolayers or tribofilms consist of particles in the micro- and nanoscale [Czil5e|, which — as
stated before — tremendously impact the tribological processes [Hof16]. The layers define
the short- and long-term behavior of the contacting surfaces [Urb10].

In order to determine the symmetry properties of the contacting surfaces and gain in-
sight into the underlying processes Raman scattering is utilized. Raman scattering is the
vibrational response of a molecule placed in an electrical field. A recorded Raman spectrum
supplies a physico-chemical fingerprint for each material, which allows one to gain insight
into the interatomic interactions (see Chapter 2). Raman spectroscopy is a powerful optical
scattering technique that is used for a wide range of applications [Diel8a; Gou07; Web00].
Among others, Raman scattering can be and has been used for material identification, dis-
covery of novel effects and insights into elementary mechanisms. The main advantages of
Raman spectroscopy are its applicability to solids, liquids and solutions and its ease of use.



Chapter 1 Introduction

Often no or only little sample preparation is needed for Raman spectroscopy. Combining
the scattering technique with microscopy makes micro-Raman spectroscopy a method that
delivers molecular information at the micrometer scale [Vanl3al, allowing surfaces to be
mapped. By analyzing spatially resolved Raman scattering mappings — commonly called
Raman scattering images — with chemometrical methods like Principal Component Analy-
sis (PCA), the distribution of different chemical species may be visualized [Lew01]. This
visualization provides a high information density in an easily accessible manner. These
features of Raman spectroscopy, as well as the availability of high-quality and inexpensive
equipment, have contributed to the widespread use of this technique.

The goal of this thesis is an advancement of the knowledge on the fundamental tribological
processes in the contact of relative moving surfaces using Raman spectroscopy. Therefore,
this thesis is structured as follows:

Chapter 2 presents the theoretical principles of the Raman effect, lattice vibrations in
a crystal, as well as crystallographic space groups and their relation to Raman activity.
Additionally discussed are the experimentally relevant properties of the Raman signals, like
intensity, shape and position. Also the penetration depth of an electromagnetic wave into
matter is presented. Next to the basics of Raman scattering, an introduction to tribol-
ogy is given. Here, the phenomena of wear and friction are defined. Subsequent to these
definitions, the mechanical and surface properties are briefly discussed. The section on tri-
bology ends with the presentation of a method to estimate flash temperatures occurring in
tribological contacts. Chapter 2 closes with a presentation of the most important proper-
ties of the mainly investigated materials throughout this thesis. Here, typical products of
metal corrosion (iron oxides), surface protection coatings (amorphous carbon and tungsten
carbide) and solid lubricants (molybdenum disulfide) are introduced.

Chapter 3 introduces the experimental and analytical methods. Here, a basic Raman
setup and a confocal Raman setup are presented. This is followed by a discussion on
sample preparation and its mechanical, topographical, structural and compositional char-
acterization. The chapter ends with a description of the analysis procedure, including the
presentation of methods of spike removal, Raman mapping and dimensionality reduction
of experimental data. The presented methods are combined to the self-developed software
package spectrum analysis.

Chapter 4 gives a first Raman spectroscopic view on wear. Here, several indicators for
tribofilms in different tribological systems are presented. For uncoated steel-steel contacts,
a spatial distribution of multiple iron oxide configurations is detected, while for tungsten-
carbide coated contacts an oxygen incorporation is observed. Additionally, for dry-lubricant
MoS, coatings, third-body particles with a different chemical behavior than the original
coating are detected. All of the detected indicators might be used to monitor the degree of
wear of the respective surfaces and may allow for prediction of their tribological behavior.

Chapter 5 utilizes Raman spectroscopy and X-ray methods to gain insights into the mi-
crostructural properties and interatomic interactions of protective and lubricating coatings.
Here, the interaction effects of the deposition parameters on the structural and mechanical
properties of amorphous carbon and MoS,, films are investigated, as well as structural and
tribological changes of post-growth annealed MoS, films. For amorphous carbon films, a
correlation of deposition parameters and sp® formation is determined. The sp® content
might be roughly estimated using multi-wavelength Raman spectroscopy. For MoS, coat-
ings, influences of the deposition parameters on bond lengths and inter-layer spacing, as



well as a spectral estimation for the films’ frictional behavior are shown. Here, Raman
scattering is used to estimate the shear resistance of a coating or to detect stacking faults
in the deposited films.

Chapter 6 investigates the formation and properties of tribofilms from lubricated and
non-lubricated steel-steel interaction with spatially resolved Raman spectroscopy. Here,
a layered tribofilm with nano-sized hematite, magnetite and amorphous carbon particles
is revealed. Oxygen is shown to play a key role in the tribological process. Additionally,
Raman spectroscopy is combined with chemometrical methods, which allows one to correlate
spectral information with surface properties. These correlations may be used to advance
the understanding of the spatial formation of tribofilms.

In Chapter 7 the results from the previous chapters are summarized and an outlook on
improvements to the measurement technique is given. In the appendix brief introductions
to supporting methods, like Fabry-Perot interferometry, focus stacking and the knife-edge
method, as well as an introduction to the spectrum analysis package are given.






Chapter 2
Theoretical Background

In this chapter an introduction to Raman spectroscopy' and tribology is given. The chapter
closes with a section on fundamental properties of selected materials that are investigated
throughout this work.

An introduction to Raman scattering is found in the book by Vandenabeele [Vanl3c|,
which the following section is based on. Furthermore, the review by Gouadec gives an
overview on Raman scattering and its extension to the nanoscopic scale [Gou07]. A theo-
retical in-depth discussion of the phenomenon is given by Cardona et. al [Car83b; Pag91].
Vast information on Raman and Brillouin Scattering is reported in the dedicated Light
Scattering in Solids series. An overview of the different volumes and the topics of the chap-
ters is given in references [Car91; Car00]. The following section presents the Raman effect,
it’s dispersion relation in a crystal and alterations to the optical response, like shape and
frequency. Additionally, the wavelength-dependent penetration depth is presented.

For an introduction to the various fields of tribology, the handbook by Czichos is recom-
mended [Czil5c]. In the present section, the very basic concepts of friction and wear, as
well as the mechanical and surface properties of materials are presented. The section ends
with a model to estimate the flash temperatures in a contact.

2.1 Raman Scattering

Placing a molecule into an electrical field £ induces an electrical dipole moment p, which
can be described as

1 1
p:a'E+§ﬁhyp'E2+E’Yhyp'E?)—'_"" (21)

Here, « is the polarizability tensor, 3., the hyperpolarizability tensor and -, the ond
hyperpolarizability tensor. Typically « is in the range of 107*° Cm?/V. Each higher order
tensor decreases by a factor of about 107 m/V, which allows one to neglect their influence
in the following and reduce equation (2.1) to

p=a-E. (2.2)
The electrical field is caused by a beam of light, which is described as

E =E, - cos (27 - yyt). (2.3)

'Raman spectroscopy is named after the Indian physicist Chandrasekhara Venkata Raman (*1888; 1T1970)
who discovered this type of scattering with his assistant Kariamanikkam Srinivasa Krishnan as optical
analogue to the Compton Effect [Ram28a; Ram28b].
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Here, E| is the amplitude of the electrical field, v, the frequency of the incident radiation and
t the moment of investigation. In order to calculate the dipole moment p, the polarizability
tensor is expressed as a Taylor series with the normal coordinate ) of the molecule of
interest, as the polarizability strongly depends on the possible vibrations of the molecule
(see also Section 2.1.1).

a:a0+2(%> Q) +Z(8Q 90, ) Qi Qp+ - (2.4)

Here, Q; and @y, are the 4" and k™ normal vibrations of the molecule, with vibrational
frequencies v; and ;. Only the first approximation is used in the following?, meaning that
the different normal vibrations are independent from each other and no cross relations are

taken into account. Therefore, taking one specific normal vibration @) it can be described
by

QN
In the first approximation the normal coordinate behaves like a harmonic oscillator and
therefore varies over time like

Qn = Qn - cos(2m vyt + y), (2.6)

with the amplitude of the normal vibration @y ¢, the frequency of the normal vibration
vy and a phase angle ¢ 5. By substituting equations (2.3), (2.5) and (2.6) in the simplified
definition of the dipole moment using equation (2.2) and applying a cosine product-to-sum
identity the frequency dependence of the dipole moment for a selected normal vibration can
be written as

1,
Py = aoEycos (2 - vyt) + §aNEOQN,O cos (2m - (vy £ vn)t £ Ppn)- (2.7)

From this equation it becomes clear that the induced dipole moment can be split into three
components with different frequency dependencies

py =DP(vy) +p(vy + V) +D(vy — V). (2.8)

The first term is only dependent on the frequency of the incident radiation 1,. This describes
an oscillation of the induced dipole with the same frequency as the stimulating light field.
This behavior is an elastic scattering behavior, which is called Rayleigh scattering®. The
second and third term in equation (2.8) correspond to inelastic scattering processes. Here
the frequency of the incident field is shifted by the frequency of the normal vibration of the
material of interest. The energy is either increased (v, + vy) or reduced (v, —vy) compared
to the incident frequency. This form of scattering is called Raman scattering, whereas the
increase is called anti-Stokes scattering and the reduction is called Stokes scattering?.

2This approximation is often referenced as Placzek’s theory. George Placzek (*1905; t1955) argued that
the amplitude of the normal vibrations is small and therefore only the linear term in equation (2.4) is
used [Pla34] (see §16 on pages 275 - 278).

3The scattering is named after Lord Rayleigh (John William Strutt, *1842; 1 1919) who used this type of
scattering to explain the color of the sky and to determine the size of a molecule [Str71].

“The scattering is named after the Irish physicist George Gabriel Stokes (*1819; T1903), who coined the
term fluorescence [Sto52].
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Figure 2.1 Schemes of the normal modes of (a) a diatomic molecule and (b-d) a triatomic
molecule. The polarizability « (orange) and the dipole moment p (blue) are indicated,
with their gradients at @@ = 0. For non-vanishing gradients of the polarizability (dipole
moment) the corresponding mode is Raman (infrared) active. Adapted from [Diel8b].

Furthermore, equation (2.7) indicates that only for 'y, # 0 Raman scattering is excited.
This leads to the selection rule of Raman scattering:

/DB 9
= (555), 0 2
It means that, for each normal vibration ()5, Raman scattering only appears, where the
polarizability « is changed. This selection rule is visualized in Figure 2.1. Here, the vibration
modes of a diatomic molecule and a triatomic molecule are presented. As shown before, a
vibration mode is Raman active for a non-vanishing derivative of the polarizability. For a
non-vanishing derivative of the dipole moment the vibration mode is infrared active. Both
scattering phenomena are complementary to each other. In Figure 2.1 (a) the solely possible
symmetric vibration of a homo-diatomic molecule is presented [Diel8b]. The molecule has
no permanent dipole p, which is also true for small perturbations from its equilibrium, and
is therefore not infrared active. In contrast, the polarizability changes with the distance
between the two atoms. For a vanishing distance, the electron density can be described
by an electron density of a single atom, while for an infinite distance the electron density
can be described by the electron densities of two individual atoms with half mass. The
polarizability of the latter case is larger than the polarizability of the first case, leading to
a monotonous polarizability, with a non-vanishing derivative at the equilibrium position.
Therefore, the vibration mode is Raman active.

The vibration modes of a linear triatomic molecule are shown in Figures 2.1 (b-d). In
a first approximation for the symmetric stretching mode (see Figure 2.1 (b)), the dipole
moment remains constant along the normal coordinate, but the opposite signs of the indi-
vidual bonds lead to infrared inactivity. The molecule is Raman active, which is explained
by the previously used arguments for the Raman activity of the diatomic molecule. For anti-
symmetric stretching (see Figure 2.1 (c¢)) and bending vibrations (see Figure 2.1 (d)) the
dipole moment changes its sign, when passing through the equilibrium position. Therefore,
the derivative of the dipole moment is non-zero, leading to infrared activity of both modes.
Contrasting, the changes of the polarizability are symmetric to sign inversion, leading to a
vanishing derivative. Therefore, both modes are Raman inactive.
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2.1.1 Vibrations in a Crystal

The general mechanism of Raman scattering is explained in the previous section. Here,
the polarizability tensor plays a key role and is used to define a selection rule for the
occurrence of Raman scattering. The polarizability tensor is strongly dependent on the
normal vibrations of the scattering system. As crystal-like systems are of major interest
in this thesis, this section presents a classical model describing vibrations in crystals. It is
based on reference [Grol2b].

In the suggested model, each atom 7 of unit cell N with mass m, shall experience small
displacements u ;, ; along direction j from its equilibrium position. As the atom is placed in

a lattice and coupled to other atoms ¢ in unit cell M, the coupling constants C’J\]\ﬁf and the
corresponding displacements wu,;. along directions k of these atoms influence the motion
of the displaced atom 7 and force it back into its equilibrium state.

2
0 Unpj

ot?

Mk
m, + > O arcy =0 (2.10)
Mk
The number of differential equations in the system presented in equation (2.10) is propor-
tional to Avogadro’s constant N, for a realistic crystal, but fortunately the periodicity of
the crystal lattice allows one to make the following ansatz

1
UNnj = —Wn

Here, q is the wave vector and A(q) the amplitude of the displacement u. This plane wave
is only defined at the lattice sites R, and oscillates with frequency w. Using this ansatz in
equation (2.10) gives

ok i Ck 1 MCk iq(R., —
—w*Ay;(a) + ; D (@) Ag(@) =0  with  D(q) = ; O © AR, Re)
n

A, i(q)el @Bt (2.11)

(2.12)

The parameters DC?(q) construct the dynamical matrix (for further reading see references
[Kee96] and [801077), which is a linear homogeneous system of equations. This formalism
reduces the number of equations to be solved from being proportional to N, to only three
equations for each atom in the base of the unit cell, for each wave vector q. So for a mono-
atomic base systems of three equations, and for a di-atomic base systems of six equations
have to be solved. The linear homogeneous system of equations is solvable for

det{D"(q) — w1} = 0. (2.13)

This equation gives n solutions w(q) for each atom in the unit cell, where n is the dimension
of the vector space R"™. The relation w(q) is called the dispersion of the wave vector, while
each of the different w(q) is called a branch of the dispersion.

As an example a di-atomic linear chain with a lattice constant a and coupling constant
C'is analyzed in the following. Using

¢k o — T (e
Dya)=|_ ¢ (11+6+Z-qa> M2 o0 (2.14)
VAL L may
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in equation (2.13) and solving the equation gives

2 2
B . sin2(@> with 1 _ 1.1 (2.15)
Myeq mi gy Mg 2 Mpeq My My

re

where m 4 is the reduced mass of the unit cell. This is the dispersion relation between
w and ¢, which is restricted by the periodicity of the crystal to possible values of ¢ in the
range of —7/a < g < 7/a. The enclosed region of these values is called the first Brillouin
zone® of the crystal.

Figure 2.2 shows the positive half of the
first Brillouin zone of the di-atomic chain. w(q> A
The two solutions w, and w_ of equation 20
(2.15) build the two plotted branches of the Mhed
dispersion relation. They are called the op-
tical (w,) and the acoustic (w_) branch.

The names of the dispersion branches are

based on the phase relation of the atoms,

whereas at the zone boarder the atoms

of the acoustic branch oscillate in phase

with the same amplitude, the atoms of

the optical branch oscillate with opposing

phase with an amplitude anti-proportional

to their weight ratio. Whether the atoms

oscillate parallel or perpendicular to the
direction of propagation of the wave, the acoustic branch
modes are called longitudinal (parallel) or 0
transversal (perpendicular). Often these
modes are abbreviated by TA (transversal
acoustic), LA (longitudinal acoustic), TO
(transversal optical) and LO (longitudinal
optical). Additionally, acoustic (ZA) and
optical (ZO) out-of-plane modes are observable in several crystal structures [Nik17]. One
lattice vibration is commonly called phonon or vibration mode.

In the discussed model, only longitudinal modes are considered. Here, for low ¢ the
acoustic branch shows an oscillating frequency of zero, which is equal to the motion of
the complete crystal, whereas the optical branch shows a non-zero oscillating frequency of
(2,00,

At the boundary ¢ = 7/a of the Brillouin zone, the di-atomic linear chain shows a fre-
quency gap. This gap grows with the mass ratio mi/m, of the two atoms in the chain. It
vanishes for m,; = m,. For the example given, non-equal oscillation frequencies are observed
for both dispersion branches. For a more detailed discussion see reference [Grol2b].

In a 3-dimensional crystal with j atoms per unit cell the solution of equation (2.13)
delivers three acoustic and 35 — 3 optical branches of the dispersion relation. Depending on
the atomic species and their bonds, it is possible that several branches are degenerate and
less than the expected number of branches is observed.

optical branch

mi > mo

>

N T R

Figure 2.2 Exemplary dispersion relation of a di-
atomic linear chain in the first Brillouin zone with
my = 2my.

5The concept of the Brillouin zone was developed by the french physicist Leon Brillouin (*1889; 1 1969).
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In general, the dispersion relations are always shown along specific directions in g-space
which connect points of high symmetry in the Brillouin zone, called critical points of the
Brillouin zone. Here, ¢ = 0 is always the center of the Brillouin zone, which is called the
I' point. The other critical points depend on the symmetry of the crystal. Details are
presented in reference [Set10].

In order to conduct experiments with phonons, it is important to have a look at the
relation of the wavelength of the exciting electromagnetic field and the wave vector. The
two parameters are linked by the definition of the wave vector’s magnitude |q| = 27/x.
From this relation typical excitation wavelengths in the visible spectrum (< 10% nm) show
|q| ~ 10° cm™!, whereas at the boundary of the Brillouin zone, the relation 27/ = 7/4 has
to be fulfilled. This leads to [q.,| ~ 10 ecm™! for typical lattice constants (~ 10°pm). So
the excitation of a crystal with visible light inspects only lattice vibrations at the center of
the Brillouin zone, whereas extremely short wavelengths are needed to investigate phonons
at the boundary of the Brillouin zone®.

Additionally to the prior described lattice vibrations, phonon modes might arise or vary
due to higher-order terms in equation (2.4), temperature or pressure dependence, applied
electrical fields or other effects (see reference [Mit69] for details).

2.1.2 Stretching Modes and Group Theory

Point groups are helpful in analyzing vibrational spectra and they deliver an idea of how
many modes are to be expected during measurements’. Furthermore, point groups can be
used to determine Raman or infrared activity. Point groups are commonly noted using the
Schoenflies® notation and are classified by several families [Grol2c]. The crystallographic
families of the point groups are

e Cy (cyclic) with a N-fold rotation axis,
e S, (Spiegel) with a 2N-fold rotation-reflection axis,

e Dy (dihedral) with a N-fold rotation axis and additional N twofold axes perpendicular
to that axis,

o T (tetrahedral) with the rotation axes of a tetrahedron.

o O (octahedral) with the rotation axes of an octahedron,

Here, the superscripts h (horizontal), v (vertical) and d (diagonal) add mirror planes to
the selected point group. Examples are MoS,, which belongs to the Dg, point group
[Zhal3a], or Fe;O, (magnetite), which belongs to the O, point group [Far97], whereas
a-Fe, 04 (hematite) belongs to the Dy, point group [Far97].

Each point group allows a different set of symmetry operations and has an irreducible
representation (Mulliken symbols). They can be written in a character table, as shown in
Table 2.1. For character tables of materials used in this thesis see also Appendix C. Other
important character tables are presented in the appendix of Cotton’s book [Cot90a]. The

5To generate wavelengths in the range of crystal lattice constants neutron scattering can be utilized.

7As a rule of thumb it can be stated that the higher the symmetry of the material’s point group, the lower
the number of observable Raman peaks [Coll1].

8 Arthur Moritz Schoenflies (¥*1853; T1928) was a German mathematician who found the complete list of
all 230 crystallographic space groups [Sch91].

10



2.1 Raman Scattering

Table 2.1 Character table of the D4 point group.

D,, E 20, 3C, i 28 304

Ay, 1 1 1 11 1 2 492, 22

Ay 1 1 -1 1 1 -1 R,

E, 2 -1 2 -1 0 (R, R, @*—y ay), (v2, y2)
A, 1 1 1 -1 -1 -1

A, 1 1 -1 -1 1 =z

E, 2 -1 0 -2 1 (z, y)

center columns of Table 2.1 exemplary shows the symmetry operations of the respective
point group. The overall possible symmetry operations are [Maul9b]

o E, which is a rotation by 360 °,
o Cy, which is a rotation by 360°/N,

e Sy, which is a rotation by 360°/N followed by a reflexion in a plane perpendicular to
the rotation axis,

e o, which is a reflection operation (equivalent to S;),
e i, which is an inversion operation (equivalent to S,).

Again, the superscripts of the reflection indicate horizontal (h), vertical (v) or diagonal (d)
mirror planes. The rotation axis of highest order is called principal rotation axis. In the
leftmost column of Table 2.1 the irreducible representations (Mulliken symbols) are shown.
They are [Cot90b]

o A, a single degenerate representation (1 in column E), symmetric with respect to the
principal rotation axis,

« B, a single degenerate representation (1 in column E), antisymmetric with respect to
the principal rotation axis,

o E, a double degenerate representation (2 in column E),
o T, a triple degenerate representation (3 in column E).

The subscripts resemble symmetry (g) or antisymmetry (u) with respect to a center of
inversion. The subscripted numbers denote symmetric (1) and antisymmetric (2) behavior
with respect to a non-principal rotation axis. Superscripted single (’) and double (”) primes
show symmetry and antisymmetry towards a horizontal mirror plane, perpendicular to the
principal rotation axis.

The numbers given in the body of the table indicate whether the irreducible represen-
tation is symmetric (1) or antisymmetric (—1). The two columns on the right show which
irreducible representations describe translational movement of the three Cartesian coordi-
nates (v, y and z), rotations along these coordinates (R,, R, and R,) and functions of

the quadratic terms of the coordinates (z2, 4, 2%, 2y, 2z and yz). Here, the translational

11
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movement and the rotation correspond to infrared activity, whereas the quadratic terms
indicate Raman activity [Maul9a]. For the example of hematite this results in the Raman
active modes of A;, and E, (compare Section 4.1).

2.1.3 The Intensity of a Raman Line

As described before, only the linear terms of equation (2.4) are used. This follows Placzek’s
theory and leads to the intensity of the Stokes-Raman line for a specific transition from one
vibrational fundamental to the next higher vibration as follows [Wo067]

(Vo — VN>4

"V E2. 2.16
T v (L —exp {ogigry) N Fo (2.16)

I = const -

Here, h is the Planck constant and kg the Boltzmann constant. The other parameters are
used as previously defined. From equation (2.16) several properties of Raman scattering
can be derived:

« The Raman scattering intensity varies with v, leading to strongly amplified intensities
for low excitation wavelengths A, as the wavelength and the vibrational frequency are
inversely proportional v = ¢/x.

e The Raman scattering intensity is proportional to the square of the incident amplitude
E,, so an increase of the incident intensity linearly amplifies the Raman signal.

o As stated before in equation (2.9), Raman scattering can only be observed for non-
vanishing polarizability-gradients a/y # 0.

o The scattering intensity is proportional to m;e}i, which leads to higher Raman inten-
sities for lighter atoms.

o Furthermore, the scattering intensity is proportional to VNl, which assures that scat-
tering frequencies close to the excitation wavelength are of greater intensity than

faraway frequencies.

o The last proportionality of (1 — exp {~"*~/k;T})"! shows that the Raman scattering
intensity is proportional to temperature. This is due to the fact that at temperatures
different from zero some of the scatterers might be in a higher vibrational level than
in the lowest. This temperature dependence leads to an increase of the Raman scat-
tering intensity for low temperatures. For high temperatures, the scattering intensity
decreases.

For an in-depth discussion, which additionally takes different excitation and detection an-

gles, or different polarizations into account, see references [Woo67] or [Lon02b].

2.1.4 Line Shapes of Raman Signals

Theoretically, the Raman line is of a Lorentzian-shaped profile [She84; Yogl6]. In multiple
experiments various influences on the Raman line profile were detected. Some influences
are the sample temperature, stress, electron-phonon interaction or quantum confinement
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2.1 Raman Scattering

[Yogl6]. The influences on the Raman line can even be used as pressure sensor [Bop85].
Besides these and other influences, the experimentally collected Raman signal is always
a convolution of the Raman line and the instrumental transfer function [She84; Yak93],
leading to a further change of the line profile.

In this section the commonly used line profiles to describe Raman and spectral data are
presented. The functions are taken from the 1mfit package [New20]. The parameters to
describe the functions are the area under the curve A, the frequency position of the peak
w, the variance o and the asymmetry factor q. The parameters are subscripted, accord-
ingly to their respective distribution: Lorentzian (L), Doniach-Sunjic (DS), Gaussian (G),
Voigt (V) and Breit-Wigner-Fano (BWF). Additionally, the Full Width at Half Maximum
(FWHM) I'is given as well, which is also subscripted accordingly.

The Lorentzian Distribution (also Cauchy
distribution or Breit-Wigner distribution) is
the characteristic line shape of many spec-
troscopic lines [Deml1]. This is a conse-
quence of the Heisenberg uncertainty prin-
ciple ,AE > h, which relates the lifetime
7, of a state to its energy E. Here, only for
infinite lifetimes the energy width is defined
as single integer (namely zero), whereas for
finite lifetimes the energy width of a state is
always widened to an energy range, result-
ing in a Lorentzian shape. The derivation of w
the line profile is performed in the book on
laser spectroscopy by Demtroder [Demll]
and not further discussed here. Exemplary
Lorentzian distributions are shown in Figure 2.3. Here, the area under the curve and the
peak position are kept at fixed values, while the width of the peak is varied. The peak
function is defined as follows

Figure 2.3 Exemplary Lorentzian distributions
with varied oy, and fixed A;, and wy.

Ay, oL

_ and I =20y . 2.17
s (w—wL)2—|—ai L L ( )

fulw; Ay, wy, op) =

The Lorentzian broadening of the spectral line is also called natural width of the line. This
type of widening is a homogeneous broadening, as all scatterers share the same transition
probability to turn from one state to an other state.

Asymmetric Broadening of the line shape is the formation of a low or high energy asym-
metry of the respective line. It is observed among others for quantum confined particles
[Kum14], nanoparticles [Gou07] and crystalline imperfections, like point defects, disloca-
tions or crystallite boundaries [Fal00]. For quantum confined particles, an exponentially
damped integration of multiple Lorenztians can be utilized for peak fitting. A good ex-
planation is presented in reference [Kum14]|. For more details on asymmetric vibrational
spectra of nanoparticles and disorder induced asymmetry, see the corresponding references.
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Chapter 2 Theoretical Background

The Doniach-Sunjic Profile is an asym-
metric Lorentzian profile introduced by Do-
niach and Sunjic [Don70]. The profile is
commonly used for peak shapes measured
with photoelectron- and X-ray absorption.
Here, gpg is the asymmetry factor of the
profile.  For ¢pg = 0 the profile is of
Lorentzian shape, whereas for ¢pg > 0 an
asymmetric shoulder is introduced at the
0.2) low-energy flank of the profile. For ¢pg < 0
: the distribution shows a resonance behav-
-5 0 o ior. Exemplary Doniach-Sunjic distribu-
w tions are shown in Figure 2.4, with fixed
area under the curve, peak position and
Figure 2.4 Exemplary Doniach-Sunjic distribu- width, while the asymmetry factor is var-
tions with varied gpg and fixed Apg, wpg and ops.  jed. The function is defined as follows

1.0 1

fos(w; 1,

fos(w; 1,

f|)<(yw'1 1,0,
1

fos(w; 1, 0,

Apg 08 {Wq%s + (1 — gpg) arctan (%)}

Ds

O_lquS (1 I w,wDS>(1*QDs)/2

fps(w; Aps, wps, 0ps; dps) = (2.18)

DS

9Dps

The Gaussian Distribution (also normal
distribution) is the typical line shape of lig-
uids, solids and amorphous condensed mat-
ter [Dem11]. This results from atoms posi-
tioned at slightly different lattice positions,
with slightly different local electrical fields.
These fields lead to small shifts of each of
the Lorentzian profiles. The superposition
of these profiles leads to a Gaussian profile,
: , : , , instead of a Lorentzian. This type of broad-
-5.0 =25 0.0 2.5 5.0 ening is called inhomogeneous broadening.

w Here, the transition probability of all scat-
terers of turning from one state to another
is not equal. The transition probability dif-
fers for disjunct subsets of the scatterers. In
comparison to the Lorentzian line shape, the normal distribution has an expanded width at
the peak and declines faster to zero. Exemplary Gaussian distributions with varying line
width are shown in Figure 2.5. The peak function is defined as follows

Figure 2.5 Exemplary Gaussian distributions
with varied o and fixed Ag and wg.

Ag

e,(w,wc)z/@aé) and I'o=2Vv2 In 204 . (2-19)
oqV2m

folw; Ag, wg, o) =
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2.1 Raman Scattering

The Voigt Distribution is a convolution
of the Lorentzian and the Gaussian distri-
bution. The distribution can be used to de-
termine the Gaussian and Lorentzian share
in a collected profile. This allows for an es-
timation whether the natural (Lorentzian)
influences or the inhomogeneous (Gaussian)
influences are of dominating impact on the
scatterer of interest. In order to reduce
computing time the distribution can be ap-
proximated by a pseudo-Voigt profile, which
is a weighted sum of a Gaussian and a
Lorentzian distribution [Ida00]. Exemplary
Voigt distributions are shown in Figure 2.6.
Here, the area under the curve and the peak
position are kept constant, while both line

1.0 -
3
<2 0.5 1
0.0 1
-5 0 5
w

Figure 2.6 Exemplary Voigt distributions with
varied o and oy, while Ay, and wsy, are fixed.

widths are varied. The peak function is defined as follows

A
fv(w; Ay, wy, oG, 01) = s Re(w(2)), (2.20)

with w(z):e_ZQerfc(—iz) and 2z =

ogV2m

W — wy + 10y,

e (2.21)

The full width at half maximum of the Voigt profile I, is approximated as suggested by

Olivero and Longbothum [Oli77].

Iy = 0534617, + 1/0.216617 + I . (2.22)

The Breit-Wigner-Fano Function is an
asymmetric alternative to the Gaussian pro-
file, which is commonly used for amorphous
carbon signatures [Fer00]. The line shape
arises from an interaction of discrete Ra-
man modes with a continuum of Raman ac-
tive excitations [Dre82]. Here, gy is the
asymmetry factor of the profile. For the
limit qul}w — 0 the profile is of Lorentzian
shape. For the limit ggwp — 0 the profile
shows a flipped Lorentzian shape. Exem-
plary Breit-Wigner-Fano distributions are
shown in Figure 2.7. Here, the asymmetry
factor is varied, while the other parameters
are set to constant values. It is

fBWF(W; Apwr> WBWE» TBWE> QBWF) = Apwr

Figure 2.7 Exemplary Breit-Wigner-Fano distri-
butions with varied asymmetry factor ggywy-

(gBwr “3Wr/2 + W — W)
(78wr/2)2 + (W — WRwF)

(2.23)
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The position of the BWF function wgyyp and its maximum do not correspond. The maxi-
mum can be calculated by

OBWF
WBWF, max — WBWF T % . (2.24)
BWF

2.1.5 The Frequency Position of a Raman Line
In this subsection, influences on the Raman line position are discussed. It is shown how the

line position can be estimated and how the position might be shifted.

Line Positions of a Raman band are determined by their ground state and their first
vibrationally excited state [Vanl3c]. A single position can be estimated using

with x the binding strength and m, 4 the reduced mass of the Raman transition of interest.
The reduced mass is defined as

L vy L (2.26)

Mred j m 7

for each atom participating in the bond of interest. The Raman band position is basically
determined by the two factors stated. Once these are known the band position can be calcu-
lated. As the binding strength and the reduced mass are relatively stable for a specific bond
type, characteristic frequencies for each bond type can be determined [Vanl3c|. Herewith
an indication of the spectral position of a particular Raman band is given. Whether this
band is present or not is still dependent on a change in polarizability, as stated with the
selection rule of Raman scattering (see equation (2.9)).

Frequency Shifts are movements of the Raman band position. As stated in equation
(2.25) the band position depends on the binding strength x and the reduced mass m, 4.
As the binding strength is strongly dependent on the inter- and intramolecular interactions
[Vanl3c], the Raman band position can be shifted. Hydrogen bonding, substituents in
functional groups as well as electron donors and acceptors can influence the position of the
Raman signal in the resulting spectrum. As a result, the binding strength is also affected
by the state of hybridization of the selected atom. The band position of the C—H stretching
vibration for sp®, sp? and sp hybridized bonds rises with the percentage of s-character of
the carbon atom. With a higher percentage of the s-character of the carbon atom, the force
constant increases.

2.1.6 Penetration Depth of Light in Matter

An electromagnetic wave, such as light, might penetrate matter up to a certain depth. In
order to create a basic understanding of the depth of penetration, this section derives it
from a complex plane wave and the complex index of refraction. The current section is
based on reference [Fox01].
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2.1 Raman Scattering

Table 2.2 The extinction coefficient and the penetration depth for different materials and
wavelengths taken from reference [Pol20)].

Material 355 nm 532 nm 633 nm 1064 nm References
K d,/nm K d,/nm K J,/nm K d,/nm

amorphous carbon (a-C) 0.92 31 0.85 50 0.74 68 1.15 74 [Ara77]
a-C, 450 °C annealed 0.40 71 0.17 249 0.11 458 [Smi84]
Fe,04 1.12 25 0.56 76 0.07 720 0.01 8467 [Que8s|
Fe;0, 0.11 257 0.09 470 0.15 336 0.37 229 [Que8s|
MoS, (bulk) 2.70 10 1.20 35 0.91 55 0.04 2117 [Erm20]
AL, O4 0.02 1413 0.02 2117 0.02 2519 0.02 4234 [Que85|
a-MoOy 0.31 91 0.009 4704 0.006 8395 0.003 28223 [Laj13]
ethlyen glycol 32x 1078 8.8x10° 48x107% 59x10% 57x107° 5x10° 2x10° 1.4x107 [Sanl4]

An electromagnetic field propagating in time ¢ and along the z direction is described by
E(z,t) = Eye'k=t), (2.27)

Here, k = 27/x is the wave vector of the propagating field and w the frequency of the
electromagnetic wave. The wave vector k can be written using the index of refraction
n = 2o/x, with A\, being the free-space wavelength. In the following, the generalized case of
both parameters, the wave vector k and the index of refraction n, being of complex value
is used. This is marked by underlined characters. This leads to

2mn
k= )\—_ with n=n-+ik. (2.28)
0

Herein, the complex index of refraction n consists of two components, the non-complex
coefficient of refraction n and the coefficient of extinction . Inserting the complex wave
vector from equation (2.28) into the plane wave in equation (2.27) and using the definition
of the complex index of refraction yields

) (i—g (n+in)z7wt> —2r, 27 z—wt

E(z,t) = Eye = Eye o #i(S5net) (2.29)

27 .
= Eye o Feilhewt) (2.30)

Here, an exponential decay, proportional to x, is superimposed on the previous electromag-
netic field, leading to x being an indicator for the attenuation of an electromagnetic wave
propagating through a material. Furthermore, as the intensity of an electromagnetic wave is
proportional to the square of the electromagnetic field, it is proportional to exp (—i—”/ﬁz),
which is used to define the attenuation coefficient o, = 47%/x,. Herewith, the depoth of
penetration can be determined. The depth of penetration d, is defined as depth, where
the intensity is reduced by 1/e. Solving the proportionality for this depth gives (see also
reference [Hecl7])

(Sp = 1/04ar, = )‘0/47m. (231)

This shows that the penetration depth is proportional to )\, leading to low depths of
penetration (more surface sensitive) for short wavelengths and to high depths of penetration
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for longer wavelengths (more bulk sensitive). Furthermore, the penetration depth is anti-
proportional to k, leading to small (high) depths of penetration for high (small) values of
the extinction coefficient. In general, x is wavelength dependent.

Typical extinction coefficients of materials used in this thesis range from g, ¢, (633 nm) =
0.07 to Kypeg,(355nm) = 2.7 and are listed in Table 2.2. Using equation (2.31) typical
penetration depths are in the range from §, yg,(355nm) = 10nm to 6, g, o, (633nm) =
720nm. The wavelength-dependent extinction coefficients are taken from the refractive
index database [Pol20].

2.1.7 Resonant Raman Scattering

In Section 2.1 the classical polarizability tensor is used as introduction to Raman scattering.
In order to get more fundamental molecular properties and explain phenomena like resonant
Raman scattering a quantum mechanical transition polarizability tensor is needed, which
is discussed in this section, based on Chapter 4 in the book by Long [Lon02a]. The general
transition polarizability tensor a; describes the transition from an initial state ¢ to a final
state” f. The components of the tensor are [Lon02a]

S {<f|pN|r><r|pM|z'> . <f|pM|r><r|pN|z'>} | 232)

r Wy, —wy — I, wyp+wy + il

where a double sub-scripted frequency w means a frequency difference, as for example
w,; = w, —w,. Furthermore, py and p,, are the N and M components of the electric dipole
moment operator and the frequency of the incident electromagnetic wave is resembled by
w;, while 27, is the full width of state r, with lifetime 7, = 1/2r,. Equation (2.32) does not
show any therms of I'; and I’y for the initial and final state, as the lifetimes of these states
are assumed to be infinite, leading to I'; = I'; = 0. It is important to note, that equation
(2.32) is again only an approximation as it is derived with first-order perturbation theory.
Furthermore, the summation over the states r is simplified, with excluding the initial and
final states ¢ and ¢ f, which are mostly zero. For more details see in Long’s book [Lon02a].
In the following the frequency denominator w,, —w; —iI. from the first term of equation
(2.32) is discussed. In order to derive this equation, no restriction was needed for the incident
frequency w; or its relation to the absorption frequency w,;. Additionally, no restriction
was defined for state |r), which allows it to be below the initial state, between the initial
and the final state or above the final state. Usually, |r) is above both states, which is also
assumed in the following discussion. There are two limiting cases for the denominator:

o In the first case, the excitation frequency w; is much smaller than the absorption
frequency w,,, leading to w; <« w,.; for all states r. In this case, the frequency difference
w,; — w,; is approximately w,, for all states r. Here, the I’ term can be neglected,
as these terms are small compared to w,; [Lon02a]. Scattering processes with these
excitation frequencies are virtual processes. Here, the virtual state r is not a solution
to the Schrodinger equation and does therefore not correspond to a well-defined energy
value.

9Each state i is described by a time-independent unperturbed wave function 2/,. In the following the
simplified notation of |¢) instead of |¢,) is used for all states.
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o In the second case, the excitation frequency w,; is close to one or more particular
absorption frequencies w,,;, leading to w; ~ w,,;, which leads to a denominator of —iI’,
for the particular state r. Terms with these denominators dominate the complete
sum over 7 [Lon02a]. This process is resonant Raman scattering. Here, the Raman
scattering intensity for this particular state is increased by a factor of up to 10°
[Smil9al.

To sum up, resonant Raman scattering highly increases the scattering intensity and is more
selective than normal Raman scattering, as the process is sensitive to only one particular
state. To obtain resonant Raman scattering an excitation frequency close to or identical to
an electronic transition has to be chosen, which can be accomplished with a tunable laser.
Furthermore, resonant Raman scattering reveals information on the electronic structure of
the sample studied. For in-depth theoretical details Long’s book is recommended [Lon02a],
while for more practical details the book by Smith can be a valuable reference [Smil9a].

2.2 Tribology

“Tribology is the science and technology of interacting surfaces in relative motion and of
related subjects and practices” [Czil5b]. Tribology deals with the transmission of motion,
force, energy and information. Furthermore, mass transfer, as well as material forming and
processing are typical fields of tribology. The interdisciplinary science analyzes how friction
and wear influence moving interacting surfaces and what the underlying mechanisms are
[Czi00].

The effects of tribological processes are observable along various scales. At the macro
scale the formation of tribofilms, wear debris and scratches can be observed. Here, the
properties of the bulk and coating material govern the tribological behavior. Increasing the
level of detail to the microscale, reveals that the contact area of two bodies is significantly
smaller than the dimensions of their technical surfaces. Here, microstructural changes in
the material affect the tribological process. At even smaller scales, chemical and molecular
interactions, as well as atomic interactions govern the tribological behavior. The goal of
tribology is to understand the underlying mechanisms and their interactions at all scales in
order to reduce the effects of friction and wear.

Friction counteracts the relative motion of interacting bodies. It is characterized by the
coeflicient of friction

Ffric
F b

norm

w= (2.33)

with the friction force Fj,;, and the normal force F, The frictional work performed in

norm-*
the system is mostly converted into heat (see also 2.2.3).

In a lubricated tribological system three different states of lubrication are possible, de-
pending on the ratio Ag;. of the lubricant film thickness to the average surface roughness of

the interacting bodies. The different regimes of the so-called Stribeck curve are:

o the low-ratio regime (A, < 1), which is called boundary lubrication. Here, the solid
surfaces are in direct contact and high values of friction are detected.
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o the mid-ratio regime (1 < Ay < 3), which is called mixed lubrication. Here, the
coefficient of friction is reduced by the fluid friction of the lubricant and only a few
asperities are in direct contact with the opposing surface.

o the high-ratio regime (3 < Ag;.), which is called hydrodynamic lubrication. Here, the
two surfaces are completely separated by a lubricant film and the coefficient of friction
is solely ruled by fluid friction.

It is important to note that friction is no material property, but a system property. The
coefficient of friction has to be determined experimentally for each tribological system.

Wear is the proceeding loss of material of the surface of a body. It results from relative
movement of contacted bodies (tribological stress). Like friction, it is a parameter of the
tribological system, rather than a material property and has to be determined experimen-
tally. Wear is mostly influenced by the stress collective and the structure of the tribological
System.

The stress collective is formed by the form of movement (for example gliding or rolling
movement), the temporal form of movement (continuous, oscillating or intermittent) and
the stress variables of the system (load, velocity, temperature and duration of movement).

The structure of the tribological system is given by the elements of the system (the
involved bodies, an intermediate material and the ambient medium). Furthermore, the
bodies’ form and material parameters attribute to the structure of the system, as well as
the interactions of the system elements (contact, friction, wear).

Based on these influences, wear can be classified into different types. Among these are
sliding wear, rolling wear, impact wear, vibrational wear, erosion and cavitation.

Wear Mechanisms are the mechanisms activated by tribological stress. Next to contact
deformation, the main mechanisms are

e Surface disruption, which leads via fatigue and crack formation to material separation
(e.g. pitting, delamination, white-etching cracks).

o Abrasion, which is material removal due to scratching (e.g. microploughing).

o Tribochemical reaction, which is a chemical reaction of the interacting bodies and/or
ambient medium (e.g. chemisorption, physisorption).

o Adhesion, which is the formation of interfacial adhesive bonds (e.g. fretting, cold
welding).

The wear mechanisms might appear on their own or in an intermixed state, which makes
the determination of the exact mechanism a non-trivial problem.

2.2.1 Materials and their Mechanical Properties

In order to understand tribology and the mechanics of contacts, it is important to under-
stand which properties are inherent to materials. Therefore, the stress-strain response of a
material is explained, which sets the limitations for the follow-up section on linear elastic
theory. With the basis of this theory, a theory of contacting bodies is developed in the
subsequent section.
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The Stress-Strain Diagram depicts the

o Strain Necking
deformation per unit length (normal strain A ' hardening ' !
) of a body under application of a load :
per unit surface (normal stress o) [Bee20]. Ultimative :

Depending on the tensile test and on the strength X
material the stress-strain diagram may dif- \ Rupture

fer. Furthermore, the diagram is influ- Yield strength

enced by temperature and the speed of load- Ao
ing. Nonetheless, from the stress-strain di- Ae
agrams two main types of materials can be
categorized: ductile and brittle materials. By = %
Ductile materials, such as steel and many > &

alloys used in engineering, are yieldable at Figure 2.8 Typical stress-strain diagram of a low
room temperature. As an example, a typ- carbon steel [Bee20]. Adapted with permission
ical stress-strain diagram of a low carbon from reference [Nic20].

steel is shown in Figure 2.8. Here, with in-

creasing load (x o) the length (x €) of a specimen of the material increases linearly with
a slow rate until a critical load (yield strength oy of the material) is reached. From this
point on, the specimen performs large deformations with rather small additional loads, due
to slippage along oblique surfaces. Beyond the maximal value of the applied load (ultimate
strength oy of the material), the diameter of the specimen decreases (necking phase in
Figure 2.8), due to local instabilities. In the necking phase, lower loads are sufficient for an
elongation of the specimen. By increasing the strain even further, the material will finally
rupture (breaking strength op of the material). For ductile materials, such as low-carbon
steel, the ratio of oy to oy is in the order of 200.

Contrasting to ductile materials, brittle materials, like cast iron or glass, rupture appears
without any drastic changes in the rate of elongation. For such materials, the ultimate
strength and the breaking strength are indifferent. Additionally, the strain at breaking is
considerably smaller for brittle materials than the strain at breaking for ductile materi-
als. Furthermore, no necking phase is observable in the stress-strain diagram of a brittle
material.

Linear Elasticity assumes that solid bodies are linearly deformable by displacements and
distortions, which is only true for a selected region of the stress-strain curve (see Figure
2.8). The deformations in this region are related to internal forces inside the body (stresses)
and are characterized by local strains [Sla02]. For infinitesimal deformations u along the
directions of R® the deformation tensor is [Wit00]

€, ewf2 Tezf2
E = 'Yyac/Q Ey Yyz/2 s (234)
Veaf2 Vmyf2 €,
ou ; ou;  du
. J j k .
with 5j:a—j and vjk:'ykj:W—Fa—j (G#Fk=292).

Herein, £, are the longitudinal strains along the directions of R3 and 7 the shear strains
between the j- and k-directions of the R®. For isotropic materials, both strains can be
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coupled linearly to stresses inside the body'’, namely the normal stresses o, and the shear
stresses 7;;, [Wit00].

Ey “p
=T ” €+ m(ew +e,te,) (2.35)

The relations (2.35) and (2.36) are called Hooke’s law. The coefficient Ey (Gg) is called
Young’s modulus (shear modulus) and is a material property. Both moduli are related by
the ratio of lateral strain to axial strain (Poisson’s ratio vp), as an axial extension along
direction j is accompanied by a contraction in the other k directions [Sla02]
€
By =2Gg(1+1vp) with vp=——. (2.37)
E .
J

Contact Problems for different geometries can be solved using the superposition of mul-
tiple stress distributions, each being constructed by a normal force acting on a half-space
[Wit00]. Each of the stress distributions is rotationally symmetric. The problem for a single
distribution was first solved by Boussinesq in 1885 [Hah85].

The two contacting geometries have to fulfill several constraints: They have to be ho-
mogeneous, with a linear strain-stress relation and only normal stresses are applicable.
Furthermore, it is requested that the contacting area is small in comparison to the body of
the geometries, to assure that each contact can be treated as a Boussinesqg-problem. For
these constraints, it could be shown that the effective elastic modulus E g of two contacting
bodies with elastic moduli £; and Poisson’s ratios v; (j = 1,2) is [Pop19; Wit00] ™!

1 1-— 1/% 1-—- 1/22
—_— = . 2.38
Eeg E, " E, ( )

In the following, the dependencies for two contacting balls with radii r; (j = 1,2) are
presented'?. The two balls are exposed to a pressure F. which leads to a reduction in

cont?
the distance d of their centers by [Wit00]

9F2 \"7
Ad = | —= with 1.1 + 1 and E*=2E4. (2.39)
4rE*2 rooTy T
Here, the area of contact is of circular shape with a radius
3F. .\
Teont = ( 2E_*t ) . (240)

The maximal stress at the contact, which is often called contact pressure, is

3F
= oot | (2.41)

- 2
271— 7,cont

Gmax

0Here, a constant temperature is assumed. See reference [Wit00] for temperature-dependent equations.

Note that reference [Wit00] has a factor of two bigger effective elastic modulus than reference [Pop19].

12For other contact shapes, see the chapter on technical mechanics by Wittenburg [Wit00] and the book on
contact mechanics by Popov [Pop19].
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Figure 2.9 Scheme of a technical metallic surface. Translated from reference [Czil5e].

For a contact of a ball with a flat surface, the radius reduces to r = ry, with r, = oo.
The maximal tensile stress (indicator for the stability of brittle materials) occurs at the
circumference of the contact area, while the maximal compressive stress (indicator for the
stability of ductile materials) occurs approximately in depth reont/2 below the center of the
contact area. The presented equations are often referred to as the Hertzian theory of an
elastic contact. Further details on the theory are presented in the previously mentioned
publications and in the book by Johnson [Joh85].

2.2.2 Materials and their Surface Properties

As stated before, wear is influenced by the tribological stress of the bodies in contact. In
order to create an understanding of the underlying mechanisms, the surface properties of
the moving bodies, their composition, as well as their physical and chemical properties need
to be taken into account.

Technical surfaces are the geometric limit of a body. Their properties strongly vary
from the material specifications given in data sheets [Czil5e]. For metallic materials, the
simplified layer structure of technical surfaces is shown in Figure 2.9. Here, at the surface
of the crystalline material, several alterations are observable. At depths of about 5pm
influences of the manufacturing process might change the homogeneity or induce some
residual stress. At depths to about 10 nm, effects like oxidation, chemi- and physisorption
and contamination change the properties of the base material. These different regions of
a material and its surface can be divided into three regions. Firstly, the base material,
building the body of the component. Secondly, an inner boundary, which is dependent
on the manufacturing process. Thirdly, an outer boundary, which is influenced by the
environment and often has a different chemical composition than the base material. For
these compositional changes, it is important to determine the chemical composition of the
surface in order to gain insight into the tribological mechanisms.

Next to the chemical properties of the surface, the geometry is also of importance. Here,
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surface imperfections are detectable as deviations from perfect flatness. These deviations are
known as surface roughness, which almost all known surfaces show, regardless of their scale
or origin [Stal4b]. The surface roughness can be described with a height probability density
function. Assuming a Gaussian height distribution, integration of the density function gives
the cumulative probability function of the surface roughness'®. Furthermore, the surface
roughness strongly depends on the process of production. In order to describe the surface
roughness, many different parameters are used. Here, only the center line average roughness
Ra of the z-direction perpendicular to the sample surface over the sampling length L along
the z-direction is used.

1 [T
Ra = Z/o |z(z)|dx (2.42)

In general, peaks of the surface asperities are leveled during running-in of newly machined
parts, resulting in surface profiles with plateaus and sharp grooves. Here, the height distri-
bution needs to be described by two Gaussian profiles.

2.2.3 Flash Temperatures in Mechanical Contacts

In a tribological contact, mechanical energy is dissipated due to friction, which changes the
temperature distribution of the bodies in contact [Czilbe] (see Section 5 in the respective
reference). Macroscopically, the energy dissipation is observed by an increase in the mean
temperature of the two bodies. Assuming that the complete energy is transformed to heat,
a heat density may be defined. Microscopically, the temperature distribution strongly varies
with time and space due to the statistically-distributed micro-contacts of the two bodies.
These fast variations are called flash temperatures. They are the scope of this section.
As an example, infrared measurements in a steel-sapphire system showed that these flash
temperatures are spatially in the 10 pm regime and temporally in the 100 ps regime [Czil5e].
The observed temperatures exceed 2000 °C.

To estimate the flash temperature, Blok (1937), Jaeger (1944) and Archard (1958) devel-
oped sets of equations to calculate the flash temperatures in various experimental conditions.
Blok and Jaeger established equations for flash temperatures in linear and square contacts,
whereas Archard developed the theory for circular contacts. The maximum temperature
of the contact T is the sum of the bulk temperature of the contacting solids 7} and the
maximum flash temperature T; .. [Stal4a].

Tc = Tb + Tf,max (243)

Theoretical estimation of flash temperatures is extremely demanding, due to chemical
interface layers, local fluctuations of the friction forces and a lack of knowledge about the
exact temperature dependencies of material properties. Therefore, multiple simplifications
are made:

e The properties of the contacting bodies are independent of temperature.

o All micro-contacts are accumulated to one contact area, where the frictional energy
is dissipated. This area is considered to be the source of heat.

13Using statistical methods for surface analysis was introduced by Abbott, which is the reason that the
cumulative probability function of surface roughness is sometimes called Abbott-curve [Stal4b; Bod13].
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2.2 Tribology

e The coefficient of friction in the contact is constant and known.
e The heat is uniformly distributed in the contact.
o All heat is dissipated among both bodies in contact.

e The temperature in the contact area is the same for both bodies.

The calculated flash temperature is an estimation of a temperature rise above the
mean temperature of the bodies.

These simplifications neglect the presence of a lubricant, which will take some of the heat
generated in the contact. Furthermore, the coefficient of friction depends on the generated
heat, lubrication and many more parameters, leading to a broad variation, even when they
are measured experimentally. Therefore, a flash temperature range needs to be calculated,
using the minimum and the maximum of the coefficient of friction. With all these assump-
tions, the estimation of flash temperatures is not very precise, but rather an indicator of
temperatures that might be expected in the contact of interest (see Section 6 in reference
[Stalda] and also Section 5 in reference [Czil5e]).

To estimate the flash temperatures, a measure for heat penetration into the bulk ma-
terial is needed. As, for the slow-speed regime, there is sufficient time to dissipate the
generated heat into the material, while, for the high-speed regime, more heat is generated
than dissipated, leading to different equations for the different speed regimes. A measure
to differentiate between these speed regimes is the Peclet number'* Ly,

vr k
cont with x = h ’ (244)
2x P Cspec

LPec -

with the velocity of the moving body v, the contact radius r., (see equation (2.40)) and
the thermal diffusivity of the material x, being constructed from its thermal conductivity
ky, its density p and its specific heat capacity cg,e.-

The different speed and flash temperature regimes are defined by the following Peclet
number ranges [Stal4al:

e Lp., <0.1. The surfaces move slowly with respect to each other, providing sufficient
time for heat dissipation. Here, a model with a stationary heat source can be used.

e 0.1 < Lp,. < 5. The surfaces move faster with respect to each other, providing less
time for heat dissipation. This leads to a model assuming a slowly moving heat source.

e 5 < Lp,,. The surfaces move fast with respect to each other, providing insufficient
time for heat dissipation. Here, a fast moving heat source is used for modeling. Due
to the fast movement, the heat penetrates the stationary body only to small depths
compared to the contact dimensions.

Named after the French physicist Jean Claude Eugéne Péclet (*1793; T1857).
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Circular Contacts — The Theory of Archard In this model a base body (ball) is contacted
to an antibody (disc) by a circular contact area, which is constructed from all micro-contacts.
This contact moves with the antibody with velocity v. Due to heat dissipation from friction,
this leads to a stationary source of heat for the base body, while the antibody is heated by
a translational source of heat [Czil5e]. To calculate the maximum flash temperature 75 .
the following two parameters are defined for the two plastically deformed (metal) bodies:

N =x. 22 (2.45)
pcspec
I/ — VP Cspec FN ik (2 46)
2k, TOoy ' '

Here, the variables are the coefficient of friction p, the yield strength o of the material,
with the unit Pa, its density p in kg/m?, its specific heat capacity Copec 10 J/ (kg K) and its
thermal conductivity k;, in W/(mK).

For the different Peclet ranges, Archard derived the following equations [Stal4al:

e Lp, < 0.1 for low velocities. Here, the flash temperature can be estimated using
Tt max = 0.25 N - L. (2.47)
The heat is distributed evenly among the two bodies.

e 0.1 < Lp,, <5 for intermediate velocities. The flash temperature is estimated using

0.95, for L'’ =0.1
T =0.25 N’ - L’ with = ’ ’ 2.48
fymax O B {0.5 , forL’ =5. ( )
Assuming a linear behavior it follows
9 ., 94
=—=L'+=. 2.49

Here, the heat is distributed unevenly, less than half is taken by the base body.

e 5 < L’ for high velocities. The flash temperature can be estimated using

0.72, forL' = 5,
Timax = 043574, N - L'? with 7, =< 0.92, for L' =100, (2.50)
1, for L' > 100.

Assuming a linear behavior it follows

1 ., 337
B 1 251
Tar= st T arso (2.51)

for v,, in the range of L' = 5 to 100. Here, the heat is mainly gathered by the
antibody.
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2.3 Fundamental Properties of Selected Materials

For an in-depth discussion see the original publi- Table 2.3 Material parameters of
cation by Archard [Arc59]. For equations of average 100Cr6 used to estimate a flash temper-
flash temperatures and different geometries, see also ature range [Ova21].
reference [Staldal.

Exemplary, the flash temperatures in a ball-on- parameter ~ value  unit
disc tribometer for a steel-steel contact are estimated E 210 GPa
using the presented theory. The material parame- v 0.3
ters used are listed in Table 2.3. A normal force of k, 42  W/(mK)
Fy = 10N results in a contact radius of r,, = 58 pm Copec 470 J/(kgK)
for a flat surface and a ball with radius r,; = 3 mm, p 7800 kg/m?
leading to a Peclet number of Lp,. = 1.012. This Oy low 410 MPa.
shows that equation (2.48) has to be used for the es- O—Y7high 2000  MPa

timation of the flash temperatures. With a velocity
of v = 0.4m/s, this leads to a flash temperature of
T ax = 11°C (T} oy = 240°C) for a coefficient of friction of y = 0.1 (1 = 0.9) and a low
(high) yield strength. With a bulk temperature of the contacting solids of 7}, = 120°C,
these flash temperatures lead to an estimated temperature range of T, = 131 °C to 360 °C
in the contact!®.

In order to generate more accurate estimations, it is necessary to use an iterative proce-
dure to calculate the flash temperature, starting with material parameters at room temper-
ature and standard conditions for the first estimation. In subsequent estimations material
parameters of the previously determined flash temperature should be used for a more ac-
curate estimation of the real flash temperature. This iteration can be repeated until the
needed accuracy is met.

In addition, Ashby et al. developed a computational model to estimate bulk and flash
temperatures for common sliding geometries (flat-on-flat, pin-on-disc, ball-on-flat, four-
balls). With this model temperature maps can be generated to show how the bulk and
flash temperatures vary in dependence of the sliding velocity and the contact pressure. The
model can be applied to any couple of sliding materials. Ashby at al. showed the validity
of their model by comparing the predictions made with experimental data [Ash90].

2.3 Fundamental Properties of Selected Materials

In this section some of the fundamental properties of the materials investigated throughout
this thesis are presented. The section is started with iron oxides and other iron corrosion
products, as the investigated technical surfaces are formed by different steels. Subsequent,
the properties of different coatings are presented. The coatings are applied to the top
of the technical surfaces to adapt their surface properties to the tribological process'®.
This tailoring of the surface properties enables to meet the requirements of the operating
conditions, like efficiency, reliability and life time of the system [Hol00; Khal7]. The coatings

used are

15 A pyhon script performing the presented calculations is attached to this thesis.
6Detailed descriptions of surface coatings and their tribological behavior are given in the book of Holmberg
[Hol09a].
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» amorphous carbon (a-C) coatings, which are used for their wear resistance and their
lubricating properties [Hol00],

o molybdenum disulfide (MoS,) coatings, which are mainly used for their lubricating
properties [Hol00] and

« tungsten carbide (WC) coatings, which are used for their wear resistance [Wool8].

Here, properties like structure, point group, important Raman modes, as well as some
mechanical properties are presented. Furthermore, each subsection contains literature for
further reading.

2.3.1 Iron Oxides

This section gives a brief introduction to some iron oxides and oxyhydroxides. Resources
for further reading are the paper by Faria, the overview chapter by Colomban and the vast
collection by Cornell [Far97; Colll; Cor03b]. Iron oxides are widely used as pigments for
paints, as well as catalysts in industrial synthesis processes and as raw materials for the
iron and steel industry. These and other applications are presented in the overview chapter
of iron oxide applications by Cornell [Cor03a]. In general, the metal corrosion products
(oxides and oxyhydroxides'”) strongly absorb infrared radiation, but are poor scatterers
and high laser powers might lead to sample degradation [Far97].

Hematite (Fe,0,) is of corundum structure and belongs to the D5y point group [Far97].
An exemplary Raman spectrum is shown in Figure 2.10. Observed are two A;, modes
(220cm™! and 495cm™!) and five E, modes (250 em™ !, two modes around 290 cm ™' only
resolvable at low temperatures, 400 cm ™' and 605cm ') [Far97] as well as a strong mode at
1310 cm ™!, which can be attributed to either two-magnon scattering [Far97] or two-phonon
scattering [Mas90]. The Raman spectrum can be altered by increasing in laser excitation
power, which causes a broadening of the Raman lines and slightly shifts them to lower
wavenumbers. This process is fully reversible [Far97]. Hematite has a hardness of 8.2 GPa
[Chill], which is harder than air cooled steel (around 300 HV, e.g. 3 GPa) and a little softer
than martensitic steel (around 940 HV, e.g. 9 GPa) [Ova2l]. Naturally oxidized steel shows
a strongly softened hematite with a reduced hardness of 2.7 GPa [Chill].

Magnetite (Fe;0,) is of spinel structure and belongs to the O, point group [Far97]. An
exemplary Raman spectrum is shown in Figure 2.10. There are two Ty, modes (190 cm™*
and 540 cm™ '), one E, mode (310 cm 1) and one A, mode (670 cm™ ') [She03a]. Magnetite is
very sensitive to laser power: It can easily be transformed into hematite. The transformation
is irreversible [Far97]. This transformation process (martitization) is a common natural
phenomenon. The martitization is temperature dependent with the following phases [Far97]

200°C 400°C

7Other corrosion processes, like carbonatation, phospatation and sulfatation are not considered here. Some
of these corrosion products are presented in the special focus chapter by Colomban [Coll1].
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Figure 2.10 Raman spectra of different iron oxides. Image modified from reference
[Coll1].

Firstly, at temperatures around 200 °C, Magnetite is transformed to maghemite (1-Fe,O5).
This is followed by a further phase transformation of maghemite to hematite at around
400°C. Comparable temperatures are reached by flash temperatures in metal-metal con-
tacts, as stated before (compare Section 2.2.3). Magnetite has a hardness of 6.3 GPa [Chill],
which is a bit softer than hematite. For naturally oxidized magnetite, the hardness is slightly
reduced to 5.3 GPa [Chill].

Other Iron Oxides and Oxyhydroxides and their Raman spectra are shown in Figure 2.10.
Maghemite (y-Fe,O;) shows typical Raman features around 380 cm ™, 670 cm ™", 720 cm™!
and 1360cm ™. It is produced in the martitization process of hematite to magnetite. The
most common oxyhydroxides are goethite and its polymorphisms (lepidocrocite and aka-
ganeite). They form in the presence of water and oxygen from air [God98]. Their growth
is accelerated by halide ions (e.g. Cl ) and will completely convert a piece of metal to
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rust. In deaerated water the conversion does not take place, as shown by intact ancient
anchors found on the bottom of the ocean. Goethite (a-FeOOH) shows the most distinc-
tive Raman signatures at 300cm ™!, 390cm ™' and 685cm™'. The Raman features of lepi-
docrocite (y-FeOOH) are most significant at 250 cm™!, 380 cm ™, 650 cm ™' and 1300 cm ™
and the most characteristic Raman signatures of akaganeite (5-FeOOH(CI)) are the modes
at 310cm ™!, 390cm ™!, 720cm ! and 1390 cm L.

2.3.2 Carbon and Related Structures

This section gives an introduction to the wide field of carbon and related amorphous struc-
tures. They are often used as protective coatings in various fields and their ease of pro-
duction has contributed to their spread of usage [Rob02]. Here, the most thesis-relevant
information are presented. For an in-depth discussion of the field, the comprehensive review
of J. Robertson is recommended [Rob02].

The great variety of the different carbon structures is due to the ability of carbon to
exist in the sp', sp? or sp® hybridization states'®. In sp® hybridization (diamond) the
four valence electrons are tetrahedrally coordinated, forming strong ¢ bonds'®. In sp?
hybridization (graphite) only three electrons are trigonally coordinated forming o bonds,
with the remaining electron forming a 7 bond perpendicular to the hybrid orbital plane.
In sp' hybridization two valence electrons form a linear hybrid orbital, with the remaining
electrons in p-orbitals, forming 7 bonds.

The properties of the different

sp® carbon species are derived from

the strong directional o bonds
and the relatively weak 7 bonds
[Rob02]. These o bonds make dia-
mond the material with the largest
bulk modulus of any solid, the ma-
terial with the highest atom den-
sity and the largest room tempera-
ture thermal conductivity, as well
as the material with the small-
est coefficient of thermal expan-
9 T H sion. The same o bonds take care
that graphite has strong intra-

Figure 2.11 Ternary phase diagram of amorphous carbon. layer bonding, but due to the per-
Image reproduced from reference [Rob02]. pendicular 7 bonds the layers can

sputtered a-C(:H)

glassy carbon
graphitic C

Sp

80rbital hybridization is the mixing of atomic orbitals into new hybrid orbitals, with new energies and
shapes other than the original atomic orbitals. There are many different hybrid orbitals. Some of them
are the sp! (linear), sp? (trigonal planar) and sp? (tetrahedral) hybrid orbitals. There are also sd* and
sp*d” orbitals. For an introduction to orbitals and atomic bonds in general see reference [Grol2a].

YThe ¢ and 7 bonds are formed by the overlap of two atomic orbitals, with the 7 bonds being usually
weaker than the o bonds due to a smaller degree of overlap in the 7 bonds than in the o bonds [Brol4].
In o bonds the ends of the bonding orbitals are overlapping (end-to-end), with the electron density
concentrated between the nuclei of the bonding atoms. Contrasting, in 7 bonds the lobes of the bonding
orbitals overlap another (side-by-side), with the electron density concentrated above and below the plane
of the nuclei of the bonding atoms.

30



2.3 Fundamental Properties of Selected Materials

easily be separated [Nov04; Cail2]. Amorphous carbon inherits some of the extreme prop-
erties of diamond, like hardness and elastic modulus, but the material is rather a disordered
film with no grain boundaries, than a crystal with a regular lattice structure.

There are various different species of amorphous  Table 2.4 Band gap and hardness of some
carbon (a-C), such as hydrogenated amorphous carbon species [Rob02].
carbon (a-C:H), tetrahedral amorphous carbon

(ta-C) and hydrogenated tetrahedral amorphous Gap/eV  Hardness/GPa
carbon (ta-C:H), depending on the amount of sp* Diamond 5.5 100
and sp3 coordinated carbons and the amount of  Graphite 0

hydrogenation. The different compositions are dis-  sputtered C 0.5

played in a ternary phase diagram developed by aC:Hsoft 1.7-4 < 10

Jacob and Méller in Figure 2.11 [Jac93]. Here, the a-C:Hhard  1.1-17 10 - 20
corresponding axes of the compositional amount ta-C:H 20-25 50

are indicated by arrows, pointing at 100 %. The ta-C 25 80

grid indicates the composition in steps of 20 %. In the lower left corner, amorphous carbons
like graphite, glassy carbon and evaporated a-C are found. With increasing hydrogen con-
centration the possibilities for interconnecting carbon networks are reduced. The limits for
these networks are given by polyethylene and polyacetylene, defining the lower right corner.
Here, instead of films only molecules form. Diamond, fully sp® hybridized carbon, forms
the top of the triangle. Between these three corners, the prior stated amorphous carbon
species are located (see Figure 2.11).

In the following some carbon material parameters like their point group, phonon and
Raman active modes, as well as exemplary Raman spectra are given. In Table 2.4 the band
gap and hardness of some materials are listed.

bon atoms and forms a face-centered cubic lattice.
The structure of diamond belongs to the O, point
group [Sol70]. The diamond structure directly re- ' j\
sults from the sp® hybridization, with each carbon graphite

atom binding equivalently to four neighboring car- B D G
bon atoms [Grol2c]. An exemplary Raman spec- . L\L

diamond

Diamond is of a two-atomic base of two car- J

trum of diamond is shown in Figure 2.12. The
Raman mode is at 1332cm ™' and of Ty, symme-

try [Rob02]. The mode was extensively studied. M
It is sensitive to doping, perfection of the crystal i

lattice, mechanical stress, temperature and even J\
different origins of natural diamonds can be de- L acH

termined [Zai0l]. For many of the named sen- e /\
sitivities, linear and quadratic relations were de- L

500 1,000 1,500 2,000
Wavenumber (cm-")

- glassy C

Raman intensity

rived to use diamond as a sensor for the parameter
of choice. For deviations from the perfect crystal
other Raman modes occur in the spectrum. They Figure 2.12 Typical Raman spectra of
are reported in detail in the diamond properties CcarPon structures. Image taken from ref-
handbook by Zaitsev [Zai01]. erence [Rob02].
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E,

g Eog Ang l

Figure 2.13 Phonon modes of the graphene lattice. Indicated are the Ey, modes, with the
two sub-lattices vibrating against each other, and the A,, mode, which is a “breathing”
mode of the graphene ring. Image modified from reference [Neul§|.

Graphite and Graphene are of hexagonal lattice structure. This structure belongs to
the Dg, point group [Merl7; Kocl7]. The structure of both materials results from the
sp? hybridization, leading to planar ¢ bonds in the carbon plane and one weak 7 bond
perpendicular to this plane. Graphene is a two-dimensional material. Stacking multiple
layers of graphene forms the three-dimensional material graphite. An exemplary Raman
spectrum of single crystal graphite is shown in Figure 2.12. The so called G mode (G for
graphite) is at 1580 cm™! and of E,, symmetry [Rob02]. If the crystal symmetry is broken,

~! arises. This mode is called D mode (D for

a second Raman mode at around 1350 cm
disorder) and of A, symmetry?’.

Both phonon modes are shown in Figure 2.13. Here, the E;, mode is a degenerate mode
of the longitudinal and transversal in-plane optical phonons. The mode corresponds to a
vibration of the two sub-lattices of graphene against each other [Neul8]. The A,, mode is a
radial oscillation of the hexagonal carbon ring. Due to its movement, the mode is also called
the “breathing” mode of the graphene ring. In an infinite and perfect graphene lattice this
mode is forbidden and not Raman active. The mode is only observable if disorder is present
in the lattice [Fer00].

If there are defects in the graphene lattice, the sp? hybridization is altered locally, chang-
ing the band structure and phonon dispersion relation, leading to the appearance of ad-
ditional Raman lines [Neul8]. This makes Raman spectroscopy a powerful tool to detect
structural changes in carbon structures. Furthermore, through shifts in the Raman signa-
tures effects like doping and other modifications are detectable. Raman spectroscopy can
even determine if graphene is strained, if one or multiple layers of graphene are investigated
and whether the material is hydrogenated or oxidized.

Amorphous Carbon is neither diamond nor graphite and has no long-range ordering.
Therefore no point group can be assigned. Nonetheless, the Raman spectra of these ma-
terials remain dominated by the D and G modes of graphite [Rob02]. Exemplary Raman
spectra of various amorphous carbon species are shown in Figure 2.12. Whereas for micro
graphite and glassy carbon the D and G modes are clearly separated, for sputtered, hydro-

20 A more in-depth discussion on graphene is given in the book of Dieing et al. [Neul§]
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genated and tetrahedral amorphous carbon species the Raman signatures are significantly
broadened and overlap each other.

Due to the breakdown of periodicity in sp
amorphous carbon structures, the Raman >
spectra correspond to a weighted vibra- Bond disorder[\Chams
tional density of states [Rob02]. Therefore,
the Raman and infrared spectra should re-
semble each other. This resemblance is ob-
served for amorphous silicon, but not for
amorphous carbon. In amorphous carbon
materials the Raman spectra are mainly
dominated by scattering by the sp? sites,
having a 50 to 230 times larger Raman 1000 100 1200 1300 1400 1500 1600 1700 1800
cross-section, than sp3 sites. But still, Raman Shift (cm™)
the Raman spectrum does not follow the
weighted vibrational density of states of the
sp? sites. The spectrum is rather controlled
by the order of the sp? sites, than by the
sp? fraction [Rob02]. While the G mode is a stretching vibration of any pair of sp? sites,
the D mode is a breathing mode of only those sp? sites forming rings. That the Raman
spectra of amorphous carbon materials are dominated by the D and G modes of graphite
is unusual and therefore of scientific interest. Ferrari and Robertson developed a model to
explain this phenomenon of amorphous carbon materials and derive structural information
as well as the sp® content from the Raman spectra [Fer00; Fer01].

The phenomenological three-stage model is described in the following. Generally, the
Raman spectrum of a graphite sheet with small defects (bond-angle disorder, bond-length
disorder and hybridization differences) depends on [Fer00]

Clusterlng

Clustenng

Figure 2.14 Schematic influences of amorphous
carbon properties on their Raman spectrum. Im-
age taken from reference [Fer00].

« the clustering of the sp? phase,

e the bond disorder,

« the presence of sp? rings and chains and
« the sp?/sp? ratio.

Each of these factors has a different influence on the Raman spectrum, shown schemati-
cally in Figure 2.14. With more carbon atoms clustered in six-fold rings, the intensity of the
D mode increases. The G mode is altered by bond disorder, which reduces the Raman shift
of the mode for an increased disorder. Additionally, the G mode is influenced by chains and
clustering, both increase the Raman shift for an increased disorder.

Ferrari and Robertson define an amorphization trajectory, containing three stages

1. graphite to nanocrystalline graphite,
2. nanocrystalline graphite to amorphous carbon and

3. amorphous carbon to tetrahedral amorphous carbon or defected diamond.
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The three-stage model is pre-

[Graphite | [nc-graphite | [a-C ] ta-
= 126801 B sented in Figure 2.15 and is de-
‘"-E ' / ] scribed in the following. In
S 1560l s stage 1 the G mode shifts from
é ‘ » 7 1580 cm™! to 1600 cm™! and the D
§ 1,520 p— — 4 mode appears, 1eacjling tg an in-
o crease in the intensity ratio of the

2 1 | two peaks (I(D)/I(G)). This is
) ] explained by the vibrational den-
= 4 sity of states and phonon confine-
= ment. In this phase, the mate-

0 B a— rial is transformed from monocrys-
sp2  100% 100% 100-90% 0% talline to polycrystalline, relaxing

— the ¢ = 0 selection rule and allow-
(<) j ing additional phonons. Here, the
i grain size of clusters of aromatic

rings is gradually reduced, without
forming sp® bonds.

o o

Figure 2.15 Three stage model by Ferrari and Robertson,
showing the variations of the G mode and the I(D)/I(G)
ratio in dependence of the degree of disorder and the sp? In stage 2 the G mode shifts
content. Image taken from reference [Rob02]. from 1600 cm ™! to 1510 cm ™! and

the I(D)/I(G) ratio decreases
close to zero. Here, defects are introduced into the graphite layer (loss of aromatic bonding
and odd-numbered rings) and the stage becomes more and more disordered, with a max-
imum of approximately 10 % sp® content. A typical example for this stage is sputtered
amorphous carbon.

In stage 3 the G mode shifts from 1510cm™" to 1570cm™" and the I(D)/I(G) ratio is
very close to zero throughout the whole stage. While the sp? sites are gradually transformed
from rings to chains, the sp® content rises to almost 100 %. With increasing sp® contents,
the G mode becomes more and more symmetric.

It is important to note, that most of the changes in the visible Raman spectra are driven
by the evolution of the sp? clusters. This model is only an estimation of the sp® content. For
precise measurements, the actual sp® content has to be verified by complementary methods,
like Nuclear Magnetic Resonance (NMR) or Electron Energy Loss Spectroscopy (EELS).
In order to get an improved estimation of the sp® content Ferrari and Robertson extend
their three stage model to multi-wavelength Raman spectroscopy [Fer00] (see also Section
5.1).

2.3.3 Molybdenum Disulfide

Molybdenum disulfide (MoS,) is widely used as solid lubricant [Chulla]. It has a layered
structure with alternating layers of molybdenum and sulphur atoms. Strong bonds are

formed within the sandwich planes, while the different MoS, layers are only weakly bonded
[Hol09b].
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Bulk MoS, is, like graphite and graphene, 7
of hexagonal structure and belongs to the
D¢, point group. There are 18 normal
vibration modes, with the translational
acoustic Ay, and E;, modes, the Raman
active A;, (408 cm ™), E,, (286 cm ') and
E,, (33cm™" and 383cm™") modes, as well
as the infrared active A,, and E;, modes
[Li12; Zhal3a]. Only the A, and Ey, modes
can be observed at laser excitation normal
to the basal plane. An exemplary Raman
spectrum is given in Figure 2.16.
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Single layer MoS, is of Dj, symmetry,
with an infrared active AJ mode, an A} and
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In N—.layer‘ MoS, there are N — L rigid- pigure 2.16 Typical Raman spectra of bulk and
layer vibrations (layer breathing modes) few layer MoS,. Image taken from reference
along the c axis and N —1 shear modes per- [Zhal3a).

pendicular to it. For even N, there are zero Raman active layer breathing modes and N/2
Raman active shear modes. For odd N, there are N-1/2 Raman active layer breathing modes
and N — 1 Raman active shear modes [Zhal3a]. These differences for odd and even num-
bers of MoS,, layers are also reflected by the exemplary Raman spectra for five (5L) and
six (6L) layers. In Figure 2.16 the details around 30cm™! differ for the different numbers
of layers. The layer breathing and shear modes are very sensitive to IN: The low frequency
Raman modes below 100cm ™! are shifted with N. This effect can be used to determine
the number of up to 19 MoS, layers [Zhal3a; Zhal3b|, which corresponds to a thickness
of approximately 12nm [Fri66; Lil2; Zhal3a]. Therefore, several pm thick films show bulk
like Raman signals. The hardness of MoS, is in the range of 0.08 GPa to 4 GPa [Pet12;
Viel2]. This wide range might be explained by the anisotropy of MoS,, with different
crystal orientations being tested in the different experiments.

As stated earlier, the coefficient of friction of any material is a property of the tribological
system (see Section 2.2). Numerous investigations on MoS, showed that the tribological
performance of the coatings depends on the operating and environmental conditions (e.g.
contact pressure, sliding speed, temperature, composition and thickness, surrounding at-
mosphere, humidity, pressure and others) [Chulla]. Coefficients of friction between 0.02
(properly oriented, clean MoS,) and 0.3 (impurity contaminated MoS, in humid atmo-
sphere) were reported. Under ultra-high vacuum conditions MoS, shows superlubricant
properties, with coefficients of friction below 0.001 [Hol09b]. In general, the lubricant prop-
erties of MoS, are retained at temperatures up to 400 °C in air.
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Figure 2.17 Raman modes of WC and WO;5. Data taken from references [Das13] and
[Lu02].

2.3.4 Tungsten Carbides and Oxides

Tungsten carbides are widely used in tool materials, aggressive environments and under
high loads. This is due to their high melting point and hardness, which is relatively sta-
ble in the temperature range from 300 K to 1300 K [Kur06]. Compared to other carbides,
tungsten carbides have an increased elastic modulus as well as a reduced thermal expansion
coefficient, which makes them even more favorable to be used for wear-resistant tool mate-
rials. There are two main phases of tungsten carbides WC and W,C. As there is no stable
W, C below 1523 K (see [Kur06]) and all measurements are performed at room temperature,
only the WC-phase is discussed.

Tungsten Carbide (WC) is of hexagonal structure and belongs to the Ds, point group
[Kur06; Fanl19]. Other tungsten carbide phases and their point groups are summarized in
the paper by Kurlov. A Raman spectrum of powdered WC (grain size 4 pm to 7pum) is
shown in Figure 2.17. The Raman modes are observed at 257 cm™', 325cm™!, 700 cm ™!
and 801 cm™ !, with the three lower peaks being assigned to incipient oxidation of WC and
the highest mode at 801 cm ™' being a stretching mode of WC [Das13; Yan08]. WC has a
hardness of 22 GPa [Mukl11].

Tungsten Oxide (WO,) is of perovskite-like structure and belongs to the C,;, point group
at room temperature [Sal75]. Figure 2.17 shows a Raman spectrum of powdered WO4
(grain size 1 pm to 5pm), with major signatures at 809 cm ™' (WO stretching mode) and
718cm ™' (W-O stretching mode). Additional Raman modes are observed at 271cm ™!
(W-0 bending mode) and 131cm™' (W-O bending mode) [Lu02]. For hydrated WO,
the mode at 718 cm ™' broadens and shifts to 702cm ™" due to crystal symmetry changes
and lattice distortions [Lu02]. Due to the low symmetry of WO;, 48 Raman modes can
be expected [Sal75], but only 37 (27) modes were observed in a single crystal (powdered
sample) [Caz99).
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Chapter 3
Experimental Methods and Data Analysis

The three sections of this chapter focus on the experimental methods needed to collect
Raman scattering spectra, describe the sample fabrication and characterization processes
and show the processing of the recorded Raman data.

The first section presents a basic Raman setup to illustrate the fundamental concepts of
experimental Raman scattering. These basic concepts are succeeded by confocal microscopy,
which is appended to the basic Raman setup. The section closes with a presentation of the
confocal Raman spectrometer used in the experiments of this thesis.

The second section describes the sample fabrication by means of Physical Vapor Depo-
sition (PVD). Here, frequently used thin film deposition methods are described. In order
to characterize the deposited films, tests for their mechanical (hardness, elastic modulus,
coefficient of wear, specific wear rate) and topographical parameters (roughness) as well as
tests for their structure (crystallographic orientation, strain) and compositional parameters
(chemical composition) are introduced.

The chapter closes with a section describing the post-processing of the recorded Raman
data and documenting an analysis software developed in the scope of this thesis. A special
focus is drawn on cosmic ray removal and Raman mappings.

3.1 Raman Spectroscopy

3.1.1 Basic Raman Spectroscopy Instrumentation

A setup with basic instrumentation for Raman spectroscopy is shown in Figure 3.1. The
light path is divided into two parts, an excitation path and a detection path. The excitation
path ranges from the laser source to the sample surface, whereas the detection path ranges
from the sample surface to the Charge-Coupled Device (CCD) camera. The excitation path
starts at a single-frequency Laser! (here: 266 nm TopWave, Toptica cleaned by a Semrock
LL01-266-25 clean-up filter). The laser light is directed through a Neutral Density (ND)
filter and is reflected via two mirrors, through a focusing lens (here: 150mm) to excite
the specimen of interest. The ND filter enables a precise adjustment of the laser power to
prevent sample degeneration. Using two mirrors allows for full control of the angular and
translational displacement of the lens-focused laser spot on the sample?. Focusing the laser
onto the sample creates high areal intensity densities on the sample surface which are needed
to generate intensive Raman signals [McC00a; Smil9c] (compare Section 2.1.3). However,

For the verification of the mode structure of a laser, a Fabry-Perot interferometer can be used (see
Appendix A.1).
2A good hands-on on laser-beam alignment is given by reference [Opt20].
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Figure 3.1 Basic Raman setup that allows the laser power to be adjusted with a ND
filter. The scattered light is collimated and focused onto a spectrometer entrance slit. To
suppress the laser line, the light is filtered with a laser line filter. The filtered light is
dispersed by a grating and collected with a CCD camera.

each sample should be carefully checked for degeneration, as high areal laser power densities
easily degrade sample surfaces [McC00c; Smil9b].

The light is scattered off the sample surface. The back scattered light is collected and
parallelized by the first lens (here: 75mm, quartz), starting the detection path®. The
parallelized light is focused by a second lens with the same focus length onto the entry slit
of a spectrometer (here: SpectraPro 2500i, Princeton Instruments). Directly in front of
the spectrometer an edge filter (here: 266 nm RazorEdge ultrasteep long-pass edge filter,
Semrock) suppresses the laser line to protect the sensitive CCD sensor from laser induced
damage. Furthermore, by filtering the scattered light, the Rayleigh line is strongly reduced?,
setting it to the same scale as the weak Raman signal.

Inside the spectrometer, the light is dispersed by a grating (here: 3600 grooves/mm,
240 nm blaze angle) to be detected by a CCD sensor (here: Pixis, Princeton Instruments).
These cameras are used due to their high quantum efficiency, low thermal and low readout
noise [Holl0a]. Here, the exposure time strongly depends on the excitation wavelength, the
sample’s polarizability, and laser power (see Section 2.1.3). The components used for light
collection and dispersion (e.g. lenses, detectors and gratings) should as well be optimized
for the wavelength region of interest®. Taking all these factors into account, the resulting
time of exposure ranges from merely seconds to several minutes or even hours.

3A flip mirror might be introduced here, to get an image of the focal points of the excitation and the
detection paths on the sample surface.

4Typically the reduction is by five to seven orders of magnitude, depending on the wavelength and the
filter.

A good overview on Raman instrumentation with examples is given in reference [Holl0a].
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3.1.2 Confocal Raman Spectroscopy

With a basic Raman setup developed in the previous section, in this section the more
elaborate method of confocal Raman spectroscopy is described. Here, the excitation lens and
the first detection lens are merged into a microscope objective. This eliminates the need to
match the excitation lens and detection lens foci, as the objective is now used for excitation
and detection at the same time (auto-collimation). Furthermore, the back-scattered light
is focused onto the entrance slit of the spectrometer, which blocks the scattered light that
is not originated from the focal plane of the microscope. Hence, the entrance slit serves as
geometric filter (pinhole). Additionally, using a microscope objective allows for a smaller
focus spot diameter, and therefore even higher areal intensity densities are reached. The
method can be elaborated further by fixing the sample on a two-axis stage, whose axes
are moved parallel to the focus-plane of the microscope objective. This allows to add
controllable spatial resolution of the sample space.

The basic confocal principle is illustrated in Figure 3.2.
A point-like light source is used for exciting the sam-

. . .y . .1 spectrometer

ple. Using a beam splitter the exciting light is directed =)= . trance slit
through an objective onto the sample. Here, a small sam-
ple volume is illuminated. The scattered light is collected
by the same objective, parallelized and focused again by

é second lens on.the spectrometer entrance. §1it6. It is t\ ,7 Ie))?éﬁtg;%ijlé%
important to notice, that only rays that originate from a

the focal plane of the objective contribute to the detected

signal, as their focal points coincide with the spectrome-

ter entrance slit (see Figure 3.2). This focus selection of |

the signal results in a strongly enhanced image contrast
[Hol10b] and a suppressed background signal. Further-
more, this enables transparent samples to be scanned in
three dimensions, if the sample is fixed on a two-axis stage g
and the focus is adjustable.

-\ objective

The discussed confocal principle is used in an optimized
setup, which is combined with several add-ons in the focal plane
Confocal Raman Microscope System CRS+ 750/BX51 — — — - reference plane
) sample

S&I (MonoVista), shown in Figure 3.3. The system
includes different continuous-wave, single-frequency ex- ‘
citation lasers (Zouk 20 355nm, Cobolt; Samba 100 1fng 2 befa . Spllt;{eri llorgage adapted
532nm, Cobolt; HeNe 632.8 nm, Melles Griot; Rumba rom reference [Hol10b].

500 1064 nm, Cobolt), which can be selected by its control software. In order to suppress
Amplified Spontaneous Emission (ASE)” and remove the unwanted emissions from the laser
light clean line filters are installed shortly after the lasers (CL-532-ASE for 532 nm and CL-
633-ASE for 633 nm, both Ondax). The light paths are controlled by motorized flip mirrors.
In addition, retardation wave plates (»/2 355 nm, Thorlabs; A/2 500 nm to 1300 nm, B Halle)
in the excitation and detection paths are added, as well as interchangeable laser line filters

Figure 3.2 Confocal principle us-

5The configuration of the point-like illumination and the optically conjugated pinhole is called confocal.
7 Amplified spontaneous emission or superluminescence is spontaneously emitted light that was optically
amplified by stimulated emission in the laser medium. ASE commonly occurs in laser diodes.
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Figure 3.3 Confocal Raman setup of the MonoVista System, showing multiple laser
excitation sources and the corresponding paths, namely 355nm (blue), 532nm (green),
633 nm (red) and 1064 nm (white). In addition to the basic Raman setup, the polarization
of the light may be adjusted.

ND filter

for each laser. The spectrometer (SpectraPro 2750, Princeton Instruments) is equipped with
three gratings (900 groves/mm H-NIR, 1800 grooves/mm H-VIS, 2400 grooves/mm H-VIS)
and connected to two liquid-nitrogen cooled CCD cameras (PyLoN 2KF and PyLoN-IR
1024/1.7, both Princeton Instruments). The sample is mounted onto a two-axis stage
(SCAN, Mérzhauser Wetzlar), to which the microscope objective is perpendicular. The fo-
cus of the objective is adjustable along this perpendicular axis. A typical spectral resolution
is 5em ™! (see also Appendix A.4), while the minimal spatial resolution is 50 nm.
<—glass plate The MonoVista comes with a flow cryostat
] 5 :k[_ seal (KONTI Cryostat Type Microscope, CryoVac),
which enables measurements of small samples at low
—— temperatures (7., ~ 10K). Furthermore, a cus-

e tom made vacuum chamber allows for investigation

—— . of sensitive samples in vacuum or controlled atmo-
~— <«—— hight screw A

sphere (argon, helium as well as other gases).
I_E—l scheme of the chamber is shown in Figure 3.4. Here,

a suprasil glass plate is loosely placed on a seal and
Figure 3.4 Custom vacuum chamber. can be removed to insert a sample of maximal 40 mm




3.2 Sample Preparation and Further Characterization

in diameter. The sample height can be adjusted using the height screw. The chamber may
be evacuated by connecting a vacuum pump to one of its connectors. If a clean seal is
used, no further mechanics or pressure is needed to fix the glass plate. It is fixed solely by
the suction pressure of the connected vacuum pump®. Using the second connector of the
chamber, a gas container of choice can be connected to flood the chamber with a custom
atmosphere.

3.2 Sample Preparation and Further Characterization

The goal of this section is to give a brief insight into sample production and basic mechanical
testing. Here, the basic principle of Physical Vapor Deposition (PVD) is explained, while
the details on the process parameters are given in the corresponding chapters. Furthermore,
methods are presented that are used to determine the topography, the structure and the
composition of the specimen.

3.2.1 Sample Preparation by Physical Vapor Deposition

The samples investigated in this thesis are manufactured with Physical Vapor Deposition
(PVD), which is a vacuum deposition method used for production of thin films and coatings.

During PVD, the sample to be coated (substrate) and the material to be disposed (tar-
get) are usually in an evacuated chamber at pressures in the range of 1 mbar to 1075 mbar
[Bob13b]. The low pressures are required in order to prevent impurities from ambient air
to be embedded in the resulting thin films. The target material is transferred into its gas
phase through bombardment with laser pulses (Pulsed Laser Deposition (PLD)), electron
beams (Electron-Beam Physical Vapor Deposition (EBPVD)) or charged ions (cathode
sputtering)?. For the samples studied collision ionized charged Argon ions are used, which
are accelerated towards the negatively charged target and sputter the target material. From
this process secondary electrons are triggered, which again ionize Argon atoms to sustain
the process. The evaporated target particles move in straight lines of sight from the tar-
get and condensate on the substrate’s surface. During deposition, in order to generate
uniform coatings, the substrate is rotated and translated with respect to the sputtering
target [Bob13b]. Furthermore, the process of surface diffusion'® of the condensing particles
plays an important role in the formation of the coating. Details on the deposition process
are shown in reference [Hub96] and details of surface diffusion are presented in reference
[Ant07]. In order to increase the growth rate and the homogeneity of a deposited coating,
a negative charge (bias voltage) can be applied to the substrate [Bob13b].

The low process temperatures in PVD allow plastics and almost all metals, oxides, nitrides
and carbides to be deposited. Oxides and nitrides are deposited by adding a reactive gas
like oxygen or nitrogen to the vacuum chamber. Typical film thicknesses range from several
nm to several pm [Mat10].

8For this setup, objectives with a working distance of at least 3mm have to be used, with the sample being
placed close to the bottom of the glass plate. But care has to be taken, to supply sufficient clearance
between sample and glass plate, as the suction pressure of the vacuum pump drags the plate around
1 mm closer to the sample surface.

9For more details, see reference [Bob13b].

10Qurface diffusion is the movement of particles at solid surfaces.
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Multiple variants were developed throughout the years. In the following the relevant PVD
variants for the samples studied in the scope of this thesis are presented briefly (see reference
[Ohr02d] for details). An unbalanced industrial magnetron sputtering device (CC800/9
Custom, CemeCon AG) is used for the coating deposition.

Direct Current Sputtering uses a Direct Current (DC) applied between target and sub-
strate. The target forms the negative electrode, whereas the substrate forms the positive
electrode. This setting provides a continuous stream of positively charged ions (for example
argon) directed towards the target, which release particles of the substrate. As a disadvan-
tage of this method only conductive materials can be used, non-conductive materials would
get charged and would compensate the DC field.

Radio Frequency Sputtering applies an alternating field between target and substrate.
The electrons oscillate between target and substrate and perform more collision ionizations
with the argon atoms, reducing the need for secondary electrons emitted through the bom-
bardment. This leads to a high availability of ionized Argon atoms, which allows for a
reduction of the Argon pressure at a similar deposition rate. Furthermore, this technique
allows for sputtering of isolators, since they are not charged anymore. Here, less electrons
arrive at the substrate, therefore, it is only weakly heated. Disadvantages are the expensive
generation of radio frequencies and the still low deposition rates.

Magnetron Sputtering adds a magnetic field behind the target. Due the superposition
of an electric and a magnetic field the charged particles sense the Lorentz force and their
movement is changed from lines to spirals in proximity to the target surface. Like in
RF sputtering the ionization collision rate is highly increased. At the same pressure the
increased ionization leads to a higher deposition rate compared to bare DC sputtering.
Hence, keeping the deposition rate constant allows one to decrease the argon pressure down
to 1072 mbar. Magnetron sputtered coatings often outperform coatings produced by other
PVD processes [Kel00], which makes it the method of choice for samples investigated in the
scope of this thesis.

High Power Magnetron Impulse Sputtering (HiPIMS) is a specialized magnetron sput-
tering technique, which creates a high percentage of ionized metal atoms [Miin02]. In this
technique the cathode power is pulsed in the kHz region, with a pulse duration of several
10ps. A generation of metal atoms in the described way reduces the generation of unwanted
metal droplets that would imprint defects in the produced coatings [Miin02; Ohr02d]. The
pulse frequency, its magnitude and polarity, as well as the pulse width can be varied to
tailor the resulting properties of the HiPIMS sputtered coatings.

3.2.2 Characterization of Mechanical Properties

Mechanical properties like hardness, elastic modulus and the coefficient of friction define
a surface’s suitability for a designed application. Therefore, methods to determine the
parameters mentioned are explained in this section.
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Hardness and Elastic Modulus  are determined using a nanoindenter (here: G200 Agilent).
A Berkovich diamond tip'! penetrates the coating using the continuous stiffness method.
Additionally, a high frequency oscillatory movement of small amplitude is superimposed
on the slow nanoindentation [Siul3]. The indentation is repeated in a matrix of 7 x 7
points with a distance of 50 pm. From the resulting indentation curves the hardness and
the elastic modulus are calculated with the method from Oliver and Pharr [Oli92]. The
mean hardness and elastic modulus over the 49 values is taken as the final result for the
requested parameters.

The hardness value is typically measured in the SI unit GPa. It can be converted to the
Vickers hardness number (VHN or HV) in kilograms-force per square millimeter by

g
HV = = HVg = 101,94 HVg, (3.1)

with the standard gravity g.

The Coefficient of Friction is determined using a tribometer (here: ball-on-disc tribome-
ter, CSM-Instruments). The sample, a disc with a diameter of 40 mm, is rotated under a
ball with a diameter of 6 mm that is pressed onto the sample’s surface with a defined normal
force F,.,,- The coefficient of friction can be calculated from the quotient of the normal
force and the resulting force of friction Fj;. (see equation (2.33)). During the experiment
the coefficient of friction is evaluated every second. The coefficients given here are mean
values over the complete run or a defined interval of the experiment. In order to conduct
tests in controllable atmospheres (here: ambient air, pure argon or pure nitrogen) a cover
is built over the setup. The cover is equipped with an inlet, which allows for supplying a

continuous gas flow. The gas flow compensates possible leakages.

Specific Wear Rates are wear rates normed by the applied load. Here, the wear volume

Viear Per sliding distance s is divided by the applied normal force F),,, [Czil5d]
Vi
k= —". 3.2
7 (3-2)

norm

The specific wear rate is determined using a profilometer (here: Profilometer InfiniteFocus,
Alicona). Additionally, focus stacking (see Appendix A.2) is used to generate a 3D model
of the sample. From this 3D model the volume V and the length L of a selected region of
the wear track can be determined, using the software supplied with the profilometer. From
these two parameters the specific volume V_ . = V/L can be calculated, which is used to

spec
calculate the total wear volume V.. = 277 -V, where r is the radius of the circular

spec?

wear track. In order to reduce statistical errors, tphe specific volume V.. is determined at
four different positions for each specimen. The mean value of these volumes is taken to
calculate the wear volume. Now, the specific wear rate is calculated, using the measured
wear volume, the applied normal force during the tribometer test, and the sliding distance

s = 2mr - N, where N is the number of rotations during testing.

1A three-sided self-similar pyramid, with the same area-to-depth ratio as a Vickers indenter, which is a
four-sided diamond pyramid, is commonly used for hardness tests. The Berkovich tip shows the same
load-displacement curve as the Vickers indenter [Min04], leading to comparable, but slightly higher
hardness values of the Berkovich tip compared to the Vickers tip [Sak09].
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3.2.3 Characterization of Topography

The topography of a surface defines its microscopical structure, like surface roughness or
surface configuration, which have a strong influence on their physical and chemical prop-
erties (see reference [Liit15b]). To determine the topography of the deposited coatings two
high-resolution methods are used. They are explained briefly in the following paragraphs.

Scanning Electron Microscopy (SEM) is an imaging technique that creates images of a
surface by scanning a sample with a focused electron beam. The electron beam is generated
by an electron gun with a typical energy ranging from a few keV to 50keV (here: JSM-
7001F, JEOL, 20keV). The beam is focused to ~ 1nm at the sample surface, where
it interacts with the atoms inside the sample [Ohr02b]. This interaction volume ranges
from approximately nm to pm, depending on the beam energy, the atomic number of
the investigated materials and the density of the sample. This interaction produces several
differing signals like secondary electrons, back-scattered electrons, characteristic X-rays and
cathodoluminescence or transmitted electrons. The signals from secondary electrons and
back-scattered electrons are of interest in this work.

Secondary electrons are produced by inelastic scattering of the incident electrons with the
material. Their typical energy is below 50 eV (compare Figure 10-12 in reference [Ohr02b]).
Due to this low energy, they originate from the first few nm below the sample surface.
Therefore, they are suitable to generate surface images. The signal’s brightness depends
on the inclination of the sample with respect to the detector: faces perpendicular to the
detector appear darker than faces with an inclination [Ohr02b]. Therefore edges develop a
high contrast. This sets the experimenter’s impression to view the sample from top, whilst
being lit up from the direction of the detector.

Back-scattered electrons are elastically scattered electrons with typical energies in the keV
range, that are reflected or back-scattered from the sample surface. Due to their high energy,
the interaction volume of the back-scattered electrons is bigger than the interaction volume
of secondary electrons [Ohr02b]. The comparison of recorded images of the two processes
shows a reduced resolution of back-scattered electron images. As heavy materials scatter the
electrons more efficiently than light materials, they appear brighter in the resulting image.
Due to the differences in secondary and back-scattered electron processes, the secondary
electron image can be used to analyze the topography and the back-scattered electron image
can be used to get an impression on the distribution of different materials at the sample
surface.

SEM is used to create surface images of the samples as well as images of the cryogenically
broken sample cross-sections, in order to estimate the thicknesses and deposition rates of
the films.

Atomic Force Microscopy (AFM) is a scanning probe microscopy where a sharp tip is
used to scan the surface of a sample to generate a high-resolution image (here: Dimension
Edge, Bruker). Generally, a spring-like cantilever holds the sharp tip on its far end. The tip
is brought into proximity of the sample. The back side of the far end of the cantilever is used
as a small mirror for a laser beam, whose reflection indicates and magnifies the cantilever’s
deflection. The magnified deflection is registered by a detector and is proportional to the
sample’s structure. Using a laser beam deflection translates the atomic scale interaction
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of the sample and cantilever tip to a detectable macro-scale modification of the laser spot
position [Voil9]. From these measurements the roughness can be determined by taking the
arithmetic mean over a selected region of the sample.

3.2.4 Characterization of Sample Structure and Composition

This section presents methods that analyze the structure and the composition of deposited
thin films. Firstly, it is shown how to determine the crystallographic orientation on the
sample surface, followed by two methods how to determine the chemical composition of the
sample.

X-Ray Diffraction (XRD) arises from monochromatic electromagnetic radiation being
scattered by the atoms’ electrons. Typical wavelengths of X-rays range from 5 pm to 10 nm.
In case of regular arrays of atoms, like crystals, these elastically scattered waves interfere
destructively in most directions. In material specific directions they interfere constructively
and obey Bragg’s law [Ohr02a]

2dsinf = n\, with n € N, (3.3)

where d is the spacing between diffracting lattice planes, 6 is the angle of incidence of the X-
ray beam, n is the order of the diffracted beam and A is the wavelength of the X-rays. Using
this technique the crystalline phases, lattice constants, crystal symmetry groups and crystal-
lographic orientations can be determined [Ohr02b]. Here, an XRD diffractometer (Advance
D8, Bruker) is used to determine the crystallographic structure of the samples. The diffrac-
tometer is equipped with a copper (Mg, g, = 1.5419 A) and a chromium (Aq, k., = 2.2911 A)
radiation source.

sin?yy Measurements are specialized XRD measurements that allow to determine
the residual strain e in the coatings of interest. Here, the angle of incidence of the
X-ray beam is set to a small range around a selected reflex of diffraction. Now the
sample is rotated around its surface normal axis ¢ and tilted along its inclination
axis 1, in order to detect variations in the reflex of interest (see also [Genl13]). The
residual strain €, is described by [Spi09]*?

. d gy — dy
PP do

= %S2 sin? (o, €08 ¢ + 049 5in% ¢ — 045 + 015 5in 2¢) (3.4)
+ %SQ sin 2¢(0 5 cos ¢ + g43 sin @)

1
+ 532033 + 81(011 + 093 + 733),

which is the fundamental equation of X-ray stress analysis. Here d,, is the lattice
spacing under different angles and d,, the lattice spacing of the stress free lattice. The

12A more basic introduction to stress and strain measurements is described in reference [Zol14].
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components o, are the stress components of the stress tensor and s; and /2 s, the
diffraction elastic constants

Vp 1 1+vp
§ = —— and 352 =
Y

(3.5)
with vp being Poisson’s number!® and Ey resembling Young’s modulus'?.

Energy Dispersive X-Ray Spectroscopy (EDS) uses characteristic X-rays to determine
the chemical composition of a sample. The characteristic X-rays are excited by using
either X-rays of high energy or by accelerating electrons onto the sample surface. The
exciting energy releases an electron of the inner shell, leaving a hole that is immediately
filled by an electron from a higher orbital. The surplus of energy is emitted as characteristic
radiation, which is typically detected by a semiconductor detector (here: X-Max 80, Oxford
Instruments, coupled to SEM). The energy resolution is ~ 100eV. This technique can
be used to determine the quantitative composition of a sample [Ohr02b]. The source of
excitation defines the resolution of the technique. In case of exciting with X-rays the
resolution is in the small pm regime. When exciting with an electron beam of an SEM, the
resolution can be improved to the low nm regime [Ram06].

X-Ray Photoelectron Spectroscopy (XPS) uses characteristic electron binding energies
emitted from the sample to determine its chemical composition. Here, monochromatic X-
rays are utilized to excite inner electrons from the material’s atoms. The released electrons
are directed through a velocity selector in order to separate them by their kinetic energy.
With this selection, the binding energy may be calculated, which is characteristic for each
element. For different chemical environments, slight changes in the binding energy are
detected. Therefore, the chemical composition of the sample can be analyzed [Ohr02b].
The mean free path of the electrons is in the order of a few nm, making XPS a surface
sensitive characterization method. XPS measurements presented in this work are studied

at Beamline 11 at the synchrotron radiation facility Dortmunder ELekTronenspeicherring-
Anlage (DELTA).

3.3 Data Processing — The Spectrum Analysis Package

In this section the processing of the recorded data is explained. For simple spectra the
proprietary software OriginPro is utilized, whereas for mappings'® a python software is
developed in order to automate data processing. The software package, called spectrum
analysis, is published and freely available [Mol20].

Independent of the software used several steps have to be performed. At first all data
have to be read in properly, in order to perform the analysis. To get an overview of the
recorded data all raw data should be plotted and reviewed, whether it shows as expected
or any errors occurred during the experiment (like a tilted or unfocused sample, etc.).

13Poisson’s number is a measure of material expansion perpendicular to its direction of compression.
Young’s modulus or the elastic modulus is a measure for the stiffness of a solid.
5Mappings are spatially resolved Raman spectra over an xy region on a sample surface.
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In the next step the data have to be reduced to the spectral region of interest for the
analysis. Peaks that are not completely recorded shall be removed to ensure a proper
background calculation and subtraction.

With the spectral region of interest selected, the remaining parts of the spectra have to
be cleaned from cosmic rays. During the accumulation of the spectra, cosmic rays may
hit the CCD-detector, causing spike-like signals in a spectrum. These spikes may disturb
the fit stability and have to be removed. Furthermore, they do not originate from the
sample and are not of interest to further investigations. In order to remove the spikes,
wavelet transformation is utilized. Section 3.3.1 is devoted to this topic and explains basic
principles.

After this preparation of the spectra the baseline has to be calculated and removed. This
has to be done for each spectrum, in order to adapt for non-linear background and to
correct shifted peak positions. In the following, the data of a spectrum are normalized by
the spectrum’s maximum value, as fitting with the lmfit package is faster with normalized
data.

Subsequently, the starting parameters have to be selected for each single peak in each
spectrum. Using spectrum analysis for multiple spectra will allow one to choose the
peak functions (Lorentzian, Gaussian, Breit-Wigner-Fano or Voigt, see also Section 2.1.4)
separately for each peak!'®. Following the starting parameter selection, fits of all peaks in
all spectra are conducted. The results are saved and plotted.

Again, a careful inspection of the results is necessary to identify unstable fits. Refitting
of single spectra might be necessary with slightly different starting parameters to generate a
stable fit. If all spectra are significantly described and a mapping is analyzed, the parameters
can be plotted as a mapping using the suggested python software (see Section 3.3.2).

3.3.1 Spike Removal

As stated in Section 3.1, CCD sensors are used to record the Raman spectra. A drawback
of their high efficiency is their sensitivity to cosmic rays (muons), which increases the
possibility of random spikes present in the spectra recorded. Removing these spikes from
the spectra is discussed in this section.

Signal analysis broadly uses Fourier analysis to decompose a signal into its frequency
content. This is ideal to separate high- from low-frequency signals. Nevertheless, the trans-
formation from the time domain to the frequency domain removes the time information
completely, which makes event localization in the time domain impossible. Hence, begin-
nings and ends of signal features are not detectable, which is however necessary to remove
a cosmic ray spike from a spectrum. To overcome the disadvantage of lost time informa-
tion, wavelet analysis can be taken into consideration instead of Fourier analysis. Here, the
procedure presented in reference [Ehr01] is introduced to utilize wavelet transformation for
despiking of CCD recorded spectra.

To illustrate the basic idea of wavelets and to show some of their properties the Haar

16Be aware to always keep the same fit function for the respective peak.
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wavelet H(x) (see Figure 3.5) is used in the following. It is defined by [Nicl7a]

1, O§m<%,
H@)=4 -1, $<a<l, (3.6)

0, otherwise.

— In wavelet analysis, this wavelet is considered in its
14 — modified form

% 0. H,(x) =2PH2z—Fk), jkelZ (3.7)
=) *

H, () Here, the term 27/2 scales the whole function, whereas the
\ term 27 dilates it and k translates it. The scaling factor
0 5 stretches (j > 0) or compresses (j < 0) the graph in the
y-direction. The dilation factor stretches (j < 0) or com-
presses (j > 0) the graph in the z-direction. The transla-
Figure 3.5 Exemplary Haar tion factor shifts the graph horizontally along the z-axis.

wavelets for selected ¥ = 0 and Note that stretching the wavelet along the y-direction will
j € {~1,0,1} values. compress it along the z-direction and vice versa. Two ex-
amples of the modified Haar wavelet are shown in Figure 3.5. It can be shown that H, ; is

restricted to the interval [2—]?, %]

The Haar wavelet is orthonormal [Haal0O]. This means that the product of any two
functions is equal to zero if they are distinct or equal to one if they are equal.

o0 1, j=j andk=F
H‘ H'/ /:5"/(5 a—— 38
[oo PREIR 3okl {O, otherwise. (3:8)

Additionally, every function f € L?(R) has a Haar wavelet series expansion [Haal0]

f= Z Z Wj i Hj g with wj,k:/ TH; (3.9)
J —00

j=—00 k=—00

where w; ;. is the Haar wavelet coefficient. This requests that the integral I < f? exists and
is finite, meaning that a function in L?(R) needs to decline rapidly to zero'”.

These ideas are considered to generate the example in Figure 3.6. Here, a model Raman
spectrum is presented in the left figure. Two peak-like features are visible: On the one hand,
a broad Gaussian feature, representing a typical Raman signal, and, on the other hand, a
very narrow feature, representing a cosmic ray. A small linear background is added to the
signal. This spectrum is now decomposed by Haar wavelet analysis.

The general Haar wavelet series expansion can be reduced, as the function fis defined in

the interval of [—1, 1] and its prior stated restriction has to be valid. Therefore,

o 271
f=>_D;  withD;= Y w;, H,,, (3.10)
7=0 k=—23

"For more details, see reference [Nicl7b].
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Figure 3.6 Model data with a representative Raman peak and a representative cosmic ray,
which is approximated by the Haar wavelet. Details D; for specific j and approximations
Ay for specific N are shown to visualize the Haar wavelet transformation.

where D, is the sum over all translations of the Haar wavelet at fixed scale j. This parameter
describes the details of the function to be approximated. In Figure 3.6 not only the details
for specific j are plotted, but also the approximations A,

—~

N
f=1lim Ay,  withAy=>) D, 3.11)
N—oo =0

As the summation to infinity is impractical, a definite IV is taken for the approximation.

Careful observation of Figure 3.6 reveals that the two main features of the spectrum
behave differently at the details level. However, the intensity of the details of the Raman-
like signal decreases with increasing j, the intensity of the details of the muon-like signal
stays at the same level. This is in accordance with [Ehr01]'®. This behavior can be utilized
to locate spikes in the original spectrum and remove them by linear interpolation, which is
done throughout this thesis.

To distinguish the two different signals, a threshold is used. The noise level ¢ is estimated

Note that Ehrentreich et al. use the opposite definition of j, where small j characterize the fine scale.
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by the median absolute deviation
o = median {abs [D  — median(D )]} /0.6745, (3.12)

assuming Gaussian noise [Rou93]'. This leads to a soft threshold of

thr = 0+ \/2108(#[Tumins Tas]): (3.13)

where #[Z i1, Tiaxl 1S the number of elements in the interval to be analyzed. Ehrentreich
et al. suggested to use wavelets with a high number of vanishing moments. Therefore, the
Sym8 wavelet of the Symlet wavelet base is used here.

3.3.2 Raman Scattering Mappings

In this section, Raman mappings or Raman images are explained. A detailed example
procedure to generate Raman mappings is given in Appendix B. As stated earlier, a sequence
of Raman spectra is collected: For each spectrum in the sequence, the sample position is
varied in the xy plane. In order to connect the spectra with the sample position an image
of the sample surface is taken, with additional position markers indicating the positions
where a Raman spectrum is collected.

The recorded data are prepared and fitted as described in the beginning of this chapter.
Due to combining the fit results with the surface positions two-dimensional maps can be cre-
ated for each parameter, each error or derived parameter. This enables the experimentalist
to link visual information with Raman spectroscopic information.

A drawback of Raman mappings is the time needed for their collection, as already rel-
atively small maps with 15 x 15 spectra require the measurement of 225 spectra. This
demands a very stable system, with a laser fixed in intensity and position for long accumu-
lation times > 10s per spectrum. Furthermore, for bigger maps the number of the spectra
to be fitted rapidly increases. It has always to be kept in mind that these maps only rep-
resent small parts of the investigated sample. For a typical experiment, the laser spot is in
the range of 1 um to 5 pm and a typical step size is 10 pm. This results in mappings with a
scanned surface of 150 x 150 pm?. Faster methods could use lasers focused to a line rather
than to a spot or spectral filters directly producing Raman images [Van13b].

3.3.3 Principal Component Analysis

In order to simplify the analysis of the different fitting parameters, this section presents
a method to reduce the parameter space and to detect clusters of comparable spectra.
The analysis is performed using the scikit-learn package [Ped11l]. An example script
performing the presented analysis is included in the prior discussed spectrum analysis
package. Additionally, an example analysis is presented in Appendix B.

In the first step of the analysis, the value ranges of the different parameters are scaled to
the range between zero and one. This allows for a comparison of the different parameters,
removing the predominance of the parameter with the greatest values. Additionally, pa-
rameters that are directly correlated are removed, like the FWHM and twice the standard

9Here, the inverse of the Gaussian scaling factor (b = 1.4826) is used to be consistent with the definition
in the statsmodels package.
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deviation of a Lorentzian peak. Furthermore, the intensity ratio Ip /I is calculated and
included as a new parameter.

Now, the data are prepared for dimension reduction by Principal Component Analysis
(PCA). The multi-dimensional data of the fitting parameters®® are reduced to a lower-
dimensional space, where the variance of each direction is maximized [Sha0l]. The new
dimensions are the principal components, which are composed by a weighted linear com-
bination of the fitting parameters. Usually, the first few principal components explain the
greatest share of the investigated data.

The dimension-reduced data might show subsets of comparable data. Therefore, cluster
analysis is utilized to group similar spectra. Here, a clustering algorithm (k-means clustering
or spectral clustering) is used. In spectral clustering, each data point is set as a vertex
of a graph, with edges weighted by the similarity of the two connected vertices [von07].
From this graph, edges resembling a high difference between the data points are removed.
Using this reduced graph, the Laplacian matrix is constructed, whose eigenvectors need
to be determined. The eigenvectors are then clustered by k-means clustering. As input
parameter only the number of the clusters needs to be set. With k-means clustering the set
of data points is clustered into a previously defined number of clusters, with a minimized
within-cluster sum-of-squares. Each data point is assigned to one of the clusters.

The detected clusters are colored uniformly in the principal component plot. Additionally
for each cluster, a mean spectrum is calculated and plotted to make differences in the spectra
visible for the analyst. The mean spectrum of a cluster is calculated from its zero-to-one
scaled spectra, to remove the predominance of strong signals from the cluster.

Furthermore, selected parameters composing the principal components are plotted as vec-
tors into the plot?!. Here, the projection of the length of the vector onto a selected principal
component axis demonstrates the impact of the parameter on the selected principal com-
ponent. The direction of the vector shows along which direction the value of the parameter
changes (see also Appendix B).

In order to link the detected clusters with visible features, a mapping of the clusters is
generated, as presented in the previous section.

20A typical fitting model used here contains 17 fitting parameters. The model is constructed from one Breit-
Wigner-Fano function (7 fitting parameters) and two Lorentzian functions (5 parameters per function).
21Plots like this are called biplots.

51






Chapter 4
Definition of Tribological Material

This chapter addresses the question of "How to define tribological material with respect to
Raman scattering?”. In order to respond to this question, different surfaces of twin-screw
rotors are investigated with multiple techniques, to link optical and mechanical properties.

Twin-screw rotors are widely used in
fluid-energy machines to compress and ex- ()
pand gases [Sto05], an example of a female ‘
and male rotor pair is shown in Figure 4.1.

For the modification of the gas volume, usu-
ally oil-injected machines are used, which (b)
require a separation of the injected lubri-

cating oil from the processed gas after volu-
metric modification. This oil separation sig-
nificantly raises the total cost of ownership
of twin-screw machines [Drel4], so there is
a possible economical benefit in developing
oil-free screw machines. Despite the sepa-
ration process a small amount of oil always remains in the gas flow [Rin79], which does
not satisfy the high demands of semiconductor and coating industries [Drel4]. In return
for their disadvantage, oil-injected screw rotors do not need to be synchronized by a timing
gear, which is a drawback of dry-running machines. To combine the advantages of dry-
running machines (no oil) and oil-injected machines (no timing gear) current research aims
at non-synchronized, dry-running screw rotors [Tem07].

Figure 4.1 Front and side view of (a) a female
and (b) a male screw rotor.

These non-lubricated, non-synchronized rotors usually show unacceptable wear due to
dry friction between the two rotors. The wear might be reduced using a tungsten carbide
coating, as shown in the dissertation by Damgen [Dadm98|. Using these coatings on twin-
screw machines short-time operation of several 100 h becomes possible. To increase the
lifetime further an increased understanding of the wear mechanisms is required. In addi-
tion to tungsten carbide coatings, MoS, coatings are promising, due to their dry lubricant
properties [Chulla; Hol09b]. It might help to reduce the friction in the contact area of
dry-running, non-synchronized twin-screw machines. Here, an understanding of the wear
mechanism is still missing, which is partly developed in the following sections.

The first section of this chapter presents microscopic investigations on uncoated, dry-
running twin-screw rotors. Here, a spatial distribution of different iron oxides is detected.
This gives a first spectroscopic view on wear, with the identification of some wear-indicators.
Subsequent to this section, dry-running tungsten-carbide-coated twin-screw rotors are ex-
amined. Here, an oxygen incorporation into the coating of the worn rotors is detected,
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10 pm

Figure 4.2 (a) Resected part of the female screw rotor. The red arrow indicates the
contact line zone on the clipped part. (b) A focus stacked! image of a 150 pm x 150 pm
sized surface region of the screw rotor, composed from multiple optical images. (c) Heavily
worn domains at a different position of the contact-zone, magnified in panel (d). Here,
the area studied is divided into 80 squares of 2 x 2pum?. The bright spot on the left side
originates from the laser beam. Reproduced with permission from reference [Mol18].

adding more possible indicators of wear. The last section of this chapter is an investiga-
tion on dry-running molybdenum-disulfide-coated samples. This section is focused on the
tribofilm formation of the molybdenum-disulfide thin-films in different atmospheres. Here,
third-body particles are detected that differ in their chemical behavior compared to the
deposited coating or the rest of the wear track.

4.1 Magnetite and Hematite Formation

In this section microscopic wear on uncoated, dry-running screw rotors is investigated.
Therefore, the spatial distribution of the iron oxides magnetite (Fe;O,) and hematite (a-
Fe,0;) in the contact zone of the rotors is analyzed with confocal Raman spectroscopy (see
Section 3.1.2). The presented results are published in reference [Mol18].

Experimental Details and Sample Description. A non-synchronized 18CrNiMo7-6 steel
(1.6587) rotor pair of a female and a male rotor is operated under liquid-free conditions.
Therefore, dry air at a constant inlet pressure of 4 bar and an inlet temperature of 90 °C is
used. The rotational speed is set to 9500/min, corresponding to a rotor tip speed of 35.7 m/s
at the male rotor tip. The rotors are operated for 40min, leading to 4 x 10° changes of
load.

In order to examine the worn surface of the rotor with Raman spectroscopy a part of the
female rotor is mechanically resected, see Figure 4.2 (a). In the figure, the horizontal arrow
indicates the contact area of the two rotors. A wear trace from the screw rotor operation is
visible. A magnified section of a random surface area in the wear trace of 150 pm x 150 pm
is shown in the monochromatic image of Figure 4.2 (b). As the surface of the wear trace is
curved and not planar, multiple images with different focal planes are recorded, using focus
stacking to generate an image with an increased depth of field (see Appendix A.2). In this

1See Appendix A.2 for a brief introduction to focus stacking.
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Figure 4.3 (a) Exemplary Raman spectrum at a heavily worn surface position on the
female screw rotor, with magnetite (m) and hematite (h) signals marked by arrows, as well
as their identifying features. (b) Integrated Raman spectra of the three different spatial
domains light blue (heavily worn), dark blue (transition zone) and purple (worn). The
colors correspond to the grid pattern shown in Figure 4.2 (d). The spatial distribution of
the magnetite line at 668 cm™! and the hematite line at 1310cm™! are presented in the
mappings of Figures 4.4 and 4.5. Reproduced with permission from reference [Mol18].

image shallow strips and several dark domains of different dimension are visible. The dark
domains are not detected for surfaces without a wear history. Therefore, one can assume
that these domains are formed during the wearing process. The depth of these dark areas
is estimated to vary between 5 pm and 20 pm.

A second surface area is shown in Figure 4.2 (c¢). The laser spot and its interference rings
are visible at the center of the image. Here, heavily worn domains are visible at the left
and the right side of the image. A region of this surface area is investigated with confocal
Raman scattering experiments. It is magnified in Figure 4.2 (d). The area investigated is
marked with a grid pattern that contains three different domains with different degrees of
wear. They are marked in purple (worn surface domain at the left), dark blue (transition
zone in the center) and light blue (heavily worn domain in the right). Over all 80 Raman
spectra are collected in a zy-matrix of 16 x 5 with a spacing of 2 nm, resulting in a mapped
surface area of 320 pm?. The accumulation time for each spectrum is 600s. The mapping is
recorded with confocal Raman spectroscopy (see Section 3.1.2) at room temperature with
532nm excitation at laser powers well below 1 mW. The sample is carefully checked for
degradation, which is not observed for this laser power. The beam is focused with an
objective with a 50x magnification onto the screw rotor surface, not exceeding a spot size
of 2pm (see Appendix A.3 for information on spot-size determination).

Assignment of the Raman Lines. An exemplary spectrum of a heavily worn surface posi-
tion is shown in Figure 4.3 (a). Six Raman lines are observed, with shifts of approximately
230cm ™!, 292cm™!, 405ecm ™!, 544cm™t, 668 cm ! and 1310cm ™. The absolute spectral
position is detected with an accuracy of +10cm™!. The analysis focuses on the spatial

distribution of the occurrence of the different lines, rather than on their line shifting and
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broadening. The lines are assigned to magnetite (544cm™' and 668 cm ') and hematite
(230cm ™, 405cm™! and 1310cm™!) [Far97; She03a]. The line shift at 292cm ™" cannot be
related to definitely stem from an iron-oxide mode, but the spectra in Figure 4.3 (b) suggest
that this line is most probably due to a magnetite vibration.

Magnetite. Magnetite has a spinel structure? at room temperature and contains both
Fe?' and Fe®' cations [She03a]. The Raman modes are attributed to belong to the Tog
mode (544 cm™"') and the A, mode (668 cm ') (see also Section 2.1.2 for more details on
irreducible representations and Section 2.3.1 for more properties of iron oxides). The Tog
mode is an asymmetric stretching of iron and oxygen, whereas the A;, mode is a symmetric
stretch of the oxygen atoms along the Fe—O bonds [She03b; Jubl0]. It is also possible
to assign the selected Raman lines to maghemite (~-Fe,O3), which is the second most
stable polymorph of iron oxide and also of the spinel structure [Gral0], but the maghemite
lines have a doublet-like structure, being much broader than the lines of magnetite [Far97].
Therefore, as the lines detected here are quite narrow, a presence of maghemite at the worn
surface area is ruled out. In the following the A;, mode at about 663 cm ! is taken as an
indicator for the presence of magnetite.

Hematite. The hematite Raman lines resemble symmetric stretching of the iron and oxy-
gen atoms (A1g mode at 230 cm™!) and symmetric bending of the iron and oxygen atoms
(E; mode at 405 cm 1), while the line at 1310cm ™! is due to two-magnon scattering [Far97;
Mar77] or two-phonon scattering [Mas90] (see also Section 2.3.1). Independent of the origin
of the mode, this scattering mode is not a feature of magnetite [Far97] and is used to mark
the presence of hematite.

Integrated Spectra of Differently Worn Regions. Figure 4.3 (b) shows the integrated
Raman spectra of the three differently worn regions. Therefore, the spectra of each of the
different positions are assigned to one of the three regions (compare Figure 4.2 (d)). The
average of all spectra of each region is taken as characteristic spectrum for the corresponding
region. Comparing the different regions demonstrates that hematite is only present at
heavily worn surface positions, whereas magnetite is detected for all surface domains. In
the transition zone the intensity of the magnetite lines is substantially weaker than in the
worn zones. Taking a more careful look at the Ty, line of magnetite reveals a shift in energy
from 580cm ™! at heavily worn positions to 572cm™! in the transition zone and down to
547cm™! at worn areas. The position of the 300cm™ line is also wear dependent. It
behaves oppositional to the previously described line. It moves from 299 cm ™! at heavily
worn positions to 307 cm ™! at worn positions. The shifting of the Ty, line to higher energies
might be caused by compressive pressure, which leads to a reduction of the bond length
and therefore to an increased interaction strength [She03c|. As signals from hematite are
less probable in worn surface locations, it is proposed that the yet unassigned line at about
300cm ™! belongs to magnetite [Mol18].

2Spinels are of the general structure of AB,X,, where A and B are metal cations and X are mostly bivalent
oxygen or sulfur anions. The oxidation state of the cations is of value 8.
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Figure 4.4 Mapping of the magnetite Raman mode at about 668 cm ™! across the region
marked in Figure 4.2 (d). Here, results of a Lorentzian peak fitting of the magnetite
mode are shown, namely (a) the energy shift, (b) the intensity, (¢) the full width at half
maximum and (d) the integrated intensity. Reproduced with permission from reference
[Mol18].

Spatial Distribution of Magnetite and Hematite Signals. In order to get an impression
of the distribution of magnetite and hematite among the selected surface region (compare
Figure 4.2 (d)) the indicating magnetite (668 cm ') and hematite lines (1310 cm™!) are used
to create spatially resolved mappings. The properties of the magnetite line are shown in
Figure 4.4. The Raman line does not considerably exceed shifts from its center position
greater than 10 cm . Having a look at the intensity high variations are observed. At worn
surface positions (left area between 2pm to 14 pm) the Raman intensity is homogeneously
distributed. At the transition zone the line almost vanishes and at heavily worn surface
locations the intensity fluctuates. Similar behavior can be detected for the the full width
at half maximum (FWHM) of the line (see Figure 4.4 (c)) and the integrated intensity (see
Figure 4.4 (d)).

The properties of the hematite line are shown in Figure 4.5. It is only detected at
heavily worn surface locations, as already stated in the analysis of Figure 4.3. Further-
more each of the line parameters shows strong fluctuations. The line position ranges from
1300cm ™! to 1400 cm ™! at some positions. The weak intensities and the large line width
indicate a great distribution of different scattering processes and a small amount of hematite
across the investigated surface area [Moll8].

The detection of hematite only at heavily-worn surface locations may result due to high
temperatures at the female screw rotor during the dry-running operation of the rotors.
To transform magnetite to hematite temperatures of 400 °C are needed [Far97]. Due to
the strong variations of the hematite signal parameters it is proposed that such high peak
temperatures (flash temperatures®) were present and differed locally. Adding to the tem-
perature input, mechanical deformation and high pressures in the GPa range? may as well
cause the formation of a-Fe,05[Gil91].

The transition zone has a bright, reflecting character, which hints at a white-etching
crack. White-etching cracks are microstructures appearing in polished and etched steel
samples. These areas consist of ultra-fine carbide-free areas, that appear white under an

3See Section 2.2.3 for an introduction to the concept of flash temperatures.
4Typical Hertzian contact stresses of comparable rotors range from 1 GPa to 3.5 GPa [Utrl9)].
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Figure 4.5 Mapping of the scattering mode of hematite at about 1330 cm™! across the
region marked in Figure 4.2 (d). Here, results of a Lorentzian peak fitting of the hematite
mode are shown, namely (a) the energy shift, (b) the intensity, (¢) the full width at half
maximum and (d) the integrated intensity. Black colored squares indicate the absence of
the mode of interest. Reproduced with permission from reference [Moll8].

optical microscope. More details are described in references [Stal5] and [Eval6]. In this
white-etching crack transition zone, the formation of iron oxides seems less probable than
in the other regions.

Summary and Conclusion. Summing up, this investigation delivers wear dependent Ra-
man spectroscopic indicators on uncoated screw-rotor surfaces: Magnetite is detected at
worn and heavily worn surface locations, whereas hematite is only detected at heavily worn
surface locations. Here, a thermally activated transformation of magnetite to hematite is
indicated, with temperatures exceeding 400 °C in the liquid-free wear process. Furthermore,
strong fluctuations of the hematite Raman line mapped over a sufficient sample space might
indicate heavy wear, while surface positions without heavy wear show a homogeneous dis-
tribution of the magnetite Raman line. This homogeneous distribution indicates also a
homogeneous distribution of the respective bond lengths and strengths. Additionally, the
shifting of the Ty, mode of magnetite to higher energies for increased wear, indicates a bond-
length reduction and in increased interaction strength, which may be caused by compressive
pressure.

In conclusion, the analysis of the spatial distribution of the iron oxides magnetite (worn
surface locations) and hematite (heavily worn surface locations) on uncoated screw-rotor
surfaces delivers a first correlation of Raman scattering signatures with tribological surfaces,
supplying an indicator for the degree of wear of the respective surface locations.
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4.2 Oxygen Incorporation in Tungsten Carbide

In this section investigations on oxygen incorporation in tungsten carbide/carbide (WC/C)
coated screw-rotor surfaces are presented (see Figure 4.6 (a)). The section is based on the
publication of Debus et al. [Debl6], with the main findings being replicated in order to
generate a deeper spectroscopic understanding of tribological material.

Experimental Details. Here, 16MnCrb
steel (1.7131) rotors are coated with 4 pm of
WC/C and run for about 200h under dry
conditions in ambient air (see also [Debl6;
Dam98]). Subsequent to the dry-running,
multiple surface locations are studied op- .
tically, using Raman spectroscopy. The S
selected locations are excited with 532nm
laser radiation and the scattered light is col-
lected as described in Section 3.1.2. Here X |
a microscope objective with 50x magnifi- 5 . I . L . L . L

cation is used. The penetration depth of 0.0 0.2 04 0.6 0.8
the laser light into the WC/C coating is es- Length (mm)

(@)

timated to several 10 nm, by using extinc-
tion coeflicients of 1 to 3 for 600 nm excited
WC/C films for calculating the penetration
depth as presented in Section 2.1.6 [Aba09].

Figure 4.6 (a) Image of the investigated screw-
rotor pair. (b) Roughness profiles of the un-
touched (blue) and worn (green) locations, with
images of the corresponding surface locations

Additionally, an uncoated reference sample shown above. Image taken from reference [Deb16].

of 90MnCrVS8 steel (1.2842) is investigated.

Surface Roughness of Worn and Unworn Surface Locations. The roughness of an un-
touched surface location at the male rotor flank and the roughness of a worn surface location
at the contact area are compared in Figure 4.6 (b). The roughness R is determined using
focus stacking of images collected with a confocal white-light microscope (NanoFocus psurf)
and provided a height variation of +1.5um (4+4pm) for the untouched (worn) surface (see
also Appendix A.2). It is observed that the height variation for the worn surface is about
twice as large as for the untouched surface.

Raman Spectra of Differently Worn Surface Locations. Raman spectra of the different
surface conditions are collected. Exemplary spectra are shown in Figure 4.7. The lines
observed are categorized by the frequency of the respective scattering regime. The regimes
are low-frequency scattering (ranging from 0cm ™! to 200 cmfl), mid-frequency scattering
(ranging from 200 cm™" to 400 cm™') and high-frequency scattering (ranging from 400 cm ™!
to 1000 cm™'). The Raman lines at 1360 cm ™' (D-peak) and 1580 cm ' (G-peak) stem from
sp? hybridized carbon bonds, where the D-peak arises due to a carbon ring breathing mode,
while the G-peak arises due to bond stretching of all pairs of sp? carbon atoms [Fer00] (see
also Section 2.3.2). As these lines are present due to the graphite content in the tungsten
carbide coating, they are not examined any further.
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Firstly, the low-frequency scattering regime is discussed. Here several Raman lines are de-
tected, namely lines at 95cm™, 130 cm ™!, 145cm ™! and 150 cm™!. Except for the 145 cm™!
line they are detected at untouched and at worn surface locations. As shown in Figure
4.7 (b), the 145cm™! mode is detected for heavily worn (black line) conditions only and not
for uncoated (red line) conditions. These low-frequency Raman modes are proposed to be
lattice modes [Ing05].

- Secondly, the mid-frequency scat-
tering regime is discussed. Here Ra-
man modes at 215cm™!, 260cm™!
and 350cm™' are detected. The
observed modes are also noted at
the uncoated reference sample and
are therefore assigned to chromium-
and/or vanadium-oxygen vibrations,
as diffusion of, in particular, Cr
T T T T r T r I atoms to the surface might occur®.
The absence of the lines at heavily
worn surface areas may be explained
by a considerable distortion of the

Gaussian
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oaoials o __ uncoated | bonds, which leads to a strong line
! - - - ; £====! broadening or to weak atomic adhe-
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Raman shift (cm™) Thirdly, the high-frequency scat-

Figure 4.7 (a) Raman spectra of worn (green) and un- tering regime is discussed. Here,
touched (blue) surface locations, with an inset showing Raman shifts of 680 cm ™!, 810cm ™!
a fitting curve of the WC-O/WC, WC and C-C Raman and about 880 cm ! are observed for
modes (dashed) and their cumulative fit (red). (b) Ra-
man spectra of an uncoated reference sample (red) and
a heavily worn (black) location at the male screw-rotor
surface. Image taken from reference [Deb16].

both surface locations. Addition-
ally, at worn surface locations, lines
at 420cm ™!, 540cm ! and 970 cm ™!
become observable. The lines at
420 cm ™! [Ros07] and 540 cm ™! [Das16] are assigned to modes of tungsten trioxide®. In-
cipient oxidation influences the WC line at about 680 cm™* [Mra09; Das13], whereas the
WC stretching line at 810 cm™! remains uninfluenced by oxygen [Dasl13]. The Raman line
at about 880 cm ™, is attributed to the C—C stretching mode [Soc01]. Detecting this mode
only at heavily worn surface locations leads to the assumption of a strong chemisorption of
carbon to the metallic substrate [Deb16]. The Raman line at 970 cm ™" results from sym-
metric stretching of terminal W=0 bonds [Kuz98]. Comparing the untouched Raman line
of 700 cm ™ to the shifted worn line at 680cm ™! a line shift and a line broadening of about
30 % are observed. Both observations indicate a weakening of the bonding strength, either
due to distortions of the bonding, or due to the incorporation of oxygen during the wearing
process.

Most remarkable of these findings is the presence of tungsten trioxide Raman modes

5 At elevated temperatures of 600 °C and higher Bowen and Brown showed a diffusion of chromium [Bow?70;
Bra85]. Furthermore, protecting cover layers might form at the surface [Bob13a].
6 Additional spectroscopic information on WO, thin films is published by Diaz-Reyes et al. [Dia08].
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at worn surface locations. The incorporated oxygen seems to be an indicator of wear on
tungsten carbide coatings. Furthermore, the oxygen-related Raman modes are modeled
significantly better by Voigt profiles, whereas the WC and C—C Raman lines show a Gaus-
sian behavior (compare inset in Figure 4.7 (a), see also Section 2.1.4). Here, the 680 cm ™
line shows a Lorentzian portion of about 20 %, hinting at the amorphous character of the
tribological material (see Section 2.1.5).

Summary and Conclusion. Summing up, indicators for tribological material on tungsten-
carbide coated screw-rotors are detected using Raman scattering signatures. First of all,
the worn surfaces show WO; and W=O signatures. Furthermore, the tungsten carbide
stretching mode is broadened due to oxygen incorporation and shifted to lower frequencies.
These findings might be used to characterize the degree of wear in surfaces coated in a
similar manner.

4.3 Tribofilm Formation of Sputtered MoS, Thin Films

In this section the tribofilm formation and the frictional behavior of sputtered MoS,, films” in
different atmospheres are investigated. Therefore, the MoS, coating is deposited on sample
discs and ball-on-disc tests are conducted in ambient air, argon and nitrogen atmospheres.
Here, the generation of third-body particles is observed and their properties are studied
with Raman spectroscopy. It is revealed that these particles differ in their chemical behavior
compared to the as-deposited film and the wear track. The results are published in reference
[Til19c¢].

Details on Film Deposition. The MoS, films are deposited on polished 16MnCrb steel
(1.7131) with an arithmetical mean deviation of Ra = (3.1 + 0.6) nm using the HiPTMS
technique, described in Section 3.2.1. The cathode power is set to 3kW, with a pulse
frequency of 1 kHz, a pulse duration of 200 ps, a bias voltage of —100V and a heating power
of 1kW (see also [Til19c¢]).

Details on Film Characterization. The as-deposited and the worn MoS, films are charac-
terized by several methods. Their topography is analyzed by means of SEM (see Section
3.2.3) and their crystallographic orientation is studied by XRD (Agpx, = 2-2911 A, see
Section 3.2.4). Additionally to these investigations, the stoichiometric composition (EDS),
the film thickness (SEM), the hardness and the elastic modulus (nanoindenter) of the
as-deposited films are determined as well (see Sections 3.2.2 and 3.2.4).

In order to generate a spectroscopic understanding of the wear of MoS, coatings, Raman
scattering is recorded with the setup described in Section 3.1.2. Here, it is important to
note that the Raman scattering experiments are conducted under resonant conditions with
633nm laser excitation (see Section 2.1.7). The radiation is focused with a microscope
objective with 20x magnification to a spot diameter of approximately 2 pm. The collected
light is diffracted by a 900 grooves/mm holographic grating.

"The subscripted = indicates that the stoichiometric composition of the sputtered coatings cannot be
predicted prior to the deposition process. After the deposition, the composition may be determined
using EDS (see Section 3.2.4).
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Figure 4.8 (a) Surface (topography) and (b) cross-section (morphology) of a typical as-
deposited MoS,, film. Reproduced from reference [Til19c].

The coefficient of friction is determined at room temperature. Here, a tribometer with a
100Cr6 counterpart is used and the number of rotations is set to 5000. The coefficient is
measured in ambient air, argon and nitrogen atmosphere (see Section 3.2.2). The gas flow
rate is set to 10 bar/s. In each of the three atmospheres the contact (surface) pressure of the
ball-on-disc tribometer is varied (1.3 N/mm?, 6.4 N/mm?, 12.7N/mm?) at a constant sliding
velocity (40 cm/s). Furthermore, a sliding velocity variation (10cm/s, 20 cm/s, 40 cm/s) is
conducted at a constant surface pressure (6.4 N/mm?).

The specific wear rate is evaluated with a profilometer (see Section 3.2.2).

The As-Deposited Film. Before spectroscopic methods are applied to the MoS, films,
their structure and stoichiometric composition is determined. The coatings show a colum-
nar cross-section (morphology) and the topography features a granular, needle-like structure
(compare Figure 4.8). The samples are composed of 1.65 + 0.02 sulfur atoms per molyb-
denum atom. Furthermore, a hardness of (0.73 4+ 0.06) GPa and an elastic modulus of
(52.70 4+ 4.20) GPa are determined.

The initial state of the MoS, coatings is also determined by XRD (see Figure 4.9 (a))
and Raman spectroscopy (see Figure 4.9 (b)). Figure 4.9 (a) shows a XRD spectrum with
typical reflexes of hexagonal MoS,, namely its (002), (100) and (110) reflexes (marked with
circles). The 26 reflexes in the range from 60° to 80° are attributed to the 16MnCrb steel
substrate. The intensity ratio of the (100) and the (002) reflex indicates a randomized film
orientation [Fle87]. It is proposed that the applied bias voltage enhances the formation
of the (100) plane. The process may be explained by means of chemical reactivity. The
chemical reactivity of the (100) edge plane is higher compared to the inert (002) basal plane
[Chi85]. Therefore, the adsorption of the (100) surface is higher, which results in a preferred
formation of the (100) plane. As also the (002) reflex is detectable, both planes grow at the
same time in a competitive process.

Furthermore, the stoichiometric composition of the films indicates a re-sputtering of the
sulfur atoms, leading to a reduced S/Mo ratio compared to MoS,. This re-sputtering
of the sulfur atoms is caused by the applied bias-voltage, which accelerates the evaporated
sulfur and molybdenum atoms. Here, the kinetic energy of a sputtered molybdenum atom is
higher than the kinetic energy of a sulfur atom, due to the lower atomic mass of sulfur (32 u)
compared to molybdenum (96u). This surplus of kinetic energy of a target-approaching
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Figure 4.9 (a) Cr-Ka excited XRD pattern of the as-deposited MoS, coating. The
dashed lines confine the 26 region of the substrate. (b) Raman spectrum of an as-deposited
MoS,, film. The modes are indicated with arrows and annotated with the corresponding
wavenumber and assigned stretching mode. Reproduced from reference [Til19c].

molybdenum atom can unhinge an already condensed atom, favorably sulfur, as less energy
is needed to release it from the surface.

A typical Raman spectrum of the as-deposited MoS, films is shown in Figure 4.9 (b).
The laser power is set to 0.18 mW. The spectrum is averaged over 36 spectra with an
accumulation time of 300s for each single spectrum. The spectrum shows several Raman
lines (see Table 4.1), which are typical modes of MoS, [Khal5; Plal5; Fre99; Sta85]. In
the figure the modes are indicated by arrows. They are annotated with their wavenumber
vy and the irreducible representations of the Dy, point group, which MoS, belongs to (see
Section 2.1.2 for details on point groups and Section 2.3.3 for more properties of MoS,).
All of the detected modes are attributed to MoS, and no other material signatures® are

detected.

The Coefficient of Friction in Different Atmo- T.ple 4.1 Measured Raman modes
spheres. In order to get an improved understand- v, with their assigned phonon modes
ing of the MoS, tribofilm formation, the coatings’ [Khal5; Plal5; Fre99; Sta85].

coefficients of friction are investigated in different at-

mospheres. The tests are conducted at different sur- vy/em™t Mode

face pressures and sliding velocities. The results are 189 ZA(M)

shown in Figure 4.10. In both test series the coef- 999 LA(M)

ficients of friction in air are generally higher than 987 E,

the coefficients of friction in argon or nitrogen atmo- 379 E2g

sphere. In detail, at high surface pressures and slid- 405 Alg

ing velocities the coefficients of friction in an argon 455 ZLi (M)

atmosphere are lower than the coeflicients of friction 470 A

in a nitrogen atmosphere. 548 E;“ 1 7ZA
The general trend of the frictional values is simi- 633 A;; + LAM)

lar for all three atmospheres. Whereas an increase
in surface pressure significantly decreases the coefhi-

8MoOj, is a typically expected additional material, as it is easily oxidized from MoS,.
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Figure 4.10 Dependence of the coefficient of friction of MoS, coatings (a) on the surface
pressure of the ball onto the disc and (b) on the sliding velocity of the ball on the disc in
air, argon and nitrogen. Reproduced from reference [Til19c|.

cients of friction, a change in sliding velocity has only a weak impact on the coefficients.
A possible explanation for the lower coefficient of friction in nitrogen compared to air is
developed later by crystallographic orientation measurements.

Summing up, the surrounding atmosphere has a great impact on the frictional behavior of
MoS, coatings. The main difference between ambient air and argon or nitrogen atmospheres
is the presence of water vapor in air. This influence of water on MoS, coatings is discussed
in the next paragraph.

The Influence of Water and Temperature on MoS, Coatings. It was shown that water
is favorably adsorbed by the (100) crystallite edges of MoS,, leading to increased friction
[ZhaO1]. This adsorption process is enhanced by the columnar structure of the crystallites.
Here, the spacing between the crystallites is approximately 100 A [Viel3], which allows
moisture to easily penetrate the coatings [Zha01], resulting in higher friction.

A detailed analysis of the impact of humidity on MoS, coatings was performed by Mat-
sumoto et al. [Mat99]. They tested three different types of sputtered MoS, films in a
nitrogen/oxygen atmosphere, where the oxygen content was varied, in pure nitrogen and
in air, varying the relative humidity, and in vacuum. At oxygen concentrations exceeding
0.1 % the lifetime decreased with rising oxygen concentration. For humidity, the films tested
in air started to degrade at relative humidities exceeding 20 %. For nitrogen-tested films
already a few percent of relative humidity caused degradation of the coatings. Matsumoto
et al. determined that the humidity was of greater impact on the tribological characteristics
than the impact of oxygen. The importance of the surrounding atmosphere was also shown
by Colas et al. [Coll5].

Apart from the humidity and the surrounding atmosphere, the friction is also influenced
by the temperature in the contact area [Czilbe]. The temperature in the contact area is
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affected by the sliding velocity and the surface pressure. Here, increasing the test parameters
results in a higher temperature in the contact. This rise in temperature causes desorption
of the adsorbed water [Coll0], which should lead to a decrease in friction at high surface
pressures or high sliding velocities. This decrease is observed for high surface pressures (see
Figure 4.10 (a)). For high sliding velocities, no or little decrease of friction is observed (see
Figure 4.10 (b)).

The increased temperatures may also stimulate an oxidation process [Khal3]. Analyzing
the recorded data, the coefficient of friction does not increase with sliding velocity or surface
pressure, meaning that the temperatures reached” are too low to start an oxidation process.
Therefore no MoOg is generated, or at least the oxidation rate of the MoS, film is not
comparable to the rate of removal of the film [Khal3]. This assumption is confirmed using
Raman spectroscopy. Figure 4.11 (a) shows Raman spectra recorded at the wear tracks of
the worn MoS,, coatings (each spectrum is the average of six spectra with 300s accumu-
lation time each). The figure shows spectra of coatings tested in air, argon and nitrogen
atmosphere at a surface pressure of 1.3 N/mm?. The recorded spectra are comparable to the
as-deposited MoS,, films (see Figure 4.9 (b)). As here no MoOj; related Raman signals are
detected, the assumption of an inexistent MoO, generation is proven. Nevertheless, a gen-
eration of MoOg is possible. By using high laser powers of 5.7mW at worn MoS, locations
Raman signals of MoOj can be generated, as shown in Figure 4.11 (b). Here, the observed
modes at 290 cm ™! and 820 cm ™! can be related to MoO; [Seg95]. The spectrum for regular
power is the average of six spectra with 300s accumulation each, while the elevated laser
power spectrum is the average of three spectra with 300s each.

To sum up, atmospheric humidity penetrates the columnar coatings and is adsorbed,
leading to higher coefficients of friction. Opposed to the adsorption, desorption of the water
molecules takes place at higher surface pressures, leading to a decrease of the coefficient of
friction. A generation of MoQj, is not detected.

As a remark it should be noted that not only water and oxygen define the frictional behav-
ior of the coatings, as the frictional behavior in water-free argon and nitrogen atmospheres
shows a comparable behavior (see Figure 4.10).

Oxidation Resistance and Raman Scattering Intensity of Wear Debris. During the Ra-
man measurements it is observed that wear debris accumulated in and around the wear
tracks. In order to generate a deeper understanding of the wear processes of MoS, films,
this debris are measured as well and are analyzed in the following. The collected Raman
spectra (each spectrum is the average of 36 spectra with an accumulation time of 300s) of
the wear debris at different surface pressures and atmospheres are shown in Figure 4.11 (c).
All spectra are from samples with a constant sliding velocity of 40 cm/s.

Remarkable is the enhancement of the overall intensity of MoS, films tested in air, com-
pared to coatings tested in argon or nitrogen. The underlying mechanism is not yet under-
stood and needs further investigations. Generally, the collected Raman frequencies are in
good match with the previously obtained Raman signatures of the as-deposited film (see
Table 4.1 and Figure 4.9 (b)) and no molybdenum oxides are detected. At higher wavenum-

9Even the flash temperatures present in the wear process do not exceed the temperatures needed for
oxidation (see Section 2.2.3 for details on flash temperatures and Section 2.3.3 for details on MoS, and
its properties).
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Figure 4.11 (a) Raman spectra of worn MoS,, films in different atmospheres, at a surface
pressure of 1.3N/mm. (b) Raman spectra of worn MoS, films, excited with two different
laser powers. (c¢) Raman spectra of wear debris of the worn MoS, films, at a sliding
velocity of 40 cm/s. Reproduced from reference [Til19¢].

bers, three Raman bands emerge, namely at 630cm !, 750 cm ™! and 845cm™!. The first
band was already attributed to a A;, + LA(M) mode [Fre99]. The second band may be
attributed to second-order phonon scattering [Che74], while the last band may stem from
Mo—N or Mo—C vibrations [Qiul6].

Furthermore, it is observed that the wear debris are more resistant to oxidation than the
as-deposited film. All recorded spectra in Figure 4.11 (c) are recorded at high laser powers
of 5.7mW and no MoOj is generated, which is in contrast to the previously observed laser-
induced MoQO; generation in the as-deposited films. Therefore, it is assumed, that oxidation
does not occur in this wear process.

In order to evaluate this effect, the particle sizes of the wear debris are taken into account.
The particle sizes of the wear debris in nitrogen and air could be estimated from optical im-
ages taken during the Raman measurements. The debris particles are of several micrometers
in size. These particle sizes limit the chemical reactivity and reduce the rate of oxidation,
as Sliney and Lavik showed for micrometer sized MoS, particles [Sli63; Lav68]. In addition,
the particle size might change the light scattering probability and reduce the absorption
of light [Yad14; Chi02]. This possible reduction of light absorption may lead to less heat
placed into the particles, resulting in seemingly more (oxidation) resistant particles.

Condensed, the oxidation resistance of the wear debris and the enhanced Raman scatter-
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Figure 4.12 Cr-Ka excited XRD spectra of as-deposited and worn MoS, films, in air
and nitrogen. The region included inside the dashed lines indicates the 20 region of the
substrate. Reproduced from reference [Til19¢|.

ing intensity might be two characteristic features of MoS, tribofilms. Furthermore, both
effects explain the absence of laser- or temperature-induced surface oxidation [Til19c].

The Crystallographic Orientation of the Worn Surface. In order to study the crystallo-
graphic orientation of the worn surfaces and compare them to the initial state of the surfaces,
XRD spectra of the wear tracks of the air and nitrogen worn specimen are recorded. The
recorded spectra are shown in Figure 4.12. In the figure the (100), (002) and (110) reflexes
of MoS, are indicated by circles. First, a decrease of the (100) reflex is detected by compar-
ing the spectra of the worn films with the spectrum of the as-deposited film. This decrease
is independent of the atmosphere the tribological testing took place in. Second, the (002)
reflex is more distinct after tests conducted in nitrogen than after tests in air. At last, the
(110) reflex almost vanishes at the worn surfaces, again independent of the surrounding
testing atmosphere. Changes in surface pressure do not significantly modify the reflexes’
intensities.

The observed intensity changes indicate a crystallographic reorientation of the MoS,
films. Comparable crystallographic changes were reported by Fleischauer and Zhang et al.
[Fle84; Zha04]. Furthermore, the intensity comparison of the (002) reflexes of nitrogen- and
air-worn samples provides an explanation for the lower coefficient of friction in nitrogen
(as reported before, see Figure 4.10). For the explanation it is important to note that the
lubricating properties of MoS, are ascribed to the (002) basal orientation [F1e87]. As here,
for nitrogen-worn samples, the (002) intensity is higher, the MoS,, crystallites are preferably
(002) oriented. Therefore, taking Fleischauer into account, the nitrogen-worn samples show
a lower coefficient of friction, compared to air-worn samples.

Summing up, crystallographic reorientation of the worn MoS, coatings is observed. Here,
the comparison of the (002) reflexes of air- and nitrogen-worn coatings indicates a stronger
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Figure 4.13 Specific wear rate dependence of MoS,, coatings on (a) surface pressure and
(b) sliding velocity in air, argon and nitrogen. Reproduced from reference [Til19c].

basal orientation in nitrogen atmosphere. This preferred (002) orientation might explain
the lower coeflicient of friction in nitrogen compared to air.

The Distribution of Wear Debris. The distribution of wear debris along the wear track
has a great impact on the friction of the sliding process, as Singer et al. reported [Sin03].
They state that the two-body sliding processes of friction and wear are instead three-body
processes, as small wear particles form in the contact. These particles detach from one of
the sliding surfaces and are transferred to the other surface, circulating between the two
surfaces. During this circulation the particles agglomerate and become visible as debris
particles, which are responsible for the frictional behavior of the two sliding interfaces.

This process is taken into account, investigating the MoS,, coatings, as the coatings show
a low hardness and material can easily be detached under shear stress, leading to a high
probability to form wear debris. To demonstrate this formation of wear particles, the wear
rates are shown in Figure 4.13 (see Section 3.2.2 for details on specific wear rates). The
highest removal of material is detected for MoS, films tested in air, for both surface pressure
and sliding velocity. Furthermore, the trends of the wear rates are contrary to each other,
comparing air to argon or nitrogen. While the wear rate tends to decrease in air, it increases
in argon and nitrogen. Again, similar to the coefficient of friction, the surface pressure has
a greater impact on the tribological properties, than the sliding velocity.

The increased debris formation is also visible through the optical microscope of the Raman
microscope system. Here, air- and nitrogen-worn MoS, films contain the highest amounts
of wear debris, whereas argon-worn films show smaller debris concentrations. This is also
confirmed by SEM images, where additional local EDS spectra are taken of the specimen
(images and spectra not shown here). All images show grooves along the sliding direction,
with flattened roughness asperities. At low surface pressures of 1.3 N/mm? the MoS,, films
cover the entire contact area for argon and nitrogen, whereas the film material is completely
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removed in air-worn surfaces. Increasing the surface pressure leads to a film removal at
local spots in nitrogen environments, exposing some substrate material. For higher surface
pressures in argon atmospheres the film stays intact. In air-worn surfaces the higher surface
pressures lead to a reduced wear rate, so that the MoS,, film is only partially removed. For
all surfaces wear particles agglomerate at the edge of the wear track.

The complete removal of the MoS, coating in air-worn samples at low surface pressures
explains the large coefficients of friction reported before. Nevertheless, the coefficient of
friction is lower than it would be for a steel-steel contact. This fact suggests that wear
particles lubricate the two interacting surfaces, and some of the MoS, particles should be
transferred to the surface of the counterpart, as described by Singer et al. This transfer of
MoS,, from the coated specimen to the testing ball is detected by analyzing the ball’s surface
with EDS (images not shown here). Furthermore, Singer et al. described that 2/3 of the
deposited coating is removed during the run-in phase of the tribological process, leading to
a reduction of the thickness of the lubricating layer [Sin96]. This run-in removal of the film
leads to the assumption that the upper part of the coating is removed and contributes to the
formation of the wear particles. Furthermore, this removal reduces the effective thickness
of the lubricant, which should be kept in mind when designing applications with lubricating
MoS,, coatings. At higher surface pressures and sliding velocities in air the MoS, coating
is only removed locally, leading to lower wear rates and coefficients of friction.

In contrast to the air-worn specimen, for argon- and nitrogen-worn specimen, well dis-
tributed MoS, films are detected at low surface pressures, leading to low wear rates and
low friction. With increasing the surface pressure, the fluidity of the MoS, film is increased
[Men18] as well as the temperature in the contact area. This elevated temperature reduces
the energy needed to break bonds, leading to more easily formed wear particles [Coll0].
These generated particles form the tribofilm. The enhanced creation of the particles does
not necessarily lead to high wear rates, as long as the particles remain in the contact area.
As soon as the particles are ejected from the contact area the wear rates increase due to
newly formed particles. Here, for nitrogen-worn surfaces, generated wear particles remain
temporarily in the contact area, leading to only local exposure of the substrate material.
Due to this temporary remain, the wear rate is slightly increased in comparison to argon-
worn surfaces, where the particles seem to remain longer in the contact area.

Recapitulated, the detected wear debris plays an important role in the sliding process
and lubricates the two sliding interfaces. The longer the particles remain in the contact
area, the lower the wear rate and the coefficient of friction.

Summary and Conclusion. In the present section the influence of surface pressure and
sliding velocity on the tribofilm formation of MoS, coatings is studied. A special focus
is drawn to the influence of different surrounding atmospheres and the generated third-
body particles. It is shown that the surrounding atmosphere has a great impact on the
tribological processes. The coefficient of friction and the wear rate in air are higher than in
argon or nitrogen environments. These differences are explained by several effects. Firstly,
the atmospheric humidity of air penetrates the coatings, is absorbed and therefore leads to
higher coeflicients of friction. Secondly, a crystallographic reorientation takes place, with
preferred (002) basal orientation in nitrogen leading to a lower coefficient of friction than in
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air. As a third effect, the formation of the wear particles is identified as important process.
It is observed that the trends of the coefficient of friction and the wear rate are similar for
all test environments. With an increased surface pressure, more third-body particles are
generated that lubricate the interfaces, thus leading to a reduced coefficient of wear and
wear rates in air. For argon and nitrogen, the particles are distributed all over the contact
area. Here, the wear rates are increased by higher surface pressures, as bond breaking
becomes more easy. Furthermore, the debris particles are of several micrometers in size and
accumulate in and around the wear tracks on the coated sample as well as on the ball.

Adding to these tribological properties, Raman scattering reveals a different chemical
behavior of these particles. The debris particles show an increased oxidation resistance
and the overall Raman scattering probability is enlarged. These two phenomena may be
characteristic properties of MoS, tribofilms.
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Chapter 5

Microstructural Properties and Interatomic
Interactions

This chapter presents several studies on the microstructural properties and interatomic
interactions of carbon and MoS, based coatings revealed by Raman scattering processes.
In the first section the influence of the deposition parameters Cathode Power (CP), Bias
Voltage (BV) and Mid-Frequency (MF) on the properties of amorphous carbon coatings
is presented. Using multi-wavelength Raman scattering, the sp® content of the coatings is
determined to range from 12 % to 18 %. Here, high values of CP and BV seem to reduce sp>
formation. The second section is based on the influence of the deposition parameters on the
properties of MoS, coatings. Here, influences on the stoichiometry and the mechanical prop-
erties are identified. Furthermore, a reorientation process that reduces friction is detected.
The third section of this chapter investigates post-growth annealed MoS, coatings, which
show a more shear resistant behavior for high-temperature annealed coatings. Furthermore,
the coefficient of friction of these coatings is linearly dependent of the sulfur/molybdenum
ratio.

5.1 Effects of the Deposition Parameters on the Properties of
Amorphous Carbon Films

In this section the cause-effect relation of multiple magnetron sputtering parameters on
the properties of the amorphous carbon (a-C) films is studied. The parameters are varied,
using a Central Composite Design utilizing the Design of Experiments'. Subsequent to
film deposition, the chemical bonding state of the coatings is characterized using Raman
spectroscopy in the visible (532 nm) and ultraviolet (266 nm) wavelength range (see Section
3.1), revealing sp? contents ranging from 12 % to 18 % for most of the coatings. Comparable
sp® contents are detected with complementary X-ray Photoelectron Spectroscopy (XPS)
measurements using synchrotron radiation (see Section 3.2.4). For high cathode powers and
bias voltages a suppression of the sp® formation is observed. Furthermore, nanoindentation
tests give access to the hardness and the elastic modulus of the films (see Section 3.2.2).
The results are published in reference [Til19a].

Details on Film Deposition. The a-C films are deposited by magnetron sputtering as
described in Section 3.2.1. Here, (100) oriented, p-doped Si-wafers are used as substrate

!The Design of Experiments is a method to plan a set of experiments. It helps to find the minimal set of
experiments that need to be conducted in order to describe and explain a variation of information under
conditions that are hypothesized to reflect this variation.
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Chapter 5 Microstructural Properties and Interatomic Interactions

material. The wafers are prepared for the deposition process by removing possible surface
impurities and oxides, using plasma-etching with ionized argon and krypton gas [Vogl11] (for
details on the plasma-etching parameters see reference [Till9al]). After the preparation, a
CrC inter-layer is deposited on the wafers to improve the adhesion of the carbon layer (for
details on the inter-layer deposition process see reference [Til18]). Subsequent to the inter-
layer, the final a-C films are deposited on the Si-wafers. The parameters used are shown
in Table 5.1. Here, argon is used as process gas at a pressure of 300 mPa. The deposition
time of each of the films is set to 270 min.

Design of Experiments. In order to systematically investigate the linear and quadratic
cause-effect relation of the sputtering parameters on the properties of the a-C films a ro-
tatable Central Composite Design with three factors is chosen (see Figure 5.1).

(0, 0, @por) Here, the influences of the
11, 1){? 11 Cathode Power (CP) (1500W
/I— ﬁT to 4000 W), the Bias Voltage
CL-11) &L o e O) (BV) (—100V to —200V) and the
» XDoE:s
A Mid-Frequency (MF) (20kHz to
(—epom;, 0, 0) Y¢ A ¢ (@pop, 0, 0) 50kHz) are studied. The supplied
iﬁ?/' n parameter range covers the largest
(0, —apow; 0) .

l/(-l, 1,-1) (1,1,-1) possible parameter space of the
o sputtering device, which provided

(-1, -1, -1) 1, -1, -1) )
MF Jy a stable sputtering process. The
BV ©, 0, ~epor) e Center point spacing between the center point
cp ;? ggi?:élé’%l;;t (@) and the extreme values of each

parameter, represented by the star
Figure 5.1 Visualization of a three factor Central Compos- points (YY), is set to pep = 1.682

ite Design. Redrawn from reference [Til19a). [Gar98]. From this scaling factor

the corner points (@) are calculated and rounded to whole numbers. Three additional
center-runs are added to the design (compare Table 5.1).

The data of the experiments is analyzed using the software JMP Pro 12. Here, the
Student’s t-test? is utilized to calculate the impact strength of CP, BV and MF and their
interactions on the properties of the a-C films. This method is complemented by a p-value
of 5%, to evaluate for random effects.

Structural and Mechanical Characterization of the Deposited Films. The deposited
coatings’ structural and mechanical properties are characterized, using SEM (FE-JSEM
7001, Jeol, see Section 3.2.3) to determine their topography. Furthermore, their thicknesses
are determined from the cross-sections of the coatings. Additionally, the surface roughness
is determined using AFM (Dimension Edge, Bruker, also Section 3.2.3). Here, a silicon

2The Student’s t-distribution is a probability distribution for a small number of samples of normally
distributed values. It was developed in 1908 by William Sealy Gosset (¥*1876; T 1937) under his pseudonym
Student [Stu08]. For large sample numbers the t-distribution tends to a Gaussian distribution. Both
distributions differ, as the t-distribution has heavier tails than the normal distribution.

3A p-value indicates if the data analyzed is incompatible to a specified statistical model [Was16]. It is no
measure for the correctness of a specified hypothesis. p-values are to be used with care, they are often
misinterpreted, which led to the statement by Wasserstein et al. [Was16].
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cantilever with a tip radius of 8 nm is used to investigate a region of 100 x 100 pm?, which
is used to calculate the arithmetical mean roughness Ra. For the mechanical properties of
hardness and elastic modulus a nanoindenter is utilized (G200, Agilent Technology, see also
3.2.2). Here, a Berkovich diamond tip is set to penetrate 10 % of the film thickness. In the
applied evaluation procedure, which was suggested by Oliver and Pharr [Oli92], a Poisson

ratio of 0.18 is used [Bec06].

Determination of the sp® Content of the
Deposited Films by Raman Spectroscopy.
In order to determine the sp® content, Ra-

Table 5.1 Overview of the parameters used for
the deposition of the a-C films. Additionally the
star (YY), corner (@) and center (@) points are

man spectroscopy is utilized. Here, non- indicated.

polarized spectra are recorded at two dif-

ferent laser excitation wavelengths 266nm  Run Pattern Cp/ BV/ MF/
(TopWave, Toptica) and 532nm (Samba, W -V kHz
Cobolt). The setup is prepared, as de- 1 @(0, 0, 0) 2750 150 35
scribed in Section 3.1.1, with additional 2 ¥ ( 0,—a, 0) 2750 100 35
laser-specific line filters to remove laser 3 @(0, 0, 0) 2750 150 35
background emission in the excitation path. 4 ¥¢( o, 0, 0) 4000 150 35
Here, a 150 mm lens is used to focus the ex- 5 Y(—a, 0, 0) 1500 150 35
citing laser light to a spot of approximately 6 @(—1, 1,—-1) 2007 180 2
0.3 mm size. The back-scattered light is col- 7 @(0, 0, 0) 2750 150 35
lected using a 75 mm lens and focused onto 8 @( 1, 1,-1) 3493 180 2
the entrance slit of a 500 mm spectrometer 9 @( 1, 1, 1) 3493 180 44
(Spectra Pro 2500i, Princeton Instruments) 10 @( 1,—1, 1) 3493 120 44
through a second 75mm lens. In order 11 i} ( 0, 0 7_0[) 2750 150 20
to suppress the Rayleigh line of the back- 12 @( 0, 0, 0) 2750 150 35
scattered light wavelength-specific edge fil- 13 @(—1,-1,-1) 2006 120 44
ters are inserted directly in front of the spec- 14 (0, 0, a) 2750 150 50
trometer (compare Figure 3.1). The filtered 15 Y¢( 0, a 0) 2750 200 35
light is dispersed with a 3600 grooves/mm 16 @ (—1,-1,—1) 2007 120 2
grating (blaze angle of 240nm) at 266 nm 17 @ ( 1,-1,—1) 3493 120 2
excitation, or a 600 grooves/mm grating 18 @ (-1, 1, 1) 2007 180 A4

(blaze angle of 500nm) at 532nm excita-
tion.

The diffracted light is collected by a Peltier-cooled, UV-enhanced CCD camera

(Pixis, Princeton Instruments). Here, the time of accumulation is set to 100s per Ra-
man spectrum. The laser power at the sample position is varied for the 266 nm excitation
(17mW to 28 mW) and is constant for 532nm excitation (20mW). Before and after each
measurement the a-C films are carefully checked for laser-induced changes, which are not ob-
served. To enhance the statistical significance, at each coating Raman spectra are collected
at three randomly chosen positions.

The collected Raman spectra of the a-C films contain the carbon-related D- and G-peaks,
which are used to estimate the sp® content (see Section 2.3.2). A procedure to estimate the
sp® content was suggested by Ferrari and Robertson [Fer01]. Their procedure is adapted for
the present analysis and described in the following. A scheme of the evaluation process is
presented in Figure 5.2. Subsequent to the measurements, the data is processed, using the
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Figure 5.2 Schematically the four steps of determining the sp® content of a-C films
are shown. In the first step, Raman spectra are recorded at two different excitation
wavelengths (here: 266 nm and 532 nm). In the second step, the spectra are fitted in order
to determine their D- and G-peak positions. In the third step, the dispersion of the G-peak
is calculated by linear extrapolation across the two wavelengths. This dispersion is used
to calculate theoretical G-peak positions for excitation-wavelengths of 244 nm and 514 nm,
which were used by Ferrari et al. [Fer0l]. Finally, in the fourth step, the sp® content is
derived by inserting the corrected G-peak positions into the three-stage-model suggested
by Ferrari. Reproduced with permission from reference [Til19a].

data analysis software OriginPro. Here, the recorded peaks are fitted by a linear combina-
tion of a Breit-Wigner-Fano (BWF') resonance and a Lorentzian function, as suggested by
Ferrari and Robertson [Fer00] (see "record & fit” in Figure 5.2). The fit function is given
by

(1 12 —“”BWF)Q " r
Iw)=1I,+ I Yo~ D . (5.1)
1+ (W*WBWF) 7[' 4(w—wD)2—|—FD
I'g

Here, the intensity I is described by the scattering frequency w. The intensity is offset by Ij,.
The G-peak is described by its intensity I, the frequency position of the BWF resonance
wpwr and the Full Width at Half Maximum (FWHM) of the G-peak. The resonance’s
asymmetry factor is given by ¢!. The Lorentzian term describes the D-peak. Here, the
area under the curve is given by Ap, the peak’s position is wp and the FWHM is given by
I'. The position of the G-peak does not coincide with the position of the BWF resonance,
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5.1 Effects of the Deposition Parameters on the Properties of Amorphous Carbon Films

but it may be derived by

FG
The height of the D-peak is given by
2Ap
I, = ——. 5.3
b= (53)

Subsequent to the fitting procedure, the sp® content is evaluated based on the multi-
wavelength amorphization trajectory of Ferrari and Robertson [FerO1]. The trajectory de-
scribes the change of the G-peak position with respect to the sp® content of amorphous
carbon systems. Three different crystallization stages are identified in the trajectory. Lin-
ear functions are used to model the behavior in the different stages. Here, the trajectory is
shown for 244nm and 514nm (see "derive” in Figure 5.2). To account for the deviation of
the here used excitation wavelengths (266 nm and 532nm), corrected G-peak positions are
calculated, assuming a linear dispersion of the G-peak position (see "extrapolate” in Fig-
ure 5.2). The extrapolated positions are used to derive the sp® contents of the amorphous
carbon coatings. It is assumed, that the sputtered coatings are part of the last two stages
(see "stage 2” and "stage 3” in Figure 5.2).

Determination of the sp® Content of the Deposited Films by XPS. Additionally to
Raman spectroscopy, the sp® content is complementary estimated using X-ray Photoelec-
tron Spectroscopy (XPS) at Beamline 11 at the synchrotron radiation facility Dortmunder
ELekTronenspeicherring-Anlage (DELTA) [Wes05]. The measurements are performed in
ultra-high vacuum (~5 x 10~ '° mbar) at photon energies of 450 eV and 650 eV. Here, survey
spectra are collected at both excitation energies under a take-off angle of 0 °. High-resolution
spectra of the carbon C 1s line are only recorded at a photon energy of 450eV. In order to
fit the XPS spectra the UNIFIT software is used [Hes17]. The background of the spectra,
caused by inelastic electron scattering, is estimated using the Shirley method [Vanll]. The
C 1s line is composed by contributions of sp? and sp® hybridized carbon atoms. Here,
the different components are fitted by Voigt profiles (see 2.1.4), whereas the Lorentzian
contribution of the sp? component is replaced by the asymmetric Doniach-Sunjic profile
(see also 2.1.4) [Chu06]. Other contributions to the low-energy flank of the C 1s peak,
like carbon-oxygen signals, are modeled by additional Voigt profiles. For the non-Gaussian
contributions of the sp? and sp® signatures the widths are set to 214 meV [D1a96; Che90;
Set90]. In this work, three different fitting procedures of two components in the C 1s peak
are discussed.

1. The C 1s signal is fitted varying five parameters: the asymmetry of the sp? component,
the binding energy shifts and the Gaussian line widths of each component, as suggested
by Diaz et al. [Dia96].

2. The C 1s signal is fitted using a fixed binding energy shift of —0.9eV, as reported by
references [D1a96; HaeO1].

3. The C 1s signal is fitted with fixed values for asymmetry (0.05 [Che90; Set90]) and
binding energy shift (—0.9eV [Dia96; Hae01]).
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Chapter 5 Microstructural Properties and Interatomic Interactions

Table 5.2 Summary of the mechanical, optical and compositional properties of the a-C
films. The determined sp?,, (sp’;) content has an error of +0.5% (+2%) due to peak
fitting errors.

Run Deposition rate/ Roughness Ra/ Ip/Ig In/Ig sp3532 content sp3266 content Hardness/ Elastic modulus/
nm/h nm (measured (measured  (measured at  (measured at  GPa GPa
at 532nm) at 266nm)  532nm)/% 266 nm)/%
1 1696+ 1.7 6.9+1.3 1.26 4-0.05 0.31+£0.03 8.9 12.3 242418 213.1410.7
2 1729+1.1 6.1+1.2 1.42 4+ 0.06 0.35 4 0.04 11.8 14.4 226414 2054+ 7.3
3 168.6+£0.9 7.0+£0.7 1.3940.03 0.32 4+ 0.08 9.3 12.1 23.54+1.3 20564+ 5.9
4 1109+21 49+0.4 1.06 +0.02 0.38 +£0.03 8.1 4.3 129406 15824 4.4
5 89.6 + 1.1 5.7+£0.9 1.974+0.05 0.25 4 0.03 11.0 14.0 21.14+1.3 193.54+10.6
6 1214+12 59+ 1.1 1.234+0.09 0.28 +0.04 10.8 16.4 23.7+13 2071+ 5.7
7 1693415 5.54+0.3 1.24 4+ 0.05 0.29 + 0.03 9.3 17.5 223+£1.0 19794+ 5.0
8  Delaminated Not measurable 127425 15854+ 5.2
9  Delaminated 1.72 4+ 0.03 0.42 £0.03 10.4 7.7 129+04 1685+ 2.7
10 2219423 6.7+0.4 1.73 £0.02 0.36 + 0.04 11.0 14.7 19.6+14 183.7+ 6.9
11 169.1+1.5 6.6 + 0.4 1.12 £ 0.04 0.31+0.03 9.4 19.8 222418 21344 8.2
12 168.6 +0.9 7.6 +£2.0 0.73 4 0.09 0.28 +0.03 15.0 14.8 23.9+1.8 22394 83
13 1243 +1.3 5.6 +£0.7 1.10 £ 0.05 0.25 +0.03 9.9 15.9 196+1.4 1883+ 7.8
14 164.74+0.9 5.8+£0.7 1.324+0.05 0.26 +0.03 9.8 16.2 249+11 21114 7.8
15 Delaminated Not measurable 12.6 +0.7 156.2+ 5.7
16 1226 +£1.2 6.2+0.5 0.90 £ 0.07 0.30 £ 0.04 13.6 15.2 19.04+£2.0 183.2+10.1
17 261.54+3.2 64+1.1 1.08 4+ 0.06 0.42 +0.03 10.4 16.5 16,5+ 1.6 169.54+ 8.5
18 1141404 5.440.6 1.47 +£0.03 0.28 4 0.03 9.5 13.1 22.14+1.0 1943+ 4.4

Morphology, Topography and Deposition Rate. In order to determine the morphology
(topography) of the deposited a-C films cross-sections (surface regions) are analyzed by
SEM (see Section 3.2.3). The films showed a proper architecture, with a CrC inter-layer
and the supposed amorphous carbon top layer, whose thickness is additionally determined.
All films showed an amorphous morphology with a fully-dense structure. For three films
(Runs 8, 9 and 15) delamination is observed, with only the CrC inter-layer preserved. Here,
the high BV of —200V or the combination of high CP (3493 W) and high BV (—180V)
lead to high residual stresses, that result in film delamination.

From the thicknesses of the amorphous carbon films the corresponding deposition rates
are evaluated (see Table 5.2). Here, deposition rates of delaminated coatings could not be
calculated and, therefore, are omitted from the following data analysis.

Table 5.3 shows the determined effects of the deposition parameters on the deposition
rate, the roughness, the sp?’266 content, the hardness and the elastic modulus. Here, the t-
and p-values are listed. Additionally, the t-value is plotted as unsorted Pareto chart? to
visualize the impact of each parameter and their quadratic interactions on the a-C films’
properties.

Influences on the Deposition Rate. For the deposition rate, the effects of the inter-
action between CP and BV, the quadratic CP and BV and the linear BV show statisti-
cal significance. Here, all effects show negative t-values, meaning an anti-proportional
behavior of the deposition rate on changes of any of the significant parameters. The
anti-proportional behavior of the quadratic CP does not meet the expectations, as it
was assumed that the quadratic CP would lead to higher deposition rates. However, a

4The Pareto chart is a value-sorted diagram to ease the identification of critical factors in a set of parameters.
It is commonly used in quality control and named after the Italian economist Vilfredo Pareto (*1848;
11923) [Wil06]. Pareto and others observed the Pareto principle, which states that 80 % of the effects
often can be attributed to 20 % of the causes. Therefore, this principle is also known as the 80/20 rule.
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5.1 Effects of the Deposition Parameters on the Properties of Amorphous Carbon Films

Table 5.3 Influences of the different deposition parameters and their quadratic interac-
tions on the mechanical and compositional properties of the a-C films. Listed are the t-
and p-values, with additionally plotted t-values to visualize each parameter’s impact.

Parameter  Deposition rate Roughness sp?’%6 content Hardness Elastic modulus

t-value  p-value t-value p-value t-value p-value  t-value p-value t-value p-value
CP 0.85 | 43.6 —0.90 N 04 —2.73 = 34 =530 W <01 —3.20 = 1.3
BV —737 ®m <01 —153 = 0.2 —1.81 = 120 —2.95 = 1.8 —1.66 N 13.5
MF —1.46 1 20.3 —0.70 1 0.5 —1.18 N 283 1.01 1 342 027 | 79.7
CP? —6.42 W <01 —241 W <01 —227 = 64 —4.73 W <01 —-3.76 W < 0.1
BV? —448 W <01 —162 = 0.2 —0.75 1 484 —4.31 W < 0.1 —327 = 1.1
MF? 0.40 | 70.9 —0.86 04 235 m 5.7 —0.31 | 764 —0.20 | 84.9
CPBV —755 W <01 —-135 N 0.2 —1.53 W 177 —336 W <01 —1.54 N 16.1
CPMF —1.32 | 244 052 1 0.6 —0.14 | 89.1 0.80 | 449 088 1 40.6
BV MF 0.14 | 89.1 —0.09 | 0.9 —0.38 1 71.6 —0.96 1 36.5 —0.61 1 56.0

quadratic decrease of the deposition rate could only be observed at the star CP value
of 4000 W. The linear effect of the CP, meaning a proportional increase of the depo-
sition rate, is observed, but shows only little significance. This is attributed to the
low sputtering yield of carbon [Ohr02c|, leading to a low deposition rate. The linear
effect of the BV on the deposition rate is explained by densification mechanisms and
re-sputtering of weakly bonded atoms. With a higher BV the kinetic energy of the
ions is increased, leading to smaller deposition rates [Gio98]. Here, the BV can only
be increased up to a critical value, as residual stresses accumulate in the a-C coatings,
leading to delamination (see Run 8, 9 and 15). The MF shows no significant effect on
the deposition rate.

Influences on the Surface Roughness. The roughness values Ra of the films are
listed in Table 5.2. The roughness ranges from 4.9 nm to 7.6 nm, delaminated coatings
are omitted from the statistical analysis. The results of the statistical analysis on
the effects of the deposition parameters are listed in Table 5.3. Here, no effect is
statistically significant, all effects show only minor impact on the surface roughness of
the deposited films. This might be explained by the narrow range of Ra, compared to
the large parameter space of CP, BV and MF, leading to no effect with a statistical
significance of 95%. Here, SEM micrographs show surface changes with increasing
CP, leading to different roughnesses, but a clear effect is not observed.

Chemical Bonding. In order to analyze the sp? content of the amorphous carbon coatings,
multi-wavelength Raman spectroscopy is utilized. A typical Raman spectrum is shown in
Figure 5.3. Here, the coating is excited using 266 nm laser light. The recorded spectrum
(red line) shows the D- (at the low-frequency flank of the G-peak) and G-peak (at about
1580 cm ™!, see also Section 2.3.2). Furthermore, the cumulated fit (dashed line) and the
single components (solid lines) are shown. Additionally to the D- and G-peak, remnant laser
replica are visible at three positions in the spectrum: The Rayleigh line at approximately
Ocm™! and two lines at 1552cm™! and 2328cm™'. The assignments are drawn from a
comparison of the collected a-C Raman spectra with a reference spectrum of a silicon
sample (not shown here).
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Figure 5.3 Exemplary Raman spectrum of an a-C film under 266 nm laser excitation.
Marked by arrows are laser replica as well as the D- and G-peak positions. The respec-
tive fits are shown in black solid lines, whereas the sum fit is shown by the dashed line.
Reproduced with permission from reference [Til19a].

Table 5.4 Parameter ranges of selected fitting pa- Figure 5.4 shows the Raman spectra of
rameters for both excitation wavelengths. different a-C films for (a) 532nm and (b)
266 nm excitation. For 532nm, the D- and

parameter 266 nm exc. 532nm exc. G-peak are of comparable intensity. The

min nax min max fitted peak positions are marked by arrows.

we/em ™t 1577 1595 1537 1566 For each spectrum, the corresponding run

Ig/em™ 158 221 176 248 and the determined sp® content are marked

wp/em™t 1365 1443 1345 1452
Ip/em™ 332 425 309 497
In/1g 0.25 0.52 0.73 1.97

next to the spectrum. For 266 nm the same
a-C films are shown. Selected parameter
ranges of the fitted spectra are listed in Ta-
ble 5.4. Comparing 266 nm excitation and 532 nm excitation, the G-peak is slightly broad-
ened and its position is slightly moved towards lower Raman shifts. The D-peak is strongly
broadened, while its position is rather stable. Furthermore, the intensity ratio of the two

peaks changes from values < 0.5 to values > 0.7.
1

In the recorded spectra around 1000 cm™ " no additional Raman signature (the so called
T-peak) is detected, which would indicate a significant sp® hybridization [Fer01]. This leads
to the conclusion that the sp® content in the investigated films does not exceed 20 % to 30 %.
Therefore, stage 2 is the stage of interest of the prior presented three-stage model. This
is solidified by the fact that the derived sp® contents do not strongly differ for the two
wavelengths (compare Table 5.2). In case of choosing stage 3 for the sp® content determi-
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Figure 5.4 Raman spectra of the investigated a-C films excited with (a) 532nm and (b)
266 nm laser light. Marked by arrows are the D- and G-peak positions. The sp® contents
are given in percentages with the respective sample ID in brackets. Reproduced with
permission from reference [Til19a].

nation the derived contents vary considerably between 30 % to 90 % for the same sample.
Additionally, the intensity ratio I' /I for 532 nm ranges from 0.7 to 2, which supports the
selection of stage 2, as this ratio is only characteristic for the first two stages [Fer00]. Stage
1 is not considered, as the films are sputtered a-C and no point of intersection is given
for 532nm excitation. To further support this, several samples (Runs 1, 10 and 18) are
additionally inspected with 633 nm laser light. Here, again only a match of the measured
G-peak position with the suggested G-peak dispersion is detected in stage 2. The deter-
mined sp® contents for 633 nm (respectively 14.7 %, 12.9 % and 16.2 %) match the detected
ranges for 266 nm (4 % to 20 %) and 532nm (8 % to 15 %) excitation.

In order to estimate the sp® content more accurately, the T-peak position could be uti-
lized, which becomes observable for deep UV wavelengths below 244nm [Fer01; Mer97].
Nevertheless, the D-peak still overlaps the T-peak for sputtered a-C films, even at deep UV
wavelengths.

An additional contribution to the sp® content might stem from C—H; bonds. They are
ruled out for the investigated films, as the corresponding Raman bands at approximately
3000cm™! are not detected (compare Figure 5.3) [Sny82; Soc01]. Hence, the derived sp?
contents stem solely from a C—C sp® hybridization. The calculated values for 266 nm and
532nm excitation are summarized in Table 5.2. As shown, multiple-wavelength Raman
spectroscopy of the amorphous carbon films is essential to determine the specific stage of
the three-stage model and to deduce the approximate sp® content of the samples.

79



Chapter 5 Microstructural Properties and Interatomic Interactions

Norm. intensity (arb. u.)

156 158 160 162 164 156 158 160 162 164 156 158 160 162 164

Kinetic energy (eV)

Figure 5.5 Exemplary XPS spectrum of an a-C film (Run 2). The respective fits are
shown. Reproduced with permission from reference [Til19a].

XPS Measurements of the Amorphous Carbon Coatings. Additionally to Raman spec-
troscopy, several coatings (Runs 2, 3, 4, 7, 11, 12 and 18) are representatively analyzed by
XPS. The collected spectra and three methods of fitting (see paragraph on the determina-
tion of the sp® content by XPS) of Run 2 are presented in Figure 5.5. Here, the normalized
C 1s peak is shown (data as filled circles), with the beam intensity of the photo-emitted
electrons measured as function of their kinetic energy. Additionally to the measured data,
the fitted components of the sp? and sp® hybridized carbon are displayed by filled curves.
Arrows mark the small contributions of C—OH and C=0, resulting from surface oxidation
of the a-C films in ambient air. The resulting sum curve is superimposed on the data.

Table 5.5 Determined sp® contents of se- For all of the a-C films analyzed with XPS,

lected a-C films using XPS and different the sp> content is lower than 23 %, independent
methods of fitting. The varied (v) and fixed of the fitting procedure (see Table 5.5). The

(f) parameters are indicated. mean of all sp® contents determined amounts
to 13 %, which supports the prior determined

Run sp® content / % sp> contents with UV and visible Raman spec-
Qgyms V. Qgymy Vo Qg © troscopy. The three different fitting procedures

Eg, v Eg, f Eg, f of the XPS spectra yield slightly different ranges

9 16 14 15 for the sp® content, each varying by +5%. Al-

3 9 10 18 lowing the fit to vary the asymmetry o, and

4 3 5 11 the binding energy shift E; as suggested in the

7 8 9 19 first fitting procedure by Diaz et al. [Dia96], the
11 10 11 18 determined sp? content ranges from 8 % to 16 %.
12 10 11 18 For the second procedure, with a fixed binding
18 11 13 929 energy shift of —0.9eV and a variable asymme-

try [Dia96; Hae01], the sp® content ranges from
5% to 14 %. For the third fitting procedure, with a constant binding energy shift of —0.9 eV
and an asymmetry of 0.05 [Che90; Set90; Dia96; Hae01] the sp® content ranges from
11% to 22 %.

The three different fitting procedures used are proposed methods for analyzing carbon
related XPS spectra. For all three methods, the determined sp® contents are comparable to
the sp contents obtained with Raman spectroscopy. Therefore, the effects of the deposition
parameters on the sp® content are similar to the effects determined with Raman scattering.
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5.1 Effects of the Deposition Parameters on the Properties of Amorphous Carbon Films

However, this data shows that improvements in the determination of the sp® content of
amorphous carbon films are necessary. Here, Raman scattering spectroscopy with excitation
wavelengths below 240 nm or tip-enhanced techniques might be used to increase the carbon-
related Raman scattering signals significantly.

Statistical Analysis of the sp> Content Determined with Raman Spectroscopy. In order
to evaluate the influences of the different deposition parameters, the sp® content is analyzed
by statistical measures. As the band gap of sp? hybridized carbon is approximately 2eV
(620nm), and the excitation energy of 4.6eV (266nm) is well separated from this value
and close to the diamond band gap of 5.5eV (227 nm), the Raman cross-section is mostly
defined by sp?® bonds than by sp? states of the carbon network. Therefore, the sp® content
determined by 266 nm excitation is analyzed statistically [Mer97]. Here, it is even possible
to determine the sp® content of Run 9, while the sp® contents of Run 8 and 15 are not mea-
surable (compare Table 5.2). In Table 5.3 the linear and quadratic effects of the deposition
parameters on the Sp326.6 content are listed. Only the linear influence of CP shows statistical
significance. Close to statistical significance are the quadratic effects of MF and CP with
p-values of approximately 6 %.

Despite the statistical significance and excluding the quadratic effect of MF, all other
effects of the deposition parameters show negative t-values, indicating an anti-proportional
behavior of the sp?’266 content with increasing parameters. For the linear effect of CP this
is in good agreement with Cho et al., who reported an increase of the sp? bonding fraction
with an increasing power density [Cho90]. Furthermore, the quadratic effect on CP shows
a maximum, which was also reported by Dai et al. [Dail6]. A similar behavior is observed
for the linear and quadratic effects of the BV on the sp® content. Here, the linear BV
is anti-proportional on the sp® content and the quadratic BV shows a slight maximum.
The reduction of the sp® content, for high CP and BV values, may be explained by the
kinetic energy of the sputtered atoms, which exceeds a critical value, resulting in thermal
dissipation, and therefore, in a relaxation of the density and stress [Rob94; Dav93].

Mechanical Properties. Using nanoindentation the hardness and the elastic modulus of
the amorphous carbon films are determined (see Table 5.2). In order to evaluate the in-
fluences of the deposition parameters on the films’ mechanical properties all determined
hardness values and elastic modulus values are used in the statistical analysis, even the
values of delaminated films. The lowest hardness values of ~ 12.6 GPa (Runs 8 and 15)
correspond to the hardness of the Si substrate [Van07]. Here, the sp® content is not de-
termined. For Runs 4 and 9 a hardness of ~ 12.9 GPa and low sp® contents (4.3 % and
7.7%) are determined, indicating delaminated a-C films. The hardness values are com-
parable to CrC films sputtered on plasma nitrided AIST H11 steel (X38CrMoV5-1, 1.2343,
(13.7 £ 2.0) GPa) [Til18], indicating that the a-C films delaminated, but the CrC inter-layer
remained intact.

The statistical analysis shows that the hardness is influenced by the linear and quadratic
effects of CP and BV, as well as by their interaction (see Table 5.3). All of the effects show
negative t-values, indicating an anti-proportional behavior with respect to an increase of CP
or BV. An increase of the hardness of the a-C films is observed up to a critical value, which
decreases again by further increasing the CP and BV. A similar trend was reported by Dai
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Figure 5.6 Correlation of the sp®, content with (a) hardness and (b) elastic modulus.
Reproduced from reference [Til19a].

et al. [Dail6]. They ascribed the hardness decrease to the decomposition of sp® into sp?
due to thermal dissipation of the high-energy bombarding particles [Til19a]. Furthermore,
the MF does not significantly influence the hardness.

For the elastic modulus, significant influence is determined only by the quadratic effects
of the CP and BV, as well as the linear effect of the CP (see Table 5.3). Again, these
effects show negative t-values, indicating a hardness-comparable behavior. For the elastic
modulus a maximum is reached at a critical value, before it decreases with increasing CP
and BV. Here, like on the hardness, the MF has no significant influence on the elastic
modulus. Therefore, it can be concluded, that the CP and the BV are the two most
significant parameters for the mechanical properties of the a-C films. Here, hardness and
elastic modulus are influenced in a similar manner by the two parameters. This can be
attributed to the fact that the mechanical properties of a-C films are directly related to the
sp® content [Rob10].

Correlation Between sp® Content and Mechanical Properties. Figure 5.6 shows the cor-
relation between the sp?’266 content and the mechanical parameters hardness and elastic
modulus of the sputtered a-C films. Generally, a high sp® content coincides with a high
hardness and elastic modulus. However, the highest determined sp® content does not cor-
respond with the highest hardness and elastic modulus. Furthermore, the distribution of
the points shows a cloud-like distribution, rather than a linear dependency. This might
be explained by the small range of the sp® values, as well as the narrow range of the val-
ues for hardness and elastic modulus, resulting in amorphous carbon films with very similar
mechanical properties. In particular, this behavior becomes notable for the center-run coat-
ings (@), which should show identical mechanical parameters, as they are deposited under
identical conditions. Nevertheless, they show slightly differing sp® contents and mechanical
properties.

Amorphous carbon films deposited by magnetron sputtering have comparably low sp®
contents as films grown by evaporation. In order to get higher sp® contents other deposition
methods have to be used (see for example reference [Rob02]). In conventional magnetron
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5.1 Effects of the Deposition Parameters on the Properties of Amorphous Carbon Films

sputtering, the kinetic energy of the sputtered carbon atoms is not sufficient to form films
with high sp® contents [Sch18]. Therefore, the deposited a-C films show sp® values below
20 %, despite the strong variations of the deposition parameters. Nevertheless, for the films
investigated, an increase of the mechanical parameters hardness and elastic modulus is
observed with an increasing sp® content. This might be explained by a clustering of the sp?
sites, as observed by Rybachuk et al. They observed that hydrogenated a-C:H films with
increased hardness and elastic modulus were characterized by aromatic sites, arranged in
smaller domains with an increased degree of ring distortion and additionally, sp-bonded
olefinic® sites with a higher degree of clustering [Ryb06].

Summary and Conclusion. The linear, quadratic and interaction effects of the deposition
parameters cathode power, bias voltage and mid-frequency on the structural and mechanical
properties of amorphous carbon films are investigated. Here, the deposition rate is mostly
influenced by the interaction of CP and BV and by the BV. At very high values for CP and
BV the coatings delaminate, due to high intrinsic stresses.

Using multi-wavelength Raman spectroscopy in the UV and visible range, the sp® content
of the sputtered coatings is determined. The sp?® values of most of the films range from
12% to 18 %, excluding two exceptions. The determined sp® contents are supported by XPS
measurements. Furthermore, high values of CP and BV seem to reduce the probability of
sp® formation, which is explained by an exceeding of a threshold for the kinetic energy of the
bombarding atoms. The statistically significant linear effect of the CP is anti-proportional
to sp® formation, leading to less sp® bonds with higher CP. The quadratic effects of CP and
BV, as well as their interaction and the linear BV show anti-proportional behavior as well,
despite being statistically insignificant.

For mechanical parameters, again the effects of CP and BV are of greatest influence,
while the MF does not change the coatings’ properties strongly. Furthermore, an increase
of the mechanical parameters hardness and elastic modulus coincides with an increased sp®
content. Due to the very similar amorphous carbon films, no clear relation between the
mechanical parameters and the sp® content is derived.

Overall, the Design of Experiment method is successfully utilized to analyze the cause-
effect relation of the sputtering parameters and film properties with the help of multi-
wavelength Raman scattering. The scattering technique might be used to get a rough
estimation of the sp® content in amorphous carbon films. Here, the use of multiple excitation
wavelengths is required, ideally with at least one wavelength in the 240 nm range.

5Qlefinic hydrocarbons are all other acyclic or cyclic hydrocarbons with one or more carbon-carbon double
bond, which are not of aromatic character [Chal9; Soc01].
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Table 5.6 Deposition parameters and structural properties of the HIPIMS deposited MoS,,
films. Listed are the sample ID, the heating power Py, the bias-voltage Up, the pulse
frequency f,, the pulse duration ¢, the substrate temperature Tg, the coating thickness
d., the mean roughness Ra, relative atomic contents of molybdenum and sulfur, the S/Mo
ratio and the intensity ratio of the (100) and the (002) XRD peaks.

ID Py/ Ug/ fp/ tp/ TS/ d./ Ra/ Mo/ S/ S/Mo (100)/
W A% Hz s °C pm nm at.% at.% Ratio (002)

DC 3000 150 31241 2.70+0.02 79.1+1.5 386+0.3 66.44+0.3 1.59+0.02 7.84+04

1 3000 150 700 150 3114+5 1.75+0.01 18.6+0.7 33.1+0.2 66.9+0.2 2.02+0.02 22401

2 500 150 700 150 128 +1 1.4140.01 13.1+1.1 31.04+£0.5 689+0.5 2.2240.05 1.2+0.1

3 5500 150 700 150 388+5 2.034+0.02 21.6+20 324403 67.6+0.3 2.0840.03 1.4+0.1

4 3000 50 700 150 308+2 2.2640.01 224432 32240.1 67.8+0.1 2.114+0.01 1.6 4+0.1

5 3000 250 700 150 3064+1 1.55+0.02 1864+3.5 31.54+0.2 68.5+0.2 2.17+0.02 6.7+0.3

6 3000 150 400 150 306+1 1.25+0.01 12.7+0.5 320403 68.0+0.3 2.14+0.03 1.940.1

7 3000 150 1000 150 308 +1 248 +0.02 29.3+0.6 324+4+0.2 67.6+0.2 2.09+0.02 9.440.1

8 3000 150 700 8 306+1 147+0.01 169+33 31.54+0.2 6854+0.2 2.1840.02 3.7+04

9 3000 150 700 215 305+1 21040.02 80.3+3.7 31.840.2 68.2+0.2 21540.02 10.64+0.8

o
N

Structural, Mechanical and Tribological Properties of
As-Deposited MoS, Films

In this section the impact of the High Power Impulse Magnetron Sputtering (HiPIMS) de-
position parameters on the structural, mechanical and frictional properties of the deposited
MoS, films® is analyzed. It is shown that the stoichiometry of the films is mainly influenced
by the bias-voltage and the heating power during the deposition process. The mechanical
properties of the films are mostly influenced by pulse frequency and heating power. For low
values of these parameters, a shortening of the Mo—S bond length is determined, leading
to an enhanced interatomic coupling and to the formation of small crystallites at the film’s
surface. Furthermore, a possible friction reducing reorientation process is detected. The
findings are published in reference [Kok20).

Details on Film Deposition. The MoS, films are deposited on polished X38CrMoV5-1
steel (1.2343) substrates with a mean roughness Ra of (4.9 + 0.5)nm and a hardness of
(8.1 +4.0) GPa on (100)-oriented silicon wafers, using an unbalanced magnetron sputtering
device (see Section 3.2.1). Prior to the deposition process, the surfaces of the substrates
are cleaned with a gas-etching mixture of argon and krypton, followed by a booster-etching
process using two molybdenum targets in order to improve the adhesion of the MoS,, films.
Onto the prepared surfaces, the films are deposited using the HiPIMS method. Here, a MoS,
target (99.5 % purity, 3kW cathode power) is used at a chamber pressure of 350 mPa. An
overview of the sputtering parameters is shown in Table 5.6. The sputtering time is set to
3800s for all sample IDs.

Details on Film Characterization. The surfaces and cross-sections of the MoS,, films are
characterized by SEM (see Section 3.2.3). The composition of the films is determined us-

5The subscripted « indicates that the stoichiometric composition of the sputtered coatings cannot be
predicted prior to the deposition process. After the deposition, the composition can be determined using
EDS (see Section 3.2.4).
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Table 5.7 t- and p-values of the statistical analysis on the influence of the pulse duration
t,, the pulse frequency f,, the substrate temperature Ty and the bias-voltage Ug on
mechanical film properties.

Parameter Roughness Coating Thickness Hardness Coefficient of Friction
t-value p-value t-value p-value  t-value p-value t-value p-value
ty 251 0.07 568 W < 001-084 1 0.45 0.00 1.00
fo 0.65 1 0.55 11.00 mm < 0.01 —3.29 M 003 125 n 0.28
Ty 0.53 1 062 58 W < 001-290 M= 0.04 086 1 0.44
Uy —0.15 | 0.89 —6.33 MW < 0.01 0.60 1 0.53 —2.51 0.07

ing EDS and XRD (see Section 3.2.4, details on measurement parameters are described in
reference [Kok20]). The XRD peaks are fitted using a Lorentzian peak function to deter-
mine their intensities and their FWHM. In addition, the arithmetic mean roughness Ra
is measured using a confocal white-light microscope (Nanofocus psurf). Using a confocal
Raman spectrometer (see Section 3.1.2), inelastically scattered spectra of the acoustic and
optical vibrations of the MoS, lattice are collected at laser powers below 1 mW and in-
tegration times of 100s. Furthermore, the hardness and elastic modulus are determined
using nanoindentation experiments (see Section 3.2.2, Poisson ratio vp = 0.2). Using a
ball-on-disc tribometer, the coefficient of friction is determined (see Section 3.2.2). Here,
MoS,, coated and uncoated 100Cr6 (1.2067) counter bodies are used. The experiments are
conducted in ambient air with a relative humidity of 50 % at room temperature. The device
is set to 1500 load cycles at a radius of 8 mm, with a velocity of 0.4 m/s. The applied normal
force is 5 N.

Structure and Thickness of the MoS, Films. Most of the films show a dendritic needle-
like structure (see Figure 2 in reference [Kok20]). The homogeneity of the coatings becomes
more pronounced for short pulse durations, with high bias-voltages and low heating powers
(ID8, ID5 and ID2). A statistical analysis of the roughness showed that none of the de-
position parameters influences the roughness significantly (see Table 5.7). Nonetheless, an
increasing pulse duration seems to increase the surface roughness (compare roughness val-
ues for ID8, ID1 and ID9 in Table 5.6). For short pulse durations, a low surface roughness
is observed.

In contrast, the deposition parameters affect the coatings’ thickness. The thickness of a
coating increases with an increase of the pulse frequency, the substrate temperature or the
pulse duration (see also the positive t-values in Table 5.7), whereas a stronger bias-voltage
leads to a reduction of the coatings’ thickness. The highest impact on coating thickness is
given by the pulse frequency, the other deposition parameters are of comparable influence,
whereas the bias-voltage is the only parameter that reduces the thickness of the coating.”

Chemical Composition. As evaluated by EDS and shown in Table 5.6, the S/Mo ratios
of the HiPIMS sputtered films are higher than the expected ratio of MoS,. For the DC
sputtered reference sample a lower S/Mo ratio (1.59 + 0.02) is determined, demonstrating

7An additional analysis of the impact of the peak current density on the film-thickness is presented in
reference [Kok20], but omitted here.
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Table 5.8 ¢- and p-values of the statistical analysis on the influence of the pulse duration
t,, the pulse frequency f,, the substrate temperature Tg and the bias-voltage Ug on
structural and compositional film properties.

Parameter  (100)/(002) Ratio  (002) Peak Position S/Mo Ratio FWHM of (100) Peak
t-value p-value t-value p-value  t-value p-value t-value p-value
S 1.55 | 0.20 —0.93 | 0.40 —0.36 1 0.74 —1.84 1 0.14
fp 1.68 | 0.17  2.38 | 0.08 —0.58 1 0.59 —4.72 0.01
Tg 0.49 1 0.65 7.27 M < 001 —1.80 W= 0.15 —2.54 N 0.06
Up 1.15 | 0.32 0.86 | 0.44 0.70 | 0.52 1.93 | 0.13

that the sputtering method plays a superordinate role for the composition of the films.
For an increased substrate temperature among the HiPIMS-sputtered films, the S/Mo ratio
seems to be reduced towards 2. This is in accordance with Aubert et al., who reported that
an increased substrate temperature from 100 °C to 300 °C leads to a decrease of the S/Mo
ratio from 1.90 to 1.71 for DC sputtered thin films [Aub90]. For bipolar pulsed magnetron
sputtered MoS, thin films with even lower S/Mo ratios in the range of 0.8 to 1.5 are reported
[Lau00]. Additionally, Biilbiil et al. reported that an increasing bias-voltage leads to a
reduction of the S/Mo ratio due to re-sputtering of the sulfur atoms and an enhanced
ion bombardment [Biil16]. This re-sputtering is attributed to be responsible for the low
sulfur content in the DC sputtered sample. Here, the larger duty cycle of the direct-current
bias voltage (DC sputtering) compared to the synchronized-pulsed bias voltage (HiPIMS
sputtering) leads to a higher selective re-sputtering of the sulfur atoms in the DC sputtered
sample.

Diffraction Analysis of the MoS, Films. Figure 5.7 shows the collected XRD spectra of
the as-deposited MoS,, films. Here, the diffraction peaks at around 44 ° and around 64 ° stem
from the 100Cr6 substrate of the coatings. The other diffraction reflexes are attributed to
symmetry planes of MoS,, namely the (002) plane at around 14 °, the (100) plane at around
33°, the (101) plane at around 34 ° and the (110) plane at around 49° [Gral2; Vai2l]. As
reported by Aubert et al. [Aub90], MoS, coatings with concentrations of x < 1.2 develop
an amorphous crystallization phase. For coatings with concentrations 1.4 < z < 1.8 the
hexagonal structure is observed and for MoS,, coatings with sulfur concentrations z > 1.9 a
more crystalline phase with a (110) orientation is observed. Accordingly, the occurrence of
multiple crystallographic orientations in the investigated thin films indicates that the films
are of polycrystalline structure [Soj17].

Additionally to the polycrystallinity of the films, the diffraction peaks of the MoS, appear
to be broadened. The broadening might be caused by residual strain, leading to crystalline
stacking errors, or it is caused by a size narrowing of the surface crystallites [Shal5]. The
average crystallite size D, can be estimated by the Scherrer equation D, = K3/rsine,
with the Scherer constant® Kq = 0.89, the excitation wavelength A, the full width at half
maximum I” and the diffraction angle 6 [Ingl4]. For the (100) peak the crystallite size is

estimated to Dy = (9.4 £1.0) nm.

8Named after Paul Scherrer (*1890; T1969). A detailed review on Scherrer constants or shape factors is
presented in reference [Lan78].
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Figure 5.7 (a) XRD spectra of the deposited MoS, films, substrate peaks and MoS,
Bragg peaks are indicated. (b) Detail view on the shifting of the (002)-MoS, Bragg peak.
Reproduced with permission from reference [Kok20].

Furthermore, a considerable decrease of the FWHM in the (100) XRD peak is observed
with increasing pulse frequency. This decrease is caused by an increased number of atoms
with higher kinetic energy being transferred to the sample surface. Due to the increased
mobility of the atoms, more time is needed to dissipate their energy, which is sufficient to
position the atoms on surface energy minimized lattice sites (for more details see reference
[Liit15al), leading to a more crystalline lattice and, respectively, to a reduced FWHM
of the XRD peak. The same tendency is observed for increased substrate temperatures.
Additionally, the increased mobility of the atoms leads to a reduction of the internal strain
in the coatings, resulting in stoichiometry ratios close to 2.

The appearance of the (002) peak in the XRD spectra indicates that there are well-
stacked MoS, layers [Goll3]. The peak’s FWHM broadens with increasing bias voltage and
shifts with heating power (see also Table 5.8). This shift is attributed to layer-distance
changes, which seemingly is reduced for increased temperatures, since the diffraction angle
is inversely proportional to the layer distance (see Section 3.2.4).

Raman Scattering Analysis of the MoS, Films. The deposited coatings are analyzed by
means of Raman scattering. The collected spectra are shown in Figure 5.8. Additionally, a
typical Raman spectrum of mechanically exfoliated MoS, is shown. The figure is separated
in (a) a low-frequency and (b) a high-frequency panel. In panel (a) the disorder-induced
Raman peaks around 150 cm ™, 180 cm ™" and 230 cm ™" are shown [Mig15], while in panel (b)
the optical Eq,, A;, and 2LA(M) Raman modes around 376 em™', 405cm ™! and 450 cm ™!
are displayed [Plal5].
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Figure 5.8 Raman spectra of MoS, films and an exfoliated MoS, monolayer (ML). (a)
Their acoustic phonon modes and (b) optical phonon modes are shown. Exemplary, the
laser line is shown at 0cm ™! for the spectrum of the DC sputtered film. The spectrum of
the monolayer is divided by a factor of 100. Image taken with permission from reference
[Kok20].

The mean positions of the corresponding Raman lines are indicated by vertical dashed
lines. Here, the Raman lines of coating ID2 with Py = 500 W (ID3 with Py = 5500 W) are
shifted to higher (lower) frequencies. This behavior is inverse to the heating power of the
coatings. For a low heating power, the Raman frequencies are increased, while for a high
heating power the Raman frequencies are down-shifted. This behavior may be explained by
taking into account that the Raman scattering frequency is proportional to the interaction
strength and inversely proportional to the bond length and effective mass (see also Section
2.1.5): This proportionality indicates that a reduction of the scattering frequency hints at
a decreased coupling strength and an increased bond length. These effects agree with a
relaxation of the lattice at elevated temperatures (see reference [Liit15a]). Concluding, the
lattice relaxation in these coatings is reflected by a bond-length adjustment.

The line widths of acoustic and optical phonon modes are broad compared to line widths
typically observed [Moll19; Naj12]. This might be due to variations in bond coordination
and bond termination, which is originated in the non-uniformity of the S/Mo ratios, and
additionally in the variations in bond length and coupling strength, which is originated
in the degree of non-single crystallinity. Taking these effects into account, the slightly
sharpened acoustic phonon modes of the ID1, ID2 and ID9 coatings might indicate an
increased homogeneity of their structure. Here, the lattice might be slightly more uniform
and the spatial distribution of the crystallite sizes more homogeneous.

In general, the Raman frequencies of the coatings are uniformly shifted to lower frequen-
cies compared to the MoS, monolayer spectrum (see orange line in Figure 5.8). Usually a
thickness-dependent change of the spectral distance between the E,, and A;, modes can
be observed [Najl2] (see also Section 2.3.3). Here, the uniform frequency decrease might
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Table 5.9 Mechanical properties of the HiPIMS deposited MoS,, films. Listed are the
sample ID, the hardness, the elastic modulus E, the coefficient of friction for uncoated
100Cr6 counter bodies f1gqcy¢ and the coefficient of friction for MoS, coated counter

bodies piyog, -

S

Hardness/ E/

GPa GPa

H100Cr6 Hnos,

© 0o Uk W= O

04401 33.7+3.1 0.054+£0.01 0.10 £0.03
0.74+0.1 509 +34 0.134+0.01 0.14 £0.02
2.04+0.2 788 £8.8 0.1240.02 0.11 £0.01
0.5+0.1 416 +£3.9 0.15+£0.05 0.18+£0.08
0.440.1 286 £2.6 0.164+0.03 0.14 £0.03
0.74+0.1 474+6.9 0.10£+0.02 0.09+£0.01
22401 90.3+£8.6 0.1040.02 0.10 £ 0.02
0.34+0.1 31.5+4.2 0.13+£0.02 0.13+£0.02
09+0.1 60.1+7.2 0.1140.02 0.10 £ 0.02
0.44+0.1 39.9+29 0.11+£0.02 0.12+£0.03

indicate an adsorption of about 10 % of nitrogen at the surfaces of the coatings [Qial8], but

shall not be discussed here in more detail.

Mechanical Properties of the MoS, Films. The mechanical parameters of the MoS,
coatings are determined as previously described. The results are summarized in Table
5.9, with hardness values ranging from 0.3 GPa to 2.2 GPa and elastic moduli ranging from
about 30 GPa to approximately 90 GPa. Comparable values were reported in the literature

[Viel3; Zhal6).

Figure 5.9 shows the dependence of the
hardness on the deposition parameters.
Here, a clear dependence on heating power
and pulse frequency is observed. The hard-
ness is increased from 0.5 GPa to 2 GPa by
lowering the heating power or pulse fre-
quency. The elastic modulus shows a simi-
lar behavior. Here, a reduction of the pulse
duration increases the elastic modulus.

In the following a model of hardness de-
veloped by Gao et al. is briefly presented
to explain the behavior of the MoS, films
[Gaol0]. In the suggested model, the hard-
ness is proportional to exp(—1.2I,,)/L*®,
with the ionicity I;,, and the bond length
L. Here, the ionicity I, is proportional to
1 —exp(—(Xa—Xp)’/4), with the electronega-
tivities X for the materials A and B. From

25
i D6
20 E
;c:? L
D2
O st
175}
172}
£ 10
S 10}k
= | IDS% DI ID5
T ® 4 D3
05 D9 =
| & 1D4 A
00 | | | | “).7

' ' ' ' ' |
0 50 100 150 200 250 300Us(-V)

| . I . | . | Ly
kHz

0.4 0.6 0.8 1.0 ‘/') (kHz)
b ()

L . | . | . | . |
50 100 150 200 250 P

Figure 5.9 Dependence of the hardness of the
MoS,, coatings on the deposition parameters. Im-
age taken with permission from reference [Kok20].

these proportionalities it becomes clear that, for a constant bond length, an increased ion-
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icity leads to a reduced hardness. This can be transferred to the MoS, films: Here, the
surplus of sulfur atoms induces a more positive charge on the molybdenum atoms, increas-
ing the ionicity, which leads to low hardness values. This is true for most of the coatings,
except ID2 and ID6, which both show an increased hardness. For ID2, the Raman studies
show a reduced bond length, which transfers to an increased hardness. For ID6 the XRD
analysis reveals the smallest crystallite sizes of all coatings investigated. Here, the hardness
might be increased due to the reduced grain size (so called Hall-Petch strengthening, see
Chapters 1 and 7 in reference [Zhal0)).

Tribological Properties of the MoS, Films. In ball-on-disc experiments the coefficients of
friction are determined, using uncoated and MoS, coated counter bodies. The coefficients
for both material combinations are presented in Table 5.9. Here, no significant differ-
ence between the two materials is detected. Overall, the coefficient of friction ranges from
0.09 4+ 0.01 to 0.18 + 0.08, which corresponds to values reported in the literature [Viel3;
Ser17]. A minimum of the coefficient of friction was reported for S/Mo ratios around 1.5
by Aubert et al. [Aub90]. The low coefficients of friction in the films investigated might be
ascribed to their basal (002) orientation [Viel2; Mol19].

Investigating on the correlations of the coating properties and the coeflicient of friction,
it is shown that increases in the (100)/(002) ratio, the (100)-FWHM, the S/Mo ratio and
a decrease in hardness are all related to a reduction of the coefficient of friction. While the
findings for the FWHM and the S/Mo ratio agree with the literature, the correlation of the
(100)/(002) peak is contradictory to literature [Mol19; ZhaO1]. Didziulis et al. determined
that only the initial coefficient of friction depends on the orientation of the deposited films
[Did90] and a basal orientation forms during tribological contact. In the present coatings,
the low coefficients of friction for initial (100) orientation might hint at an enhancement of
the reorientation process forming basal (002) layers in tribological contacts.

Summary and Conclusion. Summing up, several influences of the deposition parameters
on the properties of MoS, coatings are determined. For example, high bias voltage and
heating power reduce the structural inhomogeneity, while an increased heating power also
shifts the S/Mo ratio towards 2. A weak heating power leads to a shortening of the MoS,
bond lengths and high substrate temperatures reduce the inter-layer spacing along the
(002) direction. All coatings show to be non-stoichiometric and polycrystalline. Here,
the findings of Raman spectroscopy and XRD complement each other. Furthermore, the
smoothness of the films may be adjusted by changing the pulse duration, while the films’
hardness depends on the heating power and pulse frequency. The coefficient of friction is not
significantly affected by the variation of the deposition parameters, but coating properties
might be used as indicators for its value. The coeflicient of friction is increased for more
homogeneous structures, and reduced for an increased initial (100) orientation, which is
reorientated to basal (002) orientation in the tribological contact. This reorientation is also
observed in Section 4.3, where a low coefficient of friction is favored by a crystallographic
reorientation of the worn MoS, films to the basal (002) direction. The present reorientation
in the tribological contact might be enhanced by the dense (100) HiPIMS films, requiring
further investigations.

In conclusion, insights to the microstructural properties of self-lubricating, as-deposited
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MoS, films, their bond-length variation and inter-layer spacing are given. Furthermore,
a crystallographic reorientation process favoring reduced coefficients of friction might be
enhanced by HiPIMS deposition.

5.3 Raman Characterization of Thermally Annealed MoS, Films

In this section post-growth-annealed MoS, thin films® are investigated with Raman spec-
troscopy in order to determine the structural and tribological properties of the coatings.
The investigation determined a temperature dependent reduction of the residual strain.
Furthermore, an emerging Raman line at 40cm ™' is observed for high-temperature an-
nealed coatings, indicating more shear resistant MoS, films. Additionally, the coefficients
of friction of the films are analyzed in ball-on-disc tests, revealing a decrease with lowering
the sulfur/molybdenum ratio. The results are published in reference [Mol19].

Details on Film Deposition. The MoS, films are deposited on polished 16MnCrb steel
(1.7131) with a surface roughness Ra of (3.1 4+ 0.6) nm using the HiPIMS technique (see
Section 3.2.1). Prior to film deposition the specimen are heated, cleaned and booster etched
(for details see reference [Mol19]). Additionally, in order to improve film adhesion, a MoN
inter-layer of 1 pum thickness is deposited on the specimen. Onto the prepared samples,
multiple series of MoS, films are deposited. For the first series, the cathode power is set to
3kW, with a pulse frequency of 400 Hz, a pulse duration of 85 ps, a bias voltage of —150V
and a heating power of 300 W. For the second series, the cathode power is set to 3kW,
with a pulse frequency of 700 Hz, a pulse duration of 215 s, a bias voltage of —250V and
a heating power of 3kW (see reference [Mol19]). These processes resulted in a thickness of
all deposited MoS,, coatings in the order of several micrometers.

Vacuum Heating. The deposited MoS,, films are annealed at different temperatures T},
(300°C, 400°C, 500°C and 600°C) in a vacuum oven (Torvac), at a pressure of approxi-
mately 10~° mbar. For each annealing temperature one film of each series is heated up to
T,, at a rate of 10 K/min with a subsequent dwell time of 2h. The samples are cooled down
in vacuum to room temperature by turning off the heating system of the vacuum oven.

Details on Film Characterization. The different films are characterized with X-Ray Diffrac-
tion (XRD) (see also Section 3.2.4). Here, A\q, ko, = 1.5419 A is used for survey spectra
and Agp ko = 2.2911 A for detailed spectra. The MoS, XRD signals of interest ((100) and
(002) reflexes) are fitted using Voigt profiles (see Section 2.1.4 for details on different line
profiles).

For spectroscopic analysis, the coatings are investigated at room temperature with confo-
cal Raman scattering (see Section 3.1.2). The specimen are resonantly excited with 633 nm
laser excitation (see Section 2.1.7), through a 20x microscope objective with a power of ap-
proximately 600 pW. The samples are checked for degradation after each measurement. No
degradation is observed. The collected light is dispersed by a grating with 900 grooves/mm.

9The subscripted = indicates that the stoichiometric composition of the sputtered coatings cannot be
predicted prior to the deposition process. After the deposition, the composition can be determined using
EDS (see Section 3.2.4).
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Table 5.10 Coating IDs with the corresponding annealing temperatures 7,,, (100)/(002)

intensity ratios I, of the respective XRD MoS, peaks, their fitted line widths, 2

Q())(ORQD, and the EDS-determined S/Mo ratios.
ID T,,/°C I, QFRP fe Q03P /> S/Mo ratio
la - 206 228 £0.06 3.71 &£ 0.13 1.61 £ 0.03
1b 300 1.80 2.18 £ 0.06 3.60 & 0.11 1.63 4 0.04
lc 400 1.50 231 £ 0.05 3.62 &£ 0.07 1.70 & 0.05
1d 500 0.55 1.98 & 0.05 2.52 4 0.03 1.80 4 0.01
le 600 1.67 2.04 £ 0.20 2.15 £ 0.03 1.66 + 0.03
2a - 033 0.65+0.03 3.52 4 0.05 1.25 &+ 0.01
2b 300 7.20 0.66 + 0.02 4.55 + 0.19 1.24 4+ 0.01
2c 400 2.04 0.81 £ 0.04 3.43 +0.04 1.28 £+ 0.01
2d 500 1.02 0.68 £ 0.02 3.33 & 0.02 1.30 £ 0.04
2e 600 1.38 0.79 £ 0.06 2.69 & 0.02 1.19 4 0.03

XRD
100

and

Here, a notch filter'® is used in order to resolve Raman shifts as low as 10cm™! with re-
spect to the laser line. Only Stokes scattered light is collected and analyzed. The spectra
are recorded with an integration time of 300s and 18 repetitions. In order to compare
the different spectra, their intensity is normalized to the maximum of the Raman line ob-
served at 408 cm™!. The nonlinear background of the spectra is modeled by cubic splines
and eliminated by subtraction, while the different Raman lines are fitted by Lorentzian
functions.

Additionally, tribological tests are performed, to determine the coefficient of friction of
the different coatings (see Section 3.2.2). Balls of 100Cr6 steel are slid for 1500 cycles
against the films at a velocity of 0.4m/s and a normal force of 5N. The topography is
pictured using SEM (see Section 3.2.3), whereas the stoichiometry is determined by EDS
(see Section 3.2.4).

The Composition of the MoS, Films. Table 5.10 summarizes the temperature dependent
results from XRD and EDS analysis of the deposited coatings.

First, their stoichiometry is analyzed. Here, the S/Mo ratio of the as-deposited coatings
is determined to 1.61 4 0.03 for ID 1a and to 1.25 + 0.01 for ID 2a. Both ratios are lower
than the chemical composition of the MoS, sputtering material. The lower stoichiometry of
ID 2a may be explained by the difference in heating power of the two coating series (300 W
for Series 1, 3000 W for Series 2), which is directly related to the substrate temperature.
With increasing substrate temperature the S/Mo ratio decreases [Aub90]. Furthermore,
not only the substrate temperature influences the S/Mo ratio, but also the bias voltage.
It is reported, that the S/Mo ratio decreases with increasing bias voltage [Biill6], which is
the case for the films investigated. Here, the bias voltage is —150V (—250V) for Series 1

10A notch filter is a multilayer rejection filter. By variations of thickness, order and refractive index of the
different layers, the optical transmission is tailored to reject a narrow spectral region (e.g. the Rayleigh
line), while allowing transmittance for all other frequencies (e.g. Raman scattered light). More details
on filters and their properties are described in Chapter 8.2.5 of the book by McCreery [McCO00b].
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Figure 5.10 (a) Cu-Ka excited XRD survey spectra of the MoS, coatings of Series 1
and Series 2. In (b) and (c) the detailed, Cr-Ka excited (002) and (100) MoS,, reflexes
are shown. The spectra are shifted for visual clarity. Figures reproduced from reference
[Mol19].

(2). The intensified bias voltage leads to an increased ion bombardment, resulting in an
increased re-sputtering of sulfur. Here, sulfur is re-sputtered preferably, as its atomic mass
is smaller than the atomic mass of molybdenum, and therefore sulfur atoms are excavated
easier from the coated surface. Additionally, for both coatings an increase in the S/Mo
ratio is observed for an increase in annealing Temperature 7, up to 500°C. The ratios
peak at 1.80 + 0.01 for ID 1d and 1.30 4 0.04 for ID 2d. With a further increase in annealing
temperature to 600 °C, the S/Mo ratio is reduced for both coatings.

Second, the crystallographic structure of the coatings is analyzed with XRD (see Section
3.2.4). The recorded spectra are shown in Figure 5.10. Here, hexagonal MoS, (O), tetrag-
onal Mo,N (O), cubic MoN (@), cubic Mo (M) and cubic Fe (y) reflexes are detected.
They are marked by the corresponding symbols. For the MoS, coatings, the typical (100),
(002) and (110) MoS, reflexes of the hexagonal lattice structure are detected. Taking the
annealing temperature into account, the intensity of the (100) reflex behaves rather stable,
whereas the intensity of the (002) reflex increases with rising 7). This rise in intensity
results in a decrease of the (100)/(002) intensity ratio I, (compare Table 5.10). The inten-
sities of the (002) and (100) reflexes are slightly higher for Series 1 coatings than for Series
2 coatings. Additionally, Series 2 coatings show low S/Mo ratios. Therefore, the (002) basal
plane orientation is more pronounced here than in the coatings of Series 1 [Biil16].

Furthermore, the line widths 2%RP of the reflexes are listed in Table 5.10. The width
of an XRD reflex is determined by the size of the nano-crystallites in the coating and
by the residual strain in the material [Kholl] (see also Sections 3.2.4 and 5.2). Here, an
influence of annealing temperature on Qég{“D and Qé%lgD is observed, they decrease with
increasing 7). This decrease shows that thermal annealing leads to strain relaxation and
recrystallization processes are thermally induced (see reference [Liit15a]). Furthermore,
it was reported that the crystallinity of room temperature sputtered MoS, films can be

improved by laser-annealing [Sir19].
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Figure 5.11 Raman spectra of as-deposited and annealed MoS,, coatings of Series 1 and
Series 2. The excitation wavelength is set to 633 nm. The most prominent lines are marked,
where MoS, related lines are marked with arrows and MoOj related lines are marked with
disc shaped arrows. The spectra are shifted for visual clarity. Figures reproduced from
reference [Mol19].

Finally, cubic MoN related signals are detected in the recorded XRD spectra, namely
the (200) and the (111) reflexes. The reflexes are located between the tetragonal 7-Mo,N
and the cubic (101) Fe reflexes [Til19b]. The presence of cubic and tetragonal molybdenum
nitride reflexes indicates that the MoN inter-layer is of polycrystalline structure.

Description and Assignment of the Observed Raman Modes. The deposited and an-
nealed MoS, coatings are studied with resonant Raman scattering. The collected Raman
spectra are shown in Figure 5.11. The marked scattering signals are mostly attributed to
resonantly excited multilayer or bulk MoS, modes [Fre99; Winll; Khal5]. The Lorentzian
fitted FWHM of selected Raman modes are shown in Table 5.11. Here, the 379 cm™! and
the 408 cm ™! mode show a FWHM of approximately 5 cm™!, contrasting to literature, where
a FWHM of 2.5cm ™ (4.5em™!) is reported for the 379cm ™' (408 cm™!) Raman mode in
two layers of MoS, [Ber14] and close to 2cm™! for bulk like MoS,. The recorded values of
the investigated films exceed the FWHMSs reported in the literature, even coatings which
are annealed at high temperatures, which showed a reduction of their FWHMs. However,
for an increased annealing temperature, the Raman line intensities are increased, which is
visible by the improved signal-to-noise ratios in Figure 5.11. Furthermore, at 40cm™' a
high-temperature emerging Raman line is observed for both coatings (see dashed vertical
line in Figure 5.11). Additionally, the 291 cm™! line is boosted by higher annealing temper-
atures. Comparing both coating series shows more pronounced Raman lines for the second
series at 291 cm ™! and 546 cm ™!, as well as a more distinct double-peak structure around
600 cm .

Not only typical MoS, modes are detected, but also MoO; related modes for coating
ID 1d, which are marked with disc-shaped arrows in Figure 5.11. The modes appear at
115cm™!, 668cm ™" and 819cm™! [Seg95; Mes98]. The modes at 126cm ™! and 152 cm ™
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Table 5.11 Fitted FWHM {2 of selected Raman modes for the as-deposited and 600 °C
annealed coatings. The tilting of the arrows in the last column indicates changes in the
FWHM. Here, neglectable (—), small (\,) and big (1, |) changes are marked, while the
up (down) directions represent an increase (a decrease) in the FWHM.

vy/em b 2, Jem ™t 2, /em™! 2, /em™! 2, /em™!

228 100+£03 95403 129+0.3 11.6+0.3 |
291 16.04+4.7 50403 7.0£08 51+£04 |
379 59+£06 54402 59+£04 58+£02 —
408 554+£03 50+£02 57+0.2 53+£02 7
455 114404 12.74+0.1 143404 153+02 7
633 20.14+1.5 11.84+04 2284+ 1.1 17.84+0.7 |

may be attributed to Mo—O—Mo deformation modes, shifted by 3cm ™" (5¢cm ™) and 6 cm™*
(8cm™) [Seg95] ([Mes98]).

Summing up, the observed Raman lines are mostly MoS, signatures. Raman signatures
of MoS, would result in significantly different spectra, as shown by Deng et al. [Denl6].
Taking the penetration depth of 633 nm laser light in MoS, into account, approximately at
least the top 60 nm of the deposited coatings consist of MoS, (see also Section 2.1.6) [Ull18].

Detailed Analysis of Broadening and Signal-to-Noise Ratio. First, the previously de-
scribed line broadening of the Raman signatures is analyzed. This broadening may be
attributed to the non-uniform stoichiometric S/Mo ratio of the coatings. Here, a varia-
tion of coordination and termination of bonds might increase the line width of the Raman
scattering frequencies. Furthermore, the line broadening might resemble the degree of
non-crystallinity of the coatings, as bond length and bond strength strongly influence the
position of the Raman signal (see Section 2.1.5).

Next, the signal-to-noise ratio is analyzed. Here, for high-temperature annealed coatings
an increase in signal-to-noise ratio and a narrowing of the FWHMs is observed. These two
effects indicate an improvement of the homogeneity of the structural and chemical compo-
sition of the MoS, films [Car83a; Pin83]. It might be stated that the spatial distribution
of the crystallite size of the MoS, is more homogeneous. However, local strain relaxes due
to thermal annealing, and therefore the lattice is arranged more uniformly. This leads to
less variations in the bond length and interaction strength of the molybdenum and sulfur
bonds. This conclusion agrees with the natural bulk MoS, spectra reported by Windom et
al. [Winll] and growth induced-strain distortions in technically deposited MoS, [Kat17].
To relax the structural and chemical distortions even more, higher annealing temperatures
and longer annealing times might be used. Nevertheless, care must be taken, because at
temperatures of 900 °C chipping and vaporization of sulfur might occur [Won17].

Detailed Analysis of Selected Raman Modes. In the following the Raman lines at 40 cm ™,

546 cm ™t and 291 cm ! are discussed, beginning with the signature at 40 cm™!. The Raman
mode at 40 cm ™! may be attributed to several different modes. Here, the Layer-Breathing
(LB) mode, the Egg shear mode and an electronic Raman scattering process are discussed.
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First, the signature may be attributed to the LB mode [Luil9]. Due to inter-layer coupling
of MoS, layers the LB mode arises. Here, vertical displacement of the MoS, layers leads to
a restoring van-der-Waals force [Zhal3a]. The strength of the restoring force, and therefore
the shape of the LB mode, basically depends on the layer-to-layer distance, rather than on
lateral lattice distortions. This was observed for twisted and for Bernal-stacked!! bilayers
of MoS, [Luil5]. Bernal-stacked layers show a higher frequency of the LB mode than
twisted bilayers, as the packing is less efficient here, and therefore the inter-layer coupling
is weaker. It is crucial to note, that the LB mode only emerges in bilayers with atomically
clean surfaces [Luil5]. Following this argumentation, if the Raman signature measured at
40 cm ™ is caused by the LB mode, the mode indicates that Bernal-stacked bilayers of MoS,
are present at the surface. In other words, pairs of MoS, layers are formed within nm sized
crystallites at the surface of the coating.

Second, the Raman signature might be attributed to the van-der-Waals-driven Egg shear
mode. The frequency of the mode strongly depends on the number of MoS, layers [Zen12].
For MoS, bilayers Zeng et al. measured 22cm ™! and 32cm™! for bulk material, whereas
they report theoretical values of up to 45cm™'. To determine whether the shear mode or
the LB mode is causing the Raman signature at 40 cm ™! further investigations are needed.
Of particular interest is whether the Raman shift can be explained by a layer dependence.

Instead of assigning the Raman signature at 40cm™' to a LB mode or to a shear mode,
it might as well stem from an electronic Raman scattering process [Zenl2]. The electronic
scattering process is only observable under quasi-resonant excitation, which is stable with
respect to changes in the number of layers. Here, in future experiments the behavior of
the Raman line could be studied, by scanning the excitation laser wavelength through the
exciton resonance of the MoS,. If the process stems from an electronic transition, the
Raman line should become resonantly enhanced if the laser wavelength matches the exciton
resonance.

Furthermore, by tuning the excitation wavelength to shorter wavelengths the penetration
depth into the MoS, decreases and could help determining the origin of the Raman signature
at 40cm™! (see Section 2.1.6).

In the following paragraph the Raman line at 546 cm ™! is analyzed in more detail. The line
occurs in spectra of both coating series, but is slightly more intense for Series-2 coatings.
The mode may be attributed to E,, + ZA symmetry [Plal5]. The E,, is an inactive
Raman mode and the ZA mode resembles a one-phonon-forbidden out-of-plane vibration.
Observing this dark Raman mode hints at an extrinsic second-order process, where a free
exciton scatters inelastically a phonon (electron-phonon interaction) and elastically a defect
(electron-impurity interaction) [Plal5; Men85]. The defect could be a stacking fault in
growth direction along the c axis of the MoS,. Such defects are typical for layered materials
due to low formation energy [Hel4]. Therefore, the signature measured at 546 cm™" could
be used to indicate stacking faults in the MoS, coatings. As this line does not show a
temperature dependence, it may be stated that the thermal annealing mostly modifies the
strain distribution in the coatings and the layer interactions, instead of the stacking faults.

Lastly, the Raman line at 291 cm ™! is discussed. This mode is observed in all coatings of
Series 2 and in high-temperature annealed coatings of Series 1. This signature indicates the

"Bernal stacking is the repetition of two alternating layers (ABABAB). It is named after John Desmond
Bernal (*1901; T1971). Three repeating layers are called rhombohedral stacked layers (ABCABC).
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Figure 5.12 (a) Behavior of the coefficient of friction on the annealing temperature for
coating Series 1 (M) and Series 2 (O). Error bars are the standard deviation of the mean
value. (b) Behavior of the coefficient of friction on the S/Mo ratio. The z-errors are taken
from Table 5.10. Reproduced from reference [Mol19].

presence of MoO; at the coating surfaces [Die02]. The mode stems from wagging modes
of the terminal oxygen atoms [Winll]. The higher absolute scattering intensity of this
mode in Series 2 coatings shows that the formation of MoQOj is slightly more probable in
these coatings, than in Series 1 coatings. This is explained by the higher molybdenum
content in the coatings (see Table 5.10), supplying more molybdenum atoms for oxidation.
Furthermore, the presence of the MoOy line at 291 cm ™! shows that MoOs-related bonds
are formed not only in cases of vacuum leakage (compare coating 1d), but also in other
processes.

Tribological Behavior. The MoS, coatings are additionally tested in a ball-on-disc tri-
bometer, to determine their coefficient of friction p in dependence of their annealing tem-
perature 7, . This dependence is shown in Figure 5.12 (a). Here, Series 2 shows a generally
lower coefficient of friction than Series 1, independent of the annealing temperature. The
coefficient of friction for both series seems to increase with annealing temperature, with a
deviation between room temperature and 300°C. Furthermore, at 600°C a drop in u is
detected, leading to the lowest measured values. Here, the coefficient of friction for coating
le amounts to g = 0.16 4+ 0.01 and the coefficient of friction for coating 2e amounts to
w=0.1240.01.

An additional view on the coefficient of friction is generated by plotting it against the
S/Mo ratio, as shown in Figure 5.12 (b). Here, a rise of u is observed with a rise in the
S/Mo ratio. In the figure a linear fit with its o confidence bands and o prediction bands are
shown. The slope amounts to 0.12 £ 0.03, whereas the y-axis is intercepted at —0.02 &+ 0.04.
While these results differ from the behavior observed by Aubert et al. [Aub90], they suggest
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a proportionality of the coefficient of friction and the S/Mo ratio.

The previous Raman scattering analysis showed, that the high-temperature-annealed
coatings are structurally more homogeneous, with relaxed strain and layer-to-layer inter-
action. This interatomic effects attribute to the MoS, layer’s resistance against structural
changes (shear forces) and the coefficient of friction is expected to be larger in these coatings
than in low-temperature-annealed coatings. This could explain the observed dependency of
won T, , even though more data of samples at additional annealing temperatures is required
to solidify this argument (e.g. 50°C steps over the whole range from room temperature to
600 °C).

For coating 1d, high values of friction are observed, which might result from the con-
siderable amount of MoO4 at the surface, as MoOg4 features a higher coefficient of friction
than MoS, [Erd00]. However, the surface oxidation in most coatings is of comparable level,
leading to a variation free impact of the influence of MoO5. As shown in Figure 5.12 (b),
the S/Mo ratio seems to be of greater influence on the frictional behavior of the coatings.
Here, for coatings with low S/Mo ratio, the (002) basal plane is more pronounced (see XRD
analysis), forming more oxidation resistant MoS, coatings. The surface-parallel basal plane
exhibits closed sulfur layers that lead to lower coefficients of friction [Viel2; Viel3].

The strong decrease of i, for coatings annealed at 600 °C, is of special interest. Here, the
coatings show a sudden improvement of their lubricating properties. Additionally, changes
in the Raman signatures are observed for the A;, (408 ecm 1) and the 2LA mode (455 cm ™),
as well as the double-peak signature at about 600cm ™. These changes might be caused
by a preferred formation of the basal oriented (002) MoS, layers, which improves their
lubrication properties [Winll; Viel2].

Future Experiments. The sliding of two surfaces against each other is usually improved
by MoS,, at least for contact temperatures below the boiling temperature of the sulfur
component [Ouyl13]. Therefore in future studies, coatings with specific compositions need
to be analyzed. Here, the S/Mo ratio as well as the amount of MoO4 could be controlled
by the HiPIMS process parameters. An increased MoO5 content may be used to improve
the wear resistance of the MoS, films, as shown by Centers [Cen88].

Furthermore, Raman studies of the worn contact areas of the coated specimen and their
counter-part surfaces before and after the ball-on-disc experiments could give further in-
sight into the underlying mechanisms. Additionally, the influence of different ambient at-
mospheres should be investigated [Don96], as this is still not fully understood.

Summary and Conclusion. Summing up, the MoS_ coatings investigated are of polycrys-
talline structure with S/Mo ratios of about 1.7 (Series 1) and 1.2 (Series 2). The S/Mo ratio
is influenced by the substrate temperature, the bias-voltage and the annealing temperature.
Here, an increasing substrate temperature leads to a decrease of the S/Mo ratio, whereas
an increase of the post-growth annealing temperature results in an increase of the S/Mo
ratio.

Investigating the thermally annealed MoS, coatings with XRD and Raman spectroscopy
reveals a relaxation of non-uniform strain, by analyzing the corresponding line widths. In
addition, the homogeneity of the film’s structural and chemical composition is improved at
high temperatures, which is drawn from the overall Raman scattering intensity.
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5.3 Raman Characterization of Thermally Annealed MoS, Films

Remarkably, a Raman signature at approximately 40 cm ™! emerges for high temperature

annealed coatings. This mode is attributed to an enhanced inter-layer interaction, which
depends on the inter-layer distance and the van-der-Waals forces. This signature may stem
from a layer-breathing or a shear mode. Observing this Raman line hints at an improved
shear resistance of the annealed MoS, coatings, which is substantiated in the increase of the
coefficient of friction. Furthermore, the coefficient of friction is linearly proportional to the
S/Mo ratio, where small S/Mo ratios lower the friction, featuring a preferred (002)-basal
orientation parallel to the substrate (see also Sections 4.3 and 5.2).

The Raman forbidden mode at 546 cm ™! might be used as an indicator of stacking faults.
Due to close-to-resonance excitation (633nm), and therefore strongly enhanced Raman
signals, the observation of this mode is possible. Additionally, weak MoO; signatures are
detected with Raman scattering spectroscopy.

In conclusion, Raman scattering signatures may be used to estimate the microstructural
properties of post-growth annealed MoS,, films. Here, a low frequency Raman mode might
be used to estimate the shear resistance of a coating, while a Raman forbidden mode might
be used to detect stacking faults in a coating.
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Chapter 6

Optical Characterization of Tribological
Amorphous Carbon at Steel Surfaces

The formation of carbon-based tribofilms on tribological surfaces is not only observed at
catalytically active surfaces as detected by Erdemir et al. [Erd16], but at a wide vari-
ety of systems as described by Hoffman et al. [Hofl6]. They reported on several carbon
films that unintentionally formed at sliding metal-metal interfaces. Depending on the field
of research, the carbon films are named differently (friction polymers, diamond-like car-
bon, varnish, etc.). Nevertheless, all of these carbon films have in common that they form
through frictional processes and influence their tribological system. Some of the parameters
of the underlying tribological system are the operating temperature, the pressure between
the bodies in contact, the duration of the mechanical load, the type of the lubricant, en-
vironmental conditions and modification elements within the contacting surfaces (see also
reference [Czilbal).

In the present chapter multiple parameters of the tribofilm formation in steel-steel con-
tacts are investigated by Raman scattering mappings. An overview of the experimental
design is shown in Figure 6.1. Here, the varied parameters (atmosphere, pairings, lubri-
cants, number of rotations and temperature), their variation ranges and the conducted
experiments (ball-on-disc testing and Raman mapping) are shown. The coefficients of fric-
tion are determined with a ball-on-disc tribometer, while Raman spectroscopy is used to
generate spatially-resolved Raman images of selected surface regions. Additionally, Princi-
pal Component Analysis (PCA) is used to handle the complex data set. The analysis of
the data reveals two different reaction pathways for the tribofilm formation, with one path
favoring carbon film formation, while the second path favors the formation of iron oxides.
In the selection of the reaction path oxygen is determined to play a key role.

Sample Preparation. To investigate the formation of amorphous carbon in the tribological
contact, 100Cr6 steel (1.2067) specimen with a diameter of 40 mm are polished to a surface
roughness with Ra smaller than 3 nm. Multiple stages are performed to test the samples. In
Stage I, the initial parameters (load and number of load cycles) are determined. The results
are used for the following stages, listed in Table 6.1. The Stages II, III and V investigate
on the temperature and runtime dependence of the tribological process in air, while Stage
VI investigates on the temperature dependence in argon atmosphere. The influence of the
lubricants on the tribological process is addressed in Stages IV, VII, VIII and IX. Here,
non-lubricated samples, high-carbon content, low-carbon content and low-water content
lubricants are used. Similar experiments are performed in argon and nitrogen atmosphere
in Stage X. Additionally, three samples are PVD-coated by a chromium, molybdenum or
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Figure 6.1 Overview of the investigated tribological system, with the input parameter
ranges and the overall procedure. For a set of parameters, ball-on-disc tests are performed.
From these tests, the specimen, kept in the selected atmosphere, are optically tested.
Here, a Raman mapping is collected at a randomly chosen surface area in the wear track
(indicated by the red square). Additionally, the circular (wear test) and linear (optical
test) movements of the sample are indicated by the subjacent arrows. From these tests,
output parameters are generated. The output parameters are the coefficient of friction
(wear test) and the spectral information (optical test) of the sample. For final analysis,
the temperature and the two output parameters are used in a PCA to get information on
the different clusters present in the collected data.

vanadium layer (Stage IX). The specimen are tested in a ball-on-disc tribometer (ball radius
Thay = 3mm) with the different parameter combinations listed in Table 6.1. Here, the
temperature 7, the number of load cycles N, in the unit of 103 revolutions, the atmosphere’
and the lubricant? are varied. The respective atmosphere is present during the heating
and cooling procedure of the tribometer. Subsequent to the tribometer tests, the samples
are cleaned with a tissue to remove excessive oil. The non-air prepared samples are stored
in argon atmosphere to prevent atmospheric contamination. Their Raman spectroscopic
investigations are also performed in an inert atmosphere (see Section 3.1.2).

Details on Lubricants. The lubricants used are listed in Table 6.2. Here, a Poly Alpha
Olefin (PAO), a Poly DiMethyl Siloxane (PDMS), a corn oil and two glycols are used.
Their Raman spectra are shown in Figure 6.2. The spectra are comparable to spectra
reported in the literature (see reference [Jay03] for PDMS, reference [How01] for corn oil,
references [Mac64; Mat72] for ethylene glycol and references [Mac64; Mat87] for diethylene
glycol.). For the Optigear Synthetic X320, a Raman spectrum is not found in the literature.
Independent of the lubricant, no Raman signatures that indicate amorphous carbon are
detected. Here, neither a D- nor a G-peak is observed for the non-tribologically tested
lubricant. Due to high fluorescence, the Raman spectrum of the base oil is not measurable.

'For argon and nitrogen atmospheres a sufficient gas flow is used, while in air no gas flow is applied.
22 ml of lubricant are used for each ball-on-disc experiment.
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Table 6.1 Samples analyzed in the scope of this study. The load is always 10N. The
temperature 7T, the number of load cycles N, (in 10® revolutions), the atmosphere and
the lubricant (base oil (BO), ethylene glycol (EG), diethylene glycol (DEG), additive oil
(add), dried oil (dry), silicone oil (SO) and corn oil (CO)) are presented. All samples are
measured with approximately 10 mW (*1mW) laser power using 532nm laser excitation.
The integration time per spectrum t,.. is listed as well. Additionally, the relative and
absolute numbers of spectra showing amorphous carbon signatures are shown. The general
error is +2 spectra. Furthermore, the mean coefficients of friction of the first 100 (pgay)
and last 100 (p,,q) measured coefficients of friction are given. Here, a running in phase of
100 data points and a running out phase of 10 data points is assumed and excluded from
the calculations.

Stage T /°C N, Atmo. Lub. it /s Comment a-C/ % Htart Hend

II 60 300 air BO 60 23409 ( 5/221) 0.120+0.001 0.105 + 0.001
II 90 300 air BO 60 14.94 0.9 ( 32/225) 0.106 4 0.004 0.093 + 0.001
II 120 300 air BO 60 12.8 + 1.3 ( 20/156) 0.109 4 0.003 0.851 + 0.039
IIT 95 300 air BO 60 27.241.2 ( 46/169) 0.080 +0.001 0.145 4 0.002
IIT 100 300 air BO 60 0 +£09( 0/214) 0.096 +0.003 0.057 + 0.002
IIT 105 300 air BO 60 14.5+£2.9 ( 10/ 69) 0.11440.003 0.122 + 0.004
IIT 150 1 air BO 60 214+21( 2/ 96) 0.109+0.004 0.104 4+ 0.004
IIT 150 10 air BO 60 34.7+ 1.3 ( 52/152) 0.105+0.004 0.095 + 0.004
IIT 150 10 air BO 60 antibody  12.0+8.0 ( 3/ 25) 0.105+0.004 0.095 + 0.004
11T 150 50 air BO 60 39+1.1( 7/181) 0.104+0.004 0.098 + 0.000
IIT 150 50 air BO 60 antibody  16.0+8.0 ( 4/ 25) 0.104 +0.004 0.098 £ 0.000
IIT 150 100 air BO 60 4.84+1.0 ( 10/210) 0.091 +0.004 0.057 £ 0.001
IIT 150 100 air BO 60 antibody 8.0+8.0( 2/ 25) 0.091+0.004 0.057+0.001
111 150 100 air BO 60 antibody 4.0+8.0( 1/ 25) 0.091+0.004 0.057+0.001
IIT 150 300 air BO 60 20.44+0.9 ( 47/230) 0.092 +0.004 0.110 4 0.001
IIT 150 300 air BO 60 19.4+1.0 ( 39/201) 0.092 4+0.004 0.110 + 0.001
I\Y% 150 300 air add 300 35.9+ 1.3 ( 55/153) 0.113 +£0.003 0.117 4+ 0.001
v 150 300 air add 300 36.7+4.1( 18/ 49) 0.113+£0.003 0.117 +0.001
v 150 300 air no oil 60 0 +£54( 0/ 37) 0.611+0.089 0.112+0.005
\% 90 300 air BO 60 redo IIT 32409 ( 7/218) 0.12140.001 0.087 + 0.000
\% 95 300 air BO 60 redo IIT 0 +£1.0( 0/202) 0.09340.002 0.083 +0.002
\% 100 300 air BO 60 redo IIT 24424( 2/ 85) 0.107+0.001 0.0814 0.001
VI 90 300 Ar BO 60 12.9+ 1.0 ( 27/209) 0.100 4 0.003  0.086 + 0.001
VI 90 300 Ar BO 15 80.4 4 0.9 (176/219) 0.100 £ 0.003 0.086 + 0.001
VI 100 300 Ar BO 10 74.8 4+ 0.9 (163/218) 0.085 +0.002 0.341 4 0.007
VI 120 300 Ar BO 60 37.14+0.9 ( 83/224) 0.098 +£0.004 0.125 + 0.004
VII 120 300 air DEG 60 0 +£26( 0/ 77) 0.1314+0.033 0.857 +0.005
VII 120 300 air EG 60 0 +£6.1( 0/ 33) 0.365+0.215 0.880 + 0.008
VII 120 300 air SO 60 554+ 1.4 ( 8/146) 0.262+0.018 0.906 + 0.046
VII 120 300 air SO 15 retaken 0.0+1.6( 0/124) 0.262+0.018 0.906 + 0.046
VIII 90 300 air CO 60 36.7+ 1.0 ( 72/196) 0.102 +0.002 0.879 + 0.015
VIII 100 300 air CO 60 64.2 4+ 1.1 (120/187) 0.071 +0.001 0.830 4+ 0.008
IX 120 300 air dry 15 28.84+0.9 ( 62/215) 0.096 +0.005 0.177 4 0.006
IX* 120 300 air dry 30 11.9 +£ 1.3 ( 19/159) 0.096 4 0.005 0.177 + 0.006
IX 120 300 air BO 15 Cr layer 25.14+1.0 ( 51/203) 0.109 +0.002 0.316 4 0.010
IX 120 300 air BO 15 Mo layer  85.7 4+ 1.0 (180/210) 0.120 + 0.004 0.324 4 0.007
IX 120 300 air BO 15 V layer 98.6 + 0.9 (208/211) 0.095 + 0.002 0.088 + 0.004
X 200 300 Ar nooil 15 12.9 + 1.7 ( 15/116) 0.692 4+ 0.025 0.662 + 0.025
X 120 300 Ar EG 15 97.241.1(173/178) 0.439+0.151 0.924 4+ 0.040
X 120 300 N, EG 15 96.6 + 1.7 (115/119) 0.482 +0.089 0.908 & 0.017
X 120 300 Ny BO 15 99.5 4+ 1.0 (207/208) 0.113 +£0.006 0.303 + 0.006
X 90 300 Ny DEG 15 81.5+2.2( 75/ 92) 0.110 £0.037 0.972 + 0.056
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Table 6.2 Lubricants used in the tribometer tests. The molecules may be compared for
n =18, as > 85 % of the fatty acids of corn oil are of this length [OBr09].

Lubricant Main chem. composition Comment

Base oil C,H,, Afton Chemical ISO VG (80 % non-hydrated, 20 % hydrated)
Base oil add C,H,, Optigear Synthetic X320, Poly Alpha Olefin (PAO)[Wiel3]
Base oil dry C,H,, ISO VG dried with silica gel

Corn oil C3Hy04[C Hy, 4]3 mazola germ oil

Silicone oil [C,H;OSi],, M350 Carl Roth, Poly DiMethyl Siloxane (PDMS)
Ethylene glycol C,H O,

Diethylene glycol C,H,,04
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Figure 6.2 Raman spectra of the lubricants used. Wavenumbers and the Lorentzian (L)
and Gaussian (G) peak types are indicated.

Experimental Details. The Raman measurements are conducted with the setup described
in Section 3.1.2. Throughout the experiments a 532 nm laser focused through a 20x objec-
tive is used. The corresponding integration times per spectrum fy,.. are listed in Table 6.1.
Additionally, the table contains the number of spectra showing amorphous carbon (a-C)
signatures versus the number of fitable spectra of a mapping and their relative values. Gen-
erally, the measurements are conducted using a 900 grooves/mm grating, except for stages
IX and X, where a more efficient grating (600 grooves/mm, 500 nm blaze angle) is used.
For samples tested in argon or nitrogen atmospheres, the Raman spectra are recorded in a
protective gas chamber (see Section 3.1.2).

At each wear track of a sample a randomly chosen surface region of 150 x 150 pm? is
mapped by Raman spectroscopy (see also Section 3.3.2). Figure 6.3 (a) shows a typical
wear track of such a surface region. Here, all samples show a several 100 pum wide wear
track with grooves, while at some samples pitting is observed (compare Figure 6.5 (a), see
also wear mechanisms in Section 2.2). With a step width of 10 pum a total of 225 Raman
spectra are collected of each sample. The data is reduced to the Region Of Interest (ROT)
(compare ROI in Figure 6.3 (b) ranging from approximately 900 cm ™! to 1800 cm ™) and
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Figure 6.3 The displayed images are exemplarily taken at the chromium coated sample
(Stage IX, 120°C). (a) A worn sample region, (b) Raman spectra from this region and (c)
the corresponding Raman mapping for the I /I ratio are shown.

processed as described in Section 3.3. Details on the procedure using the self-developed
python package spectrum analysis are given in Appendix B.

Typical Raman Spectra at Random Surface Positions in Wear Tracks. Figure 6.3 (b)
shows three typical Raman spectra detected among the different samples and sample po-
sitions. The peaks outside of the ROI are fitted using Lorentzian peak shapes, while the
peaks in the ROI are fitted using linear combinations of Lorentzian and Breit-Wigner-Fano
peak shapes, as suggested by Ferrari and Robertson [Fer00] (see also Section 5.1).

The Raman signatures in the spectral region outside the ROI detected at 222 cm ™ (Aig),
287 cm ! (E,), 405 cm ™! (E,) and 498 cm (A;y) stem from hematite [Far97], while the
mode around 658 cm ™! stems from magnetite [Far97]>. Additionally, a weak mode around
385cm ! is fitted, but might as well be only an asymmetry of the hematite 405 cm ™! mode,
as it is not reported in the literature. The mode around 598 cm ™! might be a shifted E,
mode of hematite or it stems from a thermal decomposition of wiistite, as reported by Faria
et al. [Far97].

Inside the spectral ROI the intensive Raman line at around 1300 cm ™! might be assigned
to two-magnon scattering of hematite [Mar77; Far97]. The mode is accompanied by a
weak mode around 1100 cm ™!, which was also detected by Martin and Faria, but was not
discussed further. Instead of attributing two-magnon scattering to the 1300cm ™' mode,
Massey et al. state that this mode results from two-phonon scattering [Mas90]. They
calculate the magnetic Griineisen parameter, which is well below theoretically expected
values for a two-magnon process. Therefore, the attribution of a two-phonon process in
hematite for the 1300 cm ™ mode is followed (see also Section 4.1). Additionally, Massey et
al. suggested that the shoulder-like Raman mode around 1580 cm™! is due to two-magnon
scattering, which is followed as well.

The Raman modes observed around 1330 cm ™! and 1590 cm ™! are the D- and G-peaks of
amorphous carbon [Fer00]. They stem from the excitation of the m-states of sp? hybridized
carbon atoms (see also Section 2.3.2), with the D-mode corresponding to a ring-breathing
mode and the G-mode corresponding to a chain-stretching mode. Furthermore, a weak
unknown mode around 1770 cm ™! is detected. This mode is not reported in the literature.

3See also Section 2.3.1 for more details on the iron oxides and their properties.
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Figure 6.4 Raman spectra in dependence on the number of load cycles in 10? revolutions
(krev). The dip at about 1150 cm ™! is caused by a contaminant particle, which is removed
for subsequent measurements.

Only Kawashima et al. observed a Raman band in basal Highly Oriented Pyrolytic Graphite
(HOPG) in this spectral region, but could not determine the origin of this mode [Kaw95].

Formation of Amorphous Carbon as Function of the Wear Test Parameters. The condi-
tions for the formation of amorphous carbon films are analyzed in this paragraph. Therefore,
different samples are tested in a ball-on-disc tribometer at room temperature with different
loads (5N and 10N) and numbers of rotations (10, 10%, 10° and 3 x 10%). For 5N load,
hardly any wear is visible and no amorphous carbon signatures are detectable with Raman
spectroscopy, therefore, these samples are omitted from this study. For 10N load, at sev-
eral random surface positions* amorphous carbon signatures are detectable for numbers of
rotations exceeding 10° cycles. Therefore, 10N load and 3 x 10° load cycles are taken as
experimental ball-on-disc parameters for all of the following samples (compare experimental
parameters listed in Table 6.1).

Figure 6.4 shows the mean spectra of the load dependent measurements. Here, for small
numbers of load cycles, a significant Raman feature around 660 cm™" is observed, indicating
the formation of magnetite. The small Raman peak around 540 cm ™! may also be attributed
to magnetite [Far97]. With an increasing number of load cycles a second intensive Raman
signature around 1300 cm ™! is observable, indicating the formation of hematite. Addition-
ally, the Raman mode around 540 cm ™! vanishes with an increasing number of load cycles.
A further increase of the load cycles up to 10° does not change the spectra significantly.
Only for spectra exceeding 10° load cycles, changes are observed. Here, the hematite and
magnetite signatures are damped and two new Raman signatures around 1300cm ™' and
1600 cm ™! are observed, indicating the formation of amorphous carbon.

The described findings are also supported by the Raman images recorded of the Stage-

“Here, only single spectra are recorded at some randomly chosen spots.
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Figure 6.5 The displayed images are taken from Stage III, 150°C, 300krev. (a) The
worn sample region with pitting areas and (b) the corresponding Raman mapping for the
I /I ratio are shown.

ITI-samples kept at a temperature of 150 °C. Here, for N, = 1krev hardly any hematite is
detected, while for an increased number of load cycles hematite is detectable. Furthermore,
the number of amorphous carbon rich spectra increases with respect to the number of load
cycles. Here, the sample with N, = 10krev with an a-C content of approximately 35 %
builds an exception, as the selected surface region includes a pitting area, where most of
the amorphous carbon accumulates. This carbon accumulation is also observed for other
samples, like Stage 111, 150°C, N, = 300krev (compare Figure 6.5). The accumulation of
amorphous carbon is discussed in greater detail in the following paragraph.

To sum up, the time-dependent formation of the tribofilm is as follows: Firstly, magnetite
is formed, which is then further oxidized to hematite. In an additional step, which might
be parallel or successive to the hematite formation, amorphous carbon forms in between
the contacting surfaces. The amorphous carbon seems to accumulate in pitting areas. Most
likely, the amorphous carbon forms from a decomposition of the lubricants used in the
ball-on-disc experiments.

Raman Images of the Spectral Fitting Parameters. During the fitting procedure sev-
enteen parameters are used to describe the spectral ROI of each spectrum. In order to
simplify the analysis of 225 spectra per sample and numerous samples, for each parameter
a Raman image (or Raman mapping) is generated (see also Section 3.3.2 and Appendix B).
Exemplary mappings are shown in Figures 6.3 (c¢) and 6.5 (b). Here, the spatially resolved

107



Chapter 6 Optical Characterization of Tribological Amorphous Carbon at Steel Surfaces

I/ I ratio is shown, which allows for simple identification of carbon rich Raman spectra’.
The value of the parameter is color coded, while the width of each of the marker squares
resembles the sum area under the curve of all peaks fitted in the spectrum. Here, for an
enlarged region of the background image, a higher sum area under the curve is recorded.
This allows for easily estimating the overall intensity of each spectrum with respect to the
other spectra in the mapping. At surface positions where no signal is detected, the overlay-
ing marker is omitted. In the background of the mapping the optical image of the sample is
plotted. The exemplarily presented data in Figure 6.3 (c) shows that carbon rich regions are
favorably in the right half of the investigated wear track region. Despite this tendency, no
clear visual features of amorphous carbon accumulation are identified. For other samples,
as exemplarily shown in Figure 6.5, pitting areas are identified as regions that favorably
accumulate amorphous carbon. But it has to be noted that the amorphous carbon is not
solely located in the pitting areas, as the signatures are still recorded outside these areas.
Nevertheless, the probability of detecting amorphous carbon signatures in pitting areas is
significantly increased, compared to other surface areas. This might indicate that the sur-
faces in the pitting areas are more tribological active than the surfaces in different regions
[Hof16]. Here, tribologically formed amorphous carbon particles might precipitate out of
the lubricant solution and accumulate in the pitting areas.

Layer Structure of the Tribofilm. In general, all of the collected spectra can be assigned
to one of the following types of spectra: They are either hematite rich (compare sample
position (80, 20) in Figure 6.3 (b)), carbon rich (see sample position (70, 20) in Figure
6.3 (b)) or a superposition of both phases (see sample position (60, 20) in Figure 6.3 (b)).
In detail, a special focus should be drawn to the intensity of the magnetite line at about
660 cm !, which rises with the increase of the amorphous carbon signal, while the intensity
of the hematite signatures decreases. Here, the penetration depth 4, of light into the
different materials can be accounted. As shown in Section 2.1.6, the wavelength-dependent
penetration depth d, ranges from 4, , ¢ = 50nm to d, , ¢ 450°c = 250nm for amorphous
carbon, to &, pe,0, = 76nm for hematite and to §, g0, = 470nm for magnetite (see
also Table 2.2). So for amorphous carbon and hematite signatures, the light penetrates
approximately the first 100 nm of the tribofilm, while for magnetite signatures depths of
approximately 500 nm are investigated. This observation and the run time dependence
of the Raman signatures allow one to assume that the tribofilm has a layered structure.
Seemingly, hematite builds the base of the film, with magnetite layered on top. Lastly, the
film is covered with amorphous carbon.

The proposed layer structure is neither clearly disproved nor supported by the results of
the laser power variation measurements from Stage IX. At some positions, the amorphous
carbon signatures feature a lower intensity in accordance with lower applied excitation pow-
ers, while at other positions only iron oxide signatures are detected at low excitation powers
instead of amorphous carbon signatures. To clarify this behavior additional investigations
with a focus on excitation power are necessary.

5Carbon rich spectra show a I /I, ratio close to one (red), while spectra with a small carbon content have
ratios smaller than 0.5 (white).

108



Particle Sizes in the Tribofilm. The line widths of the Raman modes might supply some
information on the particles present in the tribofilm [Gou07]. Chernyshova et al. for
example showed that the FWHM of several hematite Raman lines changes with their particle
size. They observed that the A;, mode at around 230 cm™! changes its width from 5cm™"
to 9cm ! for particles with sizes 120nm and 7nm, respectively. The E, mode around
410 cm ™! behaves similarly, changing its width from 10 cm ™! to 12 cm ™! for the same particle
sizes [Che07]. In the present samples the observed FWHMs of the Raman lines are even
broader. They are 16cm™' for the Ay, mode and 24 cm ™! for the E, mode, indicating
nano-sized particles®. The formation of small particles is also supported by the comparably
broad FWHM (100 cm ™) of the magnetite mode around 1300 cm ™", which is usually around
60cm ™' to 70cm™! for crystalline hematite [Mar20]. Furthermore, the absence of broad
features of disorder-related longitudinal-optical phonon modes around 660cm ™! and the
tetrahedral defect-related T'band around 690 cm ™! indicates that the hematite particles are
larger than (42 4+ 9) nm [Sch17].

The situation for particle sizes of amorphous carbon is a bit different. Here, the coherence
length L, and thus the size of the a-C particles is coupled to the intensity ratio of the D-
and G-peak [Merl7]. Depending on the particle size two relations were derived. Firstly,
for particles bigger than 2nm, the I /I ratio scales with L;* (Tuinstra-Koenig relation).
Secondly, for particles smaller than 2 nm, the Iy /I ratio scales with L? (Ferrari’s relation).
For the here observed I, /I ratios ranging from 0.8 to 1.2, amorphous carbon particles with
sizes of approximately 6 nm to 4 nm (Tuinstra-Koenig) or 1 nm to 2nm (Ferrari) are present
in the tribofilm [Fer00]. With typical carbon-carbon bond lengths of 0.15nm [Riel8] the
particles measure between 7 and 40 carbon-carbon bond lengths in diameter. Taking the
typical line widths of the peaks of approximately 150 cm ™! into account, it is assumed that
L, is rather in the 1nm to 2nm range than in the 6nm to 4 nm range (compare Figure 41
in reference [Rob02]).

In a first estimation the tribofilms consist of comparably large iron oxide particles of sizes
exceeding 10 nm with small amorphous carbon particles of sizes in the nm range. In order
to gain more detailed insight and a better particle size estimation other methods like XRD
or AFM need to be utilized.

Configuration of the Amorphous Carbon. Raman spectra recorded at carbon-rich sur-
face positions typically exhibit a G-peak which is more pronounced than the D-peak. The
G-peak is sensitive to all sp? hybridized carbon bonds, while the D-peak is only sensitive
to clusters of aromatic carbon rings [Chh00; Rob02]. Therefore, as both peaks are de-
tected in the present amorphous carbon films (see for example Figures 6.3 or 6.6), carbon
chains and aromatic carbon rings compose the amorphous carbon films. Taking the mainly
linear structure of the lubricant molecules into account, it may be assumed that a linear
configuration of the amorphous carbon is preferred, as linear amorphous carbon is easier
to build from linear lubricant molecules, than six-fold aromatic amorphous carbon rings.
Nevertheless, aromatic carbon rings are formed as well. As no additional T-peak around
1000 cm™ is observed, a possible sp? content in the tribofilms does not exceed 20 % to 30 %,
multi-wavelength Raman spectroscopy is needed to improve this estimation (see section 5.1).

5The differences in resolution for Chernyshova et al. (1.5cm™!) and the used setup (5cm™!) are neglectable
(see also Appendix A.4)
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‘ ‘ ‘ Additionally at a few pitting areas, which
are of intensive dark color in the visual im-
age, a significant narrowing of the D-peak
and especially the G-peak is observed. The

]
g Vi 120° SO spectra of interest are presented in Figure
> 6.6. Here, FWHMs of about 100cm™! are
% VI 100° Ar detected, compared to typical line widths of
£ 150 cm™! and more. A comparable narrow-
E’ 11000 A ing of the Raman lines was also observed
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= VI 100° Ar by Bhargava et al. in thermally annealed
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11 90° could correlate changes in Raman spectra at
1334 cm”! 1590 cm”! temperatures around 600 °C with a release
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in the correlation length L,. Chhowalla
Figure 6.6 Narrowing of the amorphous carbon and Jacobsohn observed a similar behavior
D (1334cm™') and G (1590cm™') Raman fea- [Chh00; Jac00]. As the here analyzed sam-
tures at several samples. Additionally, a mode at ples are not thermally annealed, the changes
1620 cm ™" is observed. in the carbon structure have to be induced
by a different mechanism. They might be induced by flash temperatures (see Section 2.2.3).
Using the theory of Archard for circular contacts, the maximum flash temperature’ is es-
timated to range from 11°C to 240°C. With an additional bulk temperature of 120 °C,
temperatures of up to 360 °C may be reached for atmospheric conditions, leading to more
structured amorphous carbon. The flash temperatures may also be roughly estimated by
comparing the present Raman spectra to the spectra collected by Bhargava and Jacobsohn.
This comparison leads to flash temperatures of 700 °C or higher.

Summing up, the non-ordered sp?-bonded amorphous carbon is mainly formed by linear
chains with some distorted six-fold rings, becoming more ordered at elevated temperatures.
Most likely flash temperatures ranging from 130 °C to 700 °C are reached in the tribological
contact.

Raman shift (cm™)

Oxygen Presence Controls the Reaction Pathway of the Tribological Material. The
comparison of the base oil series and the ethylene glycol series across different atmospheres
shows strongly different tribofilms. For ball-on-disc tests in air, no (little) amorphous carbon
is formed using ethylene glycol (base oil), whereas a high carbon coverage is detected for
comparable tests in argon and nitrogen atmosphere (see Table 6.3). Here, ethylene glycol
shows an amorphous carbon coverage of 97 % in both atmospheres, while the base oil shows
a carbon content of 37 % in argon atmosphere and almost 100 % in nitrogen atmosphere.
Similar trends are detected for other sample combinations, which are also listed in Table 6.3
but do not include all three atmospheres. Additionally, the coefficient of friction significantly
increases throughout the testing (compare fig,, and p.,q). Only for base oil lubrication at
temperatures below 100 °C, the friction is not significantly increased. For base oil lubrication

"The flash temperature calculation is presented in Section 2.2.3, with all material parameters listed in
Table 2.3.
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Table 6.3 Samples sorted by amorphous carbon formation in dependence on the ambient
atmosphere. All samples are exposed to 3 x 10° load cycles. The experimental parameters

are described in the caption of Table 6.1.

Stage T /°C Lub. t,. /s Atmo. aC/% Htart Heond

II 120 BO 60 air 128 +1.3 0.109 £0.003 0.851 +0.039
VI 120 BO 60 Ar 37.14+£0.9 0.098 +£0.004 0.125 £ 0.004
X 120 BO 15 N, 99.54+1.0 0.11340.006 0.303 4 0.006
VII 120 EG 60 air 0 +£6.1 0.365+0.215 0.880 + 0.008
X 120 EG 15 Ar 9724+ 1.1 043940.151 0.924 £ 0.040
X 120 EG 15 N, 96.6 1.7 0.48240.089 0.908 4 0.017
II 90 BO 60 air 14.9+0.9 0.106 4+ 0.004 0.093 4+ 0.001
VI 90 BO 60 Ar 1294+ 1.0 0.100 4+ 0.003 0.086 4 0.001
VI 90 BO 15 Ar 80.4+0.9 0.100 £0.003 0.086 4 0.001
11 100 BO 60 air 0 £09 0.096+£0.003 0.057 £ 0.002
VI 100 BO 10 Ar 74.840.9 0.08540.002 0.341 4 0.007
VII 120 DEG 60 air 0 +£26 0.131+£0.033 0.857 +0.005
X 90 DEG 15 N, 81.5+£2.2 0.1104£0.037 0.972 £ 0.056

at 100 °C in air, the coefficient of friction is even reduced. Seemingly, the lubricating film
does not remain intact in between the contacted bodies and the amorphous carbon does not
improve the lubricating properties of the tribofilm. Through the different behavior of the
tribofilm formation under different atmospheres, it is assumed that there are two underlying
mechanisms influencing the tribofilm formation:

e The first reaction pathway, under the presence of atmospheric oxygen, is built by
the oxidation of magnetite to hematite, with a subsequent or parallel formation of
amorphous carbon. Here, the formation of iron oxides seems to be favored over
amorphous carbon formation.

e The second reaction pathway, under oxygen-free atmospheres, is built by direct for-
mation of amorphous carbon, without a concurring iron-oxidation process. In absence
of the atmospheric oxygen the oxidation of iron is impossible, therefore eliminating
the process, leading to a direct formation of amorphous carbon.

The observations of an increased tendency of amorphous carbon formation in oxygen-free
atmospheres leads to the assumption that atmospheric oxygen selects the underlying mech-
anism of the tribofilm formation. Whether the tribo-formed amorphous carbon is beneficial
or harmful for the tribological system cannot be evaluated. Here, the coefficient of friction
is increased from start to end in most cases, but this tendency might be reasoned in the
observed discontinuous behavior of the coefficient of friction throughout the ball-on-disc
testing. This discontinuity is commonly observed in friction testing devices and is rooted in
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Figure 6.7 The displayed images are exemplarily taken from the chromium coated sam-
ple (Stage IX, 120°C). Here, (a) the principal component analysis with the corresponding
mean Raman spectra of the clusters and (b) the related spatially resolved clustered map-
ping are shown.

vibrations of the testing device or long-term changes of the sliding conditions (see reference
[Lud00] for more details). To reduce these discontinuities, the testing conditions could be
adapted accordingly, machine vibrations might be reduced or the long-term changes of the
sliding conditions need to be reduced.

Principal Component Analysis of a Single Mapping. In order to reduce the parameter
space and detect spectral similarities between the spectra of a single mapping, the param-
eters determined through the fitting procedure are analyzed with a Principal Component
Analysis (PCA) (see Section 3.3.3). An exemplary analysis is shown in Figure 6.7. Each
data point in the plot represents the projection of the spectral features of one spectrum
into the space of the first two principal components. Here, four well separated clusters are
detected in principal component space (see Figure 6.7 (a)). Additionally to the projection
into the first two principal components, the mean spectra of each cluster are plotted. Here,
the main Raman signatures are detected, as described before: The clustering algorithm
detects clusters that are mainly hematite (green) and mainly amorphous carbon (red). Fur-
thermore, a third cluster that is a transition between both signatures (blue) is detected.
The fourth cluster (orange) shows two exceptions collected throughout the mapping, they
do not match any of the three main clusters. Here, utilizing data reduction and clustering
algorithms detects the previously described spectral similarities among multiple spectra,
which allows for a fast identification of major spectral trends. This method is used to ease
the analysis of huge data sets.

Figure 6.7 (b) shows the clusters plotted in a similar manner to the Raman mappings,
with the optical image of the investigated sample region displayed in the background. Here,
no clear correlation of optical features and cluster features is detected. This is also the case
for all other samples. Only for pitting areas and non-fitable surface regions, a correlation
of the optical image and the clusters is visible.
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Figure 6.8 Projection of the complete a-C data set onto the first two principal compo-
nents. The reduced space is divided into ten clusters, with the mean spectra of each cluster
shown in the legend. The spectra range from 0cm ™ to 2000 cm ™. Here, Clusters 0, 6 and
7 show amorphous carbon signatures, Clusters 1 and 5 show a transition spectrum with
small contents of amorphous carbon and significant contributions of hematite, whereas
Clusters 3, 4, and 8 exhibit mainly hematite signatures. The Clusters 2 and 9 do not
show significant Raman signatures. Furthermore, for each of the three fitting functions
(one Breit-Wigner-Fano and two Lorentzians), the projection of their centers (FWHMs)
in the principal component space is displayed by the solid (dotted) line. The influence of
the Iy /I ratio is indicated as well.

Principal Component Analysis of the Complete Data Set. In a comparable manner like
for a single spectrum, the complete data set is analyzed by means of principal component
analysis in the following. The parameter space of the data of all investigated samples is
even bigger than the parameter space for one single mapping. Here, the spectral data and
the tribometer data (temperature and coefficient of friction) are used to detect clusters with
similar properties. The clustered data are shown in Figure 6.8 with ten different clusters.
Again, four main groups are identified in the figure. The mean spectra of each cluster
are shown in the legend of Figure 6.8. Additionally, the projection of the center position
(solid line) and the FWHM (dotted line) of each of the three fitting function components
to the principal component space are displayed. A data point moves along these axes if
the corresponding parameter of the spectrum is changed. The projection of the previously
created parameter I /I is also included in the plot. It does not show a significant influence.
Other projections are omitted for clarity. The clustering reveals three clusters with mainly
amorphous carbon signatures (Clusters 0, 6 and 7), three clusters with mainly hematite
signatures (Clusters 3, 4 and 8) and two clusters that show mainly hematite signatures
with small signatures of amorphous carbon (Clusters 1 and 5). The Clusters 2 and 9 do
not demonstrate significant Raman signatures.
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Table 6.4 Coefficients for the different parameters forming the first few Principal Com-
ponents (PCs), with their explained variance ratio indicated. The parameters are the
applied temperature T during tribo-testing and the measured coefficient of friction p. The
spectra are corrected by a background with offset ¢, and slope c;, while the peaks are
described by an additional offset ¢, their area under the peak A, their central position w,
their FWHM I, their asymmetry factor ¢ and their variance o, as well as their height h.
Additionally, the influence of each parameter on the corresponding principal component
is indicated by the bar graph.

Parameter  PC 1 (35%) PC 2 (24 %) PC 3 (12%) PC4 (8%) PC5 (5%)

T 0.000 0.000 0.000 0.000 0.000
I 0.000 0.000 0.000 0.000 0.000
Agwr 0011 F —0133 | —0.048 | 0.02 | —0.030
W W 0406 W 0469 | —0078 W 0152 | —0.054
Iswr | 0.295 | —0.294 i —0.227 1 0.143 I —0.084
dBWF | —0.043 | 0.065 || 0.350 | 0.404 | 0.136
OBWF | 0.361 H —0.317 1 —0.191 | 0.156 I —0.031
Ay | 0.120 I —0.042 I —0.085 1 —0.104 1 0.165
Wi | 0.173 | —0.259 | 0.562 = —0.494 1 —0.162
I, | 0.102 | —0.247 | 0.423 | —0.194 —0.001
Ao | 0.292 || 0.245 ] 0.081 | 0.166 I —0.042
Wi | 0.480 | 0.390 0.001 | —0.269 | 0.223
17, | 0.368 n 0.299 \ 0.012 | 0.069 | 0.095
hio | 0.323 | 0.275 | 0.090 | 0.066 [ —0.016
A —0.006 I —0.029 \ 0.051 | 0.053 | 0.116
Wi 3 \ —0.031 I —0.141 | 0.241 || 0.257 | 0.527
I, \ —0.026 | —0.119 | 0.203 | 0.213 | 0.473
his —0.006 | —0.029 \ 0.050 | 0.051 1 0.111
hoy mwr L —0.040 1 0.104 1 0154 1 —0.142 | 0.042
c \ 0.041 1 0.135 | 0.362 | 0.466 = —0.552
o —0.007 \ 0.008 | 0.063 | 0.094 I —0.143
¢ \ 0.009 \ 0.003 \ 0.032 | 0.063 | —0.034

Influence of Spectral and Tribo-Parameters on Principal Components. The calculated
principal components leading to Figure 6.8 are summarized in Table 6.4. Here, the influence
of each of the spectral and tribological parameters on the first five principal components is
presented. For the present data set, the first five principal components explain about 84 %
of the observed variance in the data. The first two principal components are dominated by
the parameters of the Breit-Wigner-Fano and the second Lorentzian function. Here, the
parameters of the second Lorentzian influence both principal components proportionally,
while the parameters of the Breit-Wigner-Fano function have an opposed influence on the
two principal components. A comparable behavior is observed for the influence of the pa-
rameters of the first Lorentzian on the third and fourth principal components. Furthermore,
none of the principal components is influenced by temperature or friction. This behavior
can be explained with the different resolution of the parameters: While the spectral param-
eters are determined with one set of parameters per spectrum and 225 spectra per mapping,
the tribological parameters are only determined once per sample. For the optical parame-
ters, there is a rather wide variation per mapping, while for the tribological parameters no
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Table 6.5 Optical and tribological composition of the clusters, grouped by their spectral
features. Here, the mean values are calculated using the uncertainties package, weighted
with the cluster sizes [Leb]. Non-existing values are excluded from the calculations. The
peak parameters are given in cm L.

Label Clusters Iz T/°C Wwr Igwr Wiy Iy, Wiy I, Wiz Iis
No signal 2,9 0.3840.35 129424

ITron oxides 1,3,4,5,8 0.3540.15 118+13 158147 167419 1315+ 4 110413 1095414 138 +29

Carbons 0,6,7 0.3240.23 119418 159048 145428 1334+ 11 198 +48 1768 £ 11 247+ 68

variation is observable per mapping. This leads to a small correlation between the optical
and tribological parameters, which is also detected by the clustering algorithm, leading to
vanishing coefficients for the tribological parameters.

Optical and Tribological Composition of the Grouped Clusters. The mean values of the
spectrally grouped clusters’ optical and tribological composition are presented in Table 6.5
(see Appendix D for the non-grouped data). Here, spectral features with mean values of
the center position that are outside of the spectral ROI are omitted. The no-signal cluster
group (Clusters 2 and 9) does not show a spectral feature with mean center positions inside
the spectral ROI for any of the optical parameters. While the coefficient of friction is
comparable to the other two cluster groups, the temperature seems to be slightly increased
compared to the two other groups. The iron oxide and transition cluster group (Clusters 1,
3, 4, 5 and 8) shows mean values for three different Raman features, which are identified as
the previously described hematite modes. While their peak positions are well-determined
with errors around 1%, the peak widths vary strongly with errors of 10 % to 20 %. The
carbon dominated cluster group (Clusters 0, 6 and 7) shows also three Raman modes, of
which two are the D- and G-modes of amorphous carbon. The origin of the third mode
around 1770 cm ™! is unknown. Again, the peak positions are well determined with errors not
exceeding 1%, while the peak widths vary strongly with errors ranging from 20 % to 30 %.

Applying PCA to the complete data set leads to optical mean values that match well
with the Raman positions reported in the literature. Although the peak widths show non-
neglectable errors, the determined optical mean values can be used to describe the data set
and reduce it to its main differences.

Atmospheric and Lubricational Composition of the Grouped Clusters. The mean values
of the spectrally grouped clusters’ atmospheric and lubricational composition are presented
in Table 6.6 (see Appendix D for the non-grouped data), with the number of spectra in-
dicated. In total 8689 spectra are investigated, with 13% of the spectra showing little
to no signal, 48 % showing mainly iron oxide signatures and 39 % showing mainly carbon
signatures.

The overall contribution of air is (79 + 2) % for all clustered spectra, whereas the contribu-
tion of non-air atmospheres sums up to (21 + 3) %. This reproduces the overall distribution
of the measured atmospheres. Within its errors, this also fits to the components detected
in the clusters with no signal, where the contribution of air is (75 4+ 2) % and the non-air
contribution sums up to (25 + 3) %. In the iron oxide dominated clusters the contributions
of air (87 £ 2) % and non-air atmospheres (13 4 3) % do not fit to the atmospheric distribu-
tion. Here, the oxygen-rich atmospheres are significantly over-represented. In the carbon
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Table 6.6 Atmospheric and lubricational composition of the clusters, grouped by their
spectral features. The number of spectra of each cluster is reported, as well as the cluster’s
relative atmospheric composition and its relative composition of lubricants used in the
cluster. Here, the atmospheres are ambient air (air), argon (Ar) and nitrogen (N,). The
lubricants are base oil (BO), ethylene glycol (EG), additive oil (add), no oil (no), corn oil
(CO), silica-gel-dried oil (dry), silicone oil (SO) and diethylene glycol (DEG). Additionally,
the total compositions of the clustered and measured spectra are presented (see Table 6.1).

Label Clusters Spectra lair I Ar N, IBO IEG ladd Ino ICO Idry 1SO DEG
. | _________________________________ N
Nosignal 2,9 Hed o 14 1 43 26 20 5 2 2 1 1

Iron oxides 1, 3,4, 5,8 4154

87 13 0 60 5 1 9 4 5 10 5
| I
Carbons 0, 6,7 B 19 10 70 11 5 1 7 6 1 0
. . I
Clustered spectra 8689 79 15 5 61 10 5 5 5 5 5 9
. . I
Measured spectra 8689 716 8 61 3 5 5 5 5 5 5

dominated clusters the contributions of air (71 & 2) % and non-air atmospheres (29 + 3) %
are also noticeable. Here, the oxygen-rich atmospheres are significantly under-represented.

The error for the relative compositions is estimated as follows. It is assumed, that one
set of carbon signatures from a sample might be assigned inaccurately by the clustering
algorithm. Taking the carbon containing spectra from Table 6.1, each of the 42 samples
shows on average 50 spectra with amorphous carbon signatures. Taking the cluster analysis
instead, each of the 42 samples shows an average of 80 carbon containing spectra (compare
Table 6.6). Taking the greater number, the error is estimated to be in the range of +80/8689 ~
+1%. Here, it is assumed that the error does not exceed twice the roughly estimated
error. Therefore, an error of 2% is used for all relative values. For combined values, error
propagation is used to calculate the combined error.

The observed over- and under-representation of oxygen-rich atmospheres supports the
assumption that the presence of air increases the probability of iron oxide formation, while
it reduces the probability to form carbon bonds. The assumption of oxygen playing a key
role in this tribological process is rooted in the composition of air, which mainly consists
of 78 % nitrogen, 21 % oxygen and =~ 1% argon, and identical tribo-tests being performed
in three different atmospheres (air, nitrogen and argon), where the only difference is the
presence of oxygen in the surrounding atmosphere (compare Table 6.3).

Summary and Conclusion. A multi-parametric Raman spectroscopic investigation on the
formation of tribofilms on steel-steel surfaces is performed, providing insight into the mi-
crostructural properties of the tribological surfaces. In the investigated tribo-material, three
main constituents are identified. Here, hematite builds the base of the film, followed by mag-
netite, which is covered by amorphous carbon. A high amorphous carbon coverage of the
surface is correlated with high loads (10N) and high numbers of load cycles (exceeding
10° cycles). The particles forming the tribofilm are nanometer sized, with large iron oxide
particles (exceeding 42nm) and smaller amorphous carbon particles (1 nm to 2nm).
Furthermore, spatially resolved Raman images showed that pitting areas have a higher
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probability for amorphous carbon accumulation than other surface regions. This accumula-
tion might indicate an increased tribological activity of the pitting areas, where amorphous
carbon particles might form and precipitate out of the lubricant solution. Additionally,
the Raman spectra revealed that flash temperatures of up to 700°C are reached in the
tribo-contact. The amorphous carbons are mainly sp? hybridized linear carbon chains,
with some distorted six-fold rings. A sp® content of up to 30 % is possible, but such an
evaluation needs further investigation. Hints are detected that the reaction pathway of the
tribofilm formation is selected by atmospheric oxygen, showing an increased tendency of
amorphous carbon formation for oxygen-free atmospheres.

Additionally to the analysis, the spectral differences in the data are also detected with
the chemometrical methods of principal component and cluster analysis. These methods
support the key role of oxygen for the tribological process. Neither the mapping of the
different spectral parameters, nor the mapping of the clustered spectra showed a clear cor-
relation of the data with the optical image of the sample. Nevertheless, the data reduction
and clustering algorithms led to comparable results as the traditional analysis, proving that
chemometrical methods might be used to gain a fast insight into huge data sets and help
to find analyze-worthy correlations.

In conclusion, combining Raman spectroscopy with chemometrical methods creates a
powerful technique that allows one to correlate spectral information with surface properties.
In order to correlate the spectral information with tribological data an increased spatial
resolution of the tribological data is required.
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Chapter 7
Summary and Outlook

In this chapter, the gathered results are summarized and are taken to a broader context.
Additionally, an outlook on experimental improvements is given. At first, each chapter is
summarized to recover the main findings. Subsequently, the characteristics of tribological
surfaces are bundled and main conclusions are drawn. Finally, the chapter closes with
an outlook to future experiments and suggests improvements on the Raman scattering
technique.

In Chapter 4 three examples of tribological materials are presented, generating an optical
impression of wear on tribological surfaces. Firstly, on uncoated screw-rotor surfaces, iron
oxides are detected, indicating worn (magnetite) and heavily worn surface regions (hematite
and magnetite). Additionally, the mapping of the characteristic Raman lines revealed strong
fluctuations of the lines, indicating regions of heavy wear. Here, the occurrence of a specific
Raman mode might be used to detect heavily worn uncoated steel surfaces. Secondly, on
tungsten-carbide coated screw-rotor surfaces, tungsten oxides are detected, indicating an
oxygen incorporation into the tungsten carbide coatings. The oxygen incorporation and the
concomitant broadening and shifting of the Raman modes might be exploited to determine
the degree of wear in these coatings. Thirdly, the tribofilm formation of MoS, coatings
in different atmospheres is studied. Here, third-body MoS, particles are observed. These
particles have a different chemical behavior, oxidation resistance and increased Raman scat-
tering probability compared to the as-deposited films. Monitoring the third-body particles
could help estimating the degree of wear of the coatings.

In Chapter 5 the influences of deposition parameters and post-growth annealing on the
microstructure and interatomic interactions of amorphous carbon films and MoS, coatings
are investigated. In the first section of the chapter, the deposition parameters bias voltage
and cathode power are detected to be of greatest influence on amorphous carbon coatings,
reducing the probability for the formation of sp® hybridized carbon bonds and inducing
intrinsic stress into the coatings. In the second section of the chapter, MoS, coatings are
investigated. Here, an increased heating power in the deposition process is identified to shift
the S/Mo ratio towards 2, while a reduced heating power shortens the MoS, bond lengths.
Additionally, high substrate temperatures are identified to reduce the inter-layer spacing
along the (002) direction of the different MoS, layers. Furthermore, the coefficient of fric-
tion is reduced for coatings with high initial (100) orientation, indicating a reorientation
process from initial (100) orientation to basal (002) orientation in the tribological contact.
In the third section of the chapter, post-growth annealed polycrystalline MoS, coatings are
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investigated. Here, the relaxation of non-uniform strain is detected, as well as an improve-
ment of the film’s structural and chemical composition for high annealing temperatures.
Additionally, two Raman modes may be exploited to determine the frictional behavior of
the coatings (low frequency Raman mode around 40 cm™') and to detect stacking faults in
the molybdenum disulfide layers (Raman forbidden mode around 550 cm ™).

In Chapter 6 the tribofilm formation in steel-steel contacts is investigated. Here, a layered
film is detected, with nano-sized hematite, magnetite and amorphous carbon particles from
base to top. Spatially resolved Raman images revealed an accumulation of amorphous
carbon in pitting areas. Furthermore, the Raman spectra allowed for an estimation of
the flash temperatures present in the tribo-contact, ranging up to 700 °C. The amorphous
carbon is mainly linearly coordinated, with some distorted carbon rings. Additionally, two
reaction pathways forming the tribofilm are identified, with oxygen playing a key role in
the selection of the pathway. Performing principal component analysis on the data set led
to comparable results, allowing for fast insights into the complete dataset.

In Conclusion, the correlation of Raman scattering signatures with microstructural prop-
erties of tribological surfaces identified several characteristics. The first characteristic for
heavily worn surfaces is the presence of oxides, which are observed in different material
systems. Here, iron oxides (Chapters 4.1 and 6), tungsten oxides (Chapter 4.2) and molyb-
denum oxides (Chapters 4.3 and 5.3) are detected. The degree of wear is described by
monitoring their spatial distribution, their broadening and shifting or their chemical behav-
ior. A second characteristic of tribological material may be that it is micro- (molybdenum
disulfide, see Chapter 4.3) or nano-sized (iron oxides and amorphous carbon, see Chapters
4.1 and 6). The size of the tribo-generated particles might be estimated from the FWHMs
of the recorded Raman signatures or simply from visual images. An additional property
of tribological surfaces is provided by their tailoring through distinct external parameters.
Here, the deposition process (Chapters 5.1 and 5.2), post-processing (Chapter 5.3) and the
surrounding atmosphere (Chapters 4.3 and 6) strongly influence the tribological behavior
of the respective coatings.

In general, Raman spectroscopy proves to be a useful technique to analyze various tribo-
logical surfaces. The careful analysis of the collected spectra allows for a detailed insight
into the properties of these surfaces. Adding spatial resolution to the scattering technique,
allows one to correlate visual information with spectral information, which enhances the
understanding of tribological surfaces and their properties.

Outlook. In order to use spatial Raman spectroscopy to monitor wear in real-time appli-
cations, several improvements are required: The method needs to be speed up. This could
be performed by changing from a point-wise spectrum collection to a line-wise spectra col-
lection. Using fiber arrays or liquid-crystal tunable filters allow for an even faster collection
of the Raman images [Tre01].

Combining Raman spectroscopy and chemometrical methods, like principal component
analysis, provides the analysis of huge data sets and one gains a fast insight into the data.
Here, mean centering could be used to only detect changes from the overall mean spectrum
[Sha01], which simplifies the identification of spectral differences. Also introducing chemical
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color imaging or hyperspectral imaging® could help to simplify the analysis of the data of
interest.

Furthermore, spatially resolved temperature and frictional data would further improve the
understanding of the underlying processes. This could be achieved by adding thermometric
methods [Shi07; Lunl3; Bril2] and also performing micro- and nano-friction experiments
[Chullb]. In order to gain a more detailed insight to the Raman measurements, the anti-
Stokes signal could also be collected and Raman thermometric methods? could be introduced
to determine the influence of the laser on the sample surfaces. Additionally, the simulation
of the Raman spectra with density functional perturbation theory® could give more in depth
insight into the material and the underlying processes at atomic scale.

LA good introduction to hyperspectral imaging is given by Horiba [Hor21b].
2First experiments were already performed, which are summarized in a report by Rittmann [Rit18].
3 A brief introduction to the topic is given by the Bachelor’s thesis by Beckmann [Bec19].
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Appendix A
Supporting Methods

In this appendix some additional methods used during the preparation of this thesis are
presented. Some of these methods were topic of a Bachelor’s thesis. The methods presented
are

o Fabry-Perot interferometry, which can be used to inspect the mode structure of a
laser,

o focus stacking, which can be used to increase the depth of field of an image,
¢ the knife-edge method, which can be used to determine the spot size of a laser beam,

e an estimation of the spectral resolution of a spectrometer and its line width.

A.1 Fabry-Perot Interferometry

A Fabry-Perot interferometer® is an optical resonator with two partially transmitting mir-
rors [Har03]. Through this configuration, an incident light beam may only be transmitted
by the interferometer when wavelength and resonator are in resonance. The interferometer
can be used as optical filter, transmitting only a narrow spectral range from a wide spec-
trum. By introducing tunability to the length of the resonator, through adding piezoelectric
transducers, the spectral properties of the transmitted beam can be adjusted. By constantly
scanning the length of the resonator (so called free spectral range of the interferometer), a
scanning Fabry-Perot interferometer can be used to examine the spectral characteristics of
a laser beam.

An experimental setup of a scanning Fabry-Perot interferometer, with a photo-diode, con-
trollers for diode and transducer and an oscilloscope, is described on the website of Thorlabs
[Tho21]. For alignment, calibration and more details on Fabry-Perot interferometers it is
recommended to read the guide supplied by Thorlabs. In case of a single-mode laser, the
observed frequency response is a single Lorentzian detected over the complete free spectral
range of the resonator. For lasers that are not single mode, more than one Lorentzian is
detected over the scanning range of the interferometer. For nearly single-mode lasers, two
or more overlapping Lorentzians are observed.

!The interferometer is named by its developers the french physicists Charles Fabry (*1867; t1945) and
Alfred Perot (*1863; T1925).
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A.2 Focus Stacking

Focus stacking or focal plane merging is a

technique to increase the depth of field of an
image [Johl7]. Therefore, multiple images
with different focus distances are collected
—> | ‘ | ‘ ‘ (compare Figure A.1). In a following digital
processing step, the focused image regions

are detected (with edge detection, Fourier
analysis or other algorithms) and combined
Figure A.1 Scheme of focus stacking. Multiple to a new image containing the focused re-
images with different focal planes are combined to gions of all input images. This technique
one image with an increased depth of field. allows one to generate images with depths
of fields that are physically impossible, and images with non-planar focus regions can be
generated. This is helpful in microscopy when large, uneven sample regions are of interest,
as high-numerical aperture objectives only supply a small depth of field. To generate a
focus stacked image, the enblend and enfuse tools from the hugin software can be used.
A detailed tutorial is given in Pat David’s blog [Dav13].

A.3 Knife-Edge Method

Here, a brief introduction to measure the beam waist of a laser spot with the knife-edge
method is given. A laser beam is a Gaussian beam? with its intensity in cylindrical coordi-
nates (p, z) given by [Haul6]

I(0,2) = I, (ﬂ;)zexp (—jf(z)> . with w(z) = wgy| 1+ (%)2
(A1)

Here, w(z) is the z-dependent beam width (beam waist) of the laser beam, with the beam
waist w, at z = z;, the refractive index n of the medium, the wavelength A of the laser
beam and the beam quality factor M?, which is 1 for an ideal Gaussian beam, but slightly

bigger for a real beam?.

The beam width can be measured, with the knife-edge method. Here, a sharp edge is
used to scan across the laser beam profile (compare Figure A.2 (a)) and an intensity signal
(fluorescence, Raman, etc.) from a sample is measured with respect to sample displacement
(compare Figure A.2 (b)).

With a signal originated solely from the sample surface, the displacement-dependent

2Details on lasers, Gaussian beams and their properties are given in the book by Siegman, Chapters 16
and 17 [Sie86].

3Typically values ranging from 1 to 1.1 are reached for He—Ne lasers and values ranging from 1.1 to 1.7
are reached for ion-gas lasers [Haul6]. For the solid state lasers used in this thesis lasers with beam
qualities M? < 1.1 are used.
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: (b) 1.0

|

L w(z) —~

| e——— )

I =

|

. £ 0.5 1

Yo @

| )

i E

|

|

| 0.0 1

I T T T T T
I -2 -1 0 1 2
;; Displacement (x — x)/w,

0

Figure A.2 Schemes of the Knife-Edge Method, where (a) a sample is moved into a
Gaussian beam profile and (b) the signal intensity is recorded with respect to the sample
displacement.

Table A.1 Numerical aperture (NA) and working distance (WD) of objectives used in
this thesis. Additionally, the measured beam waists for 532 nm excitation in dependence
of objective and material are given. Here, the Raman lines of diamond (1336 cm™") and
silicon (519cm™!) were investigated to determine the corresponding beam waists W0 Dia

and wy g;.-
Objective NA WD/mm  wyp,/nm — wyg/pm
Olympus PLN4x 0.1 18.5 6.4 4+0.2
Olympus UPLFLN20x 0.5 2.1 2274003 1.140.3

Olympus LMPLFLN50x 0.5 10.6 1.21 £ 0.03

intensity I(z) at position z = Z is given by [Haul6]

I(z) = % (1 +oerf (%)) , (A.2)

with the center of the beam z,, the maximum intensity I, the error function erf and the
beam waist w(Z) in the plane of measurements. By performing the described measurement
of the intensity of a Raman line of choice and fitting the parameters of I(z) the beam waist
can be determined. The spot size is defined as the beam diameter in the focal plane, leading
to a spot size of 2w,. Some beam waists were determined during the Bachelor’s thesis of
Grisard [Gril8]. An overview of the results is given in Table A.1.
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Table A.2 Typical resolutions and spectral ranges Aw for the combination of a PyLoN-2K
CCD combined with a SP-2750 spectrometer for different gratings and central wavelengths
A in first-order diffraction. The values are calculated using the grating dispersion calcu-
lator supplied by Princeton Instruments [Ins21].

Grating/ A,/ Slit width/ Aw/ Resolution/

grooves/mm  nm pm cm ™ cm
600 063 100 54 — 1919 6.7
600 563 25 54 — 1919 24
900 552 100 31 — 1288 4.5
900 552 25 31 — 1288 1.6

A.4 Spectrometer Resolution and Line Width

The measured FWHM,_ . ..r.q Of @ recorded spectral line can be approximated by the gen-
eralized bandpass equation [Ler06]*
FWHMmeaSured = \/FWHMflatural + FWHMSlit + FWHM?esolution (Ag)

with the natural FWHM, ;... of the emitting source, the bandpass FWHM;, determined
by the spectrometer slit width and the limiting resolution of the instrument FWHM, . 1ution-
Usually, the limiting resolution of the instrument is not reached, making the spectrometer’s
slit the dominating influence on the measured FWHM (compare Table A.2). For typically
measured FWHMs ranging from 10cm ™! to 20cm™!, a resolution of 5cm™" (100 pm slit
width) instead of 1.5ecm™" (251m slit width) does only lead to an underestimation of the
natural FWHM of approximately 1cm™!. As integration times are significantly reduced by
using a wider slit, the small losses in resolution are tolerated and for most of the measure-
ments a slit width of 100 pm is used.

“These and other properties of spectrometers are also described in the optics tutorial by Horiba [Hor21a]
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Spectrum Analysis

The spectrum analysis package is a python package, written in the scope of this thesis to
analyze Raman mapping data. The software is published on github and free to use [Mol20].
Example files are supplied with the package. The installation procedure is described in the
README of the package. In case of installation errors, several python packages might need
installation. In the following some details on the usage of the software are explained.

B.1 How to Generate Mappings

The principal steps of how to generate a mapping of recorded data is described in Section
3.3. Here details using the spectrum analysis package are presented.

To generate a mapping, all spectra of the mapping of interest have to be fitted. This can be
performed using the map_tester.py from the examples folder of the spectrum_analysis
package. To get started with a non-example mapping, two lines of the file have to be
modified. The peaks list is used to define which peak functions should be used by the
software. Here, the peak functions breit_wigner, lorentzian, gaussian and voigt are
implemented. The built-in functions of the Imfit package are addable [New20]. Therefore,
the ChoosePeakType function in spectrum.py and the StartingParameters function in
starting_params.py have to be modified accordingly.

Next to choosing the demanded peak pro-
files, the data folder (foldername) needs to
be defined. The data folder contains the
data files of the mapping. The files have
to be txt files and should contain only two
columns of datal.

Scattering intensity (arb. u.)

; ; sl
Subsequent to these settings, the soft- ;Sv’é A \."N ;‘* w
ware is started via the command line. Run- ik i
ning python map_tester.py starts the fit- , , b
600 Raman shift (cm™) 1600

ting procedure. At first a window opens
that asks the user to select a region of inter- Figure B.1 Raw Raman spectrum, with a region
est (compare Figure B.1). The left mouse of interest selected and marked in green.

button is used to select the lower and upper

region of interest. Once the region is selected, it is marked in green. The window is closed?
using CTRL + W.

IThe file format can be changed by using the datatype keyword and set it accordingly (csv, dat, etc.).
2The window can also be closed by clicking on the x of the window, but using CTRL + W speeds up the
procedure.
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A new window will open, showing the se-
lected region, asking the user to select a re-
gion that should be excluded from the fit-
ting of the background signal. Again, the
left mouse button is used to select the lower
and upper limits of the region that should
”’MW be excluded. The excluded region is drawn

in red (compare Figure B.2). As before, the

Scattering intensity (arb. u.)

1300 Raman shift (cm) 1800 window needs to be closed to proceed.
Figure B.2 The excluded region from the back- Now, for each spectrum and peak type in
ground fitting is marked in red. the data folder a window will open and ask

the user to select the designated peaks. A
peak is selected by using the left mouse button. In case of error, deselection of the last
peak is possible by using the right mouse button. Each time all peaks of a selected type are
selected in a spectrum, the window needs to be closed to proceed®. This is now repeated
until all peaks in all spectra are selected.

Once the selection procedure is finished,
the fitting procedure will start. Now
spectrum analysis will iterate through all
spectra and use the selections as starting
model for fitting the peaks of interest. This
might take some time, but the command
line will communicate the current status.

Scattering intensity (arb. u.)

After fitting, the results are saved and
plotted as well. Therefore, several subfold-
ers are generated in the data folder. In
Figure B.3 The red dots mark the selected peaks the raw folder the raw spectra are plotted.
for fitting the spectrum. In the results folder the fitted baselines

(baselines folder), the lines of the sum-fits
(fitlines folder) all fit parameters (fitparameter folder) and all the plots of the fitted
spectra (plot folder) are stored. Here the user can check whether the fit routine worked
as expected. All analyzed spectra should be checked carefully to check for fitting mistakes.
The spectra that should be fitted again should be noted. Common fitting errors are huge
30 bands on the resulting fit, which might arise from bad starting parameters.

1300 Raman shift (cm™) 1500

If several spectra should be fitted again, the software has to be run a second time (python
map_tester.py). This time spectrum analysis asks the user whether to fit all spectra
again (y) or to refit only several spectra (n). The submission needs to be confirmed using the
return key. In case of adding peaks to the fit or changing the fitting routine, the generated
subfolder structure needs to be deleted. In case of refitting several spectra, spectrum
analysis asks the user which spectra should be fit again. Therefore, all possible spectra
are printed to the command line. The spectra of interest need to be entered and confirmed
solely (using the return key). For a faster workflow, only the tailing numbers need to
be entered in the command line window. spectrum analysis tells the user whether the
entered spectrum is added, or if it is misspelled and the entered spectrum does not exist.

3Using CTRL + W really fastens up the whole process
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Once all spectra are entered, the selection process is terminated typing x to the command
line and confirming using the return key. Now the selected spectra are fitted again.

Once the user is satisfied with the fitting results, mappings of the different parameters
can be generated. Therefore, the map_plot_tester.py program from the examples folder
of spectrum analysis can be used. The file has to be modified accordingly to the data
of interest. Single or multiple mappings can be plotted, as shown in the example. It
is important that the dimensions (dims) fit to the dimensions of the recorded mapping.
Otherwise, the program will collapse. The stepsize should correspond to the step size of
the mapping, as these values are used to define the z- and y-axes. The background is a
visual collected from the sample surface and has to be in the same folder like the data files.
Prior to plotting the mappings, the image of the sample surface needs to be cropped to the
size of the sample region investigated with the mapping. The image is used as background
image, to visually link Raman results with the visual image (see Figure B.4). In case no
background image is recorded, this option can be deactivated by setting bg_plot to False.

Additionally, for each parameter his-

tograms are plotted. The number of bins
can be adjusted using bins. . 1.42

If multiple mappings are recorded and all g_ S0 E ~
of them should be plotted on the same scale, ‘; 1-41'§ IE
the scaled value can be set to True. With .2 c ©
this option additional plots with a shared @ 30 [ - - 1-412 "é
scale are generated. D; . . . . . a g =

In order to plot all raw spectra, the
plotrawspectra value has to be set to 10 ....!.
True. 10 30 50
Furthermore, spectrum analysis allows x-Position (um)
one to plot modified parameter values. Pa-
rameters can be added (add), subtracted
(sub), divided (div) and multiplied (mult)
at the users need. Once set up accordingly, the script has to be started by running python
map_plot_tester.py. Depending on the size of the mappings, the execution might take
some time. The results are saved to the results/plot folder.

Figure B.4 Finished mapping of a test sample
with three different regions.

B.2 How to Interpret Mappings

The generated mappings like the one shown in Figure B.4 are spatially resolved mappings of
a single parameter from the fitted Raman data. At each position of the sample, one Raman
spectrum is recorded and fitted. in order to reduce the data, only the fitting parameters
are plotted in mappings. Here, x and y correspond to the two dimensions of the sample.
The value of the selected parameter is color coded (here: Raman shift w). The width of the
markers corresponds to the sum area under the curve of all peaks fitted in the spectrum:
For an increased region of the background image, a higher sum area under the curve is
recorded. This way the intensity of a single spectrum can easily be estimated with respect
to the other spectra of the mapping. At surface positions where no signal is detectable, the
overlaying marker is omitted.
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B.3 Exemplary Principal Component Analysis

To perform a Principal Component Analysis (PCA) the pca_analysis.py or the jupyter
notebook from the examples folder of spectrum analysis can be used®. Here, again a
dictionary is used to describe the properties of the mappings. The mapfolderList, dims,
stepsize, background and markersize have to be set accordingly to the settings defined
in the map_plot_tester.py. Additionally, the number of clusters n_clusters and multiple
variables can be set to modify the analysis as requested by the experimenter. The variables
are explained in the following.

components defines the number of principal components used for the PCA.
component_x defines which component is plotted on the z-axis.
component_y defines which component is plotted on the y-axis.

show_hover_plot needs to be set to True if an interactive plot should be displayed.
By using the mouse and hovering over the plot’s data points, the corresponding fit
spectra are displayed, as well as their fit parameters. This option might be helpful to
analyze a cluster in detail.

display_parameter_values is True by default. By setting this value to False the
fit parameters are not displayed anymore at hovering.

print_PCA_results is False by default. By setting it to True the explained variance
ratios for the set number of components are printed to the command line.

print_PC_components is False by default. By setting this parameter to True the
linear combinations of the principal components are printed to the command line.

plot_parameter_directions adds the projections of the fit parameters to the prin-
cipal component space. A so called biplot is created.

plot_only_dirs helps to plot only selected directions in a biplot. As fit models with
ten or more fitting parameters create confusing plots, only selected fit parameters may
be plotted by this dictionary. By default the fwhm, the center and the height of
each fitting parameter are plotted. For each parameter type the linestyle is defined
separately.

clustering defines the clustering algorithm used. The package scikit-learn sup-
plies many different methods, but only the SpectralClustering is properly imple-
mented in the example analysis.

numberOfSamples defines the minimal number of samples in a cluster generated by
the OPTICS clustering algorithm.

brim Defines an additional white space around the plotted data. Usually this param-
eter does not need a modification.

4Here, only the pca_analysis.py is explained, as the documentation of the jupyter notebook is included
in the notebook.
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B.3 Exemplary Principal Component Analysis

imagesize allows to change the size of the image displayed at hovering.

imageshift shifts the image displayed at hovering. Has to be modified if the imagesize
is changed.

plot_clustered_fitlines is set to False by default, so that the raw data of the
spectra is taken for the summation of the mean spectrum of a cluster. By setting
this parameter to True, the fit lines of the corresponding spectra are taken for the
calculation of the mean spectrum of the clusters. Caution This setting works only if
all the fit lines are created in the same fitting process.

plot_histogramm_parameters is set to True by default. Set this parameter to False
if the histogrammed parameters should be omitted in the cluster plots.

histogram_parameters allows to plot histograms of selected fit parameters into the
plot of the mean spectrum of the corresponding cluster. If no histograms are needed,
the list can be set to an empty list histogramm_parameters = [].

bins sets the number of bins for the histogrammed parameters in the mean spectrum

plots of the different clusters.

With all the parameters set to the needs of the experimenter the PCA can be per-
formed. The results are saved in the plot folder of the analyzed mapping. Additionally, a
SpectralClustering folder is created in the directory of the pca_analyis.py. Here, the
same images are stored, as well as images of the different clusters.

The PCA of a test sample is shown in Fig-
ure B.6. In the left plot the first two princi-
pal components are plotted along the z- and
y-axis. Each data point corresponds to one
of the collected spectra. The scatter plot
shows a clustering of the spectra. Here, 4
clusters are displayed. The mean spectrum
of each cluster is shown in the right part
of the graph. Here, the intensity (counts)
versus wavenumber are plotted. The colors
of the lines coincide with the colors of the
clusters in the PC scatter plot. Addition-
ally, the histograms of the FWHM and the
center position of selected peaks are plot-
ted. Each cluster plot contains the number
of the cluster (CN) and the number of spec-
tra building the cluster (N S).

The clustered data are also plotted as a

y-Position (Jum)
Clusters

10 30 50
x-Position (Jum)

Figure B.5 Clustered mapping of the test sample
with different regions.

mapping. The resulting mapping is shown in Figure B.5. Here, the colors of the clusters
correspond to the colors shown in Figure B.6. Plotting the clustered data as presented, al-
lows to link visible information, collected by an optical camera, with spectral information,
collected with a CCD camera. Here for example, the green, red and orange clusters corre-
spond to the different surface regions of the sample. The small blue cluster is a transition
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Figure B.6 Principal component analysis of a test sample with four different clusters.
In the left panel the projections of the fitting parameters onto the first two principal
components are displayed. Furthermore, the directions of the height (hei), center (cen)
and fwhm (fwh) of the three Lorentzian peaks used for fitting are displayed. The right
panel shows the mean spectra of each of the clusters, the number of spectra contained in
the cluster and the FWHM and center position of selected modes.
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region of the orange to the green cluster, with spectral features of both clusters (compare

Figure B.6).
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Character Tables

Character tables for symmetry groups of the materials used throughout this thesis [Cot90a].

Table C.1 Character table of the C,;, point group (here WO, [Sal75]).

A, 1 1 1 1 R, 22,2, 2%, zy
B, 1 -1 1 -1 R,, R, zzyz

A, 1 1 -1 -1 =z

B, 1 -1 -1 1 x,v

A, 1 1 1 1 1 1 z? 7, 22

Ay 1 1 -1 1 1 -1 R,

E, 2 -1 0 2 -1 0 (R, Ry (2 — 92, zy), (z2, y2)
A, 1 1 1 -1 -1 -1

A, 1 1 -1 -1 1 =z

E, 2 -1 0 -2 1 (z, )

Table C.3 Character table of the Dyy point group (here WC [Fanl9]).

D, E 20, 3C, o, 2S5 30,

Al 1 1 1 11 1 2+ 92, 22
Ay 1 1 -1 1 1 -1 R,

E’ 2 -1 0 2 -1 0 (x,v) (22 — 92, zy)
AV 1 1 1 -1 -1 -1

A1 1 -1 -1 -1 1 oz

E” 2 -1 0 -2 1 0 (R, R, (72 v2)
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Table C.4 Character table of the Dg, point group (here graphite [Merl7] and MoS,

[Zhal3a]).
Dg, E 2C4 3C; C, 3C, 3C, i 284 28 o, 304 3o,
A, 1 1 1 1 1 1 11 11 1 1 2 492, 22
Ayy 11 tr 1 -1 -1 1 1 1 1 -1 -1 R,
B, 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1
By, 1 -1 1 -1 -1 11 -1 1 -1 -1 1
E, 2 1 -1 =2 0 o 2 1 -1 -2 0 0 (R,R,) (zz2)
Epy, 2 -1 -1 2 0 o 2 -1 -1 2 0 0 (%92, zy)
A, 11 11 1 -1 -1 -1 -1 -1 -1
A,, 11 1 1 -1 -1 -1 -1 -1 -1 1 1 z
B, 1 -1 1 -1 1 -1 -1 1 -1 1 -1 1
By, 1 -1 1 -1 -1 1 -1 1 -1 1 1 -1
E, 2 1 -1 -2 0 0 -2 -1 1 2 0 0 (x,9
Epy 2 -1 -1 2 0 o -2 1 1 -2 0 0
Table C.5 Character table of the O, point group (here diamond [Sol70] and Fe;0,
[Far97]).
0, E 8C; 6C, 6C, 3C, i 6S, 834 30, 60y
A, 1 1 1 1 1 1 111 2’y + 2
Ay, 11 -1 -1 1 - 11 -1
E, 2 -1 0 2 -1 2 0 (2222242, 2%y?)
T, 3 0 -1 -1 3 0 -1 -1 (R, R,R)
Ty, 3 0 1 -1 -1 3 - 0 -1 1 (zz, yz, zy)
A, 11 1 1 1 -1 -1 -1 -1 -1
Ay, 11 -1 -1 1 -1 -1 -1 1
E, 2 -1 0 0 2 -2 0 1 -2 0
T,, 3 0 -1 1 -1 -3 - 0 1 1 (z,9, 2)
Ty, 3 0 1 -1 -1 -3 0o 1 -1
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Amorphous Carbon Layers — Supplementary

Table D.1 Optical and tribological mean parameters of the detected clusters. Here, the
mean values of friction u, temperature 7| central position w;, and FWHM I for each peak
function are presented with their corresponding errors. The central positions and FWHMs

are given in cm™ .

1

Cluster © T/°C WBWF T'gwr WL I, Wr2 It Wi I
2 el 0.36+£0.38 130+£26
9 L.—— 0584037 118+ 7
8 0.354+0.34 123 +£23 13114+ 17 96 £29
4 AL 0634034 127429 1310+ 12 99417 1073+ 91 110+ 71
1 A 0434035 124429 1587411 155436 13154 8 127+34 1083+ 18 89+ 48
3 Al 0194026 108+22 1566+14 191421 1319+ 4  96+14 1125+ 41 254454
5 AL 0094002 101433 1589+ 8 160425 1317+ 5 116+£23 1094+ 19 104 + 56
7 /70374034 110416 1577+ 7 137423 1336+ 16 214452
0 M 0324032 121425 1590+12 145+39 13314+ 16 183 +67
6 0.294+0.24 118+ 8 1603+ 6 154+42 13414+ 10 249432 1768 + 11 247 +68

Table D.2 Atmospheric and lubricational composition of the detected clusters. Reported
are the number of spectra and the cluster’s relative atmospheric and lubricational com-
position, with ambient air (air), argon (Ar) and nitrogen (N,) atmospheres. The used
lubricants are base oil (BO), ethylene glycol (EG), additive oil (add), no oil (no), corn oil
(CO), dried oil (dry), silicone oil (SO) and diethylene glycol (DEG). All values are given

in %. The error of the compositions is estimated to +2 %.

Cluster Spectra air  Ar N, BO EG add no CO dry SO DEG
2 1073 75 15 10 43 24 2 5 2 2 1 1
9 L 91 7507 19 48 52
8 492 96 3 1 42 6 5 20 4 12 10 2
4 WAL 739 89 11 24 20 20 3 0 16 17
1 AL 1399 78 22 5 2 2 9 9 9 13 3
3 Al 936 95 5 83 0 1 1 4 7 3
5 AL 588 87 13 100
7 Y 5100 38 36 26 74 24 1 1
0 MO 2332 77 18 5 64 9 7 1 10 9 1
6 529 78 8 14 90 10
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